Cement and Concrete Research 40 (2010) 851-866

Contents lists available at ScienceDirect

Cement and
Concrete
Research

Cement and Concrete Research

journal homepage: http://ees.elsevier.com/CEMCON/default.asp

Chemical model for cement-based materials: Temperature dependence of
thermodynamic functions for nanocrystalline and crystalline C-S-H phases

Ph. Blanc **, X. Bourbon ", A. Lassin ?, E.C. Gaucher ?

2 BRGM, 3 Avenue Claude Guillemin, 45060 Orléans Cedex 2, France
> ANDRA — Scientific Division, 1-7 Rue Jean Monnet, Parc de la Croix Blanche, 92298 Chatenay Malabry Cedex, France

ARTICLE INFO ABSTRACT

Article history:
Received 23 February 2009
Accepted 8 December 2009

In the context of waste confinement and, more specifically, waste from the nuclear industry, concrete is used
both as a confinement and as a building material. Its exposure to high temperatures makes its geochemical
behavior difficult to predict over large periods of time. The present work aims to elucidate the solubility
constants, as a function of temperature, for the phases of the system CaO-SiO,-H,0. For the nanocrystalline
phases, the present work investigates the existence of compounds of fixed composition, possibly in a
metastable state. The question of whether the nanocrystalline C-S-H phases correspond to a series of phases
of discrete composition or a solid solution is discussed and compared to the possible influence of impurities
in the solid phases.
For the crystalline phases, having established that the currently available values of thermodynamic
properties were not consistent, we show that their refinement leads to a better agreement with the literature
data. From the refined thermodynamic properties of crystalline C-S-H, a polyhedral decomposition model is
developed. It enables to estimate the enthalpy of formation and the heat capacity of nanocrystalline C-S-H
phases. Finally, verification shows that such phases remain unstable compared to the crystalline phases, at
room or higher temperatures. A comparison, based on reaction enthalpies derived from experimental data
indicates that predicted values for nanocrystalline C-S-H are in close agreement with experimental data. By
estimating the properties of okenite and truscottite with the model developed in this study, we have been
able to complete the Ca0-SiO,-H,0 phase diagram with a reasonable agreement with the literature. The
case of jaffeite remains open to discussion. Finally, for the hydrate C2SH,, the model predicts a transition
with hillebrandite at 159 °C, in contradiction with the hypothesis of C2SH,o metastability.

© 2009 Elsevier Ltd. All rights reserved.
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The present work is based on a selection of the cementitious
phases of interest for deep storage [5]. It is specially focused on the

1. Introduction

Many works have been published to date concerning the equilibria
between solids and aqueous solutions in cementitious media. The
applications concern different domains like the improvement of the
formulation of concretes, the durability of cementitious materials in
response to different types of physical and chemical aggressions or,
more recently, environmental applications related to the stabilization
of waste and the use of concretes as confinement materials. Among
the latter, a special case relates to underground buildings for HAVL
(high activity long-lived) radioactive waste disposal. Concrete is there
used as a supporting material for the access galleries [1,2]. Concrete is
also used as a confinement material for MAVL (medium activity long-
lived) waste [3]). The durability of these cementitious barriers and the
consequences of the interaction with other confinement materials are
still widely discussed [4].
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minerals belonging to the Ca0-Si0,-H,0 (C-S-H) chemical system. It
aims at defining the solubility constants of the minerals that compose
cement pastes, based on the most recent works on this subject and in
agreement with the thermodynamic databases of ANDRA (Thermo-
chimie6, [6]) and BRGM (Thermoddem, [7]). Since some wastes are
exothermic, the model must be able to take into account a range of
temperatures from 10 to 100 °C. This implies to develop a thermo-
dynamic database including not only the equilibrium constant at
room temperature but also the enthalpy of formation and the heat
capacity function.

Among all of the solubility models published to date for nanocrystal-
line C-S-H, two large families may be distinguished: those for which the
C-S-H are present as discrete phases [8,9] and those for which the C-S-
H are considered as phases with a continually variable composition [ 10—
12].

The influence of temperature is usually not taken into account in
this type of model. For nanocrystalline C-S-H, the double solid
solution proposed by Lothenbach et al. [125] remains an exception.
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Even for crystalline C-S-H, little solubility data is available beyond
25 °C. Indeed, the solubility of phases of the system CaO-SiO,-H,0
has been studied at 55 and 85 °C by Dickson et al. [13] and by Glasser
et al. [14] and at 90 °C by Courault [15]. Paul and Glasser [16] have
characterized the mineralogical transformations in a concrete held at
85 °C during 10 years. However, few geochemical models actually
take into account the temperature influence on cementitious material
models. One may cite in particular the model developed by Thomas et
al. [17], based on a simplified mineralogy since only the portlandite,
gypsum, ettringite and monosulfate phases are considered. Recently,
an important work by Matschei et al. [123] had provided new
solubility data (including temperature dependence) for a large set of
minerals belonging to the cementitious chemical system. Based on
those experiments, Lothenbach et al. [121,124] have proposed their
own solubility model.

The present work aims in collecting the experimental data
available for the solubility of C-S-H phases at 25 °C and at T> 25 °C,
making use of the experimental works already published. The latter
are integrated in a polyhedral decomposition model that provides an
estimate of the enthalpy of formation and of the heat capacity of
minerals when such parameters are not available. The final selection
of thermodynamic properties is organized the following way:

- when available, properties are taken from already published,
experimental works (case of the formation enthalpy for some
crystalline C-S-H)

- equilibrium constants for nanocystalline C-S-H are extracted from
a set of experimental data. The case is different than before
because even the composition of C-S-H phases is derived from the
datasets

- for crystalline C-S-H, the properties datasets are completed with
the results of the phase diagram refinement

- the lacking properties are estimated with the polyhedral model.

2. Context and theoretical tools

This section is devoted to a discussion covering the thermody-
namic database and the conventions used throughout the text.

2.1. Context of selecting thermodynamic data

The thermodynamic properties of many aqueous complexes have
been previously collected and selected for the ANDRA (Thermo-
chimie6) and BRGM (Thermoddem) databases [6]. The Thermochi-
mie6 database has been developed to meet the needs of ANDRA in
terms of geochemical modeling, whereas the Thermoddem database
has been designed in order to cover the field of waste (municipal or
industrial) disposal.

The two databases relies on CODATA recommendations [18] for
the basis species and the reference states of elements. Recent
advances have been made, in particular for aluminum and silicon
[19,20,31,32], which led us to modify the properties of formation of
the aqueous species A"t and H4SiO4 [29,30]. The two databases
have adopted NEA recommendations [21-23], particularly as for the
influence of ionic strength and temperature.

For the remainder of this work, the basis species for writing
equilibria reactions are Al™+*, Ca™*, H,SiO4, H,O and H™. The
convention chosen for the standard state of compounds is that
proposed by Helgeson et al. [24]. The reference conditions, following
IUPAC recommendations [25], are set at 298.15 K (25 °C) and 0.1 MPa
(1 bar). These reference conditions have also been adopted by
CODATA [26].

The minerals/solution equilibria in this work were calculated using
PHREEQC software [27], using the extended Debye-Hiickel activity
model.

Table 1 gives the list of the complexes used for this study. The
selection criteria are explained in Blanc et al. [6].

2.2. Equations and notations used

The temperature, pressure and energy units adopted in the
formula are respectively the Kelvin, Pascal and Joule, in accordance
with the International System of Units. However, Celsius degrees are
used in the text and the illustrations, following accepted practice.

Considering a phase AB, when the reaction AB— A" + B~ reaches
the equilibrium at P; and T; (pressure and temperature of reference),
the ion activity product IAP,g becomes equal to the equilibrium
constant:

Kap(T;) = IAPpg = (A+)'(Bi) = VA+'[A+]'VB*'[37] (1)

where (A™),[A"] and ya correspond respectively to the activity, the
concentration and the activity coefficient of the cation A*. Kag(T;) is
related to the standard free enthalpy of reaction AFGRBVPLT, by the
following relation:

Arch.Pr.Tr = —RT- lOgKAB.Pr,Tr. In(10) (2)

where R=8.314472 ] mol~ 'K~ ' is the gas constant.

