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Simple aqueous–solid solution models of C-S-H (calcium silicate hydrate) are widely used in studies of
cement hydration and waste–cement interactions. Even without a clear structural/mechanistic basis, such
thermodynamic models yield a good description of solubility data in [Ca]-C/S space, while only satisfactory in
[Si]-C/S, H2O-C/S, [Ca]–[Si] spaces and in the 0.1bC/Sb0.8 range. Here, using a multi-site (sublattice) concept,
the ideal solid solution model of C-S-H is revised to make it consistent with the Richardson–Groves structural
model of C-S-H and with the modern interpretation of spectroscopic (29Si MAS NMR) and solubility data.
Consideration of two site substitutions, (1) coupled H2OCa

2+ for SiO2H2
2+ replacement in bridging tetrahedral

and adjacent interlayer sites, and (2) substitution of interstitial Ca(OH)2 for a vacancy, leads to a new CSHQ
model of (A,B) (C,D)X type composed of two tobermorite-like and two jennite-like end members. Because
this ideal sublattice SS model cannot fit solubility data well at 0.8bC/Sb1.1, a simpler CSH3T model is
constructed from a polymeric TobH (CaO)2(SiO2)3(H2O)5, a dimeric T2C (CaO)3(SiO2)2(H2O)5, and an ordered
pentameric T5C (CaO)2.5(SiO2)2.5(H2O)5 tobermorite-like end members. This solid solution model, limited to
the range 0.67bC/Sb1.5, has a correct built-in dependence of the mean silicate chain length on C/S, yields
quite realistic fits to the solubility data, and provides a basis for extensions with foreign cations whose sites in
the defect-tobermorite structure of C-S-H are known. To account for C-S-H compositions with C/SN1.5, CSHQ
end members were downscaled to one tetrahedral site and used within the simple mixing model. Despite
some loss of structural consistency, the solubility and mean silicate chain length data can be reproduced well
with this downscaled CSHQ model, capable of temperature corrections and dependencies of density and
water content in fully-hydrated C-S-H on C/S ratio. Most literature solubility data sets can be modeled at the
cost of moderate adjustments of CSHQ end-member solubility products within 0.2 to 0.6 pK units.
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1. Introduction

Knowledge of the solubility and stability of calcium silicate hydrates
(C-S-H) is important because the C-S-H formation and structure
determine hardening process and strength of cement, and play the
major role in cement degradation [1]. Ubiquitous C-S-H gel-like phase is
the main sorbent for Na, K and hazardous cations in hydrated cements
used in engineered barriers of (nuclear) waste repositories [1–6].

C-S-H has variable composition and shows an incongruent
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Nomenclature

Aγ Debye–Huckel parameter (in Davies equation)
Cpo Standard isobaric heat capacity (in J K−1 mol−1)
Ho Standard enthalpy (in J mol−1)
Gf
o Standard Gibbs energy function of (end member)

compound, in J mol−1

I Effective ionic strength of aqueous electrolyte (molal)
Q Number ratio of singly-bonded silica tetrahedra to all

silica tetrahedra (bQN is the mean ratio)
P Pressure (bar)
R Universal gas constant (8.31451 J K−1 mol−1)
So Absolute entropy at standard state (in J K−1 mol−1)
T, Tr Temperature (K), reference temperature Tr=298.15 K
Vo Standard molar volume (in J bar−1)
Zj Formula charge of j-th aqueous ionic species
aj Thermodynamic activity (of j-th solid solution end

member)
c Basal distance parameter (of tobermorite-like structure)
h H2O content stoichiometry coefficient (0.4bhb2)
m Number of H2O molecules bound but not present as

hydroxyls (in RG model)
n Number of ‘dreierkette’ units in silicate chain of length

CL=3n−1 (RG model)
nSi Factor for scaling the bulk formulae of C-S-H SS end

members
w/n Degree of protonation of silanol groups (RG model)
u Degree of protonation of silanol groups (re-normalized

RG model), u=w/n
v Number of vacant tetrahedral sites per silica ‘dreierkette’,

v=1/n (bvN average)
xj Mole fraction of j-th solid solution end member
y Number of Ca2+ cations compensating permanent

charge or present as extra CH units (in RG model)
yi Site fraction of i-th substituting species on a sublattice

site
ΔGord Standard Gibbs energy effect of the ordering reaction

between end members
ΔGrcp Standard Gibbs energy effect of the reciprocal reaction

between end members
γj Activity coefficient of j-th aqueous species (Davies

equation)
λj Activity coefficient of j-th end member (also fictive

activity coefficient λj=aj/xj)
μj Chemical potential of j-th end member (J mol−1)
ρ Density (in g cm−3), ρsat in water-saturated system
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dilution in a region 0.7bC/Sb1.7 when no portlandite (CH) or hydrous
silica (SH) phases are present [1]. C/S denotes here the mole ratio of
CaO to SiO2 in the solid part of the system. The water content in C-S-H
is usually expressed as C/S+h, where 0.4bhb2 depending on the
relative humidity and other factors [7–9]. Dissolved total silicon [Si]
and calcium [Ca] molar concentrations vary with C/S and deviate from
it everywhere, except a narrow ‘congruence region’ 0.8bC/Sb0.9.
Above this region, re-calcification causes a rapid transformation of
C-S-H into C-S-H with higher C/S, whereas de-calcification, carbon-
ation, or dilution result in an inverse process. This can be modeled
using one or two C-S-H solid solutions (SS) in equilibrium with other
hydrated cement phases and aqueous electrolyte.

Existing thermodynamic models of C-S-H solubility range from
purely empirical fits to complex non-ideal SS models, and describe the
experimental data from satisfactory to good. Our simple ideal two-SS-
phase model of C-S-H [10] has been used in modeling cement
hydration [11–13], and later incorporated into the Cemdata-07 data
base [14] (http://www.empa.ch/cemdata), a plug-in for the GEM-
Selektor geochemical modeling package (http://gems.web.psi.ch).
This SS model describes well the total dissolved calcium [Ca] and pH
as functions of C/S, but only satisfactory reproduces [Si] versus C/S and
the C-S-H solubility in [Ca]–[Si] coordinates. Other shortages include
the lack of verification with structural/spectroscopic data, and the
questioned existence of CSH-I SS phase acting at 0bC/Sb0.8.

During the last 10–12 years, a lot of crystallographic and spectro-
scopic information on C-S-H and its structural analogs, tobermorite and
jennite, has been collected [15–23]. This data corroborates structural
models of C-S-H suggested by Taylor [24–26], Richardson and Groves
[19,27], as well as the “defect tobermorite”model [28,29]. A deep insight
into the structural evolution of C-S-H in response to re/de-calcification
and conditions of preparation is presented in [18]. Accurate modeling of
variable-composition solids requires the solid solution model at best be
derived from the atomistic arrangements.

Themain goal of the present contributionwas to employ structural
insights for revising and improving the accuracy and plausibility of
our thermodynamic C-S-H ideal SS model [10,11,13]. In doing this, the
sublattice site concept has been used in determining the number and
stoichiometry of endmembers and verifying themwith solubility data
and structural information, such as the mean silica chain length bCLN
measurable e.g. with 29Si MAS NMR spectroscopy. Another goal was to
make the SS model more plausible in reproducing the water content
and density of C-S-H (at 100% relative humidity). In turn, achievement
of these goals should make thermodynamic models of cement
hydration and of chemical degradation of cement matrix with sorbed
foreign cations more useful.

Keeping the C-S-H SS model as simple as possible is crucial for the
ease of its extension to the sorption of minor cations in C-S-H — as an
alternative to ion-exchange models used in studies related to waste
management. The alternative, surface complexation model setup, is
justified when the emphasis is put on the surface charging and
cohesion of C-S-H particles ([30–32]), but this issue is beyond the
scope of the present paper.

In Section 2 of the following text, a brief overview of C-S-H
structural models, solubility, density, water content, and previous
thermodynamic modeling approaches are provided. A new, more
structurally consistent definition of the ideal sublattice solid solution
model of C-S-H is described in Section 3 (with some didactic details
collected in Appendix A); this includes a conversion of the RG
structural model into a form, which is suitable for defining sublattices
and substituting species on structural sites. Details of GEM-Selektor
thermodynamic calculations (with supporting thermodynamic data
in Appendix B) and parameterization of C-S-H solid solution models
are given in Section 4, first for the simplified ternary CSH3T model
limited to tobermorite-like structure and C/Sb1.5, then for the
downscaled quaternary CSHQ model related to both tobermorite-
and jennite-like structures in the C/S range from 0.67 to 2.25. The
sensitivity study of the capability of downscaled CSHQ model to
describe various metastable C-S-H phases represented by several
published solubility data sets is described in the Supporting
Information file. Finally, the Section 5 contains the discussion of
new C-S-H solid solution models and to what extent their structural
consistency has been improved.

2. C-S-H structure, solubility, and previous solid solution models

2.1. Structural models of C-S-H

Existing structural models of C-S-H were recently compared by
Richardson [20] who concluded that there is more of a consensus than it
might seem. The models fall into two groups: (1) where the silicate
anions are entirely monomeric, and (2) those derived from the
dreierkette-type of silicate chain present in the 1.4-nm tobermorite.

http://www.empa.ch/cemdata
http://gems.web.psi.ch
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None of themonomer-basedmodels are consistent with the experimen-
tally observeddistributionof silicate anions in C-S-H formed already after
the short induction period of C3S hydration. The dreierkette-based
models, corroborated with TMS data, 29Si MAS NMR, XAS, XRD, Raman,
and XPS spectroscopies, describe such distribution mainly by assuming
the removal of some dreierkette bridging tetrahedra along with the
exchange of Ca2+ ions.Whereas the dreierkette-basedmodelsmay seem
quite different (see Table 2 in [20]), they are, in fact, quite similar, and
may be considered as special cases of the structural model suggested by
Richardson and Groves [19,27,33]. Their model can be interpreted from
either tobermorite/jennite (T/J) or tobermorite/interstitial Ca(OH)2
(T/CH) structural viewpoints; it also allows for the incorporation of
cations andanionsother thanCa2+,H+, SiO3

2− andOH−bydefiningmore
structural substitutions.

The Richardson–Groves' (RG) structural model is expressed as
[19]:

½Ca2nHwSið3n−1ÞOð9n−2Þ�·ðOHÞwþnðy−2Þ·Caðn⋅yÞ=2·mH2O ð1Þ

where: m is the number of water molecules bound but not present as
hydroxyl groups; n=1,2,…,∞ is the number of dreierkette units in the
silicate chain of length CL=3n−1;w/n is the degree of protonation of
silanol groups; and y is the number of Ca2+ cations compensating the
remaining permanent charge or present as extra Ca(OH)2. These
parameters are constrained as:

for 0≤y≤2; n 2−yð Þ≤w≤2n T� unitsð Þ;
2≤y≤4; 0≤w≤2n;
4≤y≤6; 0≤w≤n 6−yð Þ J� orCH� unitsð Þ:

ð2Þ

The C/S ratio is given by

C=S =
nð4 + yÞ
2ð3n−1Þ : ð3Þ

Deviations from C/S=5/6 (theoretical value for 1.4 nm tobermorite
taken as a structural prototype of C-S-H) can result [19] from:

(i) Omission of bridging tetrahedra, with a decrease in mean bCLN
and increase in C/S;

(ii) Change in the content of Ca2+ ions balanced by the opposite
change of Si–OH groups, manifested by variations 2≤w/n≤0
and 0≤y≤2, and respectively by the C/S ratio;

(iii) Incorporation of additional Ca(OH)2 moieties reflected in an
increase in y from 2 to 4, leading to an increase in C/S ratio.

Structural modifications (i) and (ii) apply to both T- or to J-units. In
the T/J view, modification (iii) is the transition from T- to J-structural
units; in the T/CH view, this involves the incorporation of interstitial CH
layers. The ranges in Eq. (2) define a compositional space for C-S-H, in
which the ranges 2/3≤C/S≤1.5 for the T structure and 4/3≤C/S≤2.5
for the J structure overlap in the intermediate ‘mixed T/J’ composition
range at 1.0≤C/S≤2.0 [19].

