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Abstract

New data relevant to calcium silicate hydrate (C–S–H) gels prepared at room temperature have been obtained over a time period of up to
112 weeks. X-ray diffraction (XRD) indicates equilibrium was attained after 64 weeks. Coupled with fourier transform infrared (FT-IR)
spectroscopy, a phase change in C–S–H gel at Ca/Si≈1.0 was identified and the occurrence of portlandite as a distinct phase for Ca/SiN1.64. The
incongruent dissolution of C–S–H gel was modeled as a non-ideal solid solution aqueous solution (SSAS) between the end-member components
CaH2SiO4 (CSH) and Ca(OH)2 (CH) using equations defining the solidus and solutus curves on a Lippmann phase diagram. Despite being semi-
empirical, the model provides a reasonable and consistent fit to the solubility data and can therefore be used to describe the incongruent dissolution
of C–S–H gels with compositions Ca/Si≥1.0.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is generally agreed that the safe disposal of low and
intermediate level radioactive wastes should be in purpose
built repositories buried deep in the geosphere [1–3]. Favored
repository designs anticipate the extensive use of Ordinary
Portland Cement (OPC) based materials [3–6]. OPC was
chosen because of its widespread use in construction and its
ability to provide a high pH buffer for invading groundwaters.
A high pH in the repository is desirable because it helps to
minimize the solubility of many radionuclides, metal corrosion
and microbial activity [6–9]. In the long-term (ideally in
excess of 105 years) the most important phase believed to
control the pH is C–S–H gel [3,7]; the non-stoichiometric
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acronym C–S–H is derived from cement chemistry shorthand:
C—CaO, S—SiO2 and H—H2O.

Despite forming 40–60% of OPC [3,10], the true structure of
C–S–H gel has yet to be resolved because it is near amorphous
and has a variable composition on the nanometer scale [11–14].
For simplicity C–S–H gel is often referred to by its bulk
composition in terms of Ca/Si ratio, which in OPC varies from
1.5 to 2.0 [15]. In a repository this bracket value is expected to
decline with time because C–S–H gel dissolves incongruently
with the release of aqueous calcium being much higher than that
of silicon, especially for Ca/SiN1.0. As the Ca/Si ratio of C–S–
H gel declines, so too will its ability to buffer the pH of invading
groundwaters [9]. This solubility behaviour has been observed
in numerous experimental studies using synthetically prepared
C–S–H gels [16–24]. Using synthetic C–S–H gels ensures a
satisfactory level of purity and allows the pH, and calcium and
silicon concentrations to be cited as a function of Ca/Si ratio of
the solid phase(s), including contributions from amorphous
silica (S(am)) and CH. These studies however, lack consistency
because of the difference in synthetic methods employed,
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Table 1
Experimental conditions used to derive previous C–S–H solubility data

Method T (°C) Duration Water/solid ratio a Carbonate (wt.%) References

Direct reaction (DR) 30 1 month NR NR [16]
Double decomposition (DD) 30.2 ≤8 days b800 0.07 [17]
C3S hydrationi, DRii & DDiii 17–20 ≤80 days i90–475 0.66–4.8 [18]

ii102
iiiNR

DR 25 ≤100 days 529–1701 NR [19]
DR 50(50) then 25(34) 84 days 45–102 NR [20]
DD 30 1–6 months 471–2500 b2.5 [21]
DDb 25 65 weeks 8 c NR [22]
DRb 25(2) then 40(4) 6 months 100 NR [23]
C3S hydration and DD 22 2–6 weeks 50–4000 NR [24]
DR 20–25 1–112 weeks 10 0.03–0.2 This study

Notes:
DR — mixing solutions of CH and SiO2.
DD — mixing solutions containing sodium silicate and a soluble calcium salt.
C3S — tricalcium silicate (Ca3SiO5).
NR — not reported.
Parentheses under the T (°C) column indicate time at this temperature, units given under the Duration column.
Only those experiments undertaken at near room temperature and reporting the final Ca/Si ratio of the solid phases(s), either measured or calculated are shown. Also
shown are the experimental conditions used in this study.
a Water/solid ratio (by mass) for C3S includes water added for leaching to reduce the Ca/Si ratio in the solid phase(s) and for DD accounts for solution concentrations.
b Atkinson et al [22] and Cong and Kirkpatrick [23] also conducted DR and C2S hydration experiments, respectively, but these are not considered in this paper.
c Solids were filtered then re-dispersed in pure water.
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reaction temperatures, equilibration times, water/solid ratios,
and largely unknown degrees of carbonation (Table 1).