The standard free enthalpy of reaction is obtained by subtracting the
standard free enthalpy of formation of the mineral phase considered and
those of the aqueous species involved in the reaction. According to the
convention of Helgeson et al. [28], it is possible to consider, for this
calculation, the apparent standard free enthalpy AG3gpr which
corresponds to the relation:

AfGRB,P,T = Angs.P,T_T'AfSRB,P,T

C
= ArHRp pere—T-ArSapprre + ﬂ,.CPABdT_T'ﬂr# dr 3)
P
+ [ VygdP
P

T

where: T, =298.15 K; P.=0.1 Mpa or 1 bar

AHC g p 7 enthalpy of formation of the phase AB, at temperature T and
pressure P

AeSg prre = SA.pre— 2 S prry €Ntropy of formation of phase AB; Sg
the third law entropy of the phase AB, at temperature T and

pressure P;
Cpas heat capacity of the phase AB
Vag molar volume of the phase AB, independent of temperature

Equilibrium constants are calculated along the liquid-vapor satura-
tion curve. According to the convention of Helgeson et al. [24], the
liquid-vapor saturation pressure Pg, is the reference pressure, i.e.
0.1 MPa, from 273.15 to 373.15 K (0 to 100 °C). Beyond 373.15 K, Ps;
follows the liquid—-water vapor saturation curve. The heat capacity
function corresponds to the Maier-Kelley relation:

CP(T)pp = A + bag T—Cag / T 4)

where apg, bag and cap are the Maier-Kelley coefficients of the phase
AB. Relations (3) and (4) may be combined as follows:

AfGRB.P.T = AngB.PrATr_SRB.Pr.Tr'(T_Tr>
+ pg [T—T,—T In(T / T,)| =bpg" (T—T,)* / 2—Cpg" (T—T,)* / (2 T*°T;)

»
+ [ VigdP 3)
P,
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Table 1
Thermodynamic properties of aqueous complexes and elements in their reference state.

853

Phase LogKp; 1 AGS AHE 1 SBeTr Reference Cp(298) Reference and method used for
(kJ mol 1) (kJ mol—1) (Jmol= 'K~ 1) (Jmol= 'K~ 1) calculating the Cp

System H,0

H,0 *) —237.14 —285.83 69.95 [18,40] 75.35 State equation published by IAPW [40]

03,29 —85.99 16.53 —12.13 109.00 [33] 234.30 From the HKF coefficients of [33]

Hy,aq —3.08 17.56 —4.20 57.70 [38] 166.94 From the HKF coefficients of [33]

Ht @] 0.00 0.00 0.00 By convention, [18] 0.00 By convention, [18]

OH™ —14.00 —157.22 —230.02 —10.90 [18] —137.19 From the HKF coefficients of [34]

e— @) 0.00 0.00 65.34 By convention, [18] 14.42 By convention, [18]

Silica complexes

H4Si04,4q @) —1309.23 —1461.19 180.77 See text 198.86 See text

H,Si03 2 —23.14 —1177.14 —1386.72 —12.58 [39] —80.00 [36]

Ca(H3Si04) " —8.83 —1811.63 —1972.56 61.62 [37] 212.88 From the HKF coefficients of [37]

H5(Si04)~ —984 —1253.06 —1431.83 90.87 [37] —12.51 From the HKF coefficients of [37]

Calcium complex

CaOH™" —12.78 —717.00 —751.62 28.00 [18] 5.86 From the HKF coefficients of [35]

Elements in their reference state, at 25 °C and 1 bar

0,8 —83.09 0.00 0.00 205.15 [18] 29.38 Value at 25 °C [18]

Hag 0.00 0.00 0.00 130.68 [18] 28.84 Value at 25 °C [18]

Si,cr —63.19 0.00 0.00 18.81 [18] 19.79 Value at 25 °C [18]

Cacr —96.85 0.00 0.00 41.59 [18] 25.93 Value at 25 °C [18]

Bold type: reference property; (*) primary master species.

For a constant heat capacity Cpag, the relation (5) comes to:

AGagpr = AGpg prre—Shgprrr (T—Ty) + apg’ [T—T,—T" In(T / T,)]

P
+ [ VapdP (6)
Pl'

For the mineral phases, we will consider the molar volume
independent of the pressure and the volume. The integral teprm related

to the molar volume in relation (6) then becomes fVABdP =
VAB'(p_pr)‘ Pr

Finally, following accepted practice, we have used cementitious
notations to designate some phases, i.e. C=Ca0, S=Si0, and H=H,0.
Mineral stoichiometries and equilibrium reactions considered in this
work are reported in Table 2.

Table 2
Stoichiometry and reactions considered in the present study.

3. C-S-H solubility

Crystalline C-S-H is stable at high temperature, which favors
crystallization [41]. At room temperature, the polymerization of
tetrahedral SiO, is slowed down and leads to nanocrystalline phases.
It first produces dimers then pentamers [42,43]. Polymerization
accelerates with increasing temperature [44], all the more easily as
the C/S ratio is small [45].

3.1. Nanocrystalline C-S-H

3.1.1. Introduction

Two different types of solubility models have been developed for C-
S-H. Indeed, C-S-H are considered either as discrete composition
phases [8,9], or with a continuous variable composition [10-
12,124,125]. In fact, Jennings [10] and Berner's model [11] lies between
both categories as Jennings [10] has actually defined a relationship
between Ca and Si concentration in solution whereas Berner [11] has

Mineral Formula

Reaction

Crystalline C-S-H
Okenite

Gyrolite
Tobermorite-11
Tobermorite-14

CaSi>04(0H),.H,0
Ca,Si30,(0H)2.2H,0
CasSig(OH)0165.5H,0
CasSis(OH)0165.10H,0

Jennite CagSig016(0H)10.6(H20)
Xonotlite CagSig017(0H),
Foshagite Ca,Si309(0H),.0.5H20
Afwillite Ca3Si;06(0H),.2H,0
Hillebrandite Ca,Si03(0H),.0.17H,0
Truscottite Ca;7Si12029(0H)4.H,0
C2SH,a Cay(HSi04)(OH)

Jaffeite Cag(Si,07)(OH)s

Nanocrystalline C-S-H

C-S-H1.6 Cay 65i036(0H); 54.1.81H,0
C-S-H1.2 Ca;,Si05,(0H)1 08.1.52H,0
C-S-H0.8 CagSi02.5(OH)o6.1.24H,0
Other

Portlandite Ca(OH),

CaSiy04(0H),-Hy0 +2H" + 1H,0=Ca™* + 2H,Si0,
Ca,Si307(0H)-2H,0 + 4H™' + 1.5H,0 =2Ca™** + 3H,Si04
CasSig(OH)0165-5H,0+ 10H" + 1.5H,0 =5Ca™ * + 6H4Si04
CasSig(OH)0465-10H,0 4+ 10H" =5Ca™*+ + 3.5H,0 + 6H,4Si0,4
CagSig016(0H)10-6(H,0) + 18HT =9Ca™* + 8H,0 + 6H,Si04
CagSig017(0OH), + 12H" + 5H,0 =6Ca™ ™ 4 6H4Si04
CaySis09(0H);-0.5H,0 + 8H™ + 0.5H,0 =4Ca™ + 3H,Si0,
Ca3Si;06(0H),-2H,0 + 6H =3Ca™ ™ + 2H,0 + 2H,Si04
Ca,Si03(0H),-0.17H,0 +4HT =2Ca™* * + 1.17H,0 + H,Si04
Ca;Sij2029(0H)4-Hy0 + 14H + 14H,0=7Ca™** + 12H,4Si04
Cay(HSiO4)(OH) +4H " =2Ca™** + H,0 + H,Si04
Cag(Si07)(OH)s+ 12HT =6Ca™* ™ + 5H,0 + 2H,4Si04

Ca; 65i03,6(0OH)1 54+ 1.81H,0 +3.2H" =1.6Ca™ " + 2.18H,0 + H,Si0,4
Ca;5Si032(0H) 108+ 1.52H,0 + 2.4H =1.2Ca* * + 1.26H,0 + H,4Si04
CaggSi0, 5(0OH)o6-1.24H,0 + 1.6H' = 0.8Ca™ " + 0.34H,0 + H,Si0,4

Ca(OH), +2Ht=Ca™" +2H,0
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considered C-S-H as a discrete CaH,SiO4 phase, but which had variable
solubility properties as a function of C/S ratio. Solid solutions may be
integrated in most of the geochemical codes. The major disadvantage is
an increase in the computation time, or even the appearance of
instabilities, particularly for reactive transport codes. On the other hand,
the existence of C-S-H with C/S ratio within narrow ranges of values has
been widely investigated [15,46-49]. Some structural studies indicate
that at least three types of C-S-H with different C/S ratios and
polymerization degrees may be observed at room temperature. For
low concentrations in dissolved calcium, Grutzeck et al. [48] observe
two distinct phases, based on 2°Si NMR (Nuclear Magnetic Resonance)
analyses. One phase would have a C/S ratio ranging from 0.65 to 1.0 and
the other one from 1.0 to 1.3. When higher concentrations in dissolved
calcium are reached, Taylor [50] supports the existence of a third phase
with a C/Sratio slightly below 2 and a structure close to that of jennite. In
addition, Taylor [50,51] confirm the existence of a C-S-H with a C/S ratio
close to 1.1 and a crystalline structure similar to that of tobermorite.
According to these mineralogical evidences, Stronach and Glasser [52]
and Courault [15] have developed a solubility model based on three
phases with fixed C/S ratio:

- C-S-HO0.8,C/S=0.8
- C-S-H1.1,C/S=1.1
- C-S-H1.8,C/S=1.8.

