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Abstract

A thermodynamic incongruent dissolution/precipitation model of calcium silicate hydrate (C-S-H) is proposed, assuming a binary nonideal
solid solution of Ca(OH), and SiO,. Using this model, both dissolution and precipitation of the C-S-H phase, with a continuous change in the Ca/
Si ratio of the solid phase, can be predicted. The notable features of the model are its good continuity and simplicity so that calculation can be
easily compiled in a calculation code. A series of experiments were carried out. C-S-H precipitates were prepared using two techniques:
precipitation by contacting Ca(OH), solution with C-S-H gel and hydrolysis in a mixture of Ca and Si solutions. The equilibria in these
experiments were predicted well by the proposed model. A calculation using the model also predicted well the dissolution of ordinary Portland

cement hydrate with water exchange.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cementitious material, a potential waste packaging and
backfilling material for the disposal of radioactive waste, is
expected to provide not only a physical barrier to migration but
also a chemical containment. In particular, the ability to
provide high-pH conditions, which depends on the solubility
of the constituent hydrated minerals of cement matrices, is a
very important parameter when considering the release of
radionuclides from radioactive waste; the solubility is low and
the sorption distribution ratio is high for many radioactive
species at high pHs.

For the long-term safety assessment of radioactive waste
disposal, it is necessary to develop a series of predictive
calculation models of the behaviour of the repository system.
Several models have been proposed for the incongruent
dissolution of calcium silicate hydrate (C-S-H) gel, which is
the principal product of hydrated cement phases and mainly
determines the pH condition in the near field. Berner [1]
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described the incongruent solubility behaviour of C-S-H gel by
introducing several independent model solids, Ca(OH), and
CaH,SiO, at a Ca/Si ratio>1 and CaH,SiO4 and SiO, at a
Ca/Si ratio<1; solubility products were given as functions of
gel composition. Reardon [2] modelled C-S-H gel as
xCa0-Si0xH,0 and quantified its solubility product as a
function of the Ca/Si ratio of the gel. Atkinson et al. [3]
described the aqueous solubility of C-S-H gel by assuming that
amorphous SiO, and Ca(OH), can form a solid solution with
tobermorite and calculated the equilibrium state of a system by
minimising its total free energy. Borjesson et al. [4] modelled
C-S-H gel at a Ca/Si ratio>1 as a nonideal binary solid
solution composed of the end members Ca(OH), and CaH,_
Si04 and used a mixing model of the Margules type to account
for the nonideality. Rahman et al. [5,6] proposed a model of the
dissolution of C-S-H gel by considering a nonideal mixture of
binary solid solutions also of the Margules type. Kulik and
Kersten [7] described the solubility of Ca and Si in the fully
hydrated C-S-H system using two ideal Si-rich C-S-H-(I) and
Ca-rich C-S-H-(II) solid solution phases and applying the
Gibbs energy minimisation approach, considering the atomistic
models of the metastable C-S-H gel structure. Kulik and
Kersten suggested that C-S-H gels combine features of both
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sublattice and interstitial mixing of the end members [7]. All
models above reproduce the available solubility data for C-S-H
gel in water [8—11] reasonably well.

To model cementitious systems, cement materials are
sometimes described as assemblages of the constituent miner-
als: for example, hydrated Portland cement was described as a
mixture of portlandite, C-S-H gel, ettringite and some other
minerals [1,12]. Then the incongruent dissolution/precipitation
of C-S-H gel and the congruent dissolution/precipitation of the
constituent hydrated minerals would be discussed and calcu-
lated simultaneously. In these cases, therefore, it is appropriate
that the reactions are described as simply as possible in the
calculation by using a geochemical speciation code to calculate
the equilibrium of the complex system as simultaneous
equations of the constituent minerals. For the long term in a
repository, the high pH is gradually neutralised by interaction
with groundwater [13]. To calculate the continuous evolution
of the chemistry of cementitious system, it is appropriate that
the incongruent dissolution model of C-S-H has continuity
over the entire range of Ca/Si ratio in numerical modelling,
though some previous models used different sets of model
solids at different regions of Ca/Si ratio [1,3,5,6].

