Cement and Concrete Research 144 (2021) 106438

ELSEVIER

Contents lists available at ScienceDirect

Cement and Concrete Research

journal homepage: www.elsevier.com/locate/cemconres

Cement and
Concrete
Research

~
The effect of equilibration time on Al uptake in C-S-H el

Sonya Barzgar >, Mohamed Tarik , Christian Ludwig ™, Barbara Lothenbach *

@ Empa, Concrete & Asphalt Laboratory, CH-8610 Diibendorf, Switzerland

b Fcole Polytechnique Fédéral de Lausanne (EPFL), ENAC IIE GR-LUD, CH-1015 Lausanne, Switzerland

¢ Paul Scherrer Institute (PSI), ENE LBK CPM, 5232 Villigen PSI, Switzerland
4 NTNU, Department of Structural Engineering, Trondheim, Norway

ARTICLE INFO ABSTRACT

Keywords:

C-A-S-H
Equilibration time
ICP-OES

TGA

FTIR

Calcium silicate hydrate (C-S-H) is the main hydration product of Portland cements. The partial replacement of
Portland cements by supplementary cementitious materials can result in C-S-H with lower Ca/Si ratios and more
aluminum and alkalis. The effect of equilibration time on Al uptake in C-S-H was investigated using equilibration
times from 7 days up to 3 years. Lower Al concentrations were measured in the solution after longer equilibration
times. In addition, a higher uptake of Al in C-S-H was observed based on the decrease in the content of secondary

phases. Little further decrease in Al concentrations was observed after 2 years and longer at low Ca/Si. At high
Ca/Si no significant change in solution concentrations was observed after more than 3 month, while the
destabilization of secondary phases continued up to 1 year, indicating that a (meta)stable equilibrium was
reached faster at higher Ca/Si ratios.

1. Introduction

Calcium silicate hydrate (C-S-H) is the main hydration product of
Portland cements (PC) and contributes significantly to compressive
strength and other mechanical properties of cement based materials
[1-3]. In order to reduce the CO, emissions from cement production, the
PC can partially be replaced by supplementary cementitious materials
(SCM) such as blast furnace slags, by-products from steel production, fly
ash from coal combustion, or calcined clays [2-6]. The reaction of PC
with SCM with high Si and Al contents changes the composition of C-S-H
with lowering the Ca/Si ratio and increasing the Al/Si ratio [3,7,8]. This
can be relevant for the long-term stability of construction materials [9]
as well as for oil well cement or stabilized filter ashes [10,11].

The incorporation of Al in the C-S-H structure leads to the formation
of so-called calcium alumino silicate hydrate (C-A-S-H) phases, i.e. C-S-
H containing aluminum [12,13]. C-A-S-H phases consist of a calcium
oxide polyhedral layers flanked with “dreierketten” — tetrahedral (alu-
mino) silicate chains — on both sides and water as well as counter-ions (e.
g., Ca%t and OH") in an interlayer between two such layers [14-17].
Two of these silica tetrahedra are linked to the calcium oxide layer and
called pairing tetrahedra, while the third one, the bridging tetrahedron,
links the two pairing tetrahedra [15,16,18]. The interlayer containing
water, calcium, alkalis and other ions connects a number of sheets

together. The silica chain length varies with the Ca/Si ratio. At high Ca/
Si ratios, the silica tetrahedral chains are short [16,19,20]. However, at
Ca/Si ratios in the range of 0.6-0.8, long silicate tetrahedral chains
occur, in which repeating units of one bridging site is connected to two
paired silicate tetrahedral sites on either side [16,18,21,22]. The
incorporation of Al as tetrahedral AlO4 occurs into the bridging sites of
silica tetrahedral chains in which four-fold coordinated Al (A1) is the
dominant environment at low Ca/Si ratios [23], however, at high Ca/Si
ratios five-fold coordinated Al (Alv) and six-fold coordinated Al (AlVI)
are also present [24].