Following these authors, we have retained a 3-phase model,
consistent with the review of Bourbon et al. [5]. Lacking for an overall
agreement on C-S-H compositions, we have also calculated the C/S
ratios of these phases from solid and solution analyses collected in the
literature.

3.1.2. Determined C/S ratio of nanocrystalline C-S-H phases

In order to estimate the composition and the solubility of the three
C-S-H phases, we have collected a set of experimental works that
provide the composition of the solution and the C/S ratio of solids. The
collected data are displayed in Figs. 1-3.

It may be observed that the dispersion of the data is very high. We
have investigated the influence of temperature on solution composi-
tions. Indeed, the equilibrium temperatures vary between 30 °C
[46,53,54],25 °C[15,47,55] or 17 °C [50]. If one considers Fig. 1, it may
be observed that, between 10 and 15 mmol/l, the distribution of C/S
ratios in the solid falls between the values of Flint and Wells [46] and
those of Roller and Erwin [53], two sets of data acquired at the same
temperature, 30 °C. Thus, temperature does not appear to play the

+ Grutzeck et al. [49]

O Greenberg and Chang [48]
© Taylor [51]

# Flint and Wells [47]

major role in the dispersion of the values. Other parameters may
consequently be invoked, such as:

- the synthesis process [43],

- carbonation that may lead to the precipitation of calcite (CaCOs),
which changes the C/S in the solid and also changes pH [125]

- the pathway followed to reach equilibrium (dissolution or
precipitation) [46] and the reaction time,

- the assessment of the C/S ratio from the initial C/S ratio, as shown
by Courault [15]. It should be pointed out that the C/S ratios
provided in Courault [15] study correspond to actual microprobe
analyses.

In Fig. 1, the y-axis corresponds to the C/S ratio in the solid and the
x-axis represents the dissolved calcium concentration. In order to
determine the C/S ratio of the 3 C-S-H phases and the corresponding
composition of aqueous solutions, we used a least squares algorithm
against experimental data. The results are displayed in Figs. 1-3 and
on Table 3. Finally, the following C-S-H compositions are obtained:

- C/S=1.6+0.10
- C(/S=12+0.18
- C/S=0.8+0.16.

The two latter values are close to the values retained by Stronach
and Glasser [52] and Courault [15]. On the other hand, the first one is
relatively poor in calcium compared to the values reported by these
authors, but it is similar to the value 1.7 determined by Atkins et al.
[56].

3.1.3. Equilibrium constants for nanocrystalline C-S-H phases

Equilibrium constants are calculated from aqueous solutions
compositions obtained during the previous step. Results are displayed
in Table 3.

In Table 3, the columns termed “regression” correspond to the
compositions previously determined. These compositions were estab-
lished from geometric constraints without geochemical considerations.
We have used these compositions as first entries in order to model each
equilibrium with the PHREEQC code [27] and the database described
previously. Equilibrium constants were then adjusted so as to reduce the
discrepancy with Table 3 solution compositions. The difference between
previously calculated and regressed solution compositions are reported
in Table 3 and in Figs. 1-3. Discrepancies are limited, excepted for
dissolved calcium concentration in the CSH1.6/CSH1.2 equilibrium case.

A - Least square refinement

B - Refinement by geochemical
modeling, based on A

1 1

25 o Courault [15]
a4 Fuji and Kondo [55]
X Kalousek [56)
® Roller and Erwin [54]
20
p=l
S 15t
@
£
%
o 10r
&
05| |o®
© g
a
0.0 = L
0 5

15 20

Dissolved Ca (in mmol/l)

Fig. 1. Relation between C/S in C-S-H and dissolved calcium concentration, according to different authors.
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25 + Flint and Wells [47)
© Taylor [51]
o X Kalousek [56]
20+ O Greenberg and Chang [48]
A Fuji and Kondo [55]
+ Grutzeck et al. [49]
©
= N o 1
S 15 & Courault [15]
=
2 .
o 10F L
+ g hd
o gﬁu
05 B - Refinement by geochemical
modeling, based on A
.
.
*
0.0 L L L )
0.001 0.01 0.1 1 10

Dissolved Si (mmol/)

Fig. 2. Relation between C/S in C-S-H and dissolved silica concentration, according to different authors.

Even then, they don't exceed the scattering of the experimental points.
The following equilibrium constants are obtained:

CSH1.6: LogK=28.00
CS-H1.2: Logk=19.30
CSH 0.8: LogK=11.05
Portlandite: Logk =22.81

The latter value is identical to the 22.81 4+ 0.4 value provided by
Reardon [57] and Glasser et al. [14] and it is also close to the value of
22.80 found by Humel et al. [30] and Nordstrom et al. [58].

It is more difficult to compare LogK values for C-S-H phase since
the retained C/S ratio may differ according to the authors. In addition,
LogK value may extends over nearly 20 log units. Simply representing
LogK as a function of C/S would thus eliminate any difference. To
overcome this effect, we have established a relation between the LogKk
from this study and C/S ratio:

LogK(C/S) = —1.41%(C/S)'—17.81%C/S + 4.10 (8)

Then, we have displayed, in Fig. 4, the difference between the
values collected in the literature and those provided through

30 & Flint and Wells [47]
O Greenberg and Chan
48
25 (48]

+ Grutzeck et al. [49]
o Courault [15]

relation (8). The results stemming from this work are consequently
assigned a zero value. It may be observed that the values found lie
within all of the literature values. Finally, Fig. 4 may help in providing
an estimate of the uncertainty related to our LogK determination, i.e.
4+ 0.7 log units.

3.1.4. Verification of the proposed model

In order to assess the C-S-H solubility model, we have displayed in
Figs. 5 and 6 the functions [Si] = f([Ca]) for each C-S-H composition. It
may be noted that the experimental data are spreading out according
to three trends that are clearly distinguished when the concentration
in dissolved calcium increases and merged when the concentration in
dissolved calcium decreases.

These trends correspond globally to the solubility curves calculat-
ed for each C-S-H phase (C/S=0.8, 1.2 and 1.6). It is also worth
pointing out that neither the C/S ratios of these C-S-H, nor the values
of the solubility constants have been determined by means of this
figure. The agreement between experimental points and calculated
solubility curves could indicate that C-S-H with C/S ratios close to 0.8
and 1.2 may persist, even for high concentrations in dissolved calcium,
and despite the fact that they are metastable compared to CSH1.6.

20
=2
©
2 i 8 A - Least square refinement
=
-S B - Refinement by geochemical

1.0 F modeling, based on A

g 6
i 1 1 1 1 i
9.0 9.5 10.0 10.5 11.0 12.0 12.5 13.0
pH

Fig. 3. Relation between C/S in C-S-H and pH, according to different authors.
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Table 3

Composition of solutions at equilibrium with C-S-H phases.
Limits Ca (mmol 1= 1) Si (mmol I~ ') pH
References [15,46-48,50,53-55] [15,46-48,50,54,55] [47,49,55,56]

Regression® PHREEQC® Regression PHREEQC Regression PHREEQC

Portlandite/CSH1.6 20.06 20.14 2.50-103 2.30-10° 12.50 1247
C-S-H1.6/C-S-H1.2 11.71 7.40 0.033 0.036 12.04 12.08
C-S-H1.2/C-S-HO0.8 3.00 2.80 0.250 0.290 11.63 11.68

@ Least square minimization.
b From geochemical modeling, based on compositions®.

Such alignments have already been highlighted by Chen et al. [43],
who have even distinguished four curves instead of three.