In this study, a thermodynamic dissolution and precipitation
model of the C-S-H phase is proposed to discuss the aqueous
chemistry and the continuous change in the composition of the
solid phase of the C-S-H system simultaneously by assuming a
simple binary nonideal solid solution of Ca(OH), and SiO,
over the entire range of Ca/Si ratios. Precipitation experiments
on C-S-H gel were carried out to discuss the applicability of the
proposed model to the safety assessment of radioactive waste
disposal. C-S-H precipitates were prepared using two techni-
ques. One was based on hydrolysis in a mixture of Ca and Si
solutions and produced homogenecous gels. In the other
technique, precipitates were prepared by contacting Ca(OH),
solution with C-S-H gels having low Ca/Si ratios (0.47, 0.65
and 0.9). The dissolution of ordinary Portland cement (OPC)
hydrate was also discussed in the context of the proposed
model.

2. Modelling
2.1. Description of C-S-H phase

C-S-H gel is the principal product of hydrated cement
phases. It has a variable composition and a wide range of Ca/Si
ratios, and dissolves incongruently. Although C-S-H gel is not
fully understood structurally, it has been shown that it has a
nanostructure and demonstrates a structural similarity to
tobermorite [14], which is a CaO—SiO,—H,0 mineral. Tober-
morite has a layer structure in which each layer consists of a
central part of empirical formula CaO,; all the oxygen atoms of
the Ca—O layer are shared with Si—O chains and additional
Ca*" and OH ™ ions are suggested to be present in the interlayer
region of the structure [14]. C-S-H gel can be fundamentally
described as a structure that consists of Si—O (SiOy tetrahedra)
chains and interlayer Ca—O (Ca*" and OH"). In reality, C-S-H
gels have a highly disordered structure. It is, therefore, possible

to describe the activities of Ca(OH), and SiO, in C-S-H gel
separately and represent the chemistry of C-S-H by a simple
system of the model solids, Ca(OH), and SiO,.

In this study, C-S-H gel is modelled as a simple binary
nonideal solid solution of Ca(OH), and SiO, at all Ca/Si ratios
of the solid C-S-H phase based on the discussion above, to
discuss the aqueous chemistry and change in the composition
of the solid phase of the C-S-H system simultaneously. This
model can be easily employed in thermodynamic geochemical
calculations because of its continuity and simplicity. And the
good continuity enables to compile the iterative numerical
calculations of incongruent dissolution/precipitation (as dis-
cussed in Section 4).

2.2. Thermodynamic modelling

The thermodynamic modelling of the incongruent dissolu-
tion/precipitation of C-S-H gel is based on the mixing model
proposed by Guggenheim [15]. The model would describe C-
S-H gel as a binary nonideal solid solution. Excess free
energy can be expressed by a power series of the mole
fractions of the end members. In the present model, the
expression becomes

Gexcess = X1Xa[do + A1 (X1 — X)) + A2 (X — Xa)?
+ A43(X, —X2)3 + -], (1)
where

X; is the mole fraction of the end member i;
A; is a parameter that is not dependent on composition but
varies with temperature and pressure.

If the series is terminated after three terms, the change in
Gibbs free energy in the formation of the solid solution is
represented as

ArGls = XiArGY + XoAG) + RT(X\InX; + XalnXo)

+ X1 X0 [do + A1 (X1 — Xo) + A (X — X)) (2)

A¢G° is also given by
A;G® = — RTInK. (3)

By substituting Eq. (3) into Eq. (2), log K for each end
member can be written as a function of the mole fraction of the
end member, as follows:

For end member 1,

lOgKSS,1 :XllogKlo 7X110gX1 + XX [A;O +A11(Xl 7X2>
+ 4 (X0 - X)) (4)

For end member 2,

logKss—> = XalogKay — Xalogs + X1.X3 [Ay + Ay (Xa — X7)
+ 45 (X — X)), (5)
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where K is the solubility product of pure end member 7, and
’ Alj

A, = ——2—.
Y 2.303RT

By a conditional constant approach [16], the solubility
product of each end member can be described as

Kss_i = X firKio, (6)

where f; is the activity coefficient of end member 7 in the solid

solution.
Then,

logKss—; = log(X;"Kj) + logf;. (7)

By comparing Eq. (7) with Egs. (4) and (5), log f; can be
written as follows:
For end member 1,

logfi = (X7 — 1)logK;o — (X + 1)logX;
XX Al + 4} (X - X0) + 4 (6 - )] (8)
For end member 2,
logf, = (Xo — 1)logKyy — (Xz + 1)logX;
XX [ Ay + Ay (X — X) + A (o — X)) (9)

