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The effect of equilibration time on the composition, structure and solubility of calcium aluminate silicate hydrate
(C-A-S-H) was investigated in 0.5 M NaOH solutions at Al/Si = 0.1. Longer equilibration time led to longer silica
chains, to less Na and, to more Ca in C-A-S-H, as well as to an increased fraction of tetrahedral Al(IV) charge-
balanced by Ca?*. Aluminium, calcium and silicon concentrations in solution changed rapidly during the first
day, while after 14 days only minor changes were observed. The long-term concentrations could be reproduced
well by the thermodynamic CASH+ model. Over a longer time span of up to 10 years, a slow redistribution of Si

and Al in C-A-S-H as well as the partial replacement of Na™ by Ca%* in the interlayer space was observed. This
study highlights the importance of considering the effect of time on C-A-S-H structure.

1. Introduction

The equilibration time in cement-based materials is an important
factor. Cement hydration occurs at the moment of contact between
cement and water and the rock-like cementitious processes in Roman
concrete are continuing to take place even after 2000 years [1]. Equil-
ibration time can influence the variety of hydrates formed in cementi-
tious systems. In Portland cements and many blended cements
portlandite initially precipitates and might be then (partially) consumed
by reacting with Si- or Al-rich supplementary cementitious materials
(SCMs). Ettringite forms during early hydration and can then convert to
monosulphate phases later in the absence of carbonate. Although C-A-S-
H is still the main hydration product, zeolites (phillipsite) and Al-
tobermorite have been observed in Roman concrete equilibrated for
2000 years [1], indicating that also the composition and structure of C-
(A-)S-H could be affected by the equilibration time.

The structure of calcium silicate hydrate containing aluminium (C-A-
S-H) has been studied for decades. These products have a layered
structure, similar to the tobermorite group minerals shown in Fig. 1,
which contain calcium oxide sheets sandwiched between

aluminosilicate chains in a “dreierketten” arrangement. The two “pair-
ing” silicate tetrahedra in the aluminosilicate chains are coordinated
with CaO in the main layer. A third tetrahedron with bridging Si links
two pairs of silicate units. The silicon in the bridging tetrahedral site can
be substituted by aluminium [2-5]. Also cross-linking between alumi-
nosilicate chains has been observed in low-Ca (Ca/Si < 1) cements [6,7]
and at elevated temperatures [8-11] resulting in disordered analogues
of ‘double chain’ calcium silicate minerals, such as 11 A tobermorite
(Fig. 1(a)). The long-range order of C-(A-)S-H is reported to increase
with higher curing temperature [11].

Despite numerous studies on the chemistry and structure of C-(A-)S-
H [4,10,11,13-25], the effect of equilibration time on its solubility,
composition and structure is poorly understood. A recent in-situ FTIR
study from John et al. [26] showed a development of the silicate
structure of synthetic C-S-H from 0 to 24 h and Pardal et al. [27] re-
ported clear changes in calcium, aluminium and silicon concentrations
in the aqueous phase of C-A-S-H with Ca/Si 0.66 from 0.05 to 20 days;
unfortunately the solids present have not been characterized. Sun et al.
[4] studied the effects of Al on C-S-H with synthesis time ranging from 1
week to 4 months and observed no clear difference. L’Hopital et al.
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Fig. 1. Schematic structure of (a) cross-linked 11 A Al-tobermorite and (b) non-
cross-linked C-A-S-H, adapted from [12]. Spheres of blue, golden, turquoise,
yellow, red and white colors represent Si, Al, Ca, Na, O and H, respectively. The
dashed circles are Si tetrahedra vacancies in bridging sites. Q" n indicates the
numbers of Si tetrahedral neighbors. Subscripts: b: bridging position, p: pairing
position, Al(IV): Al in tetrahedral coordination, Al(V): Al in pentahedral coor-
dination and AI(VI): Al in octahedral coordination. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

[18,19], also reported little change in the aqueous phase when studying
C-A-S-H with a Ca/Si ratio of 1.0-1.6 over a period of 30 days to 2 years.
However, they did observe a decrease in the amount of secondary
phases, such as katoite and porlandite, which indicate the presence of
additional Al and Ca in C-S-H. A better ordering C-S-H is also observed
with longer equilibration time. Barzgar et al. [28] similarly reported a
decrease in secondary phases and also a decrease in the aqueous Al
concentration over time, indicating a slow restructuring of C-A-S-H.
However, the use of different preparation methods for the short-term
and long-term experiments in these studies led to considerable scatters
in the results.