In Fig. 5, we have also shown the solubility curve of an ideal solid
solution, with end members composition (/S=1.6 and C/S=0.8.
Compared to the experimental points, an improvement of the
calculated curve location is observed, as the dissolved calcium falls
close to 7 mmol/l. Nevertheless, it clearly appears that, in order to
perfectly match the experimental point distribution, the stabilization
energy of the solid solution should be higher, implying a regular
ordering between both end members [59]. However, the MAS NMR
analyses carried out by Grutzeck et al. [48] do not indicate such an
ordering.

Besides, it is possible that a solid with variable composition keeps
its composition constant despite variations in the composition of the
aqueous solution. Glynn and Reardon [60] largely discussed such a
specific metastable “stoichiometric saturation” equilibrium state. The
relation derived by these authors allows predicting the composition of
the aqueous solution at equilibrium with a solid phase of variable
composition (binary). However, to our knowledge, no relation allows
yet to predict the composition of the precipitated solid [60] at
stoichiometric saturation. It should also be pointed out that this
metastable state can last. Indeed, among the data from Grutzeck et al.
[48], part of these is aligned following the CSHO0.8 solubility curve, in
spite of a two year equilibration time. On the other hand, it should be
noted that the experiments of Roller and Erwin [53] lasted 5 days, to
the most. However, the results of these authors are aligned, from 7 to
20 mmol/l, along the CSH1.2 solubility curve. This means that the two
years Grutzeck et al. [48] experiments lead to more soluble solid
phases than the 5 days experiments of Roller and Erwin [53]. The
reaction time is therefore not the only factor responsible for the
equilibrium state.

Stronach and Glasser [52] have proposed a three C-S-H solubility
model, based on Ca/Si ratio 1.8, 1.1 and 0.8. Given the equilibrium

constants refined from these authors, ones obtain the CSH1.8/1.1 at
[Ca++]=18.1 mMol/l. If we consider the equilibrium constant
published more recently by Glasser et al. [14], the same equilibrium
provides a dissolved calcium concentration of 14.9 mMol/1. This is still
far from the 7 mMol/l we have found here for the CSH1.6/1.2
transition but it implies a variation, even considering the same Ca/Si
ratio and the same group of authors. Atkins et al. [56] have considered
some slightly different Ca/Si ratio 1.7, 1.3 and 0.9. We could calculate
that the CSH1.3/0.9 equilibria occurs for a dissolved calcium
concentration of 9.5 mMol/l. This is an example of a solubility
model implying an invariant point close to that we obtained. From a
large collection of experimental data, Chen et al. [43] have proposed a
[Si]=f[Ca] graph displaying several trends. They obtained namely 3
curves C”, C' and C, instead of 2 in our case, and in addition to the
curve corresponding to the minimum solubility (A). Curve C” departs
from curve (A) for a calcium concentration close to 7 mMol/l. The
authors indicate that curves C”, C’ and C may correspond to
metastable equilibria, which does agree with our hypothesis. But
they also indicate that in experiments Ca/Si ratio may vary along C”, C’
and C curves. Finally it appears that the calcium concentration at
invariant point depends on the Ca/Si ratio and equilibrium constants
considered, that results similar to ours have already been obtained
previously but the comparison with experimental results indicates
that an additional degree of complexity may be involved.

In Fig. 6, the limits obtained previously are compared to those
defined from experimental data by Jennings [10]. This author defines
two M and S curves between the solubility limits of amorphous silica
and portlandite. The S curve is close to the one resulting from the
solubility of the three CSH1.6, 1.2 and 0.8. It merges with the solubility
of the ideal solid solution. The S curve thus corresponds to the
minimum solubility for C-S-H, corresponding to the thermodynamic
equilibrium. This interpretation is similar to the conclusions of
Jennings [10]. On the other hand, the M curve remains unexplained,
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Fig. 4. Comparison between equilibrium constants calculated in this work with literature data.
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Fig. 5. Composition of the solutions at equilibrium with nanocystalline C-S-H.

especially for low dissolved calcium concentrations. For Chen et al.
[43], it should only concern the experiments carried out with short
reaction times and C3S and C,S as solid precursors. It would result from
a metastable hydrate phase covering the surface of CsS and C,S grains.

Chen et al. [43] indicate a relation between the method of prep-
aration of the C-S-H and their solubility. For instance, the products
prepared from sodium metasilicate (Na,SiO3) and calcium nitrate (Ca
(NOs),) would be at equilibrium with the solutions located next to the S
curve [50,53,54].

In addition, those synthesis processes can produce sodium
impurities that may also influence thermodynamic equilibria. We
have tried here to assess the displacement of the solubility curve
produced by the addition of such impurities. Roller and Erwin [53]
indicate that their C-S-H, prepared by means of this method, contains
0.05% of Na,0. We have displayed in Fig. 6, a curve represented by
white squares. It corresponds to the minimum solubility of the three
CSH1.6, 1.2 and 0.8 phases, equilibrated with a solution containing

NaOH 5 mmol/l. This curve is almost overlapping the S curve of
Jennings [10]. It then falls closest to the experimental compositions
for dissolved Ca <5 mmol/I than the curve calculated by equilibrating
C-S-H phases in pure water only (white circles). This calculation
therefore indicates that the presence of Na,O impurities in the
equilibrated solution could explain, by itself, the slight discrepancy
between our model and the S curve, for dissolved Ca <5 mmol/l.
Indeed, if 100 g of C-S-H with 0.05% Na,O are placed in a 1 1 recipient
and the dissolution of Na,O is complete, the resulting solution
contains 1.7 mmol/l in dissolved sodium. Unfortunately, the details
provided by the authors are not sufficient to calculate precisely this
concentration.

In conclusion, the method based on sodium metasilicate, which
enables a quick C-S-H dissolution, produces solutions located along
the S curve, according to Chen et al. [43]. In addition, sodium
impurities produces an uncertainty for the location of minimum
solubility curves that strongly interfere and prevent a clear discussion
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858 P. Blanc et al. / Cement and Concrete Research 40 (2010) 851-866

about C-S-H solubility models, either based on discrete or continuous
composition phases. Last, the metastable equilibrium states high-
lighted in this study should be taken into account in such a discussion,
as well as for selecting C-S-H solubility experimental dataset.

3.2. Crystalline C-S-H phases

The following paragraph is devoted to crystalline C-S-H phases.
These phases may be of importance for the long term modeling of
cementitious materials in storage context [61]. In addition, the
determination of their thermodynamic properties will enable us to
develop a method for estimating the thermodynamic properties of
nanocrystalline C-S-H.

3.2.1. Stable phases

Different experiments had already been carried out concerning the
stability field of crystalline C-S-H but a coherent picture does not
emerge, yet. From this point of view, it is required, first to determine
the thermodynamically stable phases from the metastable ones, as
this point remains often unclear [63-66]. This section is devoted to
this specific issue.

The name and the structural formula of the main crystalline C-S-H
are reported in Table 2. The criteria for reaching thermodynamic
equilibrium have been discussed by different authors [60,62]. For
phases of discrete composition, those criteria correspond to:

- The independence of the final assemblage with respect to the
reaction pathway, the nature of the reagents and time.
- The reversibility of the phenomena.

Many crystalline C-S-H seem to represent transitory states with
respect to strict thermodynamic equilibrium:

- the Z phase, C9S6H, determined by Assarsson [64] could be a
transitory step towards gyrolite after Jauberthie et al. [65]

- the Y phase or dellaite, C6S3H, discovered by Roy [63], represents a
metastable precursor for jaffeite and kilchoanite, after the work of
Yanagisawa [66]

- the C2SH,« and C2SH,y phases obtained by Assarsson [64] are
considered as metastable, with respect to hillebrandite [67] for the
a phase and compared to jaffeite [66] or kilchoanite [68] for the y
phase.

- kilchoanite, C8S5, has been determined by Ahmed and Taylor [68],
who demonstrated its metastability compared to hillebrandite or
foshagite at 180 and 250 °C.

- calcio-chondrite or reinhardbraunsite, C5S2H, is described by
Harker [62] and Ahmed and Taylor [68] and is found to be
metastable with respect to hillebrandite at 180 and 250 °C [68]

- the F phase, C5S3H2, is obtained by Aitken and Taylor [69], and is
shown to be metastable by the same authors, with respect to
xonotlite, at 165 °C

- the K phase, C7S16H, analyzed by Gard et al. [70] is considered by
the same authors as metastable compared to truscottite.

