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C-A-S-H of varying Al/Si and Ca/(Al+Si) ratios have been prepared introducing C-S-H (Ca/Si=0.66 and
0.95) at different weight concentrations in a solution coming from the hydration of tricalcium aluminate
(CasAly06) in water. XRD and EDX (TEM) analyses show that using this typical synthesise procedure, pure
C-A-S-H is obtained only for calcium hydroxide concentrations below 4.5 mmol L™ . Otherwise, calcium
carboaluminate or strdtlingite is also present beside C-A-S-H. The tobermorite-like structure is maintained
for C-A-S-H. A kinetic study has shown that the formation of C-A-S-H is a fast reaction, typically less than a
few hours. The Ca/(Al+Si) ratio of C-A-S-H matches the Ca/Si ratio of the initial C-S-H, in the ionic
concentration range studied ie., less than 4.5 and 3 mmol L™' of calcium hydroxide and aluminium

hydroxide respectively. The Al/Si ratio increases with the aluminium concentration in the solution and
reaches a maximum value of 0.19.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

When Portland cement is hydrated, the main appearing compo-
nent is calcium-silicate-hydrate (C-S-H) which results from the
silicate phase hydration [1]. The C-S-H nanoparticles are responsible
for the cement paste setting through electrostatic forces occurring
between them [2-4]. Many studies have been devoted to the study of
pure C-S-H from the thermodynamic and structural point of view.
Aluminate phases are the second most important constituent of
Portland cement, just after silicate phases [5]. It is well-known that
aluminium may substitute silicon in C-S-H [6-9]. Therefore, the C-S-H
occurring in a cement paste should not be pure C-S-H but Al-
substituted-C-S-H named as C-A-S-H.

The numerous studies devoted to the aluminium/silicon substitu-
tion in C-S-H allowed to specify the structural aspects of the sub-
stitution. For example, Kalousek [10] suggested that aluminium occurs
primarily in the tetrahedral sites substituting for silicon whereas
Komarneni et al. [11-13] demonstrated that tetrahedral Al occurs in
both Q? chain sites and Q> sites that link across interlayer, and
significantly affects its cation exchange properties. More recent
studies especially using NMR techniques [8,14-19] gave a more
detailed description of the Al environment. However, the chemistry
of the samples is generally not well-controlled. Either the synthesised
C-A-S-H is mixed with other aluminate phases or alkali salts are
employed [5,7,14,20-23] which confuses the results, because it is well-
known that sodium plays an important role in charge balancing Al[III]
for Si[IV] substitution [24]. Until now, there is no determination of the
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thermodynamic conditions required for such a substitution, neither its
consequences on the cohesion of the resulting C-A-S-H particles. Some
questions also remain about a possible location of aluminium in
interlayer for example. The present work focuses on the chemical
composition of pure C-A-S-H under various equilibrium conditions
rather than on the C-A-S-H structure. To do so, pure C-A-S-H of varying
stoichiometry among varying equilibrium conditions is needed.
Faucon et al. [14] showed that the amount of aluminium present in
the C-A-S-H is proportional to the aluminium concentration in the
equilibrium solution. Therefore, the idea was to equilibrate C-S-H in
solution containing increasing concentration of aluminate ions. In
order to avoid the presence of undesired ions such as alkali ions,
tricalcium aluminate was hydrated in water and the resulting solution
was employed. Doing so, only C-S-H-constituting elements (Ca, Si, O
and H) and aluminium were present in the system. In order to vary the
amount of aluminium in the solution versus the amount of C-S-H, the
liquid (Cas3Al,0g solution) to solid (C-S-H) ratio was varied. This
procedure successfully leads to pure C-A-S-H samples in some con-
ditions. These conditions are not necessarily representative of a
Portland cement paste but the main purpose of the present study is
to better understand the thermodynamics of C-A-S-H under various
conditions allowing the modelling of what occurs in a cement paste.

After describing in details the experimental procedure to synthe-
sise C-A-S-H, the characterization results obtained by solution
analyses, XRD and EDX (TEM) will be presented. These results
allow determining the equilibrium conditions for the occurrence of
pure C-A-S-H and the resulting stoichiometry in terms of Ca/ (Al + Si)
and Al/Si ratios.