In this study, 61 C-A-S-H samples with different equilibration time
from 6 h up to 10 years were synthesized and characterized to assess the
time influence on the C-A-S-H composition and structure. This study is
also focused on the interplay between the aqueous concentrations of
relevant ions, composition, Al and Na uptake and the C-A-S-H structure.
The availability of a comprehensive set of solubility data for C-A-S-H
with different equilibration time is necessary for the development of
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more accurate models to describe kinetics, hydration, durability and
performance of cement-based materials. The experimental results are
compared with the predictions generated by the CASH+ thermodynamic
solid solution model [29-32] that accounts for the uptake of aluminium
and alkali in C-S-H.

2. Materials and method
2.1. Synthesis procedure

SiO, (Aerosil 200, Evonik), CaO, CaO-Al,03 (CA) and 0.5 M NaOH
solutions at a liquid/solid ratio of 40 or 45 (mL/g) were used to syn-
thesize C-N-A-S-H. The synthesis of CaO and CA followed the procedure
in [18]. The target molar ratios of Ca/Si in C-A-S-H samples were Ca/
Sitarget = 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6; the target molar ratio of Al/Si
was Al/Sitarger = 0.1. The mixing proportions used to prepare C-A-S-H
are shown in Table Al.

Different mixtures were equilibrated for varying durations to study
the behavior of C-A-S-H. Short-term C-A-S-H slurries, with a liquid/solid
ratio of 40 (mL/g), were equilibrated for durations ranging from 6 h to
90 days. Long-term C-A-S-H slurries, with a liquid/solid ratio of 45 (mL/
g), were equilibrated for durations ranging from 90 days to 10 years
(3650 days). The C-A-S-H sample preparation, filtration (nylon filter,
0.45 pm), washing, drying and storage at 35 % relative humidity prior to
characterization, followed the same procedure described in detail by
L’Hopital et al. [19].

2.2. Analytical techniques

2.2.1. Solution analysis

The composition of the liquid phase was analyzed by ion chroma-
tography (IC) as soon as possible after filtration (and diluted if necessary
with MilliQ water) to avoid any carbonation and/or precipitation. The
concentrations of Ca, Na, Al and Si were quantified using a Dionex DP
series I1CS-3000 ionic chromatography system. Independent measure-
ments of solutions with known compositions indicated a measurement
error of <10 %.

The pH measurements were carried out in a non-diluted fraction of
the solution with the Knick pH meter (pHMeter 766) equipped with the
Knick SE100 electrode. The pH electrode was calibrated against NaOH
solutions of known concentrations to minimize alkali error using the
method detailed in [33]. The pH values were measured at laboratory
temperature (23 to 24 °C) and corrected to 20 °C by adding +0.1 pH unit
to take into account the effect of temperature on the pH measurement
[18].

2.2.2. Solid phase analysis

Thermogravimetric analysis (TGA) was conducted on ground pow-
der (~20-30 mg) under nitrogen atmosphere at a heating rate of 20 °C/
min from 30 to 980 °C with a Mettler Toledo TGA/SDTA 8513 instru-
ment. Mass losses between 30 and ~ 600 °C were assigned to dehy-
dration and dehydroxylation of C-A-S-H and portlandite during heating.
Portlandite was quantified based on the weight loss between =~ 350 and
~ 500 °C using the tangential method [34] and double-checked with X-
ray diffraction and Rietveld refinement analysis. Assignment of the
weight loss peaks to the different hydrates was done based on the
reference measurements given in [34].