The data available in the literature point towards a possible de-
pendency of C-S-H solubility [22] and of aluminum uptake on the re-
action time [7,12,20,25,26]. The solubility of C-S-H has been observed
to depend also on the synthesis methods, indicating the possible exis-
tence of several metastable C-S-H phases after short equilibration times
[22]. The incorporation of Al in C-S-H investigated after 1 day equili-
bration for C-A-S-H with a Ca/Si = 0.66 [27] and 5 days equilibration for
C-A-S-H with Ca/Si ratios of 0.7 and 0.95 [26] showed a linear increase
of Al uptake in C-S-H with the amount of Al present. No precipitation of
secondary phases such as stratlingite (2Ca0.Al503.5i0,.8H>0), katoite
(3Ca0.Al;03.6H20) and microcrystalline aluminum hydroxide (Al
(OH)3) was reported [26,27]. After equilibration times of 6 months and
longer, in addition to C-A-S-H also the precipitation of stratlingite,
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katoite and AI(OH)3 has been observed in other studies, which lowered
the aluminum concentration in the aqueous solution and thus increased
the Al uptake in C-S-H [16,20,28]. Further analysis revealed that the
content of katoite, which had precipitated in the first months in addition
to C-A-S-H phases, decreased with equilibration time, indicating an
increasing Al uptake in C-S-H with time [12] pointing towards a
continuing restructuring of C-A-S-H.

The main aim of this study was to investigate the effect of different
reaction times on Al uptake in C-S-H. Long- and short-term sorption
isotherms were recorded in order to perform a kinetic study at different
ages of C-A-S-H samples. C-A-S-H samples were synthesized using
different Ca/Si ratios, Al/Si ratios and at different alkali hydroxide
concentrations. Samples were filtrated after different equilibration times
from 7 days to 56 days in short-term experiments and from 3 months to
3 years in long-term experiments. The elemental concentrations of
different ions in the solution were determined by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES).

2. Material and methods

Short- and long-term sorption experiments were performed in order
to investigate the effect of different equilibration times on Al uptake in
C-S-H. In long-term experiments, the synthesis of samples were per-
formed at room temperature by following the same procedure as
detailed in [29] by adding a total of 3.8 g calcium oxide (CaO), silica
fume (SiO,, Aerosil 200, Evonik) and calcium aluminate (CA:
Ca0-Aly,03) into 171 mL of Milli-Q water or NaOH solutions (liquid/
solid = 45 mL/g) to obtain C-A-S-H with different compositions
(Table 1). CaO was obtained by burning calcium carbonate (CaCOs,
Merck, pro analysis) at 1000 °C for 12 h. CA was synthesized by heating
the mixture of CaCO3 and AlpO3 (Sigma Aldrich) at 800 °C for 1 h, at
1000 °C for 4 h and at 1400 °C for 8 h. Then, the mixture was cooled
down with a rate of 600 °C/h. The molar ratios of CaO, SiO5 and CA were
varied in order to obtain C-A-S-H with Ca/Si ranging from 0.6 to 1.4, and
Al/Si from O to 0.1, as indicated in Table 1. In addition, NaOH con-
centrations of 0, 0.1, 0.5 and 1 M were selected to cover the range of pH
values relevant for hydrated cements [20].

In the short-term experiments, C-S-H samples with Ca/Si ratios of 0.8
and 1.2 and 1 M NaOH were synthesized and equilibrated for 1 month.
Afterwards, 0.086 and 0.073 g of sodium aluminate (NaAlOs), corre-
sponding to an Al/Si molar ratio of 0.03 and 1000 mM Na, were added to
the pre-equilibrated C-S-H samples with Ca/Si ratios of 0.8 and 1.2,
respectively. The composition of liquid and solid phases of C-S-H sam-
ples containing Al (C-A-S-H) was measured after 7, 14, 28 and 56 days.

All samples were synthesized in a nitrogen filled glovebox to mini-
mize carbonation and were stored in 200 mL PE-HD containers placed
on a horizontal shaker moving at 100 rpm and equilibrated at 20 °C.
After different equilibration times, the solid and liquid phases were

Table 1

The Ca/Si, Al/Si molar ratios and NaOH concentrations used to prepare C-A-S-H
at 20 °C. (note: the samples were prepared at each combination of Ca/Si, Al/Si
and NaOH concentration with 4 replicates in order to be analyzed after different
equilibration times). (*: samples at Ca/Si ratio of 0.8 were analyzed also after 24
and 36 months).

Experiment  Ca/Si Al/Si NaOH (mol/  Equilibration
L) time

Short-term 0.8 and 1.2 0.03 1 7,14, 28, 56 days
0
0.001
0.003

Long-term 0.6,0.8*,1.0,1.2 and 0.01 0,0.1,0.5,1 3and 12

1.4 months*

0.03
0.05
0.1
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separated by vacuum filtration using nylon filters (pore size: 0.45 pm)
and analyzed.