In the present model, end members 1 and 2 are SiO, and
Ca(OH),, respectively. Thus, X; and X, are

1
A= e 1o
_ (Ca/Si)

Substituting Egs. (10) and (11) into Egs. (8) and (9),
respectively, gives the following:
For end member 1 (SiO,, denoted by subscript s),

_(Ca/si) + (Ca/Si) !
logfi = — mlog’@o T (Ca/si) ¥ T+ (Ca/Si)

)
(Ca/Si) [, . — (Ca/Si)
T+ (P {AS‘J +Asl{ + (Ca/Si) }

. [ 1—(Ca/si))?
Ay ——————= .
N 52{ I+ (Ca/Si) }
For end member 2 (Ca(OH),, denoted by subscript c),
1 142(Ca/Si) (Ca/Si)
S | _
1+ (Ca/Si) %™ T (Ca/Si) 21+ (Ca/Si)

(Ca/siy [, . f(Ca/si)—1
{1+ (Ca/Si)} [A“) I 1{ 1+ (Ca/Si) }

e

If f; and f. are given, the solubility products of the end
members can be calculated using Eq. (6).

(12)

log f. =

(13)

2.3. Determination of empirical parameters

The saturation index of end member i that describes the
saturation state is calculated using
IAP;
KlO
where IAP; is the ion activity product of end member i.
If the solid solution is in equilibrium with an aqueous phase,
the activity of end member i in the solid solution can be
expressed as [4]
IAP;

SI; = log (14)

solid solution
; _ AN 15
a = (15)
Egs. (14) and (15) yield
g Selid solution _ 1 SI; (]6)
The activity is also described as
a_solid solution :fX (17)

The saturation index of each end member at various Ca/
Si ratios at 25 °C was calculated using the available
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Fig. 1. Activity coefficient of end member as a function of Ca/Si ratio: (a) SiO,
and (b) Ca(OH),.
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Table 1

Fitted values of empirical parameters at 25 °C

End member  SiO, Ca(OH),

Ay A A Ap Ao Aa AS
Ca/Si<0.833 —18.623 57.754 —58.241 37.019 36.724 164.17
Ca/Si>0.833 —18.656 49.712 25.033 36.937 7.8302 —50.792

solubility data for C-S-H gel [8—11] with the geochemical code
HARPHRQ [17]. The thermodynamic database HATCHES [18]
Ver. NEA 14 was used in the calculations. The Davies equation
was used for ionic strength correction to calculate the saturation
index. The SI; values obtained were then converted to activities
using Eq. (16) and the activity coefficients (f;) were calculated;
log f; as a function of the Ca/Si ratio of the C-S-H gel solid
phase is shown in Fig. 1.

As mentioned above, C-S-H gel has a structural similarity to
tobermorite and some previous models were based on the
assumption that an intermediate compound having a composi-
tion close to that of tobermorite (Ca/Si ratio=0.833) is the end
member of the C-S-H solid solution [3,9]. In the present model,
therefore, the fitting calculation for log f; of the end members

Table 2
Conditional solubility constants of model solids as functions of Ca/Si ratio at 25 °C

Si0, and Ca(OH), was carried out at a Ca/Si ratio>0.833 and a
Ca/Si ratio <0.833 by the least-squares method. The fitted
empirical parameters are shown in Table 1 and the fitted curves
are shown in Fig. 1. There is good continuity in the fitted curves
over the entire range of Ca/Si ratio.

log f; increases as Ca/Si ratio decreases and log f;=0 ata Ca/
Siratio=0.461. At very low Ca/Si ratios, the composition of C-
S-H is close to that of amorphous SiO; [1,14]. Thus, at a Ca/Si
ratio < 0.461, the end member SiO, is assumed to be an ideal end
member in the solid solution and log f;=0. Faucon et al. [19]
suggested that the layer in the tobermorite-type structure
containing calcium atoms is progressively occupied by addi-
tional calcium atoms as the Ca/Si ratio exceeds 0.66. This might
account for the pronounced change in the slope of f; at a Ca/Si
ratio around 0.461 as shown in Fig. 1(a).