Powder X-ray diffraction (XRD) data were collected using a PAN-
alytical X’Pert Pro MPD diffractometer equipped with rotating sample
stage in a 6-20 configuration applying Cu radiation (. = 1.54 A) at 40
mV voltage and 40 mA, with steps of 0.019° 26 with a fixed divergence
slit size and an anti-scattering slit on the incident beam of 0.25° and 0.5°
260. The samples were scanned between 5° and 70° 26 with an X’Celer-
ator detector. Profile fittings were performed to determine the d-spacing
and the full width at half maximum (FWHM) of the (001) reflection of C-
S-H. The diffraction profiles were generated using the Pseudo-Voigt
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Fig. 2. XRD and TGA of C-A-S-H with (a) and (b) target Ca/Si = 0.6, (c) and (d) target Ca/Si = 1.0, (e) and (f) target Ca/Si = 1.4 synthesized in NaOH 0.5 M with
initial Al/Si 0.1, equilibrated for different time from 0.25 day to 3650 days. C: C-A-S-H, P: portlandite (Ca(OH),, PDF# 00-004-733), K: katoite (CagAly(OH)¢, PDF#
00-024-0217), Hc: hemicarbonate (CaszAly(OH);2(OH)(CO3)0.5(H20)s, PDF# 00-029-0285), Mc: monocarbonate (CasAl,(OH);2(OH)(CO3)(H20)s, PDF# 00-029-
0285). G: gismondine-P1-Na (NagAlgSii0O32012H,0, PDF# 01-071-0962). 4: unidentified phase. ¥: The weight loss from C-A-S-H Ca/Sitarger = 0.6 and 1.0 at
later ages is tentatively assigned to C-N-A-S-H, as portlandite is absent in XRD and FTIR, and the solutions are strongly undersaturated with respect to portlandite. }:
The weight loss from C-A-S-H synthesized for 90 days between 850 and 900 °C in (d) is assigned to phase transformation of C-N-A-S-H to wollastonite. *: samples

synthesized with water/solid = 45.

function in the Highscore Plus V 3.0e software package. The identified
reflections were assigned based on the Powder Diffraction File for
tobermorite MDO2 (11 A tobermorite structure) as reported by Merlino
et al. [35] for C-S-H.

Attenuated total reflectance (ATR) Fourier Transformation Infrared
(FTIR) spectra were collected by averaging 32 scans measured on a
Bruker Tensor 27 FTIR spectrometer by transmittance between 340 and
4000 cm™! at a resolution of 4 cm™! on ~ 3 mg of powder. The IR
spectral data obtained were preprocessed using the software package
OPUS (Bruker Optics GmbH, Ettlingen, Germany). Baseline correction
and normalization to the intensity of the peak at around 950 cm ™! were
applied to every recorded spectrum. The second derivative of FTIR
spectra was used in order to identify the different bands and differentiate
the wavenumbers.

Raman spectra were recorded using a WITec Alpha 300 R confocal

Raman microscope in backscattering geometry. A diode-pumped green
laser with a wavelength of 532 nm was used in combination with a 50 x
objective lens. The Rayleigh scattered light was blocked by an edge
filter. The backscattered light was coupled to a 300 mm lens-based
spectrometer with a grating of 600 g/mm equipped with a cooled
deep-depletion CCD. Back- illuminated CCD chip with 1024 x 127 pixel
format, pixel size 26 x 26 pm. The laser output power was set to 20 mW.
To diminish possible carbonation, the C-A-S-H powders were loaded and
sealed in quartz glass capillary tubes with a 2.0 mm out diameter and
0.01 mm wall thickness. Raman spectra of the loaded and empty tubes
were recorded, with the spectrum of the empty tube being subsequently
subtracted. Each C-A-S-H phase was measured and averaged at 10 spots
with an exposure time of 10 s and 10 accumulations for each spectrum.
Spectral analysis, including glass tube signal subtraction, individual
baseline correction, spectra average and smoothing, was conducted
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using Spectragryph [36].

The 2°Si MAS NMR single pulse experiments were conducted on
Bruker Advance III 400 NMR spectrometer (Bruker BioSpin AG,
Fallanden, Switzerland) using a 7 mm CP/MAS probe at 79.50 MHz
applying the following parameters: 4500 Hz sample rotation rate, min-
imum of 10,240 scans, 30° 2°Si pulse of 2.5 ps, 20 s recycle time, RF field
strength of 33.3 kHz during SPINAL64 proton decoupling. The 2°Si NMR
chemical shifts were referenced to the most intense resonance at —2.3
ppm of an external sample of an octamethylsilsesquioxane (Aldrich No.
52,683-5) which was referenced to tetramethylsilane (TMS, 5%%Si = 0.0
ppm), details are given in [37]. The observed 2°Si NMR resonances were
assigned using the Q" classification, where one Si tetrahedron is con-
nected to n Si tetrahedra, where n varies from 0 to 4. The lineshapes of
the experimental data were analyzed by non-linear least-square fits
using the “Dmfit” software developed by Massiot et al. [38].