These chemical results will be completed by a structural study
conducted by ?’Al and 2°Si MAS NMR and presented in a forthcoming
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paper. All these experimental results will be useful to develop a
thermodynamic model describing C-A-S-H in equilibrium with
electrolytic solutions. The final purpose of this whole work will be
to study the consequence on the cohesion of C-S-H particles.

2. Experimental
2.1. Techniques

The pH measurements were performed with a TACUSSEL MINISIS
8000 pH-meter and a Radiometer Analytical high alkalinity combined
pH electrode (Ag/AgCl) XC 250. Standardisation was carried out with
buffer solutions at pH 7, 10 and 12.

All the solution analyses (calcium, silicon and aluminium) were done
with a VISTA-PRO VARIAN ICP-OES. The standardisation was carried out
with own made standards containing calcium, silicon and aluminium (if
present in the samples) together in order to re-form the same matrix as
in the samples. Each sample was analysed three times, which allows to
estimate the error on the concentration to 0.01 mmol L™,

The X-ray Diffraction data were recorded using an Inel CPS 120
position sensitive detector ranging from 8 to 60° 26, and a Cu Koy
radiation (A = 1.54056 A) selected using a quartz slide monochromator.
The experimental conditions are: acquisition time=12 h; voltage =
40 kV; intensity =40 mA.

The chemical analyses of the solids were carried out using a JEOL
JED 2300T Energy Dispersive X-ray Spectrometer (EDX) which is
attached to a JEOL 2100 200 kV Transmission Electron Microscope
(TEM) fitted with a hairpin type LaB6 filament. The specimen
preparation procedure used in this study was the dispersion of the
powder in an ethanol solution, the deposition onto a formvar/carbon
film supported by a copper grid and the evaporation in air of the drop
of the liquid.

2.2. Synthesis

The Al-substituted-C-S-H (C-A-S-H) samples were synthesised by
a three-step procedure: 1 — synthesis of C-S-H; 2 — preparation of
calcium aluminate solution by hydrating tricalcium aluminate
(CasAl,0g) in diluted suspension; 3 — addition of C-S-H powder in
the filtered CaszAl,Og hydration solution. Several series with different
Ca/Si ratios of initial C-S-H and different C-S-H/solution ratios have
been prepared. The procedure is described in details below.

2.2.1. Synthesis of C-S-H

C-S-H samples, with Ca/Si molar ratios of 0.66, 0.95 and 1.42 were
synthesised from calcium oxide, silica and water according to the
quantities listed in Table 1. Calcium oxide was obtained by overnight
decarbonation, at 1000 °C, of calcium carbonate provided by Aldrich.
Amorphous precipitated silica with a specific area of 230 m? g~ ! was
provided by Rhodia. Freshly demineralized water was added so as to
obtain a water/solid ratio of 50. After one week stirred in a

Table 1
Mass of reactants used for the synthesis of C-S-H 0.66, 0.85 and 1.42, and composition of
filtrates and solids.

Sample C-S-H C-S-H C-S-H
0.66 0.95 142
Mass of reactants (g) Ca0 1.89 2.29 3.00
Si0, 3.09 2.57 2.07
H,0 250 250 250
Filtrates analyses [Ca] mmol L~! 148 3.35 16.38
[Si] mmol L~! 345 0.08 0.01
pH 10.05 11.80 12.25
Solid analyses Water (% w/w) 22.23 18.99 20.70
Ca/Si from solution 0.66 0.94 144
Ca/Si from solid 0.67 0.97 144

See text for details on filtrates and solid analyses.
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Fig. 1. Time evolution of the calcium, aluminium and silicon concentrations in the
Ca3Al,0¢ hydration solution within 10.3 mmol L~ of C-S-H 0.66.

thermoregulated bath at 23 °C, the samples were filtered and the
composition of the filtrates was determined by ICP-OES analyses and
pH measurements (see results in Table 1). Then, the solids were
washed two times with an alcohol-water mix, once with pure alcohol,
dried in vacuum conditions for 5 days using a membrane pump and
finally stored in a desiccator.