There is a wide distribution in the so derived solubility data
for C–S–H gel, especially for calcium and silicon concentra-
tions for Ca/SiN1.0 (Fig. 1). Part of the scatter could be
explained by the water/solid ratio used and whether the reported
Ca/Si ratio represents the entire system, including dissolved
calcium and silicon, or the solid phase(s) alone. To minimize
this effect, only those solubility data are shown for which the
final Ca/Si ratio of the solid phase(s) has been either measured
[17–19,21–24] or calculated [16,20]. The experimental condi-
tions are overall too varied to justify this distribution, with the
possible exception of Greenberg and Chang [20] whose use of
higher temperatures appear to have suppressed the solubility of
C–S–H gel because of a possible increase in crystallinity [3].
Despite these variations, the solubility data provided by these
studies are frequently taken at face value as being representative
of the dissolution behaviour of C–S–H gel.

Because of the long time frames necessary for the
isolation of radioactive wastes, the incongruent dissolution
of C–S–H gel requires deterministic modeling, which must
account for the experimentally observed changes in pH, and
calcium and silicon concentrations as a function of Ca/Si
ratio in the solid phase(s). The conventional modeling
approach is to take either one or two pure solid phases
with variable solubility products and adjust the model
parameters until a match is made with the data [25,26]. A
thermodynamically defensible approach, however, describes
the incongruent dissolution of C–S–H gel as a solid solution
aqueous solution (SSAS). This approach can be solved in
two ways, either using two independent ideal SSAS based on
Gibbs energy minimization (GEM) algorithms [27–29] or a
single non-ideal SSAS based on law of mass-action equations
[30–32].

The two independent ideal SSAS model used end-member
components of (i) S(am)–(CH)5S6H5 and (ii) (CH)5S6H5–
(CH)10S6H5, where (CH)5S6H5 was chosen to approximate
tobermorite-like C–S–H(I) and (CH)10S6H5 to approximate
jennite-like C–S–H(II) [33], with CH present for higher Ca/Si
ratios. This model can therefore describe the solubility
behaviour of C–S–H gels for all Ca/Si ratios. Both ideal
SSAS were solved using GEM algorithms, embodied in the
computer program Selektor-A [34] (superceded by GEMS [35])
to provide the best model fit to the solubility data of Greenberg
and Chang [20]. Despite being a more elaborate SSAS model,
this approach is not readily transparent at present and is
undergoing further development by the authors. Consequently,
this paper will describe the incongruent dissolution of C–S–H
gel using the single non-ideal SSAS modeling approach.

The single non-ideal SSAS models [30–32] used end-
member components of C–S–H gel (Ca/Si=1.0 in all cases)
and CH, thereby accounting for the solubility behavior of the
solid phase(s) with Ca/Si≥1.0, where incongruent dissolution
is most marked (Fig. 1). This modeling approach also included a
miscibility gap, where the two end-members coexist over a
given range of Ca/Si compositions, typically expressed as a
mole fraction of CH, XCH, where:

XCH ¼ 1−
1

Ca=Si
: ð1Þ

Even with the rigors of this approach, there still remains
some doubt over the choice of solubility data used to derive the
solubility product, Ksp, of the C–S–H gel end-member, the



Fig. 1. Solubility data compilation for synthetic C–S–H gels prepared near room
temperature shown as a function of Ca/Si ratio of the solid phase(s). The Ca/Si
ratios were either measured [17–19,21–24] or calculated [16,20] after their
respective experiment duration (Table 1) and include contributions from S(am)

and CH. Figure legend: [16] Flint and Wells, 1934; [17] Roller and Ervin, 1940;
[18] Taylor, 1950; [19] Kalousek, 1952; [20] Greenberg and Chang, 1965; [21]
Fujii and Kondo, 1981; [22] Atkinson et al., 1987; [23] Cong and Kirkpatrick,
1996; [24] Chen et al., 2004. (a) pH: (b) Ca (mM): (c) log Si (mM).
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miscibility gaps they used and the inconsistency in using data
from several sources (Table 2).

Given the uncertainties in the C–S–H solubility data and the
non-ideal SSAS models on which these were based, we
considered that it was necessary to derive new solubility and
miscibility gap data and redefine a non-ideal SSAS model based
on these data alone.

2. Non-ideal SSAS model

The non-ideal SSAS model presented in this paper adopts the
theoretical basis of SSAS developed by Lippmann [40–42] and
Glynn and co-workers [43–45], as did Kersten [30], thereby
reiterating a majority of Kersten's modeling work.