Resonances with chemical shifts (d;,) at approx. —76 ppm (Q°), —79
ppm (Q"), —81 ppm (Q2(1Al)), —84 ppm (Q3), —85 ppm and —88ppm
( an, and ng), —91 ppm (Qg(lAl)), and —97 ppm (Q?) were identified
and the line shape analysis was carried out, respecting the following
restrictions imposed by the dreierketten model, as discussed in detail in
[6,39,40]:
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0 ngz(QS(;anAl)) —9
b

i) Q2(1A1) > 2Q3(1Al)
iii) @ + Q2(1Al) > 2<Q3 +Q§(1Al))

iv) @ - 2(Q+Q1ap) =0
V) Q2(1AL) — 2Q3 (1A1) >0;

where Q=Q3, + Q%

The single-pulse Al MAS NMR experiments were recorded at
104.26 MHz on the same NMR spectrometer using a 2.5 mm CP/MAS
probe. The parameters used in the present study are 25’000 Hz spinning
speed, at least 3072 scans, n/12 pulses of 1 ps without H decoupling,
and 0.5 s recycle time. The 2’ Al NMR chemical shifts were referenced to
an external sample of 1.1 m Al(NO3)3 in D20 at 0.0 ppm. The 27 Al NMR
deconvolutions were also conducted with the Dmfit software [38]. The
peak shape of AI(VI) signal at ~—11 ppm was constraint with a Gaussian
shape. The Czjzek model was used for the deconvolution of AI(IV), Al(V)
and AI(VI) in C-A-S-H, as outlined in detail in [41]. The assignment to Al
(IV)a, Al(IV). and Al(IV)4q signals followed the procedure in the recent
paper of Yang et al. [40]; the Al(IV)}, signal from the Yang’s study could
not be distinguished from the Al(IV), in this study due to the lower
magnetic field used. However, it might still be present and included in
the Al(IV), signal.

2.2.3. C-S-H composition

The effective Ca/Si ratios in C-S-H (Ca/Sic.s.y) were obtained indi-
rectly by mass-balance calculations, considering the initial amount of
CaO, Ca0-Aly,03 and SiO» in the system, the fraction of SiO5, Al,03 and
CaO in solution, as well as the amount of secondary phases present,
following the procedure outlined in [18,42].

The amount of alkalis bound in the solid was determined following
the direct method (i.e. acid digestion of 20 mg of washed and dried C-S-
H phase in 10 mL 100 mM HCI). The total amount in the solid was ob-
tained from the measured Ca, Na and Al concentrations in the acid so-
lution as detailed in [20,42].

The effective Al/Si (Al/Sics.y) were obtained indirectly by mass-
balance calculations, using the total amount of Al and Si present
minus the fraction which remained in the equilibrated solution and the
fraction in secondary phases, as quantified from XRD and TGA or Al
NMR. The effective Al/Si were also obtained directly by HCl dissolution
as described above as well as based on the fraction of Si next to an Al-
tetrahedron based on the deconvolution of the 2°Si NMR signals. The
Al/Si fractions from 2°Si NMR, are calculated according to the procedure
detailed in Myers et al. [6]:

|:(l+(A’/S")[NC] ):| (Al + Sl)[NC] + |:(l+(Al/Si)[q ) (Al + Sl)[q

1 i 1 .
{W} (Al+ SDie + {W] (AL + i) ¢,

(Al/Si)C—A—S—H =

(€8]

Where Al/Si[¢; and Al/Sijnc) are the molar fraction of Al in cross-linked
and non-cross-linked bridging sites, obtained by Egs. (2) and (3):

0*(14)

(Al/Si)c) = Q'+ 0* + Q*(1Al) + @3 + Q3(1A])

@

02141
Q'+ 02+ Q*(1A)
The incorporation of Al into C-S-H phases can also be expressed in

terms of the distribution coefficient (Kg), to quantify the relative affinity
for Al to sorb to C-S-H [43]. The K4 values were calculated according to:

(A1/Si) N — 3
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C, m?
K, = e (T 4
‘ Creq (kg> @
where C; ¢ is the Al concentration in C-S-H phases [mol/kg], and C; ¢4 is
the aqueous concentration [mol/m?].