2.1. Solution phase analysis

ICP-OES was used to measure the elemental concentrations of Na,
Ca, Si and Al in the filtrates. The samples were first acidified with HNO3
to have 1% HNOg (using Suprapur HNOs, Merck). In order to keep the
Na concentrations below 1100 mg/L for the ICP-OES analysis, the
samples were diluted with 1% HNOj;. Multi-standard solutions and
blank solution (1% HNOs3), containing Al, Ca and Si, were prepared in
the range from 0 to 20 mg/L (0, 0.2, 2 and 20) for ICP-OES.

The pH measurements were made at room temperature with a Knick
pH meter (pH-Meter 766) equipped with a Knick SE100 electrode to
measure the hydroxide concentration (OH™) on the undiluted samples
on the day of the filtration. The pH electrode was calibrated against 0.1,
0.2, 0.5 and 1 M NaOH solutions in order to minimize the alkali error
[301.

2.2. Solid phase analysis

In order to investigate the effect of equilibration time on the
composition of the solid phase, analysis were performed using Ther-
mogravimetric Analysis (TGA), X-Ray Diffraction (XRD) and Fourier-
Transform Infrared Spectroscopy (FTIR). Prior to analysis, the filtrated
samples were washed first with a 50%-50% (volumetric) water-ethanol
solution and then with 94% ethanol inside the glovebox to avoid the
precipitation of alkali compounds during drying and to remove the free
water, respectively. The samples were then dried in the freeze dryer for
one week and then stored until analysis (at least 1 week) in nitrogen
filled desiccators in the presence of saturated CaCly.2H;0 solution,
which generates a relative humidity of 30%, following the procedure
described by [25,28].

TGA data were acquired using a TGA/SDTA851e Mettler Toledo
device. The weight loss of approximately 30 mg of each sample was
recorded under Ny atmosphere from 30 °C up to 980 °C with a heating
rate of 20 °C/min. The water loss of stratlingite, AI(OH)s, katoite, por-
tlandite and CaCO3 was quantified using the tangential method and the
theoretical weight loss of solids based on the measured weight loss be-
tween 150-240, 240-300, 300-350, 350-450 and 600-800 °C, respec-
tively [31], was used to calculate the amount of these solids.

The X-ray powder diffraction patterns were recorded using the
PANalycatical X’Pert Pro MDF diffractometer equipped with an X’Cel-
erator detector. The diffraction patterns were collected in increments of
5° to 55° 20 at a conventional step size of 0.026° 20 and a step mea-
surement time of 447 s. The presence of different phases was determined
with X’Pert HighScore Plus.

FTIR spectra were recorded in the range of 400-4300 cm™! on a
Bruker Tensor 27 spectrometer with a resolution of 4 cm™! by trans-
mittance on small amounts of powder. To make the comparison easier,
the spectra were corrected for background and scaled to the maximum
signal of Si—O bonds at 1100 cm™!. The second derivative of the
measured transmittance (T) over the wavelength (W): d2T/dW2, were
also plotted in order to better identify the different bands and differ-
entiate the wavenumbers [32].

The elemental composition in C-A-S-H was calculated by mass bal-
ance taking into account the initial quantities, the amount of Al, Ca, Si
and Na in secondary phases, if present and the fraction of Al, Ca, Si and
Na in solution as detailed in [29].

2.3. Thermodynamic modeling

Thermodynamic modeling was performed with Gibbs Free Energy
Minimization (GEM-Selektor) software [33,34], version 3.7. The PSI-
Nagra thermodynamic database [35] was used to obtain the thermo-
dynamic data for aqueous species, portlandite and amorphous SiO». The
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solubility of microcrystalline AI(OH)s, stratlingite, C-S-H and katoite
was taken from the Cemdatal8 database [36] and the data for the
zeolitic phases such as Ca-gismondine (CaAl,Si,Og 4.5H;0) and OH-
sodalite (CagAlgSigO24(OH)2 2H20) from [37]. The CSHQ thermody-
namic solid solution model was used in order to model the concentra-
tions in the C-S-H system [33]. The activity coefficients of the aqueous
species y; were calculated using the extended Debye-Hiickel equation
(Eq. (1)) with common ion-size parameter q; = 3.31 A for NaOH solu-
tions [38] and common third parameter b, according to

A2V

+b,1 1
1+ Bya,»\/i : m

logy; =

where z; denotes the charge of species i, I the effective molal ionic
strength, by is a semi-empirical parameter (~0.098 for NaOH electrolyte
at 25 °C), and A, and B, are P, T-dependent coefficients. This activity
correction is applicable up to ~1 M ionic strength [39].