The end-member components chosen to represent the SSAS
were CSH (Ca/Si=1.0) and CH, previously used by Börjesson
et al. [31] and Rahman et al. [32]. CSH is an empirical formula
representing the simplest stoichiometry of a C–S–H gel
expressed by its component oxides.

The dissolution reactions of the end-member components,
CSH and CH, are expressed in terms of Ca2+, HSiO3− and OH

−.
Ca2+ and OH− are therefore common to both end-members and
the SSAS is governed by the substitution of OH− for HSiO3−

with increasing Ca/Si ratio.
Assuming a C–S–H gel synthesized at room temperature can

achieve true thermodynamic equilibrium, the dissolution of the
CSH–CH SSAS can be described by the total solubility
product, ∑Πsp [41,42]:

∑Psp ¼ KCSHXCSHgCSH þ KCHXCHgCH ð2Þ
where KCSH and KCH are the Ksp values of the pure end-
members CSH and CH; XCSH and XCH are the mole fractions of
CSH and CH in the equilibrium solid; and γCSH and γCH
represent the solid phase activity coefficients of CSH and CH.
Eq. (2) defines the solidus on a Lippmann phase diagram
[41,42], where the log value of ∑Πsp can be plotted on the
ordinate against XCH on the bottom abscissa.

The Ksp values of the pure end-members CSH (XCSH=
γCSH=1) and CH (XCH=γCH=1) can be calculated according to:

KCSH ¼ fCa2þgfHSiO−
3gfOH−g ð3Þ

KCH ¼ fCa2þgfOH−g2 ð4Þ

where {} denote activities in solution. Using geochemical
computer programs, such as PHREEQC [46], the activities of
these species in solution can be calculated from experimental
solubility data. The solid phase activity coefficients, γCSH and
γCH, are calculated from Guggenheim parameters, α0 and α1,
which are used to describe the excess Gibbs free energy of
mixing of a non-ideal subregular binary solid solution expressed
as a function of XCSH and XCH [47–49]. The values of α0 and α1
can be solved using either computer program PHREEQC or
MBSSAS [39] from the lower and upper miscibility gap
compositional boundaries. The lower miscibility gap composi-
tional boundary, XCH,1, can be determined analytically using
XRD and FT-IR spectroscopy by the occurrence of CH. The
upper miscibility gap compositional boundary, XCH,2, should
perhaps be set to 1.0, however, using XCH,2=1.0 returns a null
result for the values of α0 and α1. Instead, the model becomes
semi-empirical because XCH,2 is determined by fitting the solidus
to the solubility data in the CSH–CH SSAS using a least squares
fitting algorithm.

To fully describe the SSAS at equilibrium,∑Πsp can also be
related to the composition of the solution [43]:

∑Psp ¼ 1
vHSiO−

3
KCSHgCSH

þ vOH−
KCHgCH

ð5Þ

where χHSiO3
− and χOH− are aqueous activity fractions of HSiO3−

and OH−, respectively. Eq. (5) defines the solutus on a
Lippmann phase diagram, where the log value of ∑Πsp can



Table 2
Dissolution reactions, solubility products and miscibility gaps used in previous non-ideal CSH–CH SSAS models

References Dissolution reactions Log
Ksp

Data source Miscibility gap Data source

Ca/Si Mole fraction (XCH,1, XCH,2)

[30] 0.5(Ca2H2Si2O7·3H2O)⇌Ca2++H2SiO4
2−+H2O −8.07 [16–18,20,21] N3 0.67, 0.95 a

Ca(OH)2⇌Ca2++2OH− −5.22 NR
[31] CaH2SiO4⇌Ca2++H2SiO4

2− −7.07 [20] N1.43 0.3, 0.99 Fitted to [19]
Ca(OH)2⇌Ca2++2OH− −5.19 [36]

[32] CaH2SiO4⇌Ca2++H2SiO4
2− −8.16 [16–21] N1.5 0.33, 0.99 [15,37,38]

Ca(OH)2⇌Ca2++2OH− −5.15

Notes:
Dissolution reactions of CSH and CH have been written in this convention for direct comparison.
NR — not reported.
a The lower miscibility gap, XCH,1=0.67 from C3S hydration, despite CH being a reaction product, and the upper miscibility gap, XCH,2=0.95 from the limitation

of using MBSSAS [39].
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be plotted on the ordinate against χOH− on the bottom abscissa,
which is superimposed on XCH associated with the solidus
curve.