The Ca/Si ratios of the C-S-H samples were determined directly on
the solids by alkali fusion [25] and also by difference between the
added amount of reactants and the remaining calcium and silicon
amount in the C-S-H equilibrium solutions. The alkali fusion was
performed as follows: 0.2 g of C-S-H and 1 g of LiBO, were fused
together at 1000 °C for 30 min. The resulting liquid was diluted in
200 mL of 5% hydrochloric acid just after the exit of the furnace, and
the calcium and silicon concentrations in this solution were
determined by ICP-OES. The overall water content (free and bound
water) in the samples was determined by weight loss at 1000 °C
during 12 h. All the results are reported in Table 1.

2.2.2. Calcium aluminate solution — CasAl,0g hydration

Tricalcium aluminate (CasAl,0g, cubic) was hydrated in pure water
with a weight ratio of water/CasAl,0g =1000 at 25 °C for 10 days.
Then the suspensions were filtered on a MILLIPORE system (0.1 pm),
the filtrate was kept carefully to minimize CO, contamination and
analysed by ICP-OES in order to obtain the concentration of calcium
and aluminate ions.

2.2.3. Synthesis of C-A-S-H

Known weights of previously synthesised C-S-H were added in
given volumes of fresh Ca3Al,Og filtrate, so as to obtain different C-S-H
molar concentrations, Cc.s.y (mmol L™ 1), ranging from 0.00 to 26.45,
28.30 and 21.53 mmol L™ ! for C-S-H 0.66, 0.95 and 1.42 respectively.
Cc.s-u (mmol L™ 1) is calculated as follows:

mass dry C-S-H 1
XMcyo0 + Msio, = volume of solution

[C,-S-H] =

where Mc,o and Msjo, are the molar weights (g mol™ 1) of Ca0 and
SiO, respectively.

A kinetic study of the ionic composition evolution of the Ca3Al,Og
solution among C-S-H addition was performed with Ccs.y 066 =
10.3 mmol L™, Fig. 1 shows that the ionic composition of the solution
changes drastically within the first minutes after the introduction of the
C-S-H. After a few hours, the concentrations become constant and they
do not change anymore among 14 days. Therefore, the ionic exchanges
between the solution and the solid are fast (few minutes) and after one
day, the system has reached equilibrium. This equilibrium time of one day
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Fig. 2. a: Calcium, silicon and aluminium concentrations in Ca3Al,0g hydration solutions
against C-S-H 0.66 added concentration (mmol of C-S-H 0.66 per litre of Ca3Al,0g
solution). b: Calcium, silicon and aluminium concentrations in CasAl,0s hydration
solutions against C-S-H 0.95 added concentration (mmol of C-S-H 0.95 per litre of
CazAl;,0¢ solution). c: Calcium, silicon and aluminium concentrations in CasAl,Og
hydration solutions against C-S-H 1.42 added concentration (mmol of C-S-H 1.42 per
litre of Ca3Al,0¢ solution).

has been chosen for all the syntheses. After one day of stirring, the
suspensions were filtered to separate the liquid and the solid phases.
Solids were washed and dried as described in Section 2.2.1 and then
analysed by XRD and EDX. Solutions were analysed by ICP-OES.

3. Results and discussion
3.1. Evolution of CasAl,0¢ hydration solution throughout C-S-H addition

The initial Ca3Al,Og filtrate and each sample filtrate were analysed by
ICP-OES to measure the calcium, silicon and aluminium concentrations
in the equilibrium solutions. Fig. 2-a,b,c presents these concentrations
according to the C-S-H added concentration Cc.s.y (mmol L™ 1) in the
CasAl,06 filtrate for C-S-H 0.66, 0.95 and 1.42 respectively. The points

at Ccsy=0 mmol L™' correspond to the pure CasAl,Og filtrate
(without added C-S-H).