Solubility products (Ks,) for C-A-S-H were calculated from the
generalized dissolution reaction shown in Eq. (2):

. Ky, S _
(Ca0), (5i02), (ALOs), (Hzo)d(s)g aCa™ (uq) +bHSIO3 ™ (4q) +2¢AI0; ™ o)

=+ (261 — b — 20)0H7<3q) + (C + d — a) HzO(l) (2)
where a, b, ¢ and d are the respective stoichiometric coefficients for

Ca0, SiOy, Al03 and H0 in C-A-S-H. This reaction implies the
following relationship for K;, for Ca/Si = 0.8 (Eq. (3)):

Ky = {Ca® g 7

~{OH ()

. {HSiOS,(aq) }[].97] X {Aloz,(aq) }().(PZ‘)
-{H,00 }"" 3
And for Ca/Si = 1.2 (Eq. (4)):

}0,554

0.029

Ky = {Ca¥ g }" {HSi05™ g }"7" - {AI0) ™ }
{OH (g} {04} 4

Activities of Ca®" (), HSIO3 ™ (44, AlO2 ™ (1), OH (o) and HzO() species
were calculated with GEM-Selektor v3.7 using the measured concen-
trations of Ca, Si, Al and OH™ in the supernatants.

The saturation index (SI) of different solids according to SI=log IAP/
K, was calculated using the elemental concentrations of Al, Ca, Si and
Na. The ion activity product (IAP) was calculated based on the measured
concentrations in solution. A positive saturation index (> 0) indicates
that the solution is oversaturated with respect to this solid phase and
that this phase could possibly precipitate. A negative value indicates
undersaturation. The SI calculation was used to verify the solid phase
composition found experimentally.

3. Results and discussion
3.1. The effect of time on solid phase

3.1.1. The effect of equilibration time on secondary phases

The changes in the water content of C-A-S-H and the possible pres-
ence of secondary phases with time are followed by TGA. The TGA
analysis of C-A-S-H samples after different equilibration times of 7 days
up to 3 years are shown in Fig. 1. The water present at the surface and
interlayer of C-S-H is lost over a broad temperature range up to 150 °C in
agreement with different studies on C-S-H [28,40]. An additional weight
loss is observed for the samples after 7, 14, 28 and 56 days at ~430 °C,
although no crystalline phases have been observed to be present by XRD
after 3 months [29]. This weight loss has been observed previously for C-
S-H in the presence of Na and Al and was tentatively assigned to an
unidentified calcium sodium aluminate silicate hydrate (C-N-A-S-H)
[25]. This poorly defined weight loss is absent after 2 and 3 years of
equilibration and no other solids were detected by TGA and XRD [29].

The physically bound water content of C-S-H is strongly dependent
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Fig. 1. The TGA of C-A-S-H after different equilibration times for Ca/Si = 0.8
and 1 M NaOH. (* signals assigned to an unidentified calcium sodium aluminate
silicate hydrate (C-N-A-S-H) phase [25]).

on the drying procedure, duration and the relative humidity [41],
resulting in some variation of the total weight loss up to 600 °C as shown
in Fig. 1. Based on the TGA data the HoO/Si ratios have been calculated
and compiled in Supplementary Information A. Despite some variation
of the data, the H,O/Si ratios are around 1.05 + 0.15 for equilibration
times from 7 days up to 2 years, however, a bit lower (0.85) after 3 years
equilibration.