2.3. Thermodynamic modelling

Thermodynamic modelling was carried out with the Gibbs free en-
ergy minimization program GEM-Selektor v3.7 [44,45]. GEMS is a
geochemical modelling code that computes the equilibrium speciation
in aqueous, gas and stable solid phases using the Gibbs free energy
minimization algorithm. The thermodynamic data for aqueous species
were taken from the PSI-Nagra thermodynamic database [46], while the
standard molar properties for cement minerals were taken from the
Cemdatal8 database [47]. The C-S-H phase with alkali metal- and Al
uptake was modelled using the CASH+ solid solution thermodynamic
model [29-32], which has been parameterized against experimental
data independent of this study. The formation of CaSiOz(OH)g aqueous
complex was described using log K = 4.0 for the reaction Ca’™ +
SiO2(OH)3~ « CaSiO,(OH)J [29], instead of the log K = 4.6 reported in

[46]. The log K of gismondine-P1-Na (NagAlgSi19O32012H,0 < 6Na™ +
6AI(OH); + 10Si09) and chabazite (CaAl,Si4O1206H,0 < Ca?t + 2Al
(OH); + 45108 + 2H200) at 20 °C was determined to be —82.2 and
—31.4 in parallel studies of zeolite dissolution experiments [48,49].

Ion activity products (IAP) for C-(A-)S-H and saturation indices (SI)
for relevant solid phases were calculated from experimentally measured
total concentrations. Activity coefficients were calculated using the
extended Debye-Hiickel equation in Truesdell-Jones form with common
ion-size parameter a;=3.31 A for NaOH solutions and third parameter by
= 0.098 kg/mol [50].

3. Results and discussion

A comprehensive investigation was conducted on various C-(A-)S-H
phases, covering a range of target Ca/Si ratios from 0.6 to 1.6. The main
focus of this discussion revolves around the impact of aging on C-S-H
phases, with specific attention given to Ca/Sitarget ratios of 0.6, 0.8, 1.0,
and 1.4, which represent low, intermediate, and high Ca/Si ratios,
respectively. Additional data regarding C-(A-)S-H samples with Ca/
Sitarget ratios of 0.8, 1.2, and 1.6 can be found in Appendix A.
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Fig. 7. (continued).

3.1. Effect of time on solid phases

3.1.1. Solids present

Fig. 2 shows the solid phase evolution based on XRD and TGA results.
C-A-S-H is the main phase in all cases, independent of the Ca/Sitarger and
equilibration time with 20 Cu Ka diffraction maxima at ~7.4° (12.0 10\),
~16.7° (5.3 A), ~29.1° (3.1 A), ~32.0° (2.8 A), ~49.8° (1.8 A), ~55.0°
1.7 f\), and ~66.8° (1.4 A) as detailed in [51,52]. At Ca/Siarger = 0.6,
1.0 and 1.4, portlandite precipitates at early age as visible by the
characteristic reflection peaks at ~18.09° (4.9 A), ~28.7° (3.11 [o\),
~34.1° (2.63 A), ~47.1° (1.93 A), ~50.8° (1.80 A), ~54.4° (1.69 A),
~62.6° (1.48 A), and ~64.2° (1.45 A) [53] observed in the XRD pattern
after 6 h. This is related to the initial slow saturation of water with
respect with SiO,, hence a low dissolved Si at early age (slow silica fume
dissolution), while the hydration of CaO occurs faster. After 1 day, less
portlandite is observed due to its reaction with silica fume (see the FTIR
data in Section 3.1.2 C-A-S-H structure). Portlandite is completely
consumed after 7 days at Ca/Sitarget = 0.6 and 1.0, while at Ca/Sitarget =
1.4, the quantity of portlandite remains constant after 7 days and
longer. The formation of small amount of katoite is observed by XRD
(main reflections at ~17.27° (5.1 A), ~31.8° (2.81 A), ~39.2° (2.30 A)
and ~44.4° (2.04 i\) [54]) in most C-A-S-H samples at after 1 or 3 days