It is found that log K. for the dissolution of the end member
Ca(OH), increases as Ca/Si ratio increases and is the same as
that for pure Ca(OH), at a Ca/Si ratio=1.755. From the
available solubility data [8—11], the calcium concentration in
the C-S-H equilibrated solution was approximately 2 x 10~ >
mol dm~* at a Ca/Si ratio>1.8, which is very close to the
solubility limit of pure Ca(OH),. This suggests that pure

Ca/Si ratio Conditional log K;

0<Ca/Si<0.461 logK; = log [Kso'{ m }]

logk. = % logkeo =y ic(ac/:/l)sl) '1°g<1 f(ac/:/i)so ) "o +((Eac/as/is)i)}2 ' {37'019 " 36'724'{ % }
T 164.17'{ % }2_
0.461<Ca/Si<0.833 logK = m logKeo = ¢ ((lla/Si) '1°g<1 n (éa/Si) ) "o ﬁ?:és/is),i)}z ' { Sl 57'754'{ LEEZ:B}
- 58241'{ %:;:3 }2_
ok 8ty ([ s
+ 164.17'{ % }2_
D= CaSi LTSS ek, = a7y o~ T s v e ) * f i(ic/s/s))} } | { e 49'712'{ M}
+ 25,033-{ % }2—
Bt S (O [ v 2
— 50‘792'{ % }Z:I
1.755 <Ca/Si log K=-7.853

log K.=22.81 (=log K.o)

HATCHES Ver. NEA14 [18]
SO, 1 $i0; + 2H,0 = HSi0;  logKy = —2.710

Ca(OH), : Ca(OH), + 2H" = Ca** + 2H,0 logKyo = 22.81.
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Fig. 2. Measured and predicted compositions of liquid phase in equilibrium

with C-S-H gel as functions of Ca/Si ratio in solid phase: (a) pH, (b) Ca
concentration and (c¢) Si concentration.

Ca(OH), separates and coexists with C-S-H gel. Therefore, the
log K for each end member is fixed at log K.=22.81 (the same as
that for pure Ca(OH), in the HATCHES database) and log
K,=—"7.853 (this value is calculated ata Ca/Siratio=1.755) ata
Ca/Si ratio>1.755.

The calculated log K values for the end members are
summarised in Table 2. In the present model, it is assumed that
C-S-H is a nonideal binary solid solution of Ca(OH), and SiO,
at 0<Ca/Si<1.755 (at a Ca/Si ratio <0.461, the end member
SiO, is an ideal end member) and Ca(OH), is separated and
coexists with the C-S-H gel (Ca/Si=1.755) at Ca/Si>1.755.
It should be noted that the equations in Table 2 are valid only in
conjunction with the thermodynamic database used for fitting.
If another or modified thermodynamic data were employed, log
K as a function of Ca/Si ratio should be recalculated using the
same procedure described above.

Solubility calculation for C-S-H was carried out using the
conditional solubility constants shown in Table 2 and the result is
shown in Fig. 2. This model predicts well the literature data.

3. Experimental
3.1. Precipitation of C-S-H

We observed and analysed the precipitation of C-S-H using
two procedures: (a) calcium was precipitated by contacting
Ca(OH), solution with low Ca/Si solid C-S-H and the change
in the composition of the solid was measured (precipitation
method) and (b) C-S-H gel was prepared in a mixture of Ca and
Si solutions based on hydrolysis (coprecipitation method).
These experiments are designed to discuss the applicability of
the proposed model to the evolution of the composition (Ca/Si
ratio) and precipitation of C-S-H.

3.1.1. Precipitation method

The experimental methodology is shown in the flowsheet of
Fig. 3(a). C-S-H solids with low Ca/Si ratios (0.47, 0.65 and
0.9) were prepared by mixing an appropriate amount of CaO
with amorphous silica in distilled water and aging the mixture
for more than 7 days. The hydrated samples were dried at room
temperature in a vacuum desiccator above silica gel, then
crushed and passed through a 250 pm sieve. Ca solution was
prepared by equilibrating Ca(OH), solid with distilled water for
more than 3 days and filtering the mixture through a 0.45 um
membrane filter. The measured Ca concentration in the filtrate
was 1.6 x 1072 mol dm™>. Then the previously prepared C-S-
H gels were contacted with the Ca solution at a liquid:solid
ratio of 100:1 in an Ar-filled (O,<2 ppm) glovebox. The
supernatants and precipitates were analysed after various time
intervals up to 61 days when the experiments appeared to have
reached a steady state with a constant pH. Ca and Si
concentrations in the solution were measured after filtration
through a 0.45 pum filter by atomic adsorption and ICP-AES,
respectively. The precipitates were dried and analysed by X-ray
diffraction (XRD) and differential thermal analysis (DTA) and
no phases other than C-S-H gel were identified in the
precipitates.
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(a) Precipitation method

Distilled water equilibrated with Ca(OH), solid

C-SH gel (CalSi = 0.47,0.65, 0.9)

{
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v v
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Filtrate (pH, Caand Si conc.)