The presence of Al could also lead to the formation of secondary
phases containing Al. Microcrystalline Al(OH)3; and stratlingite are
observed by TGA mainly at low Ca/Si ratios and in the absence of NaOH,
katoite mainly at higher Al contents but at all Ca/Si ratios and pH values
(Supplementary Information A). In addition, the formation of zeolites or
zeolitic precursor like Ca-gismondine and sodalite cannot be excluded at
low Ca/Si ratios and high NaOH concentrations, although they are not
clearly observed by TGA or XRD, as at Ca/Si = 0.6 some solutions are
moderately oversaturated with respect to sodalite and at Ca/Si = 0.8
with respect to gismondine (Supplementary Information C). The TGA
signal of the samples without alkali at Ca/Si ratio of 0.8 is also shown in
Fig. 2a and b and at Ca/Si = 1.4 in Fig. 2¢c. While no or very little sec-
ondary phases are observed at Al/Si of 0.03 or lower, secondary phases
are observed at higher Al/Si ratios in agreement with the observations of
L’Hopital et al. [7]. Fig. 2 shows that increasing the equilibration time
from 3 months to 3 years for samples with Al/Si = 0.1 and 0.2 leads to a
decrease in the amount of secondary phases such as stratlingite,
aluminum hydroxide and katoite. At Ca/Si = 0.8 and Al/Si ratio = 0.1,
1.4 wt% katoite is observed after 3 months equilibration which de-
creases to a non-detectable level after 3 years, while the solution re-
mains undersaturated. Similarly at Al/Si = 0.2, increasing the
equilibration time from 3 months to 3 years leads also to a decrease in
the amount of AI(OH)3 (from 1.4 wt% to 0.29 wt%) and katoite (from
2.1 wt% to 0.18 wt%) (Fig. 2b). An increase in equilibration time from 1
year to 3 years at Al/Si = 0.2 decreases the amount of stratlingite from
0.58 wt% to a non-detectable level. Also at Ca/Si ratio of 1.4 (Fig. 2¢) the
amount of katoite decreases from 1.9 wt% after 3 months to a non-
detectable level after 1 year (around 0.28 wt%).

The XRD pattern of C-A-S-H samples at Ca/Si = 0.8 and Al/Si = 0.1 in
the absence of NaOH is shown in Fig. 3. A trace of stratlingite and Al
(OH)3 is observed only after 3 months equilibration. In addition, the
presence of katoite is observed after 3 months and 1 year equilibration,
however, it disappears after 2 and 3 years. The decrease in the quantity
of katoite with time is in agreement with TGA results as shown in Fig. 2a.
L’Hopital et al. also observed katoite in addition to C-A-S-H phases after
6 months equilibration and suggested that katoite has formed initially
from strongly oversaturated solutions and its quantity decreased with
time for C-A-S-H at Al/Si = 0.1 as the solution was undersaturated with
respect to katoite at the time studied [12]. The SI, in Supplementary
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Fig. 2. The effect of equilibration time on the composition of secondary phases for a) Ca/Si = 0.8 & Al/Si = 0.1; b) Ca/Si = 0.8 & Al/Si = 0.2 and ¢) Ca/Si = 1.4 &
Al/Si = 0.1 in the absence of NaOH.

Information C, also show more negative values for stratlingite, AI(OH)3 example, for samples without alkali for Ca/Si ratio of 0.8 the SI values
and katoite with an increase in time. The SI values for a same Ca/Si and for AI(OH)3 decrease from —0.6 to —1.8 and from —0.5 to —1.8 when
Al/Si ratio decrease with increasing the equilibration time, which is moving from 3 months to 1 year equilibration for Al/Si ratios of 0.1 and
consistent with a decrease in the content of secondary phases. For 0.2, respectively. The observed destabilization of AI(OH)s, stratlingite
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Fig. 3. The XRD pattern of C-A-S-H as a function of equilibration time in the

absence of NaOH for Ca/Si = 0.8 and Al/Si = 0.1 (C: C-A-S-H, K: katoite, A: Al
(OH)3, S: stratlingite).
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Fig. 4. The FTIR spectra for C-A-S-H samples without alkali at Ca/Si = 0.8 for
2 years equilibration and different Al/Si ratios: a) transmittance (T) vs. wave-
length (W) and b) 2" derivative of the transmittance d>T/dW? vs. wavelength.

and katoite with time as reported in [7,12] and in the present paper,
indicates consistently an increased uptake of aluminum in a thermody-
namically more stable C-A-S-H phase with time.