Taylor's T/J structural model of C-S-H [26] can be obtained from the
RG model as a special case by setting w=n (w/n=1) and substituting
y=1 for T units and y=5 for J units in Eq. (1) (see Ref. [19] p. 1766).
Thus, the C-S-H structure is assumed to have a medium level of
protonation of silanol groups (one per three tetrahedral sites or
dreierkette unit) at any composition.

The Cong–Kirkpatrick defect-tobermorite model [28] corresponds
to a RG model sub-space with y=2 and w/n=0 for the case when all
silanol groups are balanced with Ca2+ cations; there is some
variability when either w/n increases and y decreases, or both w/n
and y increase (details in Ref. [19] p. 1766).

The defect-tobermoritemodel proposed byNonat and Lecoq [30,34]
as their ‘first hypothesis’ corresponds to the RGmodelwithw/n=0 and
y=2. Their ‘second hypothesis’ implies the presence of OH- and Ca2+
ions in the interlayer space, similar to the early Stade–Müller model
([35] and refs. therein), but differs from the RG model in that Si-O-Ca-
OH linkages involve the interlayer Ca rather than the main-layer Ca.

Chen et al. [18] interpreted C-S-H solubility and structure using
arguments not really much different from those in the T/J view of RG
model. Charge-balance calculations [18], aimed at determining a C/S
ratio above which the\Ca–OH moieties must be present in C-S-H, all
correspond to T-units with w/n=0 and y=2, the same as in the
Nonat's ‘first hypothesis’ or in the ‘balanced’ Cong–Kirkpatrick defect-
tobermorite model. However, Chen et al. [18] provide more data and
arguments that are helpful to simplify solid solution models of C-S-H
in the context of the present contribution.

Recently, for amechanochemically synthesizednanocrystalline C-S-H
(I) SS phase, Garbev et al. [22,36] presented a structuralmodel backed up
by Raman, synchrotron-based XRD, 29Si NMR, XPS and TGA studies. They
tend to corroborate the early model by Stade andWieker [37], and point
to the existence of twowell-ordered endmembers— onewith C/S=2/3,
basal distance c=1.33 nm, and anotherwith C/S=5/4, c=1.17 nm. The
former has the structure very similar to that of 1.4 nm tobermorite, but
without the interlayer calcium, and with T-layers assumed to hold
together via the network of hydrogen bonds. The latter is essentially a
tobermorite-based dimer with all bridging tetrahedra missing and with
T-layers connected by the interlayer Ca2+ ions. ‘Mixing’ between these
end members corresponds to the defect-tobermorite model, in which
variations in C/S ratio are explained by two competing mechanisms: (1)
variation in the interlayerCa content, and (2)omissionofbridging silicate
tetrahedra. In terms of the RGmodel (Eq. (1)), the first end member has
n=∞ andw/n=2,while the second endmember has n=1andw/n=1.
Based on the TGA data, Garbev et al. [22] found the maximum non-
hydroxylwater content of 4H2O in the C/S=5/4 endmember and in C-S-
HwithC/S=1, and3.3H2O in theC/S=2/3 endmember (expressedhere
per three tetrahedral sites).

In their series of nanocrystalline C-S-H(I) samples, Garbev et al.
[36] observed rather constant basal c-distances about 1.33 nm at
target C/S from 1/5 to 3/4, rather constant c about 1.17 nm at C/S from
6/5 to 3/2, and a rather sharp transition between C/S=0.8 and 1.1.
They interpreted this as an indication of a possible miscibility gap at
C/S between 5/6 and 1/1, inside of a disordered series within the range
2/3bC/Sb4/3; however, they did not provide any solubility data for
checking this assumption. The intermediate structure at C/S=1/1was
considered as having bCLN≈5 and a stronger ordering. The presence
of portlandite in samples with target C/S of 4/3 and 3/2 was explained
by the exsolution of additional portlandite slabs by the mechano-
chemical treatment, which seems to prevent the formation of jennite-
like structures.

From structural arguments and spectroscopic data, two to three
C-S-H SS phases are assumed to exist at 2/3bC/Sb2, termed either
C-S-H(I) and (II), or α-, β-, γ-C-S-H [30]. However, the evidence for
two SS phase regions on C-S-H solubility diagrams is not convincing;
most solubility data sets do not show a clear inflection or “shelf”
around C/S=1 that, if present, would indicate a ‘miscibility gap’, i.e.
co-existence of two C-S-H phases of different composition. This
‘simple’ behavior may be attributed to globular aggregates of
tobermorite-like or jennite-like nano-domains with relatively high
specific surface area ([38] and refs therein), which comprise most of
C-S-H samples prepared by co-precipitation or C3S hydration. Both
particle size effect on solubility and sorption of extra calcium on outer
surfaces or edges of nano-domains may result in apparently simple
C-S-H solubility curves.

Overall, the shortage of almost all structural models of C-S-H
phases lies in their weak connection with the stability and solubility
data. No estimates of relative stabilities of structurally derived end
member compounds were provided in the RG and related models.
Work by Chen et al. [18] is notably exceptional in relating solubility
and structural (spectroscopic) studies for the same series of C-S-H
samples and elucidating the extent of reversibility of C-S-H properties
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upon de/re-calcification. However, even this work did not advance
that far as to model the whole C-S-H aqueous–solid solution system in
a thermodynamically sound way.

2.2. C-S-H solubility, water content, and density

C-S-H solubility at room temperature has been studied over
decades [4,8,18,39–48]. C-S-H samples with different C/S ratios were
prepared by (controlled) C3S or C2S hydration, or by co-precipitation
methods, with the subsequent curing time from days to months (see
Table 1 in Ref. [46]). Most of the earlier data was summarized by
Berner [49,50] in a first attempt to model the incongruent solubility of
C-S-H. Chen et al. [18] considered C-S-H solubility as function of C/S
ratio in the light of available 29Si MAS NMR data and charge balances,
also using the Jennings' [51] diagram where the C-S-H solubility is
rendered in [Ca]-log[Si] space along a family of eye-guide curves.
Different curves (A, C″, C′, C) were related to the method of synthesis,
to the content of\Ca–OH, and to the extent of silicate polymerization
in C-S-H. According to Chen et al. [18], the observed solubility
differences arise from systematic variations in C/S, silicate structure,
and\Ca–OH content in a spectrum of metastable phases, structurally
ranging from purely tobermorite-like (Curve A) to largely jennite-like
(Curve C).

Thewater content anddensity of C-S-Hwere recently re-evaluatedby
Brouwers [9]. For the clinker hydration product (aged 126 days or
longer) with C/S=1.7, the content of non-evaporable water was
estimated as C1.7SH1.2 at the density ρ=2.86 g cm−3. The content of
water in saturated state (at 100% RH) was found to be C1.7SH3.2 at the
density ρsat=2.25 g cm−3. Assessments were also made for C-S-H with
C/S≠1.7 using two alternative concepts: (1) constant gel water, or
constant density; (2) variable gel water, with density increasing as C/S
decreases (see Fig. 6 in Ref. [9]). Case (1) leads to CxSHx+h stoichiometry
in the whole C/S range, with constant h=0.8 [8,39], and h=1.7 [7] or
h=2.0 [9] in saturated state. Case (2) is based on experiments by Lu et al.
[52]who found that the amountof gelwaterdecreasedwith adecrease in
C/S from 1.6 to 1.2; at C/S=1.2, that amount decreased with aging time,
tending to C1.2SH1.6. The variable gel water case can be represented as
CxSH3x−1.9 [9], but atC/Sb1.0 this stoichiometryyields theunrealistically
high density (N2.8 g cm−3).

Thefindings [22] about lowerwater content and decreased c distance
in dimeric nanocrystalline C-S-H seem to corroborate the case (2) at
C/SN1.25, adding to it a trendofdecreasingdensitywithdecreasingC/Sat
C/Sb1.25. Hence, in the saturated state, the formula CxSH3x−1.9 must be
limited to C/SN1.25, and replaced with CxSH0.6+1.25x at C/S≤1.25. The
density maximum at C/S=1.25 will be ca. ρ=2.5 g cm−3, and the
density at C/S=0.7 is ca. ρ=2.2 g cm−3.

2.3. Previous approaches to model solubility of aged C-S-H phases

The C-S-H solubility has been modeled using MAL speciation codes
[46,48,49,53], as well as GEM phase equilibrium solvers [10,11,54–56].
The MAL (mass action law) method, implemented in programs such as
PHREEQC, uses input thermodynamic data in the form of equilibrium
constants Ko of formation reactions for product species (aqueous
complexes, exchange ions, minerals, SS endmembers). The GEM (Gibbs
energyminimization) is used in the Calphad software (e.g. Thermo-Calc
[57]), as well as in geochemical modeling codes such as the GEM-
Selektor (http://gems.web.psi.ch). The input thermodynamic data in
GEM is the standard molar Gibbs energy function Gf

o (corrected to the
temperature of interest) for all components in all phases. A detailed
comparison of methods and codes is given in [58]. GEM is suitable for
modeling equilibria with simultaneous aqueous electrolyte, gas/fluid
mixture, and several multi-component (non-)ideal solid solutions, plus
many pure condensed phases [57,58].

In the MAL approach, C-S-H solubility was first simulated using the
solubility products of pure SiO2, CaH2SiO4, Ca(OH)2,… solids, varying as
empirical functionsof C/S ratio in theC-S-Hgel [49,53,59]. Such functions
of C/S ratio were also derived using a non-ideal binary solid solution
modelwith endmembers SiO2 and Ca(OH)2 [48]. In a Lippmanndiagram
approach, a non-ideal binary SS between “tobermorite” andCa(OH)2was
considered [46,48,60,61] without- or with MAL speciation calculations.
Note that the high non-ideality in such C-S-H SS models may be due to
using Ca(OH)2 instead of a structurallymore realistic C-S-H endmember
with C/S≤2.

A thermodynamically soundmodel of equilibrium in the CaO-SiO2-
H2O system was implemented by Thomas and Jennings [55] using the
commercial Thermo-Calc software. The available structural and NMR
data for the defect-tobermorite model [28] were translated into a C-S-
H solid solution model with five sublattices expressed as:

CaO½ �: Ca2+;H2+
2

h i
: SiO2½ �: H2SiO

2−
4 ;H2O

2−
2

h i
: H2O½ �

2:33 1:0 2:0 1:0 5:0

where the colons separate different sublattices (i.e. sets of structurally
equivalent sites), and the numbers below are site stoichiometry ratios
[55]. The model assumes two independent, charge-balanced substitu-
tions in the second and in the fourth sublattices, yielding four end
members with C/S ratios of 1.11; 1.67; 0.78; and 1.165 (covering the
range 0.78bC/Sb1.67). The fourth sublattice has been chosen consis-
tently with the observed Q=0.7 at C/S=1.5 (here, the parameter Q is a
number ratio of singly-bonded silica tetrahedra Q1 to all silica tetrahedra
Q2, Q3,…; Q=1 when only dimers are present). Assuming the ideal
mixing in each sublattice, theGf

o values of endmemberswere fitted from
a single experimental point at C/S=1.34, [Ca]=10 mM, [Si]=12 μM,
and Q=0.585. This ideal solid solution model described well the lower
curve on Jennings' diagram [51], but deviated in reproducing the Q
parameter. Next, the excess subregular interaction parameters were
introduced for both Ca2+–2H+ and H2SiO4

2−–H2O2
2− substitutions, and

themodel was refitted using up to 30 data points. This led to amuch less
stable end member with C/S=1.165 and large negative interaction
parameters for the substitution in second sublattice.

So far, the structurally reasonable quaternary non-ideal solid solution
model [55] has not been much in use, perhaps because it needs the
expensive Calphad softwarewith undisclosed thermodynamic data base,
precluding its implementation in open geochemical GEM or MAL codes.
Recently, the sublattice solid solution model of C-S-H has been
re-implemented for a 25 to 85 °C temperature interval [56] using the
MTDATA code (another piece of Calphad software). Unfortunately, the
authors [56] did not explain how they derived sublattices and end
members, did not account for charge balance, and did not provide the
standard molar Gibbs energies for end members, which again renders
their model not reproducible in other codes.