Fig. 3. Experimental methodology.

The results of the analysis of the liquid phase by the
precipitation method are shown in Fig. 4(a)—(c). It was observed
that Ca concentration decreased from 1.6 x 1072 to 7x 103
mol dm™? for C-S-H 0.9 (initial Ca/Si=0.9), and decreased to
1x107* mol dm™2 for C-S-H 0.47 and 0.65 (initial Ca/
Si=0.47 and 0.65). These suggest that some Ca precipitated

from the solution phase and the precipitated Ca was incorporated
into the C-S-H structure and Ca/Si ratio has evolved. The Ca/Si
ratio of each equilibrated C-S-H solid calculated by considering
material balance was higher than that of each initial C-S-H
sample (0.47 increased to 0.62, 0.65 increased to 0.82 and 0.9
increased to 1.0) as shown in Fig. 4(a)—(c). These reactions may
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Fig. 4. Measured and predicted compositions of equilibrated liquid phase in C-
S-H precipitation experiments (C-S-H+Ca(OH), solution): (a) pH, (b) Ca
concentration and (c) Si concentration.
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Fig. 5. Liquid and solid phase compositional variations with time in C-S-H

coprecipitation experiments.

have proceeded with the dissolution of some Si of C-S-H and
reprecipitation of C-S-H. Fig. 4(c) shows that more Si must
dissolve for C-S-H with a lower Ca/Si ratio, therefore longer
times are needed to reach equilibrium for C-S-H with a lower
Ca/Siratio. It is also noted that precipitated Ca diffuses into the
C-S-H solid and that diffusion may be the rate-determining step
in reaching a steady state.
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Fig. 6. Measured and predicted composition of the liquid phase in the OPC hydrate dissolution experiment.

3.1.2. Coprecipitation method

The experimental methodology is shown in the flowsheet
of Fig. 3(b). Ca solution for the coprecipitation method was
prepared by equilibrating Ca(OH), powder with distilled
water in an Ar-filled glovebox and filtering the mixture
through a 0.45 pm filter. The measured Ca concentration in
the filtrate was 1.7x 10”2 mol dm™>. The prepared Ca
solution was mixed with Na,SiO3'9H,O solution with Ca/Si
ratios of 1.8, 0.9 and 0.65. White precipitates formed
immediately during mixing of the solutions and persisted in
the same solution aged up to 21 days at room temperature.
The supernatants and precipitates were analysed in the same
manner as that in the precipitation method. No phases other
than C-S-H gel were identified in the precipitates by XRD
and DTA. These experiments were carried out in duplicate.

The results of the analysis of the liquid phase in the
coprecipitation method are shown in Fig. 5. All experiments
reached equilibrium after 21 days. It should be noted that pH,

and Ca and Si concentrations were different from those for the
solubility of C-S-H with the same Ca/Si ratio in pure water. The
coexisting Na concentrations (shown in Fig. 5) buffered the pH
around 12.3 and restricted Ca solubility. The results suggest the
common ion effect and are comparable with those measured by
Macphee et al. [20] in higher concentrations (0.25~0.8 M) of
NaOH solution at lower L /S ratios; Ca concentration in solution
decreased and Si concentration increased, as Na concentration
increased.

3.2. Dissolution of OPC hydrate

A hydrated OPC solid sample was prepared at a high water—
cement ratio of 0.45, aged for 28 days, crushed and passed
through a 250 pm sieve. The powdered OPC hydrate was
contacted with distilled water at liquid: solid ratios of 10:1 and
100:1. It is noted that hydration should have continued during
the dissolution experiments since a small amount of unhydrated

Total volume of water per unit mass of initial hydrated cement / cm3g?
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Fig. 7. Measured and predicted mineral composition in the solid phase in the OPC hydrate dissolution experiment.
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Table 3

Oxide composition of OPC

[wt.%]