3.1.2. The effect of equilibration time on the structure of C-A-S-H

The changes in the structure of C-A-S-H are investigated by FTIR for
the samples with Ca/Si ratios of 0.8 and 1.2. All the FTIR spectra show
absorption bands at 1300-850 cm™!, which are typical for
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Fig. 5. The FTIR spectra for C-A-S-H samples without alkali at Ca/Si = 0.8 and
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aluminosilicates and assigned to the asymmetric and symmetric
stretching vibration of Si-O-Si and Si-O-Al bonds in [Si04]4’ and
[AlO4]°~ [42-44]. The signal observed at around 665 em s assigned
to Si-O-Si bending vibrations and water librations and shows little var-
iations with Ca/Si [45-50]. The signal at 820 cm ! is related to Si—O
stretching of Q! tetrahedra and is more intense at high Ca/Si ratios. The
main signal ranging from 900 to 1200 cm ™ is assigned to the stretching
and deformation or bending vibration of the Si—O bands [51]. The band
centered in the range 950-970 cm™! has often been attributed to Q2
silica units of C-S-H [50,52,53]. However, a recent publication high-
lighted that the several bands contribute to that band at around 970
cm ! [51]. Two bands at ~930 cm™! and ~1060 cm™! are associated
with QZ-silicate species, and a third band at ~1005 cm ! is attributed to
Ql—silicate species [51]. This is in agreement with the observation of Yu
et al. [50], where a higher intensity of shoulder above 1000 cm ™! was
established at higher Ca/Si ratios. Bands in the range of 500-750 cm !
can be assigned to the stretching vibrations of AI—O bonds of the
octahedrally coordinated Al, and bands in the range of 750-900 cm ! to
the vibrations of AI—0O bond in AlO4 units [54]. The band at about 880
cm™! has been associated with the stretching vibration of Al-O-Si (ter-
minal bond) [55]. The symmetric bending of Al-O-H have been reported
in the range of 1034-1075 cm™! [58-60].

Fig. 4 shows the FTIR spectra for samples with Ca/Si ratio of 0.8 with
no Al and with 0.03 and 0.1 Al/Si. The intensity of the shoulders at 880
cm™! and 1050 cm™! increases with increasing Al/Si ratios indicating
the presence of more Al in C-S-H by increasing Al contents in the sam-
ples. Moreover, the intensity of the shoulder for Si—O stretching
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vibration of Q? sites at 930 cm ™! increases with increasing Al content, as
is visible in Fig. 4a, which could be related to the replacement of silica in
the Q2 sites by Al

The effect of equilibration time on C-A-S-H composition is repre-
sented in Fig. 5 for samples without alkali for Ca/Si ratio of 0.8 and Al/Si
ratio of 0.2. The main difference is observed in the intensity of the Al-O-
H shoulder at around 1050 cm™! which increases with longer equili-
bration time indicating a rearrangement of the Al over time (Fig. 5a).
Moreover, the intensity of Si—O stretching of Q? sites at 930 cm ™! in-
creases with equilibration time, which could indicate longer silica
chains with time. No clear changes are observed in the intensities of the
other signals.

Fig. 6 shows the effect of equilibration time on C-A-S-H in the pres-
ence of 1 M NaOH for Ca/Si ratios of a, b) 0.8 and ¢, d) 1.2. At Ca/Si of
0.8, the intensity of (Si—0) Q! peak at 820 cm™! is higher than in the
alkali free samples (Fig. 5) indicating the presence of more end-of--
chain-SiO; groups and thus shorter silica chain length in the presence of
high alkali hydroxide concentrations, in agreement with Si-Nuclear
Magnetic Resonance (NMR) observations of similar samples
[20,25,61]. At Ca/Si of 1.2, the intensity of the band at 820 em ! s
higher, consistent with the shorter silica chain length expected at higher
Ca/Si ratios. For both Ca/Si ratios of 0.8 and 1.2, the intensity of (Si—0O)
Q! peak at 820 cm ™! increases with an increase in equilibration time. At

0.8; b) 2" derivative of the transmittance d*T/dW? vs. wavelength for Ca/Si =
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0.8; ¢) transmittance vs. wavelength for Ca/Si = 1.2 and d) 2" derivative

Ca/Si = 0.8, the signal of Si—O stretching vibration at around 950 cm
shows a splitting into two signals at low equilibration times up to 56
days, while at later times only one signal is observed. Such a splitting of
the signal can indicate a low symmetry [62]. When structural sites are
present as groups of nonequivalent sites, it results in a splitting of the
absorption bands indicating a low symmetry. The disappearance of this
signal splitting indicates that environment becomes more symmetric
with time, which suggests a structural rearrangement in the C-A-S-H at
least up to 90 days. The Si—O stretching vibrations around 950 cm ™
and 910 cm ™! move to a lower wavelength with time for Ca/Si ratio of
0.8 and 1.2, respectively. Also, the intensity of the signal at around 665
em !, which is related to the Si-O-Si vibrations and water librations
[50], decreases with time which could indicate a restructuring of the
water with time in the C-A-S-H structure. Less clear changes are
observed at Ca/Si = 1.2, indicating that less rearrangement occurs at a
higher Ca/Si ratio which is consistent with the observations in the liquid
phase as discussed in Section 3.2.2.