The simple ideal mixing between tobermorite-type and jennite-type
end members was a main assumption behind the C-S-H solid solution
model by Sinitsyn et al. [54], later on elaborated in Refs. [10,11] and
included into the Cemdata'07 data base (http://www.empa.ch/cemdata)
[13]. This simple model, originally used with GEM codes (e.g. GEM-
Selektor), can alsobe calculatedusing thePHREEQCcode [62]. InCO2-free
system (Ca-H-O-Si-e), the whole model includes four phases: aqueous
electrolyte Aq, portlandite CH, low-Ca C-S-H CSH-I, and high-Ca C-S-H
CSH-II. The CSH-I phase is assumed to be a simple ideal solid solution
between SH (amorphous hydrous silica) and Tob-I (tobermorite-like,
C/S=5/6) endmembers. The CSH-II phase is a simple ideal solid solution
between Tob-II (C/S=5/6) and Jen (jennite-like, C/S=5/3) end
members. Both phases co-exist in a narrow interval 0.8bC/Sb0.9; the
CSH-II phase co-exists with the CH (portlandite) phase at C/SN1.6.

Because non-ideal excess energy parameters have not been used in
this model, the only possibility to fit it to the experimental solubility
data was to adjust the molar Gf

o values of end members while, if
necessary, re-scaling their stoichiometry [10]. In this semi-empirical
way, a good fit to a particular solubility data set can be achieved; Kulik
and Kersten [10] explain this on the basis of sublattice- and interstitial

http://gems.web.psi.ch
http://www.empa.ch/cemdata


Table 1
CSH-I – CSH-II SS model [10]: Cemdata'07 [13] version, and its ‘adjusted’ variant.

End-
member

Stoichiometry C-S-H SS model
[13]

Adjusted to data
[41]

nSi Gf
o nSi Gf

o

SH-I [SiO2]nSi 1 −848.90 1 −848.90
Tob-I [(CaO)0.83(SiO2)1(H2O)1.33] nSi 2.4 −4186.45 2.4 −4370.30
Tob-II [(CaO)0.83(SiO2)1(H2O)1.33] nSi 1 −1744.36 1.8 −3277.72
Jen-II [(CaO)1.67(SiO2)1(H2O)2.1] nSi 1 −2480.81 0.9 −2353.32

Gf
o values are given in kJ mol−1 for P=1 bar, Tr=298.15 K; nSi is the stoichiometry

scaling factor.
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solution concepts [63], as also exemplified in ([58] p. 40–44). It
follows that re-scaling of end members is justified, if substitutions
that alter C/S ratio and stability of C-S-H phase occur mainly in one
sublattice. A very reasonable fit of the model [10] to the C-S-H
solubility data [41] ([Ca] and pH vs C/S in solid) shows that this idea
may not be wrong (Table 1 and Fig.1).

A decade of using the aqueous two-solid-solution model of C-S-H
has been sufficient to reveal its strengths andweaknesses. The unclear
mechanistic background is now seen as a drawback and a possible
reason of [Si] over-prediction both in [Si]-C/S and [Si]–[Ca] spaces. The
lack of an internal degree of freedom is manifested by a much
worse model fit to [Si] data after improving the fit to [Ca] (see dashed
curves on Fig. 1 that correspond to the “Adjusted to data [41]”
numbers in Table 1). It is difficult, if ever possible, to obtain with this
model the good fits simultaneously in [Si]-C/S and [Ca]–[Si] spaces.
Hence, a revision of structural background of the C-S-H SS model and
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Fig. 1. Solubility diagrams at 1 bar 25 °C, obtained using CSH-I and CSH-II solid solution mode
PSI data base [64], GEMS version). The model variant adjusted to [Ca] data [41] is shown in d
[41] in [Ca]-C/S and [Si]-C/S spaces (A, B), but larger deviations in the [Ca]–[Si] space (C).
re-definition of the number and stoichiometry of endmembers appears
necessary.

3. New formulation of C-S-H solid solution model

The structural information summarized above (Section 2.1) can
help improve the C-S-H SS model in several aspects, namely
(i) definition of sublattices, interstitions, defects and other structural
sites; (ii) elucidation of site occupation and substitution mechanisms;
(iii) constraining the compositional ranges and end member stoichio-
metries; (iv) evaluating configurational entropies and possible non-
ideality effects. A closer match between the atomistic structure and the
thermodynamic SSmodel canbeachievedusing the sublattice concept or
compound energy formalism (CEF) used in metallurgy (e.g. [57,65]),
mineralogy and petrology (e.g. [66]).

CEF begins with the definition of sublattices, i.e. sets of equivalently
coordinated sites (and charges) in the crystal structure [57]. The next
step is to consider, which species (atoms, ions or vacancies) can be
substituted in a sublattice site. A single species in each sublattice (no
substitution) is a trivial case of the pure (stoichiometric) solid phase.
Randommixing in a sublattice is described by a configurational entropy
Sconf = −R∑

i
yi ln yi, where yi is the site fraction of i-th substituting

species, and R is the universal gas constant. If there is only one sublattice
with two or more substituting species then the Sconf expression reduces
to that for a simple random mixing of end members, Ssimple =
−R∑

j
xj ln xj, where xj is the j-th end-member mole fraction, xj=yi,

i= j. In more complex cases, there may be several sublattices with
different substitutions. Usually, it is assumed that the randommixing in
 solid
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Fig. 2. Schematic representation of the defect tobermorite structure showing locations
of the assumed sublattice sites and interlayer Ca2+ cations (H2O molecules are not
shown, all CU sites are vacant). See text for explanations.
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sublattices occurs independently, so the total Sconf will be a weighted
sum of Sconf for each sublattice. For instance, in the [A,B]2[C,D]1 solid
solution system,

Sconf = −R 2yA ln yA + 2yB ln yB + yC ln yC + yD ln yDð ÞÞ:

A list of solid solution end members is created by combining one
species per sublattice site (e.g. A2C, B2C, A2D and B2D in the above
example). Since not all such end members may exist in pure state,
there is a problem of estimating or fitting their thermodynamic
properties [57,65]. The site fraction for i-th species can be represented
as a sum ofmole fractions of endmembers that contain this species on
this sublattice. In absence of non-ideal (excess) terms, the activity of
end member will be equal to a product of site fractions of species that
it contains (e.g. for A2C, aA2C=y2A·yC), but not aj=xj as in the simple
ideal mixing.

Equilibria involving ‘multi-site’ SS models can be solved only with
GEM software. Papers [10,55,56] present first attempts to apply
sublattice concepts in part or in full to C-S-H SS systems. The task of
the present contribution was to recast the Richardson and Groves [19]
structural model into a form suitable for defining sublattices, substitu-
tions, and end members for the revised C-S-H solid solution model.

3.1. Derivation of a sublattice SS model from the RG structural model

Firstly, the RG model has been re-normalized to one dreierkette
unit (i.e. three adjacent tetrahedral sites) by dividing Eq. (1) by n:

½Ca2HuSi3−vO9−2v�·ðOHÞuþy−2·Ca1−u=2·Cay=2−1þu=2·mH2O ð4Þ
Now, u=w/n is the extent of protonation of silanol groups, and

v=1/n is the number of vacant tetrahedral sites per silica dreierkette
(0bvb1). Eq. (3) can now be simplified to

C=S =
4 + y
2ð3−vÞ ð5Þ

and the C-S-H composition formula (4) can be re-written as

½CaðOHÞ2�ðuþy−2Þ=2·½ðCaSiO3:5Þ2·ðSiO2Þ1−v�·ðHu·Ca1−u=2Þ·mH2O ð6Þ

where [Ca(OH)2](u+ y−2)/2 represents the ‘jennite’ or ‘interstitial CH’
unit; (Hu⋅Ca1−u/2) depicts cation exchange in the interlayer to
balance the charge of the dimeric tobermorite structural unit
(CaSiO3.5)22−, and (SiO2)1−v represents silica in the bridging tetrahe-
dral (BT) site. By considering the following limits: 0 to 2 for u, 0 to 1
for v, 0 to 6 for y and 2 to 5 for m, a corresponding sublattice
stoichiometry formula can be obtained:

ICþh i
2
: TU−½ �2: BT0

h i
1
: CU0
h i

2
: IW0
h i

5
: ð7Þ

Each term (separated by colons) corresponds to a sublattice,
defined as a set of identical sites in the mineral structure (shown
schematically in Fig. 2).

The site occupancies are u/2 for H+ and 1−u/2 for Ca2+ in IC
sites; 1−v for SiO2 and v for a vacancyVBT inBT sites;m/5 forH2Oand1−
m/5 for a vacancyVIW in IWsites; and (u+y−2)/4 for Ca(OH)2, 1−(u+
y−2)/4 for a vacancy VCU in CU sites. Following the RG model,
we assumed that the permanent charge in C-S-H structure is carried
by the TU Ca-silicate units and not by the BT site itself. Note that there
is no formal difference between J and CH structural viewpoints of the
RGmodel; hence, only the T/J (tobermorite/jennite) nomenclature will
be used further on. The stoichiometry ratio of IW (interstitial water)
sites canbe set to 5 according to themaximumpossiblewater content in
C-S-H.

This model has nominally 4 sublattice site types, each with 2
substituting species, resulting in 16 endmembers. Equilibrium amounts
ormole fractions of endmembers can only be found by GEM, if the bulk
composition of C-S-H and the Gf

o value of each endmember are known.
In the Appendix A, the expansion of Eq. (7) into a list of 16 end-

member formulae is shown in detail. Such a solid solution model
appears to be far too complex and too difficult to parameterize,
especially if substitutions in different sublattices are not independent.
Therefore, a plausible route of reasonable simplification of the sublattice
C-S-H solid solution model is discussed in the Appendix A. This route
assumes (i) fixed IW site ratio of 4 at full H2O occupancy, which limits
the model to fully hydrated systems (100% RH); (ii) the inverse
dependence of bCLN and Ca content in C-S-H, expressed through
coupling substitutions in BT and CI sites into a combined BTI sublattice
site, thus leading to a sublattice formula

BTIþ
h i

2
: TU−½ �2: CU0

h i
2
: IW0
h i

4
ð8Þ

that results in four end members, connected via the reciprocal
reaction:

JenH + T2C = TobH + J2C ð9Þ

with the molar Gibbs energy effect

ΔGrcp = Go
fTobH + Go

f J2C–G
o
f JenH−Go

fT2C: ð10Þ

The first assumption is ΔGrcp=0. Because the JenH end member is
assumed structurally to have infinite chain length CL, and the T2C end
member is assumed to have CL=2, their relative stability (manifested
in ΔGrcp) renders the solid solution model a certain dependence of
mean bCLN on composition:

bCL N =
3

bv N
−1 where bv N = xT2C + xJ2C: ð11Þ

Here, xdenotes the end-membermole fraction, and bvN is the average
number of vacant silicate sites per dreierkette unit (vT2C=vJ2C=1
and vTobH=vJenH=0, Table A.4). In terms of the 29Si NMR-measured
bQN ratio, bQN=Q1/(Q0+Q1+Q2…), bCLN≈2/bQN.

The CSHQ model has two independent substitutions in BTI and CU
sublattices. Therefore, even in the case of ideal mixing (i.e. zero
enthalpy and excess entropy of mixing [57,63]), the activity aj of j-th
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endmember with i-th species in the BTI site and k-th species in the CU
site is proportional to the product of site fractions y2j,BTI y2k,CU defined as

ySi;BTI = xTobH + xJenH; yCa;BTI = xT2C + xJ2C;
yVcu;CU = xTobH + xT2C; yCH;CU = xJenH + xJ2C

ð12Þ

where the species are Si0.5OH+ (Si), HO0.5Ca0.5+ (Ca), VCU (Vcu), Ca
(OH)2 (CH), respectively, and xj stand for the mole fractions of TobH,
T2C, JenH and J2C end-members.