Fig. 2-a,b,c shows that, due to the C-S-H solubility, the silicon
concentration increases very slightly upon C-S-H addition. For the
C-S-H 0.66 and 0.95 series, when the amount of C-S-H added is
very low, the calcium concentration remains close to the one in
the Ca3Al,0g solution ([Ca®?*]~5.2 mmol L™!), whereas when the
C-S-H molar concentration is increased, the calcium concentration
tends toward the C-S-H solubility: for Cc.s4;>20 mmol L™, [Ca®™]
rises 1.80 and 3.21 mmol L~ in Fig. 2-a and b respectively. These
two values are close to the calcium concentrations listed in Table 1
for the equilibrium solution of C-S-H 0.66 ([Ca?*]=1.48 mmol L™ )
and C-S-H 0.95 ([Ca?*]=3.35 mmol L™ ).

The behaviour is different for the C-S-H 1.42 series where the
composition of the solution does not reach the solubility of C-S-H 1.42
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Fig. 3. a: XRD patterns of the powdered samples obtained from mixing C-S-H 0.66 in
Ca3Al,06 hydration solution. The initial C-S-H 0.66 pattern is also shown for comparison.
The number on each curve corresponds to the C-S-H concentration, Cc_s.i 0.6, in mmol L~ !
in the CasALOg hydration solution. b: XRD patterns of the powdered samples obtained
from mixing C-S-H 0.95 in Ca3Al,O¢ hydration solution. The initial C-S-H 0.95 pattern is also
shown for comparison. The number on each curve corresponds to the C-S-H concentration,
Cc.s.1 095 inmmol L~ ! in the CasAl, O hydration solution. c: XRD patterns of the powdered
samples obtained from mixing C-S-H 1.42 in Ca;AL,0g hydration solution. The initial C-S-H
1.42 pattern is also shown for comparison. The number on each curve corresponds to the
C-S-H concentration, Cc.s.y 142, in mmol L~ in the CasAl,Og hydration solution.
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which is 16.38 mmol L~ according to Table 1. Actually, the calcium
hydroxide concentration in the initial Ca3Al,0g solution equals
5.5 mmol L™ According to the C-S-H stoichiometry (in terms of
Ca/Si ratio) versus calcium hydroxide concentration in the equili-
brium solution [26-32], the Ca3Al,Og solution is not able to fix a high
Ca/Si ratio, close to the one in saturated calcium hydroxide solution.
Furthermore, the variations of the calcium concentration in this series
are not similar to the 0.66 and 0.95 series. One can notice that it
decreases among the first addition of C-S-H 1.42 and then increases
with more C-S-H 1.42 added.

The variations of aluminium concentration are also different for
series 1.42 compared to the two others. The noteworthy relationship
between the added amount of C-S-H 0.66 and 0.95 and the decrease in
the aluminium concentration is a good hint that aluminates
incorporate the C-S-H. It seems not to be the case for C-S-H 1.42 for
which the aluminium concentration falls down rapidly below 1 mM
for Ce_s_.iy 142>2.15 mmol L~ ! and then tends toward zero for further
addition of C-S-H 1.42.

3.2. Characterization of the solid samples

3.2.1. XRD analyses

All the solids have been analysed by XRD except the samples of
Ccos-n 0.95 = 1.62 mmol L_] and Ccs-n 142 = 0.96 mmol L™ 1 because
the mass of sample available was not sufficient to carry out a powder
diffraction analysis.

All the XRD patterns in Fig. 3-a,b,c show typical tobermorite-type
C-S-H. For the C-S-H 0.66 series, only one pure C-S-H-like phase is
detected. No additional phases, like strdtlingite or AFm were detected,
which is not the case in other studies [12,22]. The same observation is
found for the C-S-H 0.95 series, except that calcite is detected in all
these samples. Nevertheless, the carbonation is limited and the
slight amount of calcite present would have no significant effect on
the C-A-S-H formation. Carbonation only results in the consumption
of OH™ and decreases the pH. The very weak amount of calcium
carbonate which is observed comparatively to the high volume of
solution has a very small incidence on the pH of the solution.