Consequently, using Eqs. (2) and (5) it was possible to
construct a Lippmann phase diagram, which could be used to
describe the solubility of C–S–H gel as a function of its
composition for Ca/Si≥1.0. Furthermore, the same theoretical
basis of non-ideal SSAS modeling has been added to
PHREEQC [49], whereby encoding the Ksp values of the end-
member components and miscibility gap compositional bound-
aries provided a quantitative prediction of pH, and calcium and
silicon concentrations as a function of Ca/Si ratio.

3. Experimental

3.1. Preparation of CSH, C–S–H gel and solubility experiments

Both CSH and C–S–H gels were synthesized using the
direct reaction method where CaO and SiO2 powders were
mixed in water to a specific Ca/Si ratio. Ensuring these reagents
were pure required some preliminary treatment. CaO was
heated at 1100 °C for 6 hours and transferred to the airlock of a
glove box while incandescent. SiO2 was bought as silica fume
and acid washed (1 M HCl and 1 M HNO3), further cleansed by
dialysis for 4 months and oven dried at 120 °C for a week.
Deionized water (18.2 MΩ cm) was boiled and subsequently
cooled under a low CO2 atmosphere using high purity nitrogen
with b1 ppm CO2.

All treated reagents were mixed in a glove box under a low
CO2 atmosphere (b1 ppm) at 20–25 °C and 60–70% relative
humidity. CaO and silica fume were weighed to give a specific
Ca/Si ratio with a combined total mass of 3 g. Chosen Ca/Si
ratios were 0.4, 0.6, 0.8, 0.9, 1.0 (CSH), 1.1, 1.2, 1.4, 1.6, 1.7,
1.8, and 2.0. The 3 g mixture was added to a 50 ml HDPE
centrifuge tube containing 30 ml of deionized water and sealed,
giving a water/solid ratio=10. After loading the centrifuge
tubes, they were removed from the glove box and agitated
continuously throughout their respective experimental run
times. Chosen experimental run times were 1, 2, 4, 8, 16, 32,
48, 64, 80, 96, and 112 weeks and temperature was maintained
between 20 and 25 °C. When the reaction time was complete,
the samples were centrifuged at 12,000 rpm for 10 min to
separate the solid from the liquid phase. The centrifuge tubes
were returned to the glove box and the liquids decanted into
separate tubes. All tubes were resealed leaving the separated
solid and liquid phases ready for analysis.

It should be noted that several of the reported run products
for any given week were not always all prepared at the same
time. Hence, the consistency of the data, or lack thereof, cannot
be related to loading conditions on any given day.

3.2. Characterization of solids and solutions

The Ca/Si ratio of the solid phase(s) was determined after
their respective experimental run times using a standard lithium
metaborate (LiBO2) fusion method [50]. Solid phases were
further characterized using powder position sensitive detector
XRD (PSD-XRD) and FT-IR spectroscopy to verify the presence
of a unique solid at Ca/Si=1.0, confirming the validity of CSH
as an end-member, and the occurrence of CH as a distinct phase,
thereby providing the value of XCH,1. Carbonate contents were
determined using a modified version of the Conway diffusion
method [51] to assess the purity of the synthesized solid phases
and hence the validity of the solubility data.

Before decomposing in LiBO2, the solids were weighed
before and after overnight drying at 120 °C to determine the
amount of excess water remaining in the solid phase(s) after
centrifugation. The measured Ca/Si ratio of the solid phase(s)
could therefore be corrected knowing the calcium and silicon
concentrations of the excess water.

PSD-XRD patterns of wet samples were collected with an
INEL CPS-120 curved position-sensitive detector [52,53] with
around 3200 points over 1–120° in 2θ giving an interval of about
0.037° 2θ. A 1500 W copper sealed tube (25 mA at 40 kV) and
Ge 111 monochromator provided monochromatic CuKα1
(λ=1.5406 Å) radiation. Collection times were usually
1000 min, or more, giving the most intense basal reflection a
height of 1.5×105 counts and the weakest basal reflection
(where identifiable) a height of 1.0×104 counts, the background
intensity was approximately 2.5×103 on average.

FT-IR spectra of wet samples were acquired in the mid-region
(400–5000 cm−1) using a Nicolet 800 FTIR Spectrometer. A



Table 3
Aqueous reactions and their respective equilibrium constants at 25 °C

Reaction Log Keq

OH−+H+⇌H2O 13.9951
CaOH++H+⇌Ca2++H2O 12.85
SiO2+H2O⇌HSiO3

−+H+ −9.9525
SiO2+2H2O⇌H2SiO4

2−+2H+ −22.96

Taken from the Lawrence Livermore National Laboratory (LLNL) database
revision 1.11. This database does not contain any aqueous calcium silicate
species.
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Globar ceramic beam source, a KBr beam splitter and DTGS
detector were used at a resolution of ±4 cm−1 with accumulation
of 256 scans. Samples were pressed into KBr pellets at a ratio of
1 mg of sample to 100 mg KBr.