and longer, which indicates the formation of katoite occurs rapidly. XRD
data also show that hemicarbonate and monocarbonate are present in
some samples, which is attributed to minor carbonation during sample
preparation, drying and measurement. At Ca/Sitarger = 0.6 after 3 years
equilibration time, the formation of a zeolite, gismondine-P1-Na
(NagAlgSi19O32012H20), is observed by XRD with the characteristic
reflections at ~12.5° (7.1 &), ~17.65° (5.02 A), ~21.7° (4.10 A) and
~28.1° (3.18 10\) and ~33.4° (2.68 10\) [55]. This first observation of
zeolite in a suspension of C-N-A-S-H points out that in the long-term at
low Ca/Si ratios and high alkali concentrations, zeolitic phases can form,
in agreement with other long-term experiments [56] and observations in
Roman concrete [1]. After 3 years, also a small amount of portlandite as
well as another unidentified phase are observed (see 4 in Fig. 2).

For C-A-S-H with Ca/Siarger = 1.0, after 10 years of hydration, the
long-range order of the C-A-S-H products increased (Fig. 2(c)), as visible
particularly by the higher intensity and sharpness of the reflections at
~8°(12.0 f\), ~16.7° (5.3 A), as well as by the presence of the reflection
at ~29.9° (3.0 A) from dy_sz and doyz ~ 42.2° (2.1 A) from d_;29 ~ 45.0°
2.0 1°\) from ds_s5 and d;25 [51]. The observations of these reflections are
in good agreement with previous research on high temperature C-A-S-H
(80 °C) by Myers et al. [11] and indicate a crystallite size of the C-A-S-H
in ab directions larger than 20 nm according to Grangeon et al. [51].
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The TGA data show a main water loss between 30 and 300 °C from
interlayer and structurally bound water in C-A-S-H. The water loss of C-
A-S-H increases from 6 h to 1 day for all Ca/Sitarger, while few changes
are observed afterwards up to 3 years (An exception is the decrease in
water content at Ca/Sitarger = 0.6, where gismondine-P1-Na is formed).
A water loss at 400-500 °C, marked with W, is observed at Ca/Sitarget =
1.0 at longer equilibration times and tentatively assigned to the thermal
decomposition of more ordered water in C-N-A-S-H because none of the
other phases identified by TGA, XRD presented here or by Al and 2°Si
MAS NMR (details are given below) can explain the weight loss asso-
ciated at this temperature. Similar weight losses have also been observed
for C-N-A-S-H in the presence of high concentrations of NaOH [17,28] or
for samples equilibrated at 50 and 80 °C [11]. TGA indicates also minor
carbonation (weight loss <0.6 %) in some samples during sample
preparation, storage and/or analysis as visible in the region from 600 to
800 °C. The peak marked with { above 800 °C is assigned to the water
loss due to the decomposition of C-A-S-H to wollastonite (CaSiOs)
[11,57].

Fig. 3 summarizes the effect of time on the portlandite content in the
experiments. As expected, more portlandite is formed at higher Ca/Si
ratios. After 6 h of hydration, portlandite is observed at all target Ca/Si
ratios, indicating the initial precipitation of portlandite at all target Ca/
Si ratios. Independent of Ca/Si ratios, most of the portlandite is
consumed during the first day due to the reaction with SiO5 from the
silica fume dissolution. There is a limited further portlandite reduction
from 1 day to 14 days, and after 14 days the portlandite content shows
little variation. The presence of portlandite in the long-term C-S-H with a
target Ca/Si ratio of 0.6 equilibrated for 3 years, suggests a decrease in
the calcium content within the silicate structure. This observation
potentially indicates heterogeneities within the C-A-S-H suspension or,
more likely, the consumption of silicon by a zeolitic phase such as
gismondine-P1-Na formation in the C-S-H.

3.1.2. C-A-S-H structure

The C-A-S-H structure evolves with time, as indicated by XRD
(Fig. 2), FTIR, Raman and NMR data as shown further below. The po-
sitions of basal spacings, dyg;, of C-A-S-H in the XRD spectra, as shown in
Fig. 2(a) (c) and (e), vary only slightly with equilibration time. As an
example, the evolution of the basal reflection of the C-A-S-H phase for
Ca/Sitarger = 1.0 is shown in Fig. 4. The basal spacing increases and the
full width at half maximum (FWHM) decreases with equilibration time
up to 90 days indicating an increase of the crystallite size of the C-A-S-H
in c direction [51,58]; little difference is observed after 90 days, except
for sample equilibrated for 10 years, where a strong decrease in basal
spacing was observed due to a partial transformation of C-A-S-H to 11-A
tobermorite (as discussed further down based on 2°Si and 2’ Al MAS NMR
data). The basal spacing of the 1-7 days equilibrated samples showed a
larger interlayer distance over short-term hydration, which could be
related to the presence of more Al in the dreierketten chain [11,18,42]
and/or an increase in crystallite size along c-axis, which shifts the
measured reflections to higher 20 values [51,59].