These results demonstrate that the drop of aluminium concentra-
tion observed in Fig. 2-a and b is due to the insertion of aluminate ions
in the C-S-H, leading to the formation of C-A-S-H. In the 26 range
studied, no modification of the C-S-H pattern is observed. This means
that the Al insertion in C-S-H induces no strong structural changes in
the solid. Sun et al. [22] have reported that the basal spacing (derived
from the (002) peak) increases significantly with increasing Al content
in the C-S-H. The low-angle reflections have not been evaluated in the
present study. Therefore we cannot state on this point.

For the C-S-H 1.42 series, Fig. 3-c exhibits that AFm phases, calcium
carboaluminate (Ca4Al,06(C03)o5,11H,0) and strdtlingite (Ca,Al;Si0-,8-
H,0) are observed beside the C-S-H phase. In these series, due to the
increase of the pH, the concentration of carbonate in solution increases
also. By this way, the solution becomes supersaturated with respect to
hemi- and perhaps monocarboaluminate which precipitate. The occur-
rence of AFm phases beside C-S-H in this series is in agreement with the
results in Fig. 2-c where it has been observed that C-S-H 1.42 behaves in a
different way in CasAl,Og hydration solution than C-S-H 0.66 and 0.95.

As a consequence, the aluminate concentration corresponding to
the solubility of these carboaluminate phases is much lower than the
one corresponding to hydroxyl AFm phase (respectively 0.1, 0.05 and
2 mM in 10 mM calcium hydroxide solution (calculated after [33-35])
as seen in Fig. 2-c).

3.2.2. Elemental analyses (EDX, TEM)

The XRD analyses reported above indicate that C-A-S-H free of
crystalline aluminate phase is obtained from the C-S-H 0.66 and 0.95
series. However, one can wonder if amorphous aluminate like aluminium
hydroxide could be present in these samples. Therefore, the elemental

composition of a Al-rich sample (synthesised from 13.24 mmol L™ of
C-S-H 0.66) was extracted from the EDX chemical analyses by TEM.
Especially, the homogeneity of the sample has been verified. Unfortu-
nately, C-S-H like all hydrates is unstable under vacuum conditions and
the analyses should not exceed 2 h, which corresponds to about 15-20
analyses per sample. Three samples (synthesised from 13.24 mmol L™
of C-S-H 0.66) have been probed. The elemental analyses in terms of
Ca/(Al+Si) and Al/Si ratios are depicted in Fig. 4-a and b.

The results show that the Ca/(Al + Si) distribution is quite narrow
and centred to 0.6 4- 0.1 and the Al/Si ratio values are centred to 0.20-
0.25. This indicates that the sample is chemically homogeneous and
that no Al-rich phase exists. Therefore, the occurrence of an Al
amorphous gel within the C-A-S-H does not seem to occur.

According to Fig. 2-a, the C-A-S-H obtained from Ccsy o066 =
13.24 mmol L~ 'is in equilibrium with a solution containing 2 mmol L~ !
of calcium hydroxide. This is about the same equilibrium concentration
as C-S-H 0.66 suspensions [26-32]. It means that C-S-H 0.66 and this
C-A-S-H sample get the same calcium content. Moreover, Fig. 4-a
indicates a Ca/(Al+Si) ratio very close to 0.66 for this C-A-S-H.
Therefore, the C-S-H 0.66 Si content and the C-A-S-H (Al + Si) content
have to be very close in order to get the same Ca/Si and Ca/(Al+ Si)
ratios. This means that, for this low Ca/Si ratio, the main part of the
aluminate ions inserted in the solid is not in addition to the silicate
ions but a substitute part of the latter. This is in agreement with other
studies showing that aluminate ions substitute bridging silicate
according to a tobermorite-like structure [12,14,22,24]. These studies
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Fig. 4. a: Elemental analyses (EDX, TEM) expressed in Ca/(Al+ Si) ratio for the solid
obtained from Ccs.y oes=13.24 mmol L~% b: Elemental analyses (EDX, TEM)
expressed in Al/Si ratio for the solid obtained from Cc_s.i; 0,66 = 13.24 mmol L™ .
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Fig. 5. Evolution of the Ca/(Si + Al) ratio of C-A-S-H synthesised from C-S-H 0.66 and 0.95
versus calcium hydroxide concentration in the equilibrium solution. The Ca/(Si+Al) ratio
values are calculated from mass conservation and chemical analyses of solids and solutions.

indicate an Al/Si ratio close to 1/6 which is in good agreement with
the present value obtained by EDX.