Field observations are also of use in order to determine the stable
character of C-S-H phases. In that case, the equilibration time
represents hundreds of thousands of years whereas, in most cases,
equilibration experiments last around several weeks or months. It
may consequently be assumed that the minerals observed in natural
contexts correspond to thermodynamically stable phases. Those
include jennite and tobermorite [71], observed as fracture infilling
on several samples from the Maqarin site (Jordan). This is also the
case for jennite and afwillite, which appear as fracture infilling in the
Fuka skarn zone (Okayama prefecture, Japan, [72]). In this latter case,
jennite seems to have precipitated at lower temperature, probably
from the alteration of afwillite. Moreover, gyrolite and okenite are
usually found associated with low temperature zeolites like apophyl-
lite [73], itself related to chabazite [74]. Chabazite precipitates at

temperatures ranging between 0 and 135 °C, according to Rangon
[75]. These observations would restrain gyrolite and okenite to low
temperature domains. Xonotlite is observed associated with natrolite
[76]. According to Rangon [75], this would imply a temperature of
formation ranging between 100 and 250 °C. Similarly, Bargar et al.
[79] have identified truscottite related to laumontite, which requires
a higher formation temperature between 180 and 300 °C [75].
Concerning Hillebrandite and foshagite, these minerals have been
observed in natural samples of the Bushveld skarn formation by Buick
et al. [77]. Jaffeite (C6S2H3) has finally been determined in some
Namibian samples by Sarp and Peacor [78].

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.

3.2.2. Thermodynamic data and phase relations

Few calorimetric measurements are available to date for C-S-H.
Thus, estimates from Babushkin et al. [80] are widely used. However,
the enthalpies of formation of hillebrandite, xonotlite and foshagite
have been measured by Newman [81] (34.7, 94.6 and 92.6 kcal/mol
respectively), who obtained data related to the constituent oxides. We
have retained the theoretical compositions provided by Babushkin
et al. [80], which differ slightly from those used by Newman [81]. In
order to take into account those measurements, we have to consider a
theoretical conversion reaction, i.e. for xonotlite:

xonotlite, Newman [83] xonotlite, Babushkinetal. [82]
5Ca0-5Si0, : H,0 + Si0, + Ca0—6Ca0-6Si0, : H,0

Given the formation enthalpy of the constituents:

- AHY, 1 (Si0,,quartz), —910.70 kj/mol [18],
- AHY, 1 (Cao, lime), —634.92 kj/mol [82],
- AH%.1 (H20), —285.83 kJ/mol [18],

Babushkin's xonotlite AfH?)r,Tr may then be calculated from
reaction (9). The process is extended to hillebrandite and foshagite.
The results are given in Table 4 and compared to Babushkin et al.'s
[80] estimates. For the three phases, the main difference is close to
6 kJ/mol, which is rather low for minerals of such high molecular
weight. For tobermorite-11, Savage et al. [83] collected the enthalpies
of formation available throughout the literature. These authors report
a high dispersion of values. The measurements from Zuern and Fehr
[84] fall rather close to Babushkin et al. [80] results. The results of
Taylor [85], differ significantly from the whole dataset, which could be
explained by the aluminum amount included into the composition of
the natural phase considered. We finally have retained the value
provided by Zuern and Fehr [84].

From Babushkin et al. [80] estimates (Table 4), we have plotted the
stability diagram of the C-S-H as a function of temperature in Fig. 7.
Some inconsistencies arise with respect to previous studies. First, the
transition between tobermorite-11 and tobermorite-14 occurs at
86 °C whereas, according to Maeshima et al. [86], it should take place
at 105 °C. In addition, gyrolite remains stable only over a rather
limited temperature interval, between 60 and 140 °C, whereas most of
the authors obtained this phase from the ambient up to 200 °C
[69,87,88]. The stability field of foshagite extends over all the
temperature, whereas it is generally accepted as a high temperature
phase [88], the lowest formation temperature, 130 °C, being obtained
by Hong and Glasser [89]. Okenite and afwillite appear to be
metastable, in disagreement with the preceding literature review.
From Fig. 7, xonotlite begins to form at 200 °C, whereas the transition
between this phase and tobermorite is obtained by El-Hemaly et al.
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Table 4
Literature review of the available thermodynamic properties of crystalline C-S-H.
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Mineral AGY 1 (k] mol~ 1) AHP 1 (k] mol—1) SO (Jmol~ 'K~ 1) Cp(298) (Jmol~ 'K~ 1)
[80] [80] Other [80] [80]
Okenite —2871.90 ~3139.26 171.13 187.48
Gyrolite ~4542.36 ~4919.76 267.78 295.18
Tobermorite-11 ~9880.31 ~10,695.56 ~10,680.92 [84] 611.49 698.52
Tobermorite-14 ~11,076.30 ~12,180.67 808.14 889.94
Xonotlite ~9453.33 ~10,027.79 ~10,022.15 [80] 507.52 548.30
Foshagite ~5639.61 ~6024.54 ~6032.43 [80] 330.33 309.46
Afwillite ~4405.54 ~4783.15 312.32 328.38
Hillebrandite ~2480.69 ~2665.84 ~2662.48 [80] 160.67 166.63
Portlandite ~984.55 83.39 87.49

(1) SPy.1r from Chase [83], Afl-l.?,;.. from combining S3,.t; and the equilibrium constant LogK = 22.81 calculated in this study, Cp(298) from Akinfiev and Zotov [99)].

[90] from 140 °C. All of these points lead us to propose a refinement of
the C-S-H stability diagram.

3.2.3. Refinement of the phase diagram

3.2.3.1. Constraints and calculation process. From what precedes, we
are already able to propose a measured value for the formation
enthalpy of tobermorite-11A, xonotlite, hillebrandite and foshagite.
Additional constraints are provided by:

- an assessment of the equilibrium temperature for ternary as-
semblages in the CaO-SiO,-H,0 system

- equilibrium constants

- estimation methods

Indeed, the Gibbs phase rule indicates that in the system CaO-SiO,-
H,0 at variable temperature, a ternary assemblage consists in an
invariable point. In that case, the free enthalpy of the equilibrium
reaction equals to zero, which allows performing thermodynamic
calculations. Similar methods had already been used in a metamorphic
context, by Berman [91] and Holland and Powell [92], for example.

The constraints that we have been able to identify are reported in
Table 5 with given mineral assemblages associated with tempera-
tures. The temperatures actually obtained after minimization are
given in brackets.

For the afwillite-hillebrandite-portlandite assemblage, Hong and
Glasser [89] and Heller and Taylor [93] indicate an equilibrium
temperature of 130 and 140 °C, respectively. However, if the C2SH,q, a
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Fig. 7. Phase diagram in the Ca0-SiO,-H,0 system, using thermodynamic properties
estimated by Babushkin et al. [80].

phase of same composition, is considered as metastable compared to
hillebrandite as emphasized by Hu et al. [67], the temperature at which
this assemblage appears must be decreased. The lowest temperature is
an estimate provided by Atkinson et al. [94], 100 °C, which we have
adopted. The temperature of the tobermorite-11 -xonotlite-gyrolite
assemblage is given directly by Kalousek and Nelson [95],i.e. 175 °C.In
addition, tobermorite-11 and xonotlite could form a stable assem-
blage with a phase having a C/S higher than 1. The equilibrium tem-
perature could be close to 140 °C, the temperature found by EI-Hemaly
et al. [90] for the tobermorite-11 —xonotlite transition. For Hong and
Glasser [89], xonotlite should be replaced by foshagite but no other
work has reported such a low temperature for the appearance of
foshagite. Hong and Glasser [89] have determined for the foshagite-
hillebrandite-afwillite assemblage a temperature of 170 °C by assum-
ing, namely, that jennite is metastable. An additional ternary assem-
blage is proposed both by Hong and Glasser [89] and Atkinson et al.
[94]. Actually, the two groups of authors propose, for the afwillite-
hillebrandite-xonotlite assemblage, a tentative temperature of 150 °C.
It should be noted that the temperature is obtained only by con-
struction. The tobermorite-14 /tobermorite-11 transition tempera-
ture has been determined by Maeshima et al. [86], i.e. 105 °C. Finally,
the relation between jennite and afwillite still needs to be elucidated.
Kusachi et al. [72] have shown that both may exhibit their own
stability field and that the low temperature phase should be jennite. To
determine the transition temperature, we have considered the work of
Atkins et al. [41]. These authors observed at 55 °C, that the phase
transition took place between 13 and 26 weeks of reaction. The actual
transition temperature should be lower but, in first approximation, we
have selected this value.