Sublattice SS models are not implicit in most geochemical codes
(including PHREEQC and GEM-Selektor) where the ideal mixing is
assumed to be simple, i.e. with the activity aj of an end member equal
to its mole fraction xj, regardless of the number of end members
[67,68]. Nevertheless, any ideal sublattice model can be implemented
in such codes with help of a fictive activity coefficient λj=aj/xj. The
end-member activity aj is defined in a general way as

RTlnaj = μj−Go
f ;j ð13Þ

μj is the chemical potential, defined in sublattice solid solutions
([57,63]) for e.g. TobH end member as

μTobH = Go
fTobH−yCa;BTIyCH;CUΔGrcp + RTð2lnySi;BTI + 2lnyVcu;CUÞ ð14Þ

assuming the zero excess term; ΔGrcp is given by Eq. (10), and Gf
o
j is

the standard molar Gibbs energy of (pure) j-th end member. Eq. (14)
is again different from the expression μj=(Gfj

o+RT ln xj) pertinent to
the simple ideal mixing model. Hence, a fictive activity coefficient λj

must be used for each end member. For instance,

μTobH = ðGo
fTobH + RTlnxTobHÞ + RTlnλTobH ;

where

lnλTobH = 2lnySi;BTI + 2lnyVcu;CU−yCa;BTIyCH;CU
ΔGrcp

RT
−lnxTobH: ð15aÞ

Similarly for other three end members,

lnλT2C = 2lnyCa;BTI + 2lnyVcu;CU + ySi;BTIyCH;CU
ΔGrcp

RT
−lnxT2C ð15bÞ

lnλJenH = 2lnySi;BTI + 2lnyCH;CU + yCa;BTIyVcu;CU
ΔGrcp

RT
−lnxJenH ð15cÞ

lnλJ2C = 2lnyCa;BTI + 2lnyCH;CU−ySi;BTIyVcu;CU
ΔGrcp

RT
−lnxJ2C : ð15dÞ

In the simplest case, ΔGrcp (Eq. (10)) is assumed to be zero, and
terms related to it disappear.

4. Modeling C-S-H Aq-SS chemical equilibria with
GEM-Selektor code

Model calculations at room conditions (T=25 °C=298.15 K and
P=1 bar) were conducted using the GEM-Selektor v.2 and v.3 codes
(http://gems.web.psi.ch) with the built-in Nagra-PSI chemical ther-
modynamic data base [70] (GEMS version), enhanced with the
Cemdata'07 thermodynamic data set ([13], http://www.empa.ch/
cemdata). Activity coefficients γj of aqueous species were calculated
using the Davies equation in the form

log10γj = −AγZ
2
j

ffiffi
I

p

1 +
ffiffi
I

p −0:3I

 !
+ log10xW ð16Þ

where Zj is the formula charge, xW is the mole fraction of water-solvent
(this term is used in GEM-Selektor code for correcting the Debye–
Hückel-type activity coefficients from mole fraction to molality scale),
Aγ≈0.5114 at T=25 °C and P=1 bar, and I = 1
2∑

j
mjz2j is the effective

ionic strength computed over molalities mj of all charged aqueous
species. The activity coefficient of water-solvent was set to unity
according to the common practice for dilute aqueous systems. The
model chemical systemsetup includedaqueouselectrolyte, gasmixture,
portlandite (CH), amorphous silica (SH) phases, plus a variant of C-S-H
SS phase. Relevant thermodynamic data are provided in Appendix B.

Calculations were conducted at 1 bar, 298.15 K in a ‘forward
modeling’ fashion using the Process simulator of GEM-Selektor. The
system recipes were constructed from 1000 g H2O and 1 mol of SiO2

plus variable addition of up to 2 mol Ca(OH)2 (to change the
composition of aqueous solution and C/S ratio in the solid part).
1 mol N2 and 0.001 mol O2 were added to set up the CO2-free
‘atmosphere’. The quality of model fit was estimated visually on the
Process simulator plots. No formal least-square procedures were used
because the main goal of this work was to find the most plausible one
among simple (ideal) SS models with less degrees of freedom, rather
than the most accurate non-ideal model with several empirical
parameters fitted to a single experimental data set. Another reason for
not using numerical regression was the difficulty in assigning weights
and error intervals to the solubility data points collected from the
literature.

Because there is no structural evidence for the existence of C-S-H
solid solution at C/Sb2/3, no solid solution between SH and
tobermorite (such as CSH-I in the old SS model) has been considered.
Instead, we assumed that the C-S-H solid solution phase co-exists
with the SH (hydrous SiO2) phase in the region 0.1bC/Sb0.7. In this
C/S interval, [Ca] and [Si] must be rather constant, and on the [Ca]–[Si]
diagram, they both degenerate to a single point. Most of the solubility
data available for the range 0.1bC/Sb0.7 lie in the intervals 1 to 2 mM
[Ca] and 3 to 5 mM [Si] and do not contradict this assumption. Using
this data, the Gf

o value for TobH end member was adjusted first and
then kept fixed. Provisional Gf

o value for the T2C (or T2) end member
could be found by adjusting it to experimental data with C/S around
1.4–1.5 (or 1.2–1.3) in the solid part. Further adjustment involved the
Gf
o value of J2C end members using data points with C/S between 1.25

until the appearance of CH phase. Next, the provisional Gf
o value of

JenH end member was obtained from reaction (10) assuming
ΔGrcp=0. Further fitting to a particular data set has been done, if
necessary, by slightly re-adjusting Gf

o values of some end members.
The resulting parameter values are provided in part in Appendix A and
in the main text below.

4.1. The initial CSHQ model

All variants of the reciprocal CSHQ model based on Eqs. (9)–(15)
yield the “best” visual fit (see Appendix A for details) similar to that of
the C-S-H ideal SS model from Cemdata'07 database (see Fig. 1), i.e.
relatively good for [Ca]AQ with the over-prediction of [Si]AQ at C/SN1.0.
The [Si] and [Ca] curves cross at C/Sb0.7, whereas the majority of
experimental data suggest the cross-over at 0.8bC/Sb0.9. Because the
region at 0.8bC/Sb1.1 is important especially in degradedOPC and low-
Ca cements, a more elaborate and structurally realistic C-S-H solid
solution model is necessary. There are indications that at C/S≈1, a
relatively ordered pentameric C-S-H compound exists in tobermorite-
like nanocrystalline C-S-H [22]. If this intermediate compound is
relatively stable, it should strongly affect the shapes of C-S-H solubility
curves.

4.2. Development of the CSH3T model

To explore this idea, the sublattice CSHQ model elaborated in
Appendix A was modified by assuming that all CU sites are vacant (i.e.
removing JenH and J2C end members), and by adding a ‘fictive’ T5C
endmember with C/S=1. This newmodel is now a ternary ideal solid

http://gems.web.psi.ch
http://www.empa.ch/cemdata
http://www.empa.ch/cemdata


Table 3
CSH3T ideal SS model parameters, adjusted against the generic C-S-H solubility data.

End member Bulk formula Gf
o, in kJ mol−1 log10K

TobH (CaO)2(SiO2)3(H2O)5 −5121.92 −12.20
T5C (CaO)2.5(SiO2)2.5(H2O)5 −5036.18 −13.74
T2C (CaO)3(SiO2)2(H2O)5 −4931.88 −12.03

Normalized per 3 tetrahedral sites; ordering model with two BTI sites; ΔGord=
−9.28 kJ/mol; K is the equilibrium constant of the reaction (CaO)x(SiO2)y
(H2O)z=ySiO2+xCa(OH)2+(z−x)H2O (data for amorphous silica SiO2, portlandite
Ca(OH)2 and water H2O are given in Appendix B).
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solution of three end members TobH, T5C and T2C, related entirely to
the defect-tobermorite structure, hence it will be called a ‘CSH3T’
model. The ‘pentameric’ end member T5C is introduced to represent
an intermediate ordered compound. This CSH3T model of the type
(A,B)2X is assumed to behave similar to the calcite Ca2(CO3)2–
dolomite CaMg(CO3)2–magnesite Mg2(CO3)2 system described by
Holland and Powell ([71], p. 497–498). In their formalism, the
ordering is represented using two sublattices (A,B)(A,B)X, which is
followed here (except the excess energy terms) using Si0.5OH+ and
HO0.5Ca0.5+ BTI species in places of A (Ca) and B (Mg), respectively.
Conversely, the sublattice formula of C-S-H becomes

BTI1þh i
1
: BTI2þh i

1
: TU−½ �2: CU0

h i
2
: IW0
h i

4
ð17Þ

which leads to three end members defined in Table 2. Being derived
from structural features of tobermorite-like C-S-H, the CSH3Tmodel is
restricted in composition to phases with C/Sb1.5.

The Gibbs energy effect ΔGord for the internal equilibrium
reaction 0.5TobH+0.5T2C=T5C

ΔGord = Go
f T5C−0:5Go

f TobH−0:5Go
f T2C ð18Þ

defines the extent of ordering and the relative stability of the T5C end
member. The activities of endmembers for the idealmixing of Si0.5OH+

and HO0.5Ca0.5+ species on BTI1 and BTI2 sites are expressed through site
fractions yBTI1,Si; yBTI1,Ca; …, and end member mole fractions xj as

aTobH = ySi;BTI2 ySi;BTI1 = ðxTobH + xT5CÞxTobH
aT5C = ySi;BTI2 yCa;BTI1 = ðxTobH + xT5CÞðxT2C + xT5CÞ
aT2C = yCa;BTI2 yCa;BTI1 = xT2CðxT2C + xT5CÞ

ð19Þa;b; c

leading tofictive activity coefficients used inGEM-Selektor calculations:

lnλTobH = lnðxTobH + xT5CÞ
lnλT5C = lnðxTobH + xT5CÞ + lnðxT2C + xT5CÞ−lnxT5C

lnλT2C = lnðxT2C + xT5CÞ:
ð20Þ

The mean silicate chain length is now recovered as

bCL N =
3

bv N
−1 where bv N = xT2C + 0:5xT5C: ð21Þ

By adjusting Gf
o values of endmembers, the CSH3T ideal model can

easily be set (Table 3) to reproduce the generic C-S-H solubility data in
a quite reasonable way. As seen on Fig. 3, this model behaves
surprisingly well. Unlike the CSHQmodel (Appendix A), it reproduces
correctly the congruence point (near crossing of [Ca]AQ and [Si]AQ
curves) in C/S-[Ca], C/S-[Si], and [Ca]–[Si] spaces. Fig. 3 shows that the
relative stability of T5C compound, and, hence, the extent of ordering,
is rather high. The activity of TobH end member aTobH closely follows
the site fraction ySi,BTI1=xTobH; likewise, aT2C follows yCa,BTI2=xT2C,
and everywhere, except a very narrow interval near C/S=1, aT5C
follows xT5C=1−xT2C−xTobH. Thus, it is not surprising that setting
Table 2
CSH3T SS model with ordering in two BTI sublattices in pentameric T5C end member.

End member Structural sublattice formula CL Bulk formula

ID u v y

TobH 2 0 0 [Si0.5OH+]1:[Si0.5OH+]1:[CaSiO3.5
− ]2:

[VCH]2: [H2O]4
∞ [(CaO)2/3SiO2

(H2O)5/3]3
T5C 1 0.5 1 [Si0.5OH+]1:[HO0.5Ca0.5+ ]1:[CaSiO3.5

− ]2:
[VCH]2:[H2O]4

5 [(CaO)1SiO2

(H2O)2]2.5
T2C 0 1 2 [HO0.5Ca0.5+ ]1:[HO0.5Ca0.5+ ]1: [CaSiO3.5

− ]2 :
[VCH]2:[H2O]4

2 [(CaO)3/2SiO2

(H2O)5/2]2

CL is the theoretical silicate chain length.
lnλTobH=0, lnλT5C=0 and lnλT2C=0 results in calculated solubility
diagrams that are almost identical to Fig. 3 A,B. In other words, the CSH3T
ideal sublattice model (Eqs. (19) and (20); Tables 2 and 3) behaves like a
ternary SSmodel with simple ideal mixing. This might explain the partial
success of old simple ideal binary C-S-H SS models with tobermorite-like
end members having C/S of 0.83 (see Table 1), i.e. close to C/S=1.