Whereas the Ca/(Al+Si) distributions are narrow and in very
good agreement with the Ca/Si ratio of the initial C-S-H employed
(Ca/Si=0.66), the Al/Si distributions are somewhat dispersed.
Actually, this comes from the very low quantity of Al, no more than
a few atomic percent, in the sample which implies a significant
inaccuracy in the EDX analyses. Therefore, a more accurate chemical
analysis is needed to get the stoichiometry of all the samples. This has
been done by the difference between the initial and equilibrium
concentrations in solution and is presented in Section 3.3.

3.3. Stoichiometry of C-A-S-H

The stoichiometry of each solid, in terms of Al/Si and Ca/ (Al + Si),
has been determined by subtracting the quantities of Al, Ca and Si
present in the equilibrium solution (determined by ICP-OES) to the
initial amounts of Al, Ca and Si coming from the CasAl,0¢ hydration
solution and the C-S-H added. The Ca/(Si+Al) versus calcium
hydroxide concentration and the Al/Si ratios versus the aluminium
bulk concentration for the C-A-S-H synthetised from C-S-H 0.66 and
0.95 are reported in Figs. 5 and 6 respectively. The result for C-A-S-H
synthesised from C-S-H 1.42 is not reported as it does not really make
sense because of the presence of several phases.

3.3.1. Ca/ (Al +Si) ratio
For C-S-H, it is well-known that the Ca/Si ratio increases with the
calcium hydroxide concentration of the equilibrium solution. This is
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Fig. 6. Evolution of the Al/Si ratio of the solid fraction of the three series of C-A-S-H from
C-S-H 0.66 and 0.95, versus aluminate concentration in the equilibrium solution. The
Al/Si ratio values are calculated from mass conservation and chemical analyses of solids
and solutions.

due to an increase of the C-S-H calcium content and a decrease of the
silicon one. These two features should also occur for C-A-S-H. However,
Fig. 5 shows that for the C-A-S-H synthesised from C-S-H 0.66 and 0.95,
no change in the Ca/(Si+Al) ratio occurs against the calcium
hydroxide bulk concentration. It remains at 0.70+0.05 and 0.95+
0.05 respectively. Therefore, in order to maintain the Ca/ (Al + Si) ratio
constant, the aluminium amount in the solid has to compensate first
the silicon loss by Al/Si substitution, and second the calcium gain. This
is in agreement with recent structural studies [5,6,22] showing that
aluminium is mainly in substitution of silicon but also, some are in
insertion at the surface or in the interlayer of the C-A-S-H particles.
According to these studies, these extra aluminium ions balance the
excess negative charge created by the AI>*/Si** substitution.

3.3.2. Al/Si ratio

For C-A-S-H synthesised from C-S-H 0.66, Al/Si aims towards a
quasi-constant plateau, which would mean that the Al saturation of
C-A-S-H has been reached. The maximum Al/Si ratio in the C-A-S-H is
0.19, which is in agreement with several studies in the literature
[12,14,22,24], reporting that approximately 1/6 of all tetrahedra, or 1/2
of the bridging tetrahedra, for a fully polymerized structure, were
substituted. The present results are in agreement with the lower limit
of the EDX analyses of Section 3.2.2. The slight discrepancy with the
EDX results comes from the very low quantity of Al, no more than a few
atomic percent, in the sample which implies a significant inaccuracy in
the EDX analyses.