SiO, ALO; Fe,05 CaO MgO SO3 Na,O K,0
21 5 3 65 1 2 0.3 0.3

phases was observed in the initial powdered OPC hydrate by
XRD. The influence of unhydrated phases should have been
minimised in the dissolution equilibration period because the
powdered OPC sample (<250 um) was analysed again by XRD
after the contact with water for 20 days and was almost hydrated.
After 20 days of equilibration, the liquid and solid phases were
separated by centrifugation and filtration through a 0.45 pm
filter. The supernatants and precipitates were analysed as
described above. Then the precipitates were recontacted with
fresh distilled water at liquid:solid ratios of 10:1 and 100:1.
This procedure was repeated ten times. The experiment was
carried out in duplicate. The results of the analysis of the liquid
phase are shown in Fig. 6. The measured amount of Ca(OH), in
the solid phase by DTA is shown in Fig. 7. In these figures,
averaged values are given to avoid congestion. It is noted that the
agreement between the duplicate measurements at each point
was very good.

At an accumulated liquid:solid (L/S) ratio <200, pH
and Ca concentration were very close to the solubility of
Ca(OH),, showing that Ca(OH), dominated the equilibrium
between OPC hydrate and water. As the L/S ratio became
larger than 200, pH and Ca concentration decreased and Si
concentration increased. At L/S>200, Ca(OH), was not
observed in the solid phase. These suggest that Ca(OH), in
the OPC hydrate dissolved at L/S>200 and the Ca/Si ratio
of C-S-H decreased due to the incongruent dissolution of
C-S-H.

4. Applicability of model

The equilibria in the series of experiments described in
Section 3 are calculated using the proposed model and the
modelling results are compared with the experimental data. It
should be noted that we discuss the applicability of the proposed
C-S-H dissolution/precipitation model to the safety assessment
of radioactive waste in this paper. The details of the other
reactions, e.g., sorption of Na onto C-S-H, are not included in the
present calculations.

4.1. C-S-H precipitation

For the precipitation method, the initial C-S-H with the
specified quantity and Ca/Si ratio and the Ca(OH), solution
used in the experiments were considered in the modelling
calculations. In the first step of the calculation, the
quantities of dissolved/precipitated end member solids were
calculated for use in the second (next) step. The conditional
solubility constants of the end members were recalculated
using the equations given in Table 2. This series of
calculation steps was repeated until stable solid and liquid
phase quantities and compositions were obtained, that is, the

system reached equilibrium. It should be noted that good
continuity and simplicity over the entire range of Ca/Si
ratio of the proposed model enable the iterative calculations
in numerical modelling for equilibrium of the C-S-H
precipitation experiments.

The modelling results for the precipitation experiments are
shown in Fig. 4(a)—(c). The calculations using the proposed
model predicted the experiments reasonably well, considering
the uncertainty of the solubility data.

In the coprecipitation experiments, there was no solid in
the initial solutions. In the modelling calculation using the
proposed model, however, some arbitrary input of the initial
quantity and composition (Ca/Si ratio) of the solid phase
should have been given to initiate the equilibrium calcula-
tion. Therefore, in the first step of the calculation, it was
assumed that an appropriate amount of C-S-H with a Ca/Si
ratio=1.0 precipitated in the liquid phase during the mixing
of the initial solutions. The quantities of dissolved/precipi-
tated end members were estimated and the iterative thermo-
dynamic calculations for equilibrium were carried out by a
procedure similar to that used in the precipitation method.
The Ca/Si ratio of 1.0 was given for the assumed initial
composition of the precipitation since the measured equili-
brated Ca/Si ratios of the C-S-H solids were around 1.0 as
shown in Fig. 5(b). It should be noted that the assumed
composition of the initial precipitation does not affect the
calculation results and the routine of iterative calculations
gives an equilibration of the system. The measured concen-
tration of Na as an aqueous species was added in the input of
the calculation to consider the common ion effect referred to
earlier, though sorption of Na onto C-S-H gel was not
modelled in the calculation.

The modelling results for the coprecipitation experiments
are shown in Fig. 5. The aqueous compositions were well
predicted by considering the common ion effect of Na,
although the calculated Ca/Si ratios of the solid phase were
slightly higher than the measured values.

From the above discussion, we can conclude that the
proposed model reasonably well predicts the change of
composition of C-S-H that was observed quantitatively in
the precipitation experiments. The model has a good
continuity and simplicity, which enables the dissolution/
precipitation in the C-S-H system to be estimated by iterative
calculations.