In trial GEM calculations, the impact of ΔGord parameter has been
checked by running the CSH3Tmodel with Gf

o
T5C value set 8.0 kJ mol−1

more positive. This change did not affect the calculated bCLN curve as
function of C/S ratio; bCLN was also found independent of large
variations in stability of TobHandT2Cendmembers. However, activities
of endmembers significantly deviated fromsite- andmole fractions (see
thin dash-dot curves on Fig. 3 B,D); the fit to solubility data became
much worse, resembling that of the CSHQ reciprocal model. Hence, the
match of CSH3T model to the solubility data depends mainly on the
ΔGord parameterwhichmust have a negative value about−9 kJ mol−1.

TheCSH3T solid solutionmodel (Table 3) is a ‘basis’model for further
modifications. To extend it with other cations (Sr, Na, K, U(VI), …)
expected to enter only the BTI positions, one would need to introduce
the analogs of T2C and/or T5C end members and account for their site
fractions in activity and configurational entropy terms. Thus extended
solid solutionmodel should be sufficient formodeling the solubility and
stability of C-S-H in cementporewaterswithpHN13. In this context, the
CSH3T model provides a good starting point for modeling sorption of
various cations in C-S-H.

Within the CaO–SiO2–H2O system, the CSH3Tmodel can be further
improved in two ways.

(1) The excess mixing parameters can be introduced and fitted to
the phase equilibrium data (as done in the calcite–magnesite–
dolomite SS model [71]).

(2) The ideal sublattice model can be modified for different
stoichometry ratios of sublattice sites. The latter choice appears
to be more appropriate for keeping the SS model of C-S-H as
simple as possible.

By trying approach (2), an even better fit to solubility data has
been obtained when the end-member activities and fictive activity
coefficients were represented as

aTobH = y2Si;BTI2y
2
Si;BTI1

aT2C = y2Ca;BTI2y
2
Ca;BTI1

aT5C = y2Si;BTI2y
2
Ca;BTI1

ð22Þ

lnλTobH = lnxTobH + 2lnðxTobH + xT5CÞ
lnλT5C = 2lnðxTobH + xT5CÞ + 2lnðxT2C + xT5CÞ−lnxT5C

lnλT2C = 2lnðxT2C + xT5CÞ + lnxT2C :

ð23Þ

This is equivalent to doubling the number of BTI1 and BTI2 sites
per unit formula of TobH, T5C and T2C end members according to a
modified sublattice scheme

BTI1+0:5
h i

2
: BTI2+0:5
h i

2
: TU−½ �2: CU0

h i
2
: IW0
h i

4
; ð24Þ
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where species Si0.25O0.5H0.5
+0.5 and H0.5O0.25Ca0.25+0.5 substitute each

other in BTI1 or BTI2 sublatice sites. The bulk end-member
stoichiometry and mean chain length are unaffected.

To check how this CSH3T model reproduces bCLN, the set of ‘double
decomposition’ (curve C″) C-S-H samples data [18] has been selected
because this set includes the solubility data for de/recalcification cases
together with the 29Si NMR bCLN data measured on some samples. Chen
et al. [18] also concluded that curve C″ samples have minimal Ca–OH
content and a close resemblance to 1.4-nm tobermorite. Besides, to our
knowledge, the bCLN data for C-S-H samples going along the curve A
assumingpurely tobermorite-like structure arenot available. Indeed, after
some adjustment of Gf

o values of end members (while the ΔGord value
remained close to −9 kJ mol−1), the CSH3T model (Table 4, Fig. 4)
reproduced quite well both the bCLN and the solubility (curve C″) data.
The quality of fit in all four diagramswas found to be so good that further
Table 4
The CSH3T ideal sublattice model with four BTI sites.

EM Bulk formula Gf
o, kJ mol−1 log10K

TobH (CaO)2(SiO2)3(H2O)5 −5123.06 −12.40
T5C (CaO)2.5(SiO2)2.5(H2O)5 −5037.32 −13.94
T2C (CaO)3(SiO2)2(H2O)5 −4934.16 −12.43

Formulae are normalized per 3 tetrahedral sites; ΔGord=−8.71 kJ/mol; see also notes
to Table 3.
complication of the SS model by introducing excess Gibbs energy terms
was not warranted.

Disabling the fictive activity coefficients (i.e. running the model
with aj=xj) results in the shapes of solubility curves similar to those
obtained using the earlier model with 2 BTI sites (either sub-lattice or
simple ideal mixing variant), see Fig. 3. From Eqs. (22), (23) it follows
that scaling the end member stoichiometry in CSH3T SS model down
by a factor of 2 will result in a new sublattice scheme

BTI1+0:5
h i

1
: BTI2+0:5
h i

1
: TU−½ �1: CU0

h i
1
: IW0
h i

2
; ð25Þ

with the idealmixing on sublattices describedby equations for activities
and fictive activity coefficients identical to Eqs. (19) and (20). This
“downscaled” CSH3T model (Table 5), either with Eqs. (19)–(21) or
using the simple ideal mixing (by forcing lnλTobH=0, lnλT5C=0 and
lnλT2C=0) produces the same curves as shown on Fig. 4, which also
lookpretty consistent to thewhole collection of literature solubility data
(Fig. 5).

Note that end member stoichiometries in Table 5 resemble those in
the old binary CSH SS model [10,13] where the optimized end member
formulae had nSi factors between 1 and 2 (see Table 1). However, the
new CSH3T model differs in that it is a single ternary solid solution
covering the C/S range between 0.67 and 1.5; it co-exists with SH (at C/
Sb0.7) or with CH (at C/SN1.45) pure phases; and it has a correct built-
in dependence of bCLN on C/S ratio.

image of Fig.�3
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Unfortunately, the CSH3T model cannot account for C-S-H phases
that are relatively more polymerized and go above C/S=1.5, as, for
example, the C solubility curve for the C3S hydration data on Chen et al.
[18] solubility diagram, presumably corresponding to higher Ca–OH
content, longer mean chain length, and significant role of the ‘jennite-
like’ component. However, the structure of such phases remains
ambiguous; it not quite clear, whether jennite or interstitial CH
structural domains exist there. Hence, at present, it would not make
sense toextend theCSH3Tmodel aboveC/S=1.5because this cannot be
justified on the basis of the available structural information.

4.3. The downscaled CSHQ SS model

Let us recall the ability of simple ideal solid solutionmodels of C-S-H to
yield a better fit to the solubility data with the downscaled end member
stoichiometry [10], as also shown here for the CSH3T model (Table 5,
Fig. 5). Such reduction to simple ideal mixing is rigorous, if there is a
Table 5
The downscaled simple ideal CSH3T SS model.

End member Bulk formula Gf
o, kJ mol−1 log10K

TobH (CaO)1.0(SiO2)1.5(H2O)2.5 −2561.53 −6.20
T5C (CaO)1.25(SiO2)1.25(H2O)2.5 −2518.66 −6.97
T2C (CaO)1.5(SiO2)1.0(H2O)2.5 −2466.99 −6.22

Normalized per 1.5 tetrahedral sites; ΔGord=−4.40 kJ/mol; see also notes to Table 3.
substitution in one sublattice only. As explained in ([58] p. 41–42), the
ideal sublattice solid solution (A,B)2Xwith endmembersA2X andB2Xhas
the site fractions of A and B equal to mole fractions xA2X and xB2X,
respectively, and end member activities aA2X=x2A2X and aB2X=x2B2X.
These can be accommodated to the simple ideal mixing model (where
aj=xj) either by introducing the fictive activity coefficients (λA2X=xA2X;
λB2X=xB2X), or by dividing the stoichiometry of both endmembers (and
their Gf

o values) by 2, which leads to aAX0.5=xAX0.5 and aBX0.5=xBX0.5.
Suchdownscaling of endmembers is not always rigorous because, if there
are two or more sublattices with independent substitutions, some
configurational entropy terms will be neglected by the simple ideal
mixing model.

Yet, the downscaling may improve the description of solubility/
stability data in a semi-empirical way [10] when the substitution
mechanisms or the sublattice ratios are not clear. Compared with
classic excess energy models (e.g. regular), the empirical ‘fit’ will be
embedded not in interaction parameters, but directly into formula
scaling factors and in Gf

o values of end members. This may be a good
workaround to keep things simple for the defect tobermorite–jennite
based solid solution models of C-S-H, until more rigorous and
atomistically reasonable multi-site (sublattice) solid solution models
will become available.

Back to the CSHQmodel (Appendix A, Table A.6), we attempted re-
scaling its end members from three to one tetrahedral site (dividing
by factor of 3), as shown in Table 6, and use them within simple ideal
mixing model (having all end-member activity coefficients set to 1.0).
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In forward GEM modeling, it was possible to obtain a reasonable
description of the generic C-S-H solubility data in the whole C/S
interval with Gf

o
TobH=−1668.56; Gf

o
TobD=−1573.46; Gf

o
JenD=

−2170.32, and Gf
o
JenH=−2265.42 kJ/mol (ΔGrcp=0). However,

only three end members appear significant there, while the xJenH
never exceeds 1%, and the mean chain length obtained as

bCL N =
3

xTobD + xJenD
−1 ð26Þ

is underestimated with respect to both ‘C3S hydration’ and ‘double
decomposition’ data from [18]. Obviously, a more stable JenH end
member is needed to improve the SS model, especially against the C3S
Table 6
The improved downscaled CSHQ simple ideal solid solution model (Fig. 6).

End member C/S CL Bulk formula Gf
o, in kJ mol−1 log10K ± log10K

TobH 2/3 ∞ (CaO)2/3(SiO2)1.0
(H2O)3/2

−1668.56 −4.20 −0.4+0.2

TobD (T2) 5/4 2 (CaO)5/6(SiO2)2/3
(H2O)11/6

−1570.89 −3.55 −0.6+0.2

JenH 4/3 ∞ (CaO)4/3(SiO2)1.0
(H2O)13/6

−2273.99 −5.51 −0.3+0.5

JenD (J2) 9/4 2 (CaO)3/2(SiO2)2/3
(H2O)5/2

−2169.56 −3.66 −0.3+0.4

Reciprocal reaction: JenH+TobD=TobH+JenD with ΔGrcp=+6.76 kJ mol−1. log10K
for reaction (28).
hydration data, presumably reflecting a significant amount of Ca-OH
manifesting the extensive presence of jennite-like C-S-H structure
(along the curve C on the solubility diagram [18]). For the C3S
hydration series, the solubility data were provided together with the
29Si MAS NMR data, from where the bCLN data was determined [18].

We were able to fit these bCLN data well with the downscaled
CSHQ simple ideal model, which simultaneously yields a good fit to
solubility data ([18], Curve C) in [Ca]–[Si] and C/S–[Ca], C/S–[Si]
spaces. Results are shown on Fig. 6 and in Table 6.

The reciprocal molar Gibbs energy effect ΔGrcp (Eq. (10)) appears
to control the values of bCLN estimated from the mole fractions of
dimeric end members (Eq. (11)). The model underestimates [Si]AQ at
C/S 0.8–0.9 because it neglects the ordering effects near C/S=1. Yet,
the performance of this really simple ideal model is remarkable and
sufficient for most practical applications in cement chemistry. Thus,
the semi-rigorous downscaled CSHQ model appears to be free from
most drawbacks of the old CSH-I–CSH-II model [10].