For the lower aluminium concentrations, the Al/Si ratio of C-A-S-H
synthesised from C-S-H 0.95 is significantly lower than the Al/Si ratio
of C-A-S-H synthesised from C-S-H 0.66. Indeed, Fig. 6 shows that for
[Al]<1 mmol L™, Al/Si for C-A-S-H prepared from C-S-H 0.66 rises
0.18 whereas Al/Si for C-A-S-H prepared from C-S-H 0.95 is no
more than 0.13. In fact, the difference between both series is the
calcium hydroxide concentration. The latter is greater in the 0.95 series
(3-4 mmol L™ for 0.95 series and 2 mmol L~ for 0.66 series
according to Fig. 2-a and b). Then, when the aluminium concentration
is increased up to 2 mmol L™, the calcium hydroxide concentration
for both series becomes the same (around 4 mmol L~ according to
Fig. 2-a and b). Consequently, the Al/Si ratio for both series becomes
the same too. Therefore, the Al/Si ratio is constant for a given solution
composition i.e., same aluminium and calcium hydroxides concentra-
tions. It means that C-A-S-H is in equilibrium within its interstitial
solution. Finally, the Al/Si ratio of C-A-S-H from C-S-H 0.95 starts to
increase exponentially for the last sample at [Al]=2.9 mM (Al/Si=
0.34). This would mean that for this latter sample, for which no XRD
analyses had been possible because solid was not sufficient, AFm
phases precipitate beside C-A-S-H.

Ca Al 0GCO; ) 5 1 1HJO

58
20(°)

Fig. 7. XRD patterns of C-A-S-H (Al/Si=0.19, Ca/(Si+Al)=0.7) equilibrated in
different calcium hydroxide solutions. The weight concentration of C-A-S-H in the
calcium hydroxide solutions is 2 g L™ . The equilibrium calcium hydroxide concentra-
tions are depicted on the graph.
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Fig. 8. Evolution of the Al/Si ratio of the solid against the calcium hydroxide
concentration when initial C-A-S-H (Al/Si=0.19, Ca/(Si+ Al) =0.7) is equilibrated in
calcium hydroxide solutions of increasing concentrations. The filled diamonds and the
open squares correspond to pure C-A-S-H and a blending of C-A-S-H and calcium
carboaluminate respectively.

3.4. C-A-S-H in calcium hydroxide solutions

So far, the conclusion is that no pure C-A-S-H of Ca/(Al + Si)>0.95
can be prepared by immersing C-S-H in Ca3Al,Og hydration solution. It is
disappointing as the high calcium hydroxide concentration occurring in
a typical cement paste stresses high Ca/ (Al + Si) ratios. Another way to
succeed in preparing C-A-S-H of high Ca/(Al+Si) is maybe to
equilibrate pure C-A-S-H of low Ca/(Al+Si) in calcium hydroxide
solutions of increasing concentrations. To do so, previously synthesised
C-A-S-H (Al/Si=0.19, Ca/(Si+Al)=0.7) was immersed at a weight
concentration of 2 g L™ in calcium hydroxide solutions. The initial
calcium hydroxide concentrations were 0 mmol L™, 0.84 mmol L™,
5.5 mmol L™, 10.9 mmol L™, 15.2 mmol L™, 19.1 mmol L™' and
21.6 mmol L™ .

Fig. 7 shows the XRD analyses results of this sample series and the
equilibrium calcium hydroxide concentration for each sample. In
Fig. 7, one can see that a hydroaluminate calcium carbonate phase is
detected in addition to the C-A-S-H phase as soon as the equilibrium
calcium hydroxide concentration equals 5.25 mmol L™,

Fig. 8 presents the evolution of the Al/Si ratio for this series against
the calcium hydroxide concentration. The occurrence of the calcium
carboaluminate for [Ca(OH),]>5.25 mM is well demonstrated in this
figure. Actually, below 5.25 mM, the Al/Si ratio decreases and the
aluminium concentration increases because of the release of alumi-
nate from the C-A-S-H. From 5.25 mM, the calcium carboaluminate
precipitates as demonstrated by XRD, and consequently, the alumi-
nium concentration starts to decrease and the Al/Si ratio is enhanced.
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Fig. 9. Evolution of the Ca/(Al+ Si) ratio of the solid against the calcium hydroxide
concentration when C-A-S-H (Al/Si=0.19, Ca/(Si+ Al) = 0.7) is equilibrated in calcium
hydroxide solutions of increasing concentrations. Filled diamonds: pure C-A-S-H; open
squares: C-A-S-H + AFm.
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Fig. 10. Aluminium versus calcium concentrations for all the samples studied. The three
samples of series “1.42” for which strdtlingite has been observed by XRD are pointed
out. The solubility curves of C;AHg and CasAl,06(C0O3)05,11H,0 are depicted (dashed
and solid curves respectively).