Carbonate contents of the solids were determined in triplicate
using a modified version of the Conway diffusion method [51].
A known weight of wet sample (≈30 mg) was placed inside a
small test tube (25 mm length), which was placed in a 5 ml
bottle containing 1 ml of 0.05 M Ba(OH)2 solution. The bottle
was sealed with an injectable silicone rubber septum and HClO4

solution (30 wt.%) was injected into the test tube to dissolve the
sample and release any carbonate component as CO2. The
apparatus was left overnight to allow the complete dissolution
of the sample and all CO2 to evolve and react to form BaCO3.
The quantity of carbonate in the sample was deduced by
titrating the remaining Ba(OH)2 with 0.01 M HNO3.
Fig. 2. Powder PSD-XRD scans of representative samples equilibrated for more than
with standard deviations shown in parentheses. Initial Ca/Si are also indicated on the
reflection from 14 Å for Ca/Si=0.80 (identified as 14 Å tobermorite) to 11.2 Å fo
assigned to CH are marked with the letter P.
The liquid phases were characterized by measuring the pH,
and calcium and silicon concentrations to provide the necessary
solubility data.

The pH values of the solutions were measured with a
combined glass electrode calibrated with standard buffer
solutions of pH=6, 9.2, 10, and 13. Calibration and measure-
ments were made at room temperature under a low CO2

atmosphere. The accuracy of the pH measurements was
expected to be better than ±0.1 under these conditions.

Calcium and silicon concentrations were determined via
ICP-AES using a Jobin Yvon Sequential Spectrometer JY24.
Solutions were filtered through 0.2 μm ashless cellulose acetate
filters and diluted 1:100 in 1% v/v nitric acid prior to analysis.
Calcium was calibrated using standard solutions containing 0,
5, 10, 20, 25 and 50 mg l−1 calcium and silicon was calibrated
using standard solutions containing 0, 1, 2, 4, 5 and 10 mg l−1

silicon. Detection limits for calcium and silicon were 0.03 and
1.5 μg l−1, respectively, and analytical errors were expected to
vary from 2% for calcium to 5% for silicon at the concentrations
measured.

3.3. Computer codes

The computer program PHREEQC v2.12 [46] was used
to calculate the activities of Ca2+, HSiO3

− and OH− in solution
from the experimentally derived pH, and calcium and silicon
concentrations; PHREEQC uses the Davies equation [54] to
64 weeks. Measured Ca/Si ratios are the mean of samples from weeks 64–112
right hand side for reference. Powder PSD-XRD scans showed a change in basal
r Ca/Si≥1.09 with Ca/Si=1.00 a mixture of these two C–S–H phases. Peaks



Fig. 3. Mid-region FT-IR spectra showing the absorbance of representative samples equilibrated for more than 64 weeks. Peaks in the FT-IR spectra at 1100 cm−1 and
1040 cm−1 both disappear for Ca/Si≥1.00, while distinguishable peaks emerge at 808, 940 and 1000 cm−1 for Ca/Si=1.00 with the former becoming sharp and
distinct and the latter two becoming two peak maxima with increasing Ca/Si ratio. The sharp peak at 3644 cm−1 marked with the letter P was assigned to O–H
stretching in CH.
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calculate the relevant activity coefficients. This allowed the
calculation of KCSH for Ca/Si=1.0, KCH for all Ca/Si ratios
where the more soluble CH was identified by PSD-XRD and
FT-IR, χHSiO3

− and χOH−. PHREEQC was also used to determine
the values of the Guggenheim parameters, α0 and α1, based on
the experimentally determined lower miscibility gap composi-
tional boundary and fitting the solidus to the solubility data
using a least squares fitting algorithm to determine the upper
miscibility gap compositional boundary. This allowed the
calculation of Eqs. (2) and (5) and the construction of a
Lippmann phase diagram. Consequently and perhaps most
importantly, with the addition of SSAS modeling capability,
PHREEQC could also be used to predict the pH, and calcium
and silicon concentrations as a function of Ca/Si ratio of the
solid phase(s).

Thermodynamic data for the relevant aqueous species were
taken from the Lawrence Livermore National Laboratory
(LLNL) database revision 1.11, which comes with PHREEQC
(Table 3).