It seems not to be warranted improving the model fits either by
re-scaling end members with separate scaling factors, or by
introducing excess Gibbs energy parameters. One should keep in
mind that in reality, many metastable C-S-H phases are possible, each
with a unique dependence of chain length and \Ca–OH content on
composition [18], depending on the preparation route and temper-
ature, as well as on the equilibration conditions and aging time. So,
after each adjustment of Gf

o values of end members, the downscaled
CSHQ model becomes, in fact, a solid solution model of a different
metastable C-S-H phase.
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As shown in detail in a model sensitivity study (see Appendix C,
Supplementary Information file), by moderate re-adjustments of end
member Gf

o values within 0.2 to 0.6 pK units (1.2 to 3.3 kJ mol−1), the
simple ideal CSHQ model can provide at best a good, at least a
reasonable description of each of several available literature data sets
[18,39–41,43–45]. The respective uncertainty brackets for the end
member solubility products are included in Table 6. This sensitivity
study showed also that in some old data sets, the [Si] data below 10
−5 M may be out of equilibrium with C-S-H or in large (systematic?)
analytical error.
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4.4. Density, molar volume, entropy and heat capacity of CSH3T and CSHQ
end members

Realistic prediction of density of C-S-H ‘gels’ (at least in H2O
saturated state) is especially important in reactive transport modeling,
where volume changes due to dissolution or precipitation of solid
phases may affect the porosity and the transport parameters.

As stated in Section 2.2, the ‘variable gel water’ (VGW) case [9]
appears to be more appropriate than the ‘constant gel water’ (CGW)
case, except for thenanocrystallineC-S-H [22]. Thus,we can assumethat
the density of C-S-H solid solutions is limited between VGW and CGW
cases. As seen on Fig. 7, this is possible, if densities of pure TobD and T2C
endmembersmatch theVGWcase,while theorderedT5C (pentameric)
compound is somewhat denser than the T2C (dimeric) end member of
CSH3T solid solution. It is expected that the density of C-S-HSS phases in
H2O-saturated state lies within the triangle “TobH–TobD–crossing of
CGW and VGW curves”, and this should be reproduced by both CSH3T
and CSHQ solid solution models.

Standard molar volumes of end members listed in Table 7 were
calculated from end member formulae and from densities shown on



Table 7
Density and molar volume of CSHQ and CSH3T SS end members (ΔrV

o for Eq. (28)).

End member Bulk formula Gf
o, in kJ mol−1 ρsat, g cm−3 Vo, cm3 mol−1 ΔrV

o cm3 mol−1

TobH (CaO)2/3SiO2(H2O)3/2 −1668.56 2.25 55.30 10.8
TobD (CaO)5/6(SiO2)2/3(H2O)11/6 −1570.89 2.50 47.95 17.0
JenH (CaO)4/3SiO2(H2O)13/6 −2273.99 2.30 75.63 12.5
JenD (CaO)3/2(SiO2)2/3(H2O)5/2 −2169.56 2.10 80.58 6.41

TobH (CaO)1(SiO2)3/2(H2O)5/2 −2561.53 2.25 84.96 18.7
T5C (CaO)5/4(SiO2)5/4(H2O)5/2 −2518.66 2.40 79.27 20.9
T2C (CaO)3/2(SiO2)1(H2O)5/2 −2467.08 2.35 80.56 16.1
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Fig. 7. These volumes (here assumed to be independent of temperature
and pressure) also define the corrections ofmolarGibbs energy function
gT,P of a C-S-H end member up to a few hundred bar pressure P:

gT;P = goT + Vo P−1ð Þ: ð27Þ

The dependence of goT function (go=Gf
o at Tr=298.15 K) on the

elevated temperature T (up to 370 K) requires knowledge of standard
molar entropy So and heat capacity Cpo of C-S-H SS endmembers at Tr.
For the old CSH-II ideal SS model end members, these parameters
were evaluated by Lothenbach et al. [13] and included in Cemdata'07
data base (see also http://gems.web.psi.ch/doc/pdf/ for the overview
of T,P correction methods).

In the present study, thermodynamic properties of C-S-H solid
solution end members were calculated using standard-state effects of
the reaction

CaOð ÞxSiO2Þy H2Oð Þz = ySiO2 + xCa OHð Þ2 + z−xð ÞH2O
C−S−H end member am:silica portlandite water

:ð28Þ

From the data [13] (see also Table 1), we find for the reaction (28)
for Tob-II (C/S=x/y=0.83) and Jen-II (C/S=1.67) end members,
respectively, ΔrS

o=65.5 and 70 J K−1 mol−1; and ΔrCp
o=22 and

12 J K−1 mol−1. Both parametersweakly depend on C-S-H composition;
thedifferences are less than10 J K−1 mol−1, so the lineardependencies of
both reaction effects on x=C/S ratio (for y=1 and C/S=x/y) can be
assumed:

ΔrS
o = 61:054 + 5:357x ð29aÞ

ΔrCp
o = 31:881−11:905x: ð29bÞ

Using Eqs. (29a), (29b) and (28), ΔrS
o and ΔrCp

o were calculated
for y=1 and x=C/S, then re-scaled to values of y used in the
formulae of downscaled CSHQ and CSH3T endmembers, and rounded
off to zero digits after decimal point. The resulting values (Table 8) are
expected to be sufficient for temperature corrections from 0 to 90 °C
within 0.5 pK units uncertainty. The ΔrH

o values were calculated from
logK and ΔrS

o values together with the So, Cpo and Ho values all at
Tr=298.15 K using the ReacDC module of GEM-Selektor code.
Table 8
Effects of reaction (28) at P=1 bar, Tr=298.15 K, with standard molar So, Cpo and Ho

values of the downscaled CSHQ and CSH3T SS model end members.

End
member

log10K ΔrH
o kJ

mol−1
Ho kJ mol−1 ΔrS

o J K−1

mol−1
So J K−1

mol−1
ΔrCp

o J K−1

mol−1
Cpo J K−1

mol−1

TobH −4.20 43.35 −1841.51 65 89.9 24 141.6
TobD −3.55 33.68 −1742.42 45 121.8 11 166.9
JenH −5.51 51.73 −2506.27 68 142.5 16 207.9
JenD −3.66 35.50 −2400.72 49 173.4 3.4 232.8

TobH −6.20 64.31 −2832.98 97 152.8 36 231.2
T5C −6.97 64.53 −2518.66 83 159.9 25 234.1
T2C −6.22 55.96 −2722.30 69 167.0 14 237.0
4.5. Density, volume and H2O content as function of C/S ratio

Using the data from Tables 7 and 8, as well as from Appendix A
(Table A.6), not only the solubilities, but also the variations of density,
molar volume, interlayer (non-hydroxyl) H2O mole fraction, and H/S
ratio (i.e. total bulk H2O content per 1 mol SiO2) (Fig. 8) in the CSH3T
or CSHQ phase were calculated in GEM-Selektor at ambient condi-
tions, as follows (xj is mole fraction of j-th end member):

ρCSH = ∑
j
ρjxj; VCSH = ∑

j
Vo
j xj: ð30a;bÞ

For the CSH3T SS model (Tables 2 and 5), the water contents were
calculated as:

yH2O;IL = 2 xTobH + xT5C + xT2Cð Þ ð31aÞ

H=Sð ÞðH2O;bulkÞ = 5=3xTobH + 2xT5C + 5=2xT2C ð31bÞ
C/S in solid
0.0 0.5 1.0 1.5 2.0

lo
g 1

0

0.5

1.0

1.5

V
m
/100

yH2O,il

H/S

Fig. 8. Variations of density (in g cm−3), volume Vm (in cm3 mol−1), interlayer H2O mole
fraction yH2O,il, and H2O/SiO2 mole ratio H/S of the C-S-H phase, as predicted by the
downscaled CSH3T simple idealmodel Table 5 (A) andby the downscaled CSHQ simple ideal
model Table 6 (B).
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Fig. 9. Comparison of the downscaled CSHQ and CSH3T SSmodel curves (solid- and short-
dashed, respectively)with the A (purely tobermorite-like C-S-H), C″ (mainly tobermorite-
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[18] solubility diagram for metastable C-S-H phases. Thin dash-dot lines represent the
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For the CSHQ SS model (using Tables A.6 and 6):

yH2O;IL = 7=6 xTobH + xJenH
� �

+ 8=6 xTobD + xJenD
� �

ð32aÞ

H=Sð ÞðH2O;bulkÞ = 9=6 xTobH + 13=6 xJenH+ 11=4 xTobD+ 15=4 xJenD:

ð32bÞ

Results obtained from Eq. (31b) have been regressed (r2=0.999)
with a function H/S=1+C/S yielding the CSH3T SS bulk composition
model ((CaO)xSiO2(H2O)1+x) valid up to C/S=1.5. Regression of
results from Eq. (32b) yields H/S=0.614+1.392(C/S), leading to a
bulk stoichiometry formula of CSHQ phase (CaO)xSiO2(H2O)0.61+1.39x

valid in the whole C/S range from 0.67 to 1.7 at H2O saturation.

5. Discussion and conclusions

As shown in Section 3.1, the general Richardson and Groves' (RG)
structural formula of C-S-H phases [19,27,33,72] can be converted into
a sublattice solid solution model (Eq. (7)) having four kinds of
structural sites (sublattices) with substituting chemical moieties or
vacancies. Available structural and solubility data ([18] and refs.
therein) suggest that substitutions in the BT (bridging tetrahedra) and
IC (interlayer cation) sites are strongly interdependent. The addition
of Ca(OH)2 to the C-S-H–water system results in increased C/S ratio
and decreased silicate chain length bCLN in C-S-H phase, and vice
versa; this process is shown to be nearly reversible. In Section 4 of this
contribution, this dependence was used for simplifying the sublattice
solid solutionmodel of C-S-H from 16 down to 3 or 4 endmembers (at
H2O saturation). Such SS models cover a realistic range of C-S-H
compositions (0.67bC/Sb1.5 or 1.8) and, even without introducing
the non-ideality through excess Gibbs energy terms, provide a better
description of C-S-H solubility than previous solid solution models.

In Section 3.1, it can be seen that the CSHQ SS model made of two
‘tobermorite-like’ and two ‘jennite-like’ end members with formulae
referred to three tetrahedral sites (i.e. one dreierkette unit) suffers
from somewhat unrealistic solubility curves in the interval
0.7bC/Sb0.9 and over-predicts [Si]AQ at C/SN1.0. Hence, a relatively
stable intermediate pentameric compound was assumed to exist in
C-S-H with C/S≈1.0 (Section 3.2). On this basis, a simpler solid
solution model for the defect-tobermorite C-S-H structure has been
developed, in which the ordering was described using a sublattice
model with two kinds of BTI sites, leading to an intermediate T5C end
member. This ‘basic’ ternary CSH3T ideal model provides a surpris-
ingly realistic description of the generic C-S-H solubility data (Fig. 3).
Further on, the model was tuned up to yield a very good fit (Fig. 4) to
the C″ curve solubility data [18] as well as bCLNNMR data for the set of
C-S-H samples obtained by ‘double decomposition’, believed to
produce mainly tobermorite-like C-S-H. The downscaled CSH3T
model (Table 5) with simple ideal mixing produced the same curves.
The quality of fit (Figs. 4 and 5) suggests that further improvement by
introducing excess Gibbs energy terms such as those in (Eq. (13) in
Ref. [71]) is not warranted.

The success of downscaling end members in the CSH3T SS model to
reduce it to simple ideal mixing (where the activity of end member
equals its mole fraction, aj=xj) suggested that the more general CSHQ
SS model could also be improved by downscaling it to one tetrahedral
site (see Table6, Fig. 6). Indeed, this leads to a goodfit to theC curve (C3S
hydration C-S-H samples having largely jennite-like structure) exper-
imental data [18] including the 29Si NMR-measured bCLN values, which
means that the downscaled CSHQ model still can be made consistent
with the extent of silicate polymerization. As shown in a sensitivity
study (see Appendix C), via the moderate adjustment of end member
solubility products (within 0.3 to 0.6 pK units, see Table 6), this model
can fitmost of the published C-S-H solubility data sets and thus describe
the behavior of many possible metastable C-S-H phases. Together with
the molar volume and density variation (Table 7, Fig. 8) and
temperature correction parameters (Table 8), the CSHQ SS model can
be recommended for use in modeling cement hydration and reactive
mass transport in cement-based materials.