In Table 5 are shown two other groups of constraints. First, the
solutions equilibrated by Atkins et al. [41] have enabled to calculate
the 85 °C equilibrium constant of tobermorite-14. In addition,
Revertegat et al. [96] experimentally obtained two values that allow
us to frame the equilibrium constant of jennite. Jaffeite, truscottite and
okenite were discarded from the calibration dataset because of a lack
of estimates from Babushkin et al. [80] or of references for verification.

Table 5

Constraints used for refining the thermodynamic constants of crystalline C-S-H phases.
Phases Equilibrium temperature (°C) References
AFW +POR + HIL 100 (100) [89,93]
AFW -+ FOS + HIL 170 (169) [89]
AFW + XON + HIL 150 (150) [89,94]
TOB11 -+ AFW + XON 140 (140) [91]
TOB11 + TOB14 105 (104) [86]
TOB11 + XON + GYR 175 (174) [95]
JEN + AFW T<55 °C (55) [41]
Tobermorite-14 : LogKgs-c = 54.25 (54.25) [41]
Jennite: 147.10 <LogKys - <150.81 (147.33) [96]

In parentheses: results obtained after the refinement process.
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In order to decrease the number of unknowns we have calculated a
linear relation between Babushkin et al. [80] estimates of S° and Cp
(298), with R>=0.993.

3.2.3.2. C-S-H phase diagram refinement: results. The results of the
calculation are given in Tables 6 and 10, and are also reported in Fig. 8.
The latter indicates that jennite, tobermorite-14A, hillebrandite and
gyrolite are stable at 25 °C. As the 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 a part of the thermodynamically stable phases in the
Ca0-Si0,-H,0 system. This point was not obvious before this
calculation since our only temperature constraint for jennite consists
of an inequality. On the other hand, foshagite disappears from the list
of stable minerals. It is possible that 170 °C for the afwillite-
hillebrandite-foshagite assemblage is a somewhat low temperature;
Speakman [88], for example, have obtained foshagite only from
259 °C.

The diagram in Fig. 8 has to be read by keeping some warnings in
mind. Because we consider only thermodynamic equilibrium, the
stability fields of transition phases have not been taken into account.
The diagram thereby obtained is more representative of the state of
the system after a long period of time. However, it represents an
improvement, allowing namely to precise phase relations between
jennite and afwillite.

In Table 6 we have compared the equilibrium constants at 25 °C
obtained in this work with the values calculated using the estimates of
Babushkin et al. [80] and with the experimental values provided by
Dickson et al. [13]. Globally, we have obtained values close to those
calculated from the estimates of Babushkin et al. [80]. On the other hand,
even if our results fall within the interval defined by Dickson et al. [13]
for gyrolite and tobermorite-11 , this is not the case for the other phases.
It seems that Dickson et al. [13] aimed to equilibrate phases that could
not be at equilibrium at 25 °C. This could even explain the large interval
of values obtained by Dickson et al. [13], in particular for the equilibrium
constant of afwillite. For this latter phase, our results are in
disagreement with the values of Babushkin et al. [80]. On the other
hand, they are intermediate between the results of these authors and
those of Dickson et al. [13]. In addition, the set of thermodynamic data
calculated in this work enables an effective stability field to be defined
for this phase whereas the values of Babushkin et al. [80] imply a
solubility so high that afwillite completely disappears from the phase
diagram (Fig. 7). In addition, the presence of foreign chemical elements
in Dickson et al. [13] mineral phases, such as aluminum, may lead to the
extension of the stability field of tobermorite [90,97,98].

The uncertainty relative to the calculations performed in this work
is difficult to estimate, concerning a minimization performed under
constraints and including inequalities. A comparison with the values
of Babushkin et al. [80] and Newman [81] makes it possible to broadly
evaluate at 41 the uncertainty in logk; i.e. close to 45 kj/mol for the
enthalpies and free enthalpies of formation and + 15 J/mol K for the
entropy. These numbers are only given there as indicative values and
do not rely on a statistical determination.

Table 6
Comparison of crystalline C-S-H equilibrium constants, at 25 °C, either from the
literature or obtained after the refinement of the phase diagram.

Mineral Babushkin et al. [80] Dickson et al. [13] This study
Okenite 9.90 5.01

Gyrolite 24.20 17.88 t0 22.82 2234
Tobermorite-11 67.25 62.42 to 70.05 65.58
Tobermorite-14 65.44 62.94
Xonotlite 93.81 66.49 91.34
Foshagite 65.50 57.33 to 60.12 65.96
Afwillite 60.63 40.58 to 46.51 49.42
Hillebrandite 37.26 32.18 36.85
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Fig. 8. Phase diagram in the CaO-SiO,-H,0 system, thermodynamic properties refined
in this work.

4. Development of a polyhedral model to complete the properties
of nanocrystalline C-S-H and associated phases

The investigation of C-S-H stability up to 100 °C, however, requires
calculating the dependency of the equilibrium constant with temper-
ature. This implies to assess the formation enthalpy and heat capacity,
since those properties are not available directly in the literature, which
is performed here by using a polyhedral decomposition method [100-
102]. This method is derived from the conventional oxide summation
method [103,104]. Compared to Helgeson et al.'s [27] method based on
fictive solid-solid reactions, it relies on a large set of calibration
minerals but it may be extended to all thermodynamic properties of
minerals, as has been shown by La Iglesia and Felix [102]. Following the
approach of La Iglesia and Felix [102], we have extended the
calculations to AG; 1, AHY 1, Cp(298) and V°.

4.1. Chemical system, calibration mineral set and polyhedral units

Polyhedral decomposition is thus applied to the system SiO,—CaO-
H,O0. In this system, we have selected 11 minerals, whose thermody-
namic properties had been refined previously: CSH1.6, 1.2, and 0.8,
tobermorite-11A and 14A, jennite, xonotlite, hillebrandite, foshagite,
gyrolite and afwillite. For AG9, 1, and V° estimate, the calibration
dataset comprises the 11 phases but, as AHP. 1, and Cp(298) are
unknown for nanocrystalline C-S-H, this number is reduced to 8 for
those two latter parameters.

For the polyhedral units (base units), we have considered, for
calcium and silicon, oxide and hydroxide groups, i.e.: Ca0"}, Ca(OH),,
Si0Y and Si(OH)Y, where roman numbers refer to the coordination
number of the polyhedron. In addition, we have assumed, from Black
et al. [106], that part of the calcium could be hydrated, being linked to
the structure through hydrogen bonds (CaO™™ group). Finally, we
have distinguished the molecular water from hydroxyl groups (H,O0
group). In our case, it would have been conceivable to associate
calcium with molecular water. The splitting enabled to compare the
properties of the water with literature data.

The decomposition itself is shown in Table 7. We have calculated
the relative proportion of each polyhedral unit, based namely on the
recent work of Black et al. [105,106], who determined these
proportions by means of XPS (X-ray photoelectron spectroscopy)
measurements. This technique enables, in particular, to determine the
relative proportions of bridging and non-bridging oxygen within a
crystalline structure.
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Table 7
Decomposition of C-S-H into constituent oxides and hydroxides.

Mineral H,0 ca0V'  ca0™  ca(OH)Y'  Si(OH)Y  sioY
Gyrolite 200 120 0.30 0.50 3.00
Xonotlite 5.00 1.00 6.00
Tobermorite-14  10.0 3.75 1.25 0.25 5.75
Tobermorite-11 500  4.00 1.00 0.25 5.75
Foshagite 050  3.00 1.00 3.00
Jennite 6.00  4.00 1.00 4,00 0.50 5.50
Afwillite 200 3.00 0.50 1.50
Hillebrandite 017  1.00 1.00 1.00
C-S-H1.6 181 093 0.67 0.05 0.95
C-S-H1.2 152  1.08 0.12 0.21 0.79
C-S-H0.8 124 080 0.15 0.85

Ca0O™ represents the hydrated calcium fraction linked to the structure through
hydrogen bounds after Black et al. [105]; roman numbers refer to the coordination
number of the polyhedron.

The determination of the relative proportions of hydroxyl groups
and molecular water, for the nanocrystalline C-S-H, is based on the
295i NMR study carried out by Cong et al. [107] on synthesized C-S-H.
From the study of Cong et al. [107], we have established a linear
relation between the amount of OH groups and the Ca/Si ratio, as
follows:

non = 1.16(Ca/Si) — 0.31, with R?>=10.79. For the total amount of
molecular water, the relation nyo=0.79(Ca/Si) +0.56 (R>=0.83)
has been derived.