Obviously, this is an overall Al/Si ratio which includes the Al/Si ratios
of both the C-A-S-H and the calcium carboaluminate phases.

Fig. 9 shows the evolution of the overall Ca/(Al + Si) ratio of these
samples against the calcium hydroxide concentration. In this figure,
one can see that the maximum Ca/(Al+ Si) ratio of pure C-A-S-H
(before carbonate AFm precipitation) equals 1.

Therefore, neither by starting from C-S-H and Cas3Al,0¢ hydration
solution nor by equilibrating C-A-S-H in calcium hydroxide solutions,
it has been possible to synthesise pure C-A-S-H of Ca/(Al+Si)>1. In
all cases, calcium hydroaluminate phases have been observed.

The aluminium versus calcium concentrations have been plotted
for all the studied series (see Fig. 10). The occurrence of pure C-A-S-H
can be well-observed in Fig. 10 by comparing these data to the
solubility curves of AFm phases. For instance, the presence of calcium
hemicarboaluminate for [Ca(OH),]>5 mM observed by XRD analyses
is in good agreement with the superimposition of these points with
the solubility curve of calcium hemicarboaluminate in Fig. 10.

Without carbon dioxide in the system, perhaps pure C-A-S-H
would have been obtained for larger ranges of lime and aluminate
concentrations because calcium hydroaluminates are more soluble
than calcium carboaluminates as demonstrated by Fig. 10. However,
strdtlingite has also been observed in a few samples much below the
solubility curve of hydroaluminates and with a solubility comparable
to CayAly06(C03)05,11H,0. Unfortunately, reliable thermodynamic
data on the solubility of strdtlingite are not available and the presence
of strdtlingite under various conditions could not be verified. There-
fore, the present experimental data could be an interesting starting
point to calculate thermodynamic constant concerning stratlingite.

4. Conclusion

Al-substituted-C-S-H (C-A-S-H) samples were synthesised by a
three-step original procedure. This synthesis consists in equilibrating
well-defined C-S-H, previously obtained from CaO, H,0 and SiO,, in
the hydration solution of tricalcium aluminate (CasAl,0g). The latter is
the filtrate of a Ca3Al,0¢ aqueous suspension. This procedure avoids
the presence of foreign ions such as alkali. Afterwards, well-defined
quantities of C-S-H were added in given volumes of freshly Ca3Al,0g
filtrate, so as to obtain different C-S-H molar concentrations Cc_s.y
(mol L™ ). This allows getting C-A-S-H of various Al/Si ratios up to
0.19. A kinetic study showed that the Al insertion in C-S-H is a fast
reaction, typically less than one day. The characterization of the solid
samples by XRD and EDX (TEM) indicates that pure C-A-S-H is
obtained only if the Ca/Si ratio of the initial C-S-H is below 1, which
corresponds to a calcium hydroxide concentration below 4 mmol L™,
Otherwise, calcium carboaluminate or/and strdtlingite are also present
beside C-A-S-H. This feature is also observed when pure C-A-S-H,
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previously synthesised by the procedure described in the present paper,
is equilibrated in calcium hydroxide solutions.

The present experimental data would be of interest for modelling the
thermodynamic equilibria in the C-S-H/aluminates system and deter-
mine thermodynamic constants. However, the presence of aluminate
phases in some samples restricts the knowledge of the C-A-S-H
stoichiometry. In these cases, the overall Al/Si ratio includes the Al/Si
ratios of both the C-A-S-H and the aluminate phases. In order to get the
Al/Si ratio of C-A-S-H alone, semi-quantitative solid-state 2’Al and 2°Si
NMR analyses would be of great interest.
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