Are there different C-S-H phases? Can they co-exist in one sample?
On one hand, different solubility data sets (i.e. obtained using
different preparation routes) may reflect a spectrum of metastable
phases with structures ranging from purely tobermorite-like to
largely jennite-like [18]. The CSHQ model can accommodate most of
these differences by moderate adjustments of end member solubility
products, thus leading to a collection of thermodynamically different
(though similar in setup) C-S-H SS models. On the other hand,
structural and spectroscopic investigations [22,34,36] reveal a
pronounced structural transition around C/S=1 in tobermorite-like
C-S-H manifested e.g. in changes of the interlayer distance and of the
Q parameter (bCLN). The success of CSH3T SS model suggests that
such structural changes can be interpreted (on thermodynamic
modeling side) as ordering effects, rather than as miscibility gaps
caused by the co-existence of different phases like α- and β-C-S-H.
The discontinuity between C/S=1.5 and C/S=1.8 at [Ca]=0.022 M,
interpreted in Ref. [30] as another invariant point of co-existence of β-
and γ-C-S-H, cannot be reproduced in the CSH3T SS model (limited to
C/Sb1.5), but is covered by the CSHQ solid solution model.

In Fig. 9, C-S-H solubility curves modeled with GEM-Selektor code
using CSHQ and CSH3T SS models are compared with the eye-guide
curves C, C″ and A on the Jennings' diagram in [Ca]–[Si] space (see also
Fig. 10 in Ref. [18]). As seen in Fig. 9, there is only qualitative
agreement between the C curve and the CSHQ model curve, and
between the C″ curve and the CSH3T model curve. However, both
model trends are correct, and both solid solution models give even
better descriptions of experimental data in [Ca]-C/S, [Si]-C/S and
[bCLN]-C/S spaces than in the [Si]–[Ca] space (see Figs. 3–6). Keeping
in mind that both SS models are rather simple, and that, in general, it
is a difficult task to obtain equally good model fit in all coordinate
spaces (see Fig. 1), the progress is remarkable, and thematch between
eye-guide curves C, C″ and the SS model curves appears reasonable.
An open question remains, whether an SS model counterpart can be
found for the A guideline curve in the range of [Ca] between 10 and
20 mM.
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It is of interest to compare CSH3T and CSHQ SS models with
sublattice-based models [55] and [56] (see also Section 2.3). Both
quaternary SS models seem to be limited to H2O saturation and
consider two (independent) substitutions — H2SiO4

2− for H2O2
2− (or

SiO2 for vacancy) in BT sublattice sites, and Ca2+ for 2H+ (or CaO for
H2O) in IC (interlayer cation exchange) sites. Different to our present
setup (with a combined substitution of Ca2+ plus H2O for 2H++SiO2

on BTI sites), both models have a fixed main tobermorite unit made of
2.33CaO and 2SiO2 (cf. 2CaSiO3.5

− in our model derived from the RG
structural model). As a consequence, the models [55,56] have a silica-
rich end member with C/S=0.77 which has more calcium than the
‘protonated tobermorite’ TobH end member (C/S=0.67) used in the
present study. To account for the solubility of C-S-H with C/Sb0.77,
another ternary solid solution involving amorphous SiO2 end member
was assumed to exist [56], equally unsupported with structural data
as the binary CSH-I solid solution postulated in Ref. [10,54]. Whether
all these complications really improve the quality of SS model fit to
solubility data, remains questionable.

A comparison of (Fig. 5 in [56]) with Fig. 3,A for the CSH3T SS
model shows nearly the same shape and similar position of the [Ca]
curve in the solid C/S interval from 0.8 to 1.6. The quality of available
solubility data at C/Sb0.8 does not give any preference to the model
[56] over a simple co-existence of pure SH and C-S-H phase with
C/S=0.68, as shown on Figs. 3, A,B or 5, A,B. Unfortunately, no model
results in the [Ca]–[Si] space are presented in Ref. [56]. The model
[55], especially with optimized non-ideality parameters, produces an
excellent fit in [Ca]–[Si] space (see Fig. 4 in Ref. [55]), but it is not
evident that the fit is equally good in [Ca]-C/S and [Si]-C/S spaces. The
model [55] reproduces the typical dependence of Q parameter (or
bCLN) on C/S ratio only in the strongly non-ideal case, whereas this
dependence is built-in even in our ideal CSH3T model (see Fig. 5,D)
and can be easily adjusted in the ideal CSHQ SS model (Fig. 6,C).

The reported advance in developing ideal sublattice SS models of
C-S-H by simplifying the RG structural formulae, either with ordering
around C/S=1, or with downscaled jennite-like end members, poses
two questions: (i) Is the usage of excess Gibbs energy parameters
warranted at all for C-S-H phases? (ii) Might the high non-ideality in
some published models be induced by an improper choice of end
members?

The fact that good fits to the solubility data can be obtained with
the ideal CSH3T or with the downscaled ideal CSHQ SS models can be
understood in comparison with recent findings in thermodynamic
solid-solution modeling of clays [73,74]. Mica-like dioctahedral clays
(illites, smectites) are considered as solid solutions between musco-
vite Si3Al3KO10(OH)2 or paragonite Si3Al3NaO10(OH)2 and pyrophyl-
lite Si4Al2◊O10(OH)2 (◊ stands for a vacancy), with variable interlayer
H2O contents. At elevated temperatures (50 to 200 °C), clays
dehydrate, and the mixing between muscovite and pyrophyllite or
between paragonite and pyrophyllite becomes strongly non-ideal,
leading to miscibility gaps. However, as temperature decreases,
intermediate compositions get stabilized by the incorporation of
more and more interlayer water, until miscibility gaps disappear (see
Fig. 10 in Ref. [73]; Fig. 1 in Ref. [74]).

This kind of stabilization by the interlayer H2O leading to a ‘near-
ideal’ mixing behavior in low-temperature fully-hydrated clay
systems seems to be of broader importance, and should be expected
to occur also in C-S-H systems and in LDH structures [76]. Conversely,
as an answer to question (i), we may conclude that the inclusion of
‘true’ non-ideality parameters into CSHQ or CSH3T SS models is not
warranted at least below T=50 °C in fully-hydrated systems.

Concerning the question (ii), the answer is “probably yes”. C-S-H
end-member stoichiometries must retain certain degree of structural
consistency including the silica chain length (bCLN) which cannot be
less than two in the defect-tobermorite C-S-H. Hence, any end
member having C/SN2.25 or silicon-free (such as portlandite Ca
(OH)2) cannot be feasible. Usage of such structurally incompatible
end member can only be partially compensated by introducing a
strong asymmetric non-ideality, which cannot be reconciled in terms
of C-S-H structure and must be considered as an artifact. Any further
complication of CSHQ or CSH3T SS models by introducing excess
energy parameters is warranted only when a very accurate and
extensive experimental data set in the whole range 0.6bC/Sb1.7
becomes available, but such data set does not exist so far.

One possible objection to the present formulation of CSHQ and
CSH3T SS models could be that some species substituting in sublattice
sites have fractional element stoichiometry coefficients (see Table 3,
also Appendix A). This is legal in macroscopic chemical thermody-
namic models (where any stoichiometry coefficient is just the ratio of
mole amounts), but may be invalid in atomistic models that cannot
operate with ½ of Ca ion or of ½ of Si atom (or any non-integer
fraction). So, to develop a fully atomistically-consistent solid solution
model, one should avoid using fractional stoichiometries of species
substituted on sublattice sites, or avoid any end-member downscaling
that implies such fractional stoichiometries.

Keeping this objection in mind, the CHS3T and CSHQ SS models of
fully-hydrated C-S-H suggested in this contribution, are not yet ‘100%
structurally consistent’, even though they appear much more
‘structurally consistent’ than previous simple binary SS models
[10,13,14,75], at least with respect to mean bCLN values as function
of C/S. This is about the same level of atomistic (structural)
consistency as that in the RG structural model (cf. [19,20]) or in the
Thomas and Jennings SS model [55]. In the latter, a somewhat
different ‘sublattice formalism’ has been applied, albeit with a
fractional stoichiometry (:CaO:)2.33 in the first sub-lattice.

However, there is not much sense to re-define sublattice-based C-
S-H solid solution models at present because of an on-going work on
producing more experimental data for C-S-H solubility/stability in
presence of Al, Na and K, at the same time elucidating their structural
location and environment in the interlayer (together with Ca ions)
with spectroscopic studies and advanced molecular modeling.
Completion of these projects will certainly allow constructing more
structurally consistent and atomistically feasible SS models of C-S-H,
also capable of reproducing the effects of incorporation of aluminate
and alkali ions, of short- and long-range ordering, and of (variable)
hydration. Due to many more end members and possible need to
involve the non-ideality, such SS models will be possible to compute
only using GEM thermodynamic equilibrium solvers, and to param-
eterize using advanced fitting algorithms.

Nevertheless, the CSHQ and CSH3T SS models of C-S-H appear to
be useful at present at least for three reasons. Firstly, they are still
relatively simple and (in downscaled form) can be computed not only
in GEM, but also in MAL codes such as PHREEQC ([62]; E. Martens,
pers. comm.). Secondly, compared with the previous ideal SS models,
both CSHQ and CSH3T yield a more accurate description of C-S-H
solubility (also in [Ca]–[Si] coordinates), as well as of H2O content and
density in fully hydrated systems; only one SS phase (either CSHQ or
CSH3T) needs to be included into the system, instead of two SS phases
before. Thirdly, the extension with minor cations is rather straight-
forward for the CSH3T SS model, if structural sites occupied with a
cation are known from the spectroscopic evidence. Such recent work,
aimed at modeling UVI incorporation into C-S-H, resulted in a good
description of experimental data with a CSH3T-U SS model extended
with three U-containing end members [77].

Further progress in modeling stability and solubility of C-S-H
phases is possible by combining the sublattice solid solution
tobermorite-like core with the ion exchange, surface complexation,
and surface precipitation on outer particle surfaces of C-S-H.
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Appendix A. Derivation of stoichometries of end members in
sublattice CSHQ SS models

Combining one species per sublattice site from Table A.1 would
result in a list of 16 end-member formulae. Such a solid solution
model appears to be far too complex and too difficult to parameterize,
especially when substitutions in different sublattices are not
independent.

An obvious first step is to fix the H2O occupancy in IW sites to 4/5
(in saturated state), or to set the IW site ratio to 4 with unity H2O
occupancy, which reduces the SSmodel to 8 endmembers (Table A.2).
This ‘simplified’ sublattice model would exactly cover the composi-
tion and silicate chain length fields shown in solid lines on the RG
diagram (see Fig. 25 in Ref. [19]), but it is perhaps still too complex to
be useful in thermodynamic calculations. Fortunately, the structural
and solubility data (Sections 2.1 and 2.2) let the SS model be
simplified further.

There is an emerging agreement in that theminimal C/S ratio in aged
C-S-H phases is about 2/3 [18,19,22,36], and such C-S-H has the longest
mean silicate chain length bCLN. Hence, the polymeric TH end member
(with C/S=2/3)must be considered as sufficiently stable. Interestingly,
bothTCandT2Hendmembershave C/S=1, but differ in CL andu values
(see Table A.2). However, the transition from TC to T2H end member
(i.e. depolymerization with simultaneous increase in protonation of
silanol sites) contradicts the generally observed trend of decreasing
bCLNwith increasing Ca content [18] mainly below C/S=1.1. Thus, the
TC end member must be much less stable than the T2H end member.
Table A.1
C-S-H sublattice scheme derived from the RG structural model [19], see Eq. (7).

C-S-H sublattice Species RG model
freedom

Comment

Index Site Ratio

0 IC 2 H+, ½Ca2+, … u Interlayer cation exchange sites
1 TU 2 CaSiO3.5

−
fixed Main tobermorite layer unit

2 BT 1 SiO2, VBT, … v Bridging tetrahedral site
3 CU 2 Ca(OH)2,VCU,… y, u Optional J or CH extra-Ca unit
4 IW 5 H2O, VIW m Interlayer non-hydroxyl water

sites

VBT, VCU, VIW denote vacancies in the respective sites; J stands for ‘jennite-like’.