4.2. Implementation of the calculation

The polyhedral method supposes that a given calculated property
Y is obtained from the sum of the contribution A; of each basis unit j,
for a given mineral i:

J

where X;; represents the amount of basis unit j for the mineral i.

The A; terms are obtained by using a least squares algorithm that
minimizes the sum of the squared differences 3_ (Ygps — Yeaic)-between
observed Y,s and calculated Y., values. The minimization over A(G?Jr’
1 allows to check the consistency of the decomposition itself, namely
for nanocrystalline C-S-H.

4.3. Results

The refined properties of the oxides/hydroxides units are summa-
rized in Table 8 whereas in Table 9 are displayed estimated properties,
for each calibration phase, along with the discrepancy with respect to

Table 8
Properties of the constituent oxides/hydroxides obtained after the polyhedral
refinement.

AtGIQr,Tr Aleqr,Tr Sl‘;'r,Tr CP( 298 ) 14

(kjmol=') (kJmol=') (Jmol='K=') (Jmol='K~!) (cm®mol~!)
H,0* ~237.87 —298.21 30.86° 38.85 12.35
H,0°¢ 40.17 40.03 13.70
H,0¢ ~269.30 —33330 4250 43.10 13.00
caov! ~669.72 ~699.47 37.12 7.22
Ccao™"t ~693.79 ~714.83 46.51 4.30
Ca(OH)Y' ~908.18 ~1001.70 33.20 33.76
Si(OH)Y ~1357.45 ~1560.55 39.22 82.50
Sioy ~868.13 ~919.64 64.28 30.39

¢ This work.

b Calculated in this work by combining AGS; 1 and AHY; 1.

¢ Properties of the structural water defined by Helgeson et al. [28].

4 Properties of the hydration water for hydroxides and oxihydroxides determined by
Mercury et al. [108] (Table 4).

the refined value. In Table 10, those values allow to complete the
thermodynamic dataset of a mineral when no other source is available.

It is interesting to compare the results for the molecular water
with some values found in previous works. With respect to the results
of Helgeson et al. [28] and Mercury et al. [108], we have obtained a
lower value for the entropy, the heat capacity and the molar volume
(see Table 8). However, since the uncertainties reported by Mercury
et al. [108] on these three parameters are respectively 17 J/mol K,
12.6 J/mol K and 2.1 cm?/mol, the values calculated here lie within the
uncertainty interval. Considering AfHopr,Tr and Sopr'T,, with respect to
the classification proposed by Mercury et al. [108], the values refined
here correspond to a group of hydratable and hydrophilic minerals
[108], (Fig. 4), which is satisfactory given the nature of C-S-H.

In addition, we have estimated the properties of four major phases
that were not included in the refinement process. These are truscottite,
okenite, jaffeite and the hydrate C2SH,o.. The values obtained are reported
in Table 10. It may be noted that, compared to the estimates of Babushkin
et al. [80] (Table 6), the values found for okenite are rather similar.

4.4. Model verification

4.4.1. Comparison between nanocrystalline phases and
crystalline phases

In order to verify the present model, we first have compared, in
Fig. 9, the equilibrium constants determined in this study, for both
nanocrystalline and crystalline phases. The constants for the truscot-
tite, okenite, jaffeite and C2SH,« are estimated by means of the above
mentioned decomposition method. For crystalline phases, equilibrium
constants are normalized to the number of Si cations present in the
crystallochemical formula.

In this figure, the points representing the nanocrystalline phases
are located slightly above, whereas the points representing the
crystalline phase are below the main curve. The difference appears
rather small with respect to the influence of temperature on equi-
librium constants. Indeed, when the curves are closest (Ca/Si=~ 1), the
difference is 0.43 LogK units, which is not negligible, even if it lies
within the uncertainty ranges previously defined either for nanocrys-
talline or crystalline phases. One can also observe that the curves do
not cross, which means that globally, the crystalline phases are more
stable than the nanocrystalline ones, as expected.

The values calculated for the AH9, 1, of nanocrystalline C-S-H may
be evaluated by mean of the A;H2, 1, value. Indeed, it can be calculated
from predicted AHP, . while experimental values can be deduced
from some already published works. Glasser et al. [14,116] have
carried out a large study where they namely have 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 from solution compositions
provided by Glasser et al. [116], by using the PHREEQC software [27]
and the aqueous complexes database reported in Table 2. Since we
have used the B-dot activity model, we only retained the solutions
with an ionic strength of <0.5. At 25 and 55 °C, we have selected the
solutions with an ion balance deficit less than 5%. At 85 °C, since no
solution could meet this criterion, we have retained the solution with
the lowest ion balance deficit. The results are displayed in Fig. 10, as a
function of the inverse of temperature. The error bar that widens as the
temperature increases corresponds to the standard deviation. The
alignment of the points as a function of 1/T is relatively good, which
allowed us to calculate an enthalpy of reaction, A;HY, 1, using the Van't
Hoff relation. The latter is an approximation where one supposes that
ACp(298) = 0. However it can be seen from Fig. 11 that the dispersion
of the experimentally derived AHP, 1, is rather large, overcoming the
contribution of the heat capacity term. In addition, for each
nanocrystalline or crystalline C-S-H phase from Table 2, we have
calculated AH$, 1, from AHY, 1, taken either from the literature, from
the refinement process or estimated with the polyhedal model when
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Table 9
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Estimates of the thermodynamic properties of C-S-H phases by the polyhedral model. The A column indicates the discrepancy with respect to properties refined from experimental

data and reported in Table 10.

Mineral Estimates
AGY 1 (k] mol—1) A (%) AHS 1 (k] mol— 1) A (%) Cp (298) (Jmol~ 'K~ ") A (%) V (cm® mol ') A (%)

Gyrolite ~4546.02 0.09 ~4915.00 0.06 345.62 5.86 142.70 3.83
Xonotlite ~9465.55 0.01 ~10,026.87 0.05 604.45 3.92 252.18 1.85
Tobermorite-14 ~11,088.48 0.01 ~12,176.73 0.01 965.21 0.86 351.30

Tobermorite-11 —9893.12 0.04 ~10,681.83 0.01 768.62 0.48 290.28 1.42
Foshagite ~5640.66 0.05 ~6018.12 024 356.81 14.24 152.75 5.05
Jennite ~13,886.02 0.01 ~15,187.06 0.01 934.01 0.09 450.71 1.26
Afwillite ~4465.81 0.07 ~4854.56 0.02 305.07 0.50 133.18 2.78
Hillebrandite ~2486.46 0.18 ~2681.50 0.71 141.20 22.76 73.47 1.22
C-S-H1.6 ~2554.45 0.14 ~2819.79 190.10 84.68

C-S-H1.2 ~2164.72 0.16 238434 162.13 71.95

C-S-Ho.8 ~1772.26 0.18 ~1945.13 138.38 59.29

no other option were available. These are compared, in Fig. 11, with
reaction enthalpies derived from Glasser et al. [116] experiments. We
have also included, in this figure, the reaction enthalpies derived by
Courault [15], from equilibrium experiments carried out at 25 and
85 °C, for two nanocrystalline phases (Ca/Si=0.8 and 1.1). For the
crystalline phases, reaction enthalpies are normalized to the number
of Si cations in the crystallochemical formula. I

It may be observed that the experimental values for nanocrystal-
line C-S-H are a little more scattered than for crystalline phases.
However, the values estimated in this work for the nanocrystalline
phases are in agreement with the experimental values. The points
representing nanocrystalline phases are located above the points
standing for crystalline phase. It is possible to compare this, for
example, with the thermodynamical status of the different gibbsite
minerals. The AHP. 1, collected by Nordstrom et al. [58] actually
concern different crystalline states, from the nanocrystalline to the
fully crystalline. The values indicate an increase of the reaction
enthalpy (but a decrease of the absolute value), as the crystallinity
increases. The location of the point representing nanocrystalline and
crystalline phases in Fig. 11 is consistent with such a behavior.

Table 10
Selected thermodynamic properties of C-S-H phases.

4.4.2. Additional minerals in the Ca0-SiO,-H50 phase diagram

Finally, it is possible to assess the proposed model by representing
the Ca0-SiO,-H,0 phase diagram, as a function of temperature,
including the phases whose thermodynamic properties have been
estimated with this model. This diagram is displayed in Fig. 12.

The first interesting point in Fig. 12 is that nanocrystalline C-S-
H1.6, 1.2 or 0.8 does not exhibit a proper stability domain even if the
temperature may influence their solubility [121]. This is also
consistent with the preceding observations concerning phase rela-
tions between nanocrystalline and crystalline polymorphs.