4. Results and discussion

4.1. Characterization of solids and solutions

Overnight drying at 120 °C revealed that approximately
75 wt.% of the centrifuged samples was excess water. Despite
this high percentage, the contribution from dissolved calcium
and silicon was negligible, only affecting the measured Ca/Si
ratio of the solid phase(s) to the third decimal place.

Powder PSD-XRD scans showed the development of a basal
reflection after 64 weeks (Fig. 2). This was interpreted as
signifying the structural maturity of these synthetic C–S–H gels
and equilibrium being reached after this time.

Both powder PSD-XRD scans and FT-IR spectra (Fig. 3)
verified a change in the structure of C–S–H gel over the
compositional range Ca/Si=0.80–1.09 and Ca/Si=1.00–1.09,
respectively. These observations support using CSH to
represent the C–S–H gel end-member and reaffirms similar
findings in previous studies [38,55].

The use and composition of CSH can be justified using the
following assumptions. Despite clearly being a mixture (Fig. 2),
the 11.2 Å C–S–H phase was the only phase at Ca/Si=1.00.
The 11.2 Å C–S–H phase is more likely related to a tobermorite
based structure, which have basal reflections in the range 9.6–
14.6 Å [56], as opposed to a jennite based structure, which
would have a maximum basal reflection of 10.6 Å [57–60].
Consequently, the 11.2 Å C–S–H phase may well be struc-
turally related to 14 Å tobermorite, which was identified at Ca/
Si=0.80 and has the chemical formula Ca5Si6O16(OH)2·7H2O
[61]. The difference between these two phases is probably
associated with the loss of silicate tetrahedra with increasing Ca/
Si ratio, confirmed by recent 29Si NMR studies [23,24,62,63]
and shown to occur at Ca/Si=1.0 [38,55]. In this case, if the
silicate from 14 Å tobermorite was lost as silica, SiO2, to



Fig. 4. Solubility data from this study compared to data previously shown in
Fig. 1 (same symbols). (a) pH, error±0.1: (b) Ca (mM), error±2%: (c) log Si
(mM), error±5%.
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maintain charge balance, accompanied by three water molecules
from the interlayer position, to account for the observed change
in basal reflection (Fig. 2 and [55]), would give a chemical
formula Ca5Si5O14(OH)2·4H2O for the 11.2 Å C–S–H phase at
Ca/Si=1.00. Both Taylor's [64] and Richardson and Groves'
[65] C–S–H structural models would predict an equivalent
chemical formula, Ca4Si5O16H2Ca·4H2O and Ca5Si5H6O17

(OH)2·H2O, respectively, assuming there were initially four
water molecules in the interlayer position. The chemical
formula for the 11.2 Å C–S–H phase can therefore be written
simply as Ca5H10Si5O20, which matches the chosen empirical
end-member, CSH.

Both PSD-XRD and FT-IR confirm the presence of CH
being a distinct phase for Ca/Si≥1.67 (Figs. 2 and 3). The
absolute value for the lower miscibility gap composition was
chosen as the mid-point between 1.57 and 1.67, corresponding
to XCH,1=0.38.

In keeping with C–S–H gel being represented by a SSAS
model for Ca/Si≥1.0, both PSD-XRD and FT-IR show that there
were no significant structural changes with increasing Ca/Si ratio,
except in the presence of CHwhere the basal reflection of C–S–H
shifts to 11.4 Å (Fig. 2). Reasons for this shift were unclear, either
related to the coexistence of CH or to the only other notable
difference, the significant carbonate doublet between 1300 and
1600 cm−1 in the FT-IR spectra (Fig. 3). However, this was
confounded by the absence of any significant increase in the
carbonate contents determined by titration, which for Ca/Si≥1.0
had a mean value of 0.12 wt.%, S.D.=0.04. This low level of
carbonation, however, does provide confidence in the validity of
the solubility data.