Table A.2
A subset of end members in C-S-H sublattice model with fixed IW site occupancy.

End member Structural formula CL Bulk formula
(per 1 Si)

ID u v y

TH 2 0 0 [H+]2:[CaSiO3.5
− ]2:[SiO2]1:[VCU]2:[H2O]4 ∞ (CaO)2/3SiO2

(H2O)5/3
TC 0 0 2 [1/2Ca+]2:[CaSiO3.5

− ]2:[SiO2]1:[VCU]2:[H2O]4 ∞ (CaO)1SiO2(H2O)4/3
T2H 2 1 0 [H+]2:[CaSiO3.5

− ]2:[VBT]1:[VCU]2:[H2O]4 2 (CaO)1SiO2(H2O)5/2
T2C 0 1 2 [1/2Ca+]2:[CaSiO3.5

− ]2:[VBT]1:[VCU]2:
[H2O]4

2 (CaO)3/2SiO2

(H2O)4/2
JH 2 0 4 [H+]2:[CaSiO3.5

− ]2:[SiO2]1:[Ca(OH)2]2:
[H2O]4

∞ (CaO)4/3SiO2

(H2O)7/3
JC 0 0 6 [1/2Ca+]2:[CaSiO3.5

− ]2:[SiO2]1:[Ca(OH)2]2:
[H2O]4

∞ (CaO)5/3SiO2

(H2O)6/3
J2H 2 1 4 [H+]2:[CaSiO3.5

− ]2:[VBT]1:[Ca(OH)2]2:
[H2O]4

2 (CaO)2SiO2

(H2O)7/2
J2C 0 1 6 [1/2Ca+]2:[CaSiO3.5

− ]2:[VBT]1:[Ca(OH)2]2:
[H2O]4

2 (CaO)5/2SiO2

(H2O)6/2

CL stands for the silicate chain length; u,v,y are parameters of the rescaled RG model
(see text).
Moreover, the full occupation of IC sites with Ca2+ ions may be
energetically less favorable than the partial occupation (implicit in
Taylor's TJ model with u=1 and y=1). If so, the end-point in
tobermorite-type C-S-H with dimeric structure should be between
C/S=5/4 [22] and C/S=6/4. Some excess Ca2+ may also be bound
on the outer surfaces of C-S-H nanoparticles (see Eq. (4) in Ref. [30]).

The C-S-H SS model can be reduced to four endmembers by taking
into account an inverse dependence of bCLN and Ca content in C-S-H
as demonstrated by Chen et al. [18], which can also be viewed as a
pronounced short-range ordering. This reduction can be done either
by introducing a strong non-ideal interaction between IC and BT sites
(as done in Ref. [55]), or by coupling BT and IC substitutions on a
combined BTI sublattice site:

BTIþ
h i

2
: TU−½ �2: CU0

h i
2
: IW0
h i

4
: ðA:1Þ

This reduces the number of end members from 8 to 4, provided
that plausible 2H+/Ca2+ ratios in end members are chosen, and the
vacancy in BT site is replaced by an H2O molecule. Table A.3 contains
the resulting sublattice scheme of [A,B]2[C,D]2X type, and Table A.4
lists its four end members, assuming complete BTI H+ occupancy in
TobH, JenH and complete BTI Ca2+ occupancy in T2C, J2C end
members. In the following, this kind of solid solution model will be
termed CSHQ (the C-S-H quaternary model).

Between four CSHQ end members, a reciprocal reaction can be
written:

JenH + T2C = TobH + J2C ðA:2Þ

with the molar Gibbs energy effect

ΔGrcp = Go
fTobH + Go

f J2C–G
o
f JenH−Go

fT2C ðA:3Þ

The usual initial assumption is ΔGrcp=0.
For the CSHQ model (Table A.4, Eqs. (9)–(15)), a reasonable

description of a generic solubility data set combined from sources
[18,39–41,43–45] has been obtained in trial GEM-Selektor calculations
with parameters given in Table A.5. The “best” visualfit is similar to that of
the C-S-H ideal SS model from Cemdata'07 database (see Fig. 1), i.e.
relatively good for [Ca]AQ with over-prediction of [Si]AQ at C/SN1.0.
Inspection of calculated composition of the CSHQ phase showed that
Table A.3
A simplified CSHQ sublattice scheme with coupled BTI sites.

C-S-H sublattice Species RG
freedom

Comment

Index Site Ratio

0 BTI 2 Si0.5OH+,
HO0.5Ca0.5+

u/2+v=1 BT-Interlayer cation sites

1 TU 2 CaSiO3.5
−

fixed Main tobermorite unit
2 CU 2 Ca(OH)2,VCU, … y, u Optional J orCHextra-Caunit
3 IW 4 H2O fixed Interlayer water sites

Table A.4
End members of the CSHQ solid solution model with coupled BTI sublattice.

End member Sublattice formula CL Bulk formula

ID u v y

TobH 2 0 0 [Si0.5OH+]2:[CaSiO3.5
− ]2:[VCU]2:[H2O]4 ∞ [(CaO)2/3SiO2

(H2O)5/3]3
T2C 0 1 2 [HO0.5Ca0.5+ ]2:[CaSiO3.5

− ]2:[VCU]2:[H2O]4 2 [(CaO)3/2SiO2

(H2O)5/2]2
JenH 2 0 4 [Si0.5OH+]2:[CaSiO3.5

− ]2:[Ca(OH)2]2:[H2O]4 ∞ [(CaO)4/3SiO2

(H2O)7/3]3
J2C 0 1 6 [HO0.5Ca0.5+ ]2:[CaSiO3.5

− ]2:[Ca(OH)2]2:[H2O]4 2 [(CaO)5/2SiO2

(H2O)7/2]2



Table A.6
End members in the alternative CSHQ SS model with coupled BTI sublattice.

End member Sublattice formula CL Bulk formula

ID u v y

TobH 2 0 0 [Si0.5OH+]2:[CaSiO3.5
− ]2:[VCU]2:

[H2O]7/2
∞ [(CaO)2/3SiO2(H2O)9/6]3

T2 1 1 1 [H1.5O0.5Ca0.25+ ]2:[CaSiO3.5
− ]2:

[VCU]2:[H2O]4
2 [(CaO)5/4SiO2(H2O)11/4]2

JenH 2 0 4 [Si0.5OH+]2:[CaSiO3.5
− ]2:

[Ca(OH)2]2:[H2O]7/2
∞ [(CaO)4/3SiO2(H2O)13/6]3

J2 1 1 5 [H1.5O0.5Ca0.25+ ]2:[CaSiO3.5
− ]2:

[Ca(OH)2]2:[H2O]4
2 [(CaO)9/4SiO2(H2O)15/4]2

Table A.5
Parameters adjusted for the CSHQmodel (Table A.4) in trial GEM-Selektor calculations;
ΔGrcp=30.14 kJ mol−1.

End member Bulk formula (per dreierkette) Gf
o kJ mol−1 Log10K

TobH (CaO)2(SiO2)3(H2O)5 −5124.21 −12.60
T2C (CaO)3(SiO2)2(H2O)5 −4926.86 −11.15
JenH (CaO)4(SiO2)3(H2O)7 −6941.81 −16.73
J2C (CaO)5(SiO2)2(H2O)7 −6714.32 −10.00

log10K is given for the reaction (CaO)x(SiO2)y(H2O)z=ySiO2,am+xCa(OH)2,cr+
(z−x)H2O,aq.
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‘dimeric’ endmembers T2C and J2Cwereminor in thewhole C/S interval.
This contradicts the 29Si NMR bCLN data (e.g. [18]) that suggest that these
end members should prevail at C/SN1.1. Hence, this solid solution model
is not yet structurally realistic.

As seen on Fig. A.1, the [Si] and [Ca] curves cross at C/Sb0.7, whereas
the majority of experimental data suggest the congruence point at
0.8bC/Sb0.9. Note also that neglecting the fictive activity coefficients
(Eqs. (15a)–(15d)) results in a large vertical step in solubility curves at
1.33bC/Sb1.5 and renders themodel fit completely unsatisfactory (not
shown).

Further, the CSHQ SSmodel (Table A.4, Eqs. (15a)–(15d), Table A.5)
has been compared with another model variant expressed with the
sublattice formula

BTI2+
h i

1
: TU−½ �2: CU0

h i
2
: IW0
h i

4

C/S in solid
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Fig. A.1. The CSHQ aqueous – solid solution model (Tables A.4, A.5), shown as
continuous curves against C/S – the bulk mole Ca/Si ratio in the solid part of the system.
Circles [Ca] and diamonds [Si] are the C-S-H aqueous solubility data from [18,39–41,43–
45]. (B) is a fragment of the solubility diagram (A) taken in the linear molarity scale
(millimolar).
with one BTI site where one H2OCa2+ species is substituted with
one SiO2H2

2+ species. Accordingly, structural formulae in Table A.4
change to e.g. [H2SiO2

+2]1:[CaSiO3.5
− ]2:[VCU]2:[H2O]4 etc., and Eqs. (14),

(15) to

μTobH = Go
TobH−yCa;BTIyCH;CUΔGrcp + RTðlnySi;BTI + 2lnyVcu;CUÞ

lnλTobH = lnySi;BTI + 2lnyVcu;CU−yCa;BTIyCH;CU
ΔGrcp

RT
−lnxTobH

and so on.We found that this second variantfits the solubility data even
worse than the first one (not shown).

The nanocrystalline C-S-H(I) phase with purely tobermorite
structure exists in the compositional space between ordered
compounds with C/S=0.67 (fully polymerized TobH) and 1.25
(dimeric half-protonated tobermorite T2) [22,26,37,69]. Assuming
the existence of a similar series from the fully polymerized jennite
JenH to dimeric half-protonated jennite J2, an alternative CSHQmodel
can be built, as shown in Table A.6. In the implementation of this SS
model, Eqs. (9)–(15) apply after renaming the subscripts T2C to T2
and J2C to J2. This alternative model will be further used in the main
text in deriving the downscaled simple ideal CSHQ model.

Non-hydroxyl H2O content per dreierkette unit in TobHwas set here
to 31/2 and that in T2 to 4 similar to [22]. Non-hydroxyl water content in
JenHwas calculated from the reciprocal reaction TobH+J2=T2+JenH,
assuming the same non-hydroxyl H2O content in J2 as in T2 end
members.
Appendix B

Phases, components, and thermodynamic data in the CaO–SiO2–

H2O–N2 system at P=1 bar, T=298.15 K (except C-S-H solid solution
phases).
Table B.1
Standard partial molal Gibbs energy and volume of aqueous species used in GEM-
Selektor calculations (from GEMS version of Nagra-PSI database [64]).

Aqueous species Gf
o, kJ mol−1 Vo, cm3 mol−1

Ca+2 −552.790 −18.439
Ca(OH)+ −717.024 5.7625
Ca(HSiO3)+ −1574.238 −6.7366
Ca(SiO3)0 −1517.557 15.693
HSiO3

− −1014.598 4.5259
SiO2

0 −833.411 16.061
SiO3

−2 −938.510 34.132
H2
0 17.729 25.264

N2
0 18.194 33.407

O2
0 16.446 30.501

OH− −157.270 −4.7078
H+ 0 0



Table B.2
Standard molar properties of water and solids (from GEMS Nagra-PSI database) used in
GEM-Selektor calculations and in deriving thermodynamic properties listed in Table 8.

Phase Component Vo, cm3

mol−1
Gf
o, kJ

mol−1
Ho, kJ
mol−1

So, J K−1

mol−1
Cpo, J K−1

mol−1

Aqueous Water H2O 18.0684 −237.18 −285.88 69.92 75.36
CH Portlandite

Ca(OH)2
33.06 −897.01 −984.68 83.40 87.51

SH Amorphous
silica SiO2

29.00 −848.90 −903.45 41.00 44.43

Note: Ideal gas mixture of H2, N2, O2 has also been used in GEM-Selektor calculations.
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Appendix C. Supplementary data

Supplementary information file to this article can be found online
at doi:10.1016/j.cemconres.2011.01.012.
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