3.2. The effect of time on aqueous concentrations and Al uptake

3.2.1. The effect of short and long equilibration times on C-A-S-H
The effect of equilibration time on Al uptake in C-S-H for Ca/Si ratios
of 0.8 and 1.2 for samples containing 1 M NaOH is shown in Fig. 7. For
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Fig. 8. The Al sorption isotherm on C-A-S-H for Ca/Si = 0.8 and 0.1 M NaOH
recorded after different equilibration times. The darkness of colors indicates an
increase in equilibration time; 3 months indicated by the lightest and 3 years
represented by the darkest symbols. The lines serve as eye-guides only.

both Ca/Si ratio of 0.8 and 1.2 the Al concentrations seem quite constant
between 7 and 28 days, but decrease clearly after 56 days, i.e. at the time
when the FTIR signals indicate a clear structural rearrangement as
shown in Fig. 6. This indicates an increase in Al uptake in C-S-H over
time at both Ca/Si ratios. Little further change in Al concentration is
observed at Ca/Si = 1.2 between 3 months and 1 year equilibration time
indicating that a (meta)stable equilibrium might have been reached. In
contrast, for Ca/Si = 0.8 the Al concentrations in solution continue to
decrease, albeit more slowly, up to 3 years equilibration, indicating that
equilibrium is reached slower at low Ca/Si than at high Ca/Si ratios.
This very slow ripening at low Ca/Si is visible in the presence of 0.1
M NaOH as shown in Fig. 8, where the Al uptake in C-S-H for the Ca/Si
ratio of 0.8 is plotted from 3 months to 3 years (data for 0.5 and 1 M
NaOH are shown in Supplementary Information D). In agreement with
results discussed above, the decrease of Al concentrations and hence the
uptake of Al in C-S-H accelerate over time. Increasing the equilibration
time from 3 months to 1 year leads to a more distinct lowering of Al
concentrations compared to the change from 1 year to 2 years. In fact,
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little changes in the Al concentrations are observed between 2 and 3
years equilibration indicating that the reaction of Al with C-S-H is
approaching a metastable equilibrium after 2 years.

3.2.2. The effect of Ca/Si, NaOH and time on Al uptake in C-S-H

Fig. 9 shows the effect of equilibration time on the Al uptake in C-S-H
at 5 different Ca/Si ratios of a) 0.6; b) 0.8; ¢) 1.0; d) 1.2 and e) 1.4. It can
be seen (Fig. 9a-c) that at Ca/Si ratios of 0.6, 0.8 and 1.0 the aluminum
concentrations decrease significantly with increasing the equilibration
time from 3 months to 1 year. However, at higher Ca/Si ratios of 1.2 and
1.4 (Fig. 9d and e) the Al concentrations in solution do not change
significantly with time.

Moreover, the change in Al concentrations over time is more distinct
at lower NaOH concentrations compared to higher concentrations. In
fact, for an increase in equilibration time from 3 months to 1 year the
relative decrease in Al concentrations is higher for no alkali and 0.1 M
NaOH, however, it is less in the presence of 0.5 M and 1 M NaOH. Since
Al concentrations in solution are higher in the presence of higher NaOH
concentrations (0.5 and 1 M), the changes in the concentrations over
time are less visible. The measured concentrations of Al, Ca, Si and OH™
in solution are compiled in Supplementary Information B.

3.2.3. The effect of equilibration time on Ca and Si concentrations in
solution

The results presented above, in particular, the decrease of secondary
Al-containing phases with time and the decrease of Al concentrations in
solution with time in the absence of secondary phases indicate the slow
formation of thermodynamically more stable C-A-S-H phases with time.
The effect of equilibration time on the concentrations of Ca and Si in
solution at Ca/Si ratios of a) 0.8 and b) 1.2 is shown in Fig. 10 (data for
the other Ca/Si ratios are shown in Supplementary Information E). The
data measured at different Ca/Si ratios and at O to 0.1 Al/Si ratios are
plotted as symbols as a function of pH and compared to the expected
solubility of C-S-H indicated by lines. The measured values deviate to
some extent from the modelled data, since the CSHQ model was
developed based on data for alkali free C-S-H only [33,34] and needs to
be further extended to describe the changes at high pH values and the
uptake of alkalis in C-S-H as discussed in L’Hopital et al. [25].