The pH, and calcium and silicon concentrations given as a
function of measured Ca/Si ratio show similar trends to those
previously derived in other studies [16–24] (Fig. 4), with the
exception that pH and calcium concentrations were markedly
higher for 0.80≤Ca/Si≤1.57, demonstrating that synthetic C–
S–H gels are more soluble than previously thought over this
compositional range. Observation of the samples with field
emission scanning electron microscopy (not shown) revealed that
crystals were either tabular or bladed, depending on Ca/Si ratio,
with a common long axis of 100–500 nm. Although possible that
some of the smaller crystals may have passed through the 0.2 μm
filter used prior to ICP-AES, it seems unlikely because the
crystals aggregated to form particles 5–30 μm in diameter, the
silicon concentration would also have increased and all Ca/Si
ratios should have been affected not just a certain compositional
range. Furthermore, the pH and calcium concentrations being
similar to those reported by other workers outside the
compositional range 0.80≤Ca/Si≤1.57, negates the possibility
that the observed increases were an artifact of analytical error.
Instead, the increase in pH and calcium concentration may be
partly explained by a combination of the relatively low
temperature used (20–25 °C) and the low level of carbonate
present in the samples. In the context of a nuclear waste repos-
itory, this means that C–S–H gel could therefore provide a better
pH buffer, but its potential lifespan would be diminished.

With the exception of pH, the reported calcium and silicon
concentrations were somewhat diverse in the same composi-
tional range, 0.80≤Ca/Si≤1.57. There were no significant
trends related to the maturing of the C–S–H gels over this time
frame in terms of the solubility data or their structure shown by
PSD-XRD and FT-IR. Thus, the diversity in the solubility data
was attributed to varying degrees of carbonation, temperature,
crystallinity, and, especially for silicon, analytical error. This
illustrates the difficulty in being able to produce consistent
solubility data for C–S–H gels, even though the experiments
were conducted meticulously under identical conditions.

4.2. Non-ideal SSAS modeling

The solubility data reported for week 96 were unlike those
reported for the other experimental run times (Fig. 4), par-
ticularly for Ca/Si=1.00, used to derive the value of KCSH, and
Ca/Si=1.67–1.99, to derive KCH. Consequently, the C–S–H
solubility data from week 96 were omitted from the CSH–CH
SSAS modeling. This omission affected the lower miscibility
gap composition used in the model, which became the mid-
point between 1.58 and 1.69, corresponding to XCH,1=0.39.



Table 4
Summary of thermodynamic data obtained from this study

Dissolution reactions Log
Ksp

Miscibility gap Guggenheim
parameters
(α0, α1)

Ca/Si Mole fraction
(XCH,1, XCH,2)

CaH2SiO4⇌Ca2++HSiO3
−+OH− −8.95 N1.64 0.39, 0.92 1.87, 0.91

Ca(OH)2⇌Ca2++2OH− −5.13
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Using the computer program PHREEQC to determine the
activities of Ca2+, HSiO3

− and OH−, the Ksp values of the pure
end-members CSH and CH were calculated according to Eqs. (3)
and (4) to be log KCSH=−8.95, S.D.=0.14, and logKCH=−5.13,
S.D.=0.04 (Table 4).

Expressing the dissolution reaction of CSH in terms of Ca2+

and H2SiO4
2− would give log KCSH=−7.96, which is in good

agreement with the log KCSH values used by Kersten [30] and
Rahman et al. [32] (Table 2). This is perhaps not surprising
considering the similarity of the solubility data at Ca/Si=1.00
(Fig. 4), which were used to derive KCSH. The log KCSH=−7.07
used by Borjesson et al. [31], taken directly from Greenberg and
Chang [20], is not matched by the solubility data at Ca/Si=1.00
(Fig. 4) and may therefore be unreliable.

The values of log KCH used by Kersten [30], Borjesson et al.
[31] and Rahman et al. [32] (Table 2), were similarly in good
agreement with the value reported here. However, log KCH=
−5.435 given in the LLNL database is notably different. This
was determined from measured Gibbs free energy of formation
values ([66] and references therein), which for CH was
Fig. 5. Lippmann phase diagram representing the non-ideal CSH–CH SSAS.
Solidus and solutus curves were drawn from Eqs. (2) and (5), respectively,
where log ∑Πsp was plotted on the ordinate against two superimposed scales
on the bottom abscissa: XCH associated with the solidus curve (Ca/Si ratio
from Eq. (1) is also shown on the top axis) and χOH− associated with the
solutus curve. Log Ksp values of the end-members components are log
KCSH=−8.95, S.D.=0.14, and log KCH=−5.13, S.D.=0.04. The miscibility
gap corresponds to 0.39bXCHb0.92 (equivalent to 1.64bCa/Sib12.20). Data
points are plotted according to∑Π={Ca2+}({HSiO3

−}+{OH−}){OH−} on the
solidus and equivalent values against χOH− on the solutus: circles — week 64:
triangles — week 80: diamonds — week 112. Error bars are the cumulative
effect of pH±0.1, calcium ±2% and silicon ±5%.