We can now consider the stability fields obtained for the phases
whose thermodynamic properties have been estimated here.

For okenite, its stability field is limited to a low temperature
domain (<50 °C). This result is consistent with the observation, by
Cole and Lancucki [122] of this mineral in silicaceous aggregates from
a 30 years old Australian dam. This implies a precipitation at room
temperature for okenite, consistent with a stability field restricted to
low temperature domains. Concerning truscottite, Fig. 12 indicates
that it occurs between 135 and 180 °C as a replacement product for
gyrolite. This agrees with the results of Harker [62], who has obtained

Mineral LogK(298) AGH 1 (k] mol™ 1) AHP 1 (k] mol™") S (Jmol ' K1) Cp(298) (Jmol 'K~ 1) V (cm® mol 1)
Crystalline C-S-H

Gyrolite 22.34 ~4550.06 ~4917.99% 309.328 325.94% 137.34?
Xonotlite 91.34 ~9465.12 ~10,022.15119 573.74R 628.64% 256.90%)
Tobermorite-14A 62.94 ~11,090.12 ~12,175.15% 874.57% 973.53R 351.307
Tobermorite-11A 65.58 ~9889.25 ~10,680.92(1V 692.558 764.91R 286.19¢
Foshagite 65.96 ~5643.83 ~6032.4319) 295.07% 309.38R 160.66>)
Jennite 147.33 ~13,886.77 ~15,189.04% 839.258 933218 456.40(")
Afwillite 49.42 ~4469.06 ~4853.82% 289.70% 303.558 129.53(6)
Hillebrandite 36.95 —2481.95 ~2662.481) 179.71% 177.468 72.58(7)
Nanocrystalline C-S-H

C-S-H1.6 28.00° ~2550.86 —2819.79" 154.42 190.10° 84.68"
C-S-H1.2 19.30° —2161.23 —2384.34° 129.14 162.13° 71.95"
C-S-H0.8 11.05° ~1769.03 ~1945.13° 107.85 138.38" 59.29"
Crystalline C-S-H, properties estimated in this work

Truscottite 77.08 ~15,280.407 ~16,854.62" 927.68 1034.10° 478.73®
Okenite 9.18 —2881.72° ~3135.70" 208.52 210.07° 94.779)
C,SH,a 35.54 —2449.12° —2634.92° 122.38 111.88° 71.12®)
Jaffeite 114.06 ~6469.94" ~6972.77° 326.19 344.90° 174.38®

R: from the phase diagram refinement.
S: from solubility experiments.
P: estimated by using the polyhedral model.

Density from (1) Taylor [51]; (2) Merlino [109]; (3) Dent and Taylor [110]; (4) Merlino et al. [120]; (5) Wyckoff [111]; (6) Medaw [112]; (7) Dai and Post [113]; Anthony et al. [114];

Wolery [115].

Enthalpies of formation from (10) Newman [81]; (11) Zuern and Fehr [84].
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Fig. 9. Comparison of the 25 °C equilibrium constants of nanocrystalline and crystalline C-S-H.

this phase from 150 °C. In addition, Luke and Taylor [117], report the
association xonotlite/truscottite from 200 °C while no gyrolite could
be detected. Our calculations indicate a slightly low temperature for
the first appearance of truscottite (135 °C instead of 150 °C), but this
temperature remains reasonable and the phase relations are consis-
tent with previous works.

The diagram in Fig. 12 indicates a large stability domain for jaffeite,
decreasing the domains devoted to jennite, afwillite or hillebrandite.
In that case, our model may overestimate the stability of jaffeite and
among the possible explanations, we could emphasize the fact that
the polyhedral decomposition model does not include a calibration
phase with a Ca/Si>2 whereas Ca/Si=3 for jaffeite. However,
Méducin et al. [118] have observed by 2°Si NMR the appearance of
jaffeite at 120 °C, whereas neither hillebrandite nor C2SH,« have yet
appeared. For Yanagisawa et al. [66], jaffeite could even appear
between 200 and 300 °C but would be instable at such temperatures
compared to calcio-chondrite. Anyway, this mineral has been
observed in the natural state by Sarp and Peacor [78], in samples
from the Kombat mine (Namibia). We can therefore conclude that
jaffeite may verify the thermodynamic equilibrium and thus, could
exhibit its own stability field. In addition, Sarp and Peacor [78] observe
the coexistence with hillebrandite, which corresponds to the upper

part of the diagram. On the other hand, it is still difficult to assess the
results concerning the low temperature field, namely below 120 °C.
The discussion remains open for this mineral and values reported in
Table 9 must be considered as tentative values only.

The last phase to be tested is the hydrate C2SH,c. It is a rather
common phase in experiments, for reaction temperature ranging
between 120 and 160 °C [64,69] but, to our knowledge, it doesn't
seems to have been found in a natural environment, yet. The calculation
results, presented in Fig. 12, predict a reduced stability field, wedged
between afwillite and jaffeite. This field is probably too strongly
constrained by jaffeite. However, the transition with hillebrandite occurs
in our case at 159 °C, which indeed corresponds to the observations of
Assarsson and Rydberg [87] and Aitken and Taylor [69]. Finally, our
calculations indicate the possible existence of this phase, replacing
hillebrandite when the temperature drops below 159 °C.

Concerning foshagite, our results do not indicate a proper stability
field at T<200 °C, although Buick et al. [77] have observed this
mineral coexisting with hillebrandite in samples from the Bushweld
complex, South Africa. However, this phase seems to be less
frequently observed in experiments than hillebrandite or xonotlite,
for T<200 °C[119]. For example, Ahmed and Taylor [68] observed the
appearance of foshagite, coexisting with hillebrandite, at 180 °C after

35+
T
Ca/Si=1.8 I
25
T
v 20 Ca/Si=1.4 I, I
g T
_' I e —— I
” Ca/Si=1.1 I e I
L o .
* Ca/Si=0.85 I R =
5k
0 : | |
2.0E-03 2.5E-03 3.0E-03 3.5E-03

Fig. 10. Equilibrium constants of four nanocrystalline C-S-H,

1/T(K)

calculated using solution compositions from Glasser et al. [116].
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Fig. 11. Enthalpy of reaction of nanocrystalline and crystalline C-S-H, as a function of the Ca/Si ratio.

3 days of reaction. Then, after 14 days of reaction, this phase is
progressively replaced by xonotlite whereas the association foshagite/
hillebrandite subsists after 14 days at 250 °C. We can emphasize
another hypothesis in order to explain the lack of an actual stability
field for foshagite. The chemical formula we have adopted for
foshagite is taken from Babushkin et al. [80] and it includes 0.5 mol
of H,0. However, although molecular water stabilizes low tempera-
ture phases, this is probably not the case for high temperature phases.
Moreover, the formula presented by Black et al. [106] does not include
molecular water.

5. Conclusions

The aim of the present study was to investigate the temperature
dependency of the thermodynamic functions associated with the
nanocrystalline and crystalline C-S-H phases. As regards to the
nanocrystalline phases, we have calculated the composition and the
equilibrium constant of three C-S-H phases (C/S=1.6, 1.2 and 0.8),
metastable with respect to crystalline C-S-H. In addition we have
opened a discussion concerning the influence of elements other than
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3 100 - Gyrolite .
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Fig. 12. Phase diagram in the CaO-SiO,-H,0 system, adding phases whose
thermodynamic properties are estimated in this work.

Ca or Si in the considered chemical system. Such elements could have
been incorporated into the solid phase, depending on the synthesis
process. We have highlighted that these impurities could imply a
displacement of the C-S-H solubility curve. This effect could also
prevent a comparison between solubility models based on either a
continuous or a fixed composition for nanocrystalline C-S-H.

The polyhedral decomposition model developed with the refined
thermodynamic properties of crystalline C-S-H phases allows first to
estimate the enthalpy of formation and the heat capacity of nano-
crystalline C-S-H. Verifications indicate the consistency of predicted
values with experimental results. In addition, the estimate for okenite
and truscottite properties has enabled to complete the C-S-H phase
diagram. For these phases, calculated phase relations globally agree
with experimental and field observations. On the other hand, jaffeite
seems to be strongly stabilized by model estimates, reducing the
stability fields of afwillite and hillebrandite. Finally, in the case of the
hydrate C2SH,«, the model could predict a transition with hillebran-
dite at 159 °C, in agreement with some already published results but
against the hypothesis of its metastability. For those phases, a more
accurate structural model, especially concerning the molecular water
amount would allow the refinement of the relations between these
phases.
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