In the absence of alkali hydroxide the Si and Ca concentrations do
not vary significantly with time. At low Ca/Si ratios of 0.6 (Fig. E1 and 2
in Supplementary Information E) and 0.8 (Fig. 10a and b), no significant
changes are observed in the Ca and Si concentrations in the absence of
alkali hydroxide. The saturation indexes (SI) calculated from the
measured concentrations indicate that the solution is near to saturation
with respect to C-S-H in all cases. The solution is generally under satu-
rated with respect to amorphous SiO (with the exception of Ca/Si = 0.6
without NaOH), microcrystalline Al(OH)s3;, katoite and stratlingite
indicating that these phases will dissolve if precipitated initially. The SI
values for different phases are presented in Supplementary Information
C. At high alkali concentrations (12 < pH < 14), however, the Si con-
centrations slightly decrease in particular from 3 months to 1 year
(Fig. 10b). Little variation with time is observed for Ca, with the
exception of the outlier values after 1 year for Ca/Si = 0.8 at 0.1, 0.5 and
1 M NaOH, where might some contaminations prior to the Ca mea-
surements had occurred). The observed changes in Si concentrations at
high alkali concentrations can be associated to the disappearance of an
unidentified calcium sodium aluminate silicate hydrate (C-N-A-S-H)
phase with time, which is only observed at high alkali concentrations
[25].

Athigh Ca/Siratios of 1.0, 1.2 and 1.4 (Ca/Si > 1.0) the changes in Si
and Ca concentrations in solution are small as shown in Fig. 10c and
d (and Fig. E3-E6 in Supplementary Information E). At Ca/Si = 1.4 and
high pH values, the Ca concentrations are also limited by the possible
presence of portlandite.
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3.2.4. The effect of equilibration time on C-A-S-H solubility

The solubility of C-A-S-H depends on the composition of the solid, i.e.
the amount of Ca, Si and Al in the C-S-H structure, and is often described
with solid solution models using different end-members [33,63,64]. The
development of such solid solution models is generally based on a large
number of experimental data and is a complex and challenging task,

which is not within the focus of the present paper. However, the solu-
bility of a single composition in equilibrium with the solution can easily
be calculated based on the measured elemental concentrations.

The C-A-S-H solubility with Ca/Si ratios of 0.8 and 1.2 at Al/Si =
0.03 and 1 M NaOH is calculated as detailed in Eq. (3) and (4), assuming
a constant composition of the solid C-A-S-H and is shown in Fig. 11 after
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different equilibration times. The solubility product of C-A-S-H with Ca/
Si = 0.8 equals to 10%4*%-2 and does not change significantly with time
indicating that the solubility is not dependent on the equilibration time.
The observed decrease in Al concentrations with time due to its uptake
in C-S-H is compensated by the small variations in Ca and Si concen-
trations. At Ca/Si = 1.2, a solubility product of 1071%°%%3 js observed
with a tendency to increase from 10 %8 to 1071%2 from 7 days to 1 year.
The derived values of the solubility products of 108402 for Ca/Si = 0.8
and the somewhat lower values of 10719503 for Ca/Si = 1.2, agree well
with the changes of the solubility products with Ca/Si ratio for C-S-H
reported e.g. in [63]. The absence of any big changes in the solubility
product with time despite the decrease in Al concentrations is an
important result, which will help for the development of thermody-
namic models for C-A-S-H.

4. Conclusions

The Al uptake in C-S-H was investigated after different equilibration
times between 7 days to 3 years using sorption isotherm experiments.
The experiments indicated that Al uptake in C-S-H increases with
equilibration time and this change over time is more distinct at low Ca/
Si ratios than at high Ca/Si ratios indicating that equilibrium is reached
faster at high Ca/Si ratios. At low Ca/Si ratios, changes in Al and Si
concentrations in solution were observed up to 3 years, although the
changes were less important for the aged samples.

The solubility of C-A-S-H was calculated with thermodynamic
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modeling using the concentrations measured after different equilibra-
tion times for C-A-S-H with Ca/Si ratios of 0.8 and 1.2. The calculation
indicated that the solubility of C-A-S-H with Ca/Si = 0.8 and 1.2 does
not change significantly with equilibration time.

In addition to the C-A-S-H phase, also secondary phases such as
stratlingite, Al(OH)3; and katoite formed initially, in particular at higher
Al contents. Their content decreased in all cases after longer equilibra-
tion times indicating the dissolution of such secondary phases and an
increase in uptake of Al in C-S-H. The FTIR analysis showed a restruc-
turing of the C-A-S-H phase with time and this change is more significant
at lower Ca/Si ratios.
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