4.2. Dissolution of OPC hydrate
The mineral composition of the OPC hydrate was derived

by an approach based on that described by Glasser et al. [21]

Table 4
Calculated mineral composition in OPC hydrate

[mol kg~ ]

Hydrotalcite  Ettringite  C-S-H gel (1.755Ca0-SiO,'1.755H,0%)  Ca(OH),
0.031 0.20 2.6 2.8

? The formula of C-S-H is given by the model proposed in this study.
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Table 5
Thermodynamic data for dissolution of ettringite and hydrotalcite given in
HATCHES NEA14 [18]

Mineral Reaction log K, (1=0)
Ettringite CagAl,(SO4);(OH),,"26H,0 57.00
=6Ca’" + 2AP" + 3503
— 12H" + 38H,0
Hydrotalcite MgsAL O 7Hyy + 14H" 75.34

= 4Mg*" + 2AP" 4+ 17H,0

with some modifications. The chemical composition of OPC
used in this study is shown in Table 3.

Step 1. All the MgO was assumed to be incorporated into
hydrotalcite. The inventory of Al,O; was adjusted
accordingly.

Step 2. SiO, was assumed to be taken up by C-S-H phase with
Ca/Si=1.755. C-S-H was described by the model
proposed in this study.

Step 3. The amount of Ca(OH), was estimated by the DTA
analysis of the OPC hydrate sample used in the OPC
dissolution experiment in this study.

Step 4. The remaining CaO was assumed to be taken up by
ettringite, which was observed by XRD. All the
remaining Al,O; was assumed to be amorphous
alumina gel or taken up by some phases (e.g., C-A-
S-H gel), though excess Al is not included in the
following modelling calculations.

The mineral composition of the OPC hydrate calculated by
the method above is shown in Table 4. Simultaneous equations,
including the reactions of C-S-H described using the present
model, ettringite and hydrotalcite, were solved by a geochem-
ical calculation code. The dissolution of ettringite and that of
hydrotalcite were assumed to be congruent. The thermody-
namic data for these minerals given in HATCHES NEAI14,
shown in Table 5, were used and included in a single input
together with C-S-H in the calculation and the simultaneous
equations were solved. In the calculation, the quantities of
dissolved/precipitated C-S-H end member solids, ettringite and
hydrotalcite were calculated so that the quantities and
compositions of solid and liquid phases that would be used
in the next step could be estimated. The conditional solubility
constants of the end members of C-S-H were recalculated using
the equations given in Table 2. The series of calculation steps
was repeated until the system (solid and liquid phases) reached
equilibrium. It should be noted that the sorption of Al and SO,
onto C-S-H and precipitation of any other solids are not
included in the calculations. Rahman et al. [22] studied the
dissolution phenomena of C-S-H and ettringite and suggested
the substitutions of AI(OH); and SO; with Si tetrahedra in
the structure of C-S-H, but the interaction mechanism between
C-S-H and ettringite has not yet quantitatively studied.

The calculation results for the dissolution experiments on
the OPC hydrate are shown in Figs. 6 and 7. The modelling

calculation predicted well the experimental results for pH, and
Ca and Si concentrations in solution and Ca(OH), concentra-
tion in the solid phase. The level of agreement between the
modelling calculation and the measured values of Al and SOy
concentrations is reasonably good. We can conclude that the
proposed model describes well the equilibrium of the OPC
hydrate with water within Ca/Si ratios at which the C-S-H
phase dominates the dissolution of the OPC hydrate.

5. Conclusions

A thermodynamic incongruent dissolution/precipitation
model of C-S-H gel is proposed, assuming a binary nonideal
solid solution of Ca(OH), and SiO,.

A series of dissolution experiments were carried out to
discuss the applicability of the model to the safety assessment
of radioactive waste disposal. C-S-H precipitates were prepared
by hydrolysis in a mixture of Ca and Si solutions to produce
homogeneous gels and by precipitation of Ca onto the C-S-H
solid contacting with Ca(OH), solution. Leaching experiment
of OPC hydrate with water exchanges was also carried out.

The proposed model predicts well the equilibria of the
precipitation/dissolution in the experiments. The prediction is
accomplished by a series of calculations in which the quantities
of the dissolved/precipitated end members and mineral are
calculated stepwisely so that the quantities and compositions of
the solid and liquid phases and the conditional solubility
constants used in the next step can be estimated. Because of the
continuity and simplicity of the model, the calculation can be
compiled in a computer thermodynamic calculation code.
Therefore, this model is appropriate for the safety assessment
calculations on cementitious repository system.
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