Fig. 6. CSH–CH SSAS model predictions (solid black line) plotted with the
experimental solubility data (week 96 data omitted). (a) pH, error ±0.1: (b) Ca
(mM), error ±2%: (c) log Si (mM), error ±5%.
−898408 J mol−1 ±1300. The error associated with this
datum is significant because the calculated value of log KCH=
−5.435±0.23. Therefore, taking the upper and lower ranges of
log KCH values derived calorimetrically, log KCH=−5.205 [66],
and from the solubility data in this study, log KCH=−5.17,
respectively, are in better agreement. Other contributory factors
to the discrepancy in log KCH values would have been
variations in the Gibbs free energy of formation of Ca2+ and
OH− ions, degree of carbonation, temperature, crystallinity,
grain size, and equilibrium states of CH used in the experiments.

Although XCH,1=0.39 was clearly defined by the occurrence
of CH, the choice of XCH,2 relied on fitting the solidus to the
solubility data in the CSH–CH SSAS region (Ca/Sib1.64)
using a least squares fitting algorithm. The best model fit used
XCH,2=0.92, r2 =0.85. This allowed the derivation of the
Guggenheim parameters, α0 and α1 (Table 4), making it
possible to solve Eqs. (2) and (5) and construct a Lippmann
phase diagram (Fig. 5). The experimental data points closely
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follow the calculated solidus and solutus curves supporting both
the attainment of thermodynamic equilibrium after 64 weeks
and the basis of using a non-ideal SSAS model to describe the
dissolution of C–S–H gels at equilibrium for Ca/Si≥1.0.

The solubility data points within the miscibility gap (Ca/
SiN1.64) also follow the predicted solidus, which was close to
saturation with respect to the CH end-member for XCHN0.39
shown by the solidus being near horizontal for this composi-
tional range; log ∑Πsp=−5.16 at XCH=0.39 compared to log
∑Πsp= log KCH=−5.13 at XCH=1. Satisfactory predictions can
therefore be made within the miscibility gap, despite the
corresponding solution being slightly undersaturated with
respect to the CH end-member.

The composition of the aqueous phase, shown by the
solutus, is skewed heavily in favor of the more soluble end-
member, CH, and is characteristic of end-member Ksp values
differing by more than three orders of magnitude [43,44]. This
is consistent with the high pH and low silicon concentrations
observed in the solubility data (Fig. 4). The incongruent
dissolution behavior of C–S–H gels can therefore be
accounted for using this modeling approach. However, the
solutus also predicts the activity of HSiO3−, and therefore the
concentration of silicon in solution, which only becomes sig-
nificant when the composition of the C–S–H gel approaches
CSH. Thus, using this modeling approach, the corresponding
solution will be more undersaturated with respect to the CSH
end-member than expected.

Encoding the values of KCSH, KCH, XCH,1, and XCH,2

(Table 4) into the SSAS feature of the computer program
PHREEQC allowed the prediction of the more familiar pH, and
calcium and silicon concentrations as a function of Ca/Si ratio in
the solid phase(s) (Fig. 6). The model predicts the pH and
calcium concentrations very well, not surprisingly since the
more soluble CH has such a strong influence on the model
prediction. As expected, the model predicts very low silicon
concentrations because the solutus on the Lippmann phase
diagram (Fig. 5), used to describe the solution composition, is
heavily skewed towards the more soluble CH end-member.
Despite this flaw, the model still provides a reasonable fit to the
solubility data, is consistent and thermodynamically defensible,
albeit semi-empirical, and can describe the incongruent
dissolution of C–S–H gel for Ca/Si≥1.00.

Because the model predicts very low silicon concentrations,
the simulated dissolution of C–S–H gel would be suppressed
more than it would in reality by the presence of this element in
an invasive groundwater. Thus, the longevity of the C–S–H gel
may be slightly overestimated according to this model.

Using a non-ideal CSH–CH SSAS is not without introduc-
ing its own set of limitations and should therefore be used with
caution. Some of the key problems include that the model is
currently only relevant at 25 °C, although the model would
undoubtedly be flawed at higher temperatures with the expected
precipitation of jennite [60]. Ionic strength corrections using the
Davies equation are only accurate up to 0.3–0.5 molal. Kinetics
and C–S–H gel interactions with other aqueous species are not
accounted for, especially Mg2+, Al3+, CO3

2−, SO4
2−, and Cl−,

other than how their presence might influence pH. With further
experiments to address some of these problems, better
assessments will be made of the longevity of C–S–H gel and
the pH buffer it can provide in the evolution of a nuclear waste
repository.
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