Moreover, a broad reflection, djo;, at ~17° 26 (d-spacing ~5 A) is
observed at Ca/Sitarger = 0.6 to 1.0, pointing to the occupation of the
bridging sites in the silica chain [52]. The djo; signal is better visible
after 3 days and longer, indicating rearrangement from the initial high
Ca/Si C-S-H with mainly silica dimers to longer dreierketten chains over
time.

The FTIR spectra of all C-A-S-H samples with Ca/Sitarger = 0.6, 1.0
and 1.4 (Fig. 5) show the presence of some unreacted silica fume after 6
h. The disappearance of the very broad bands between 1050 and 1300
em ™! indicating the presence of Q and Q* tetrahedral silicate sites,
shows that silica fume has largely reacted off after 1 day. The band
located at 670 cm™, associated with O-Si-O and/or O-Al-O bending
and water librations increases from 6 h to 3 days for all C-A-S-H phases,
with no major changes thereafter, indicating that the C-A-S-H phase
formed mainly during the first 3 days of hydration.
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Table 2
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Quantification of AI(IV), Al(V), and Al(VI) fractions in C-A-S-H obtained by deconvolution of the 27A1 NMR spectra in C-A-S-H with Ca/Sitarger = 0.8 and 1.0 and Al-

tobermorite [12] for comparison. *: samples synthesized with water/solid = 45.

Ca/ Equilibration Al Rel. Al Rel. Al Rel. Al(V) Rel. AL(VD)- Rel. AL(VI)- Rel. Al/Si
Sitarget time (day) V), amount (IV), amount (IV)q amount amount CSH amount secondary amount in C-A-
phases S-H
(ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%)

0.25 74.0 40.7 65.0 0.7 58.9 5.9 35.4 5.8 8.6 11.3 10.0 35.7 0.064

1 76.1 58.4 65.0 3.2 59.0 1.0 36.1 3.0 6.5 9.5 11.0 249 0.075

3 75.5 65.1 64.6 6.1 58.1 0.2 35.0 4.1 6.5 10.0 11.4 14.5 0.085

7 75.9 71.1 64.1 1.8 58.1 0.1 38.2 3.8 6.6 8.1 11.3 15.2 0.085

14 75.8 63.6 65.3 8.8 56.8 0.1 38.1 4.1 5.6 5.8 11.5 17.6 0.082

1.0 28 75.8 67.3 63.9 3.2 58.4 0.5 38.7 4.0 6.7 7.0 11.5 18.0 0.082
90 75.6 62.8 64.9 4.2 58.1 2.4 38.0 4.4 6.0 9.0 11.3 17.2 0.083

90* 75.5 68.5 65.5 11.3 58.3 0.0 38.0 3.6 6.7 7.4 11.0 9.2 0.091

450* 74.8 45.0 66.4 8.6 58.6 1.1 37.5 2.8 6.7 13.6 11.2 28.9 0.071

1350* 73.0 58.6 65.7 4.8 59.0 0.7 35.0 4.6 6.5 13.8 12.0 17.6 0.082

3650* 73.0 23.9 66.3 28.4 60.1 28.7 35.0 3.4 6.5 6.3 12.0 9.3 0.091

0.25 77.9 17.0 68.5 26.1 57.8 10.0 39.1 4.6 6.5 5.5 9.8 36.9 0.058

1 77.1 34.6 70.7 37.6 61.4 12.2 39.1 1.4 6.5 1.4 11.5 12.8 0.082

3 77.7 31.9 70.7 46.2 60.6 7.6 39.1 2.7 6.5 0.6 11.5 10.9 0.083

7 76.1 33.0 68.7 38.0 59.4 10.5 39.1 3.4 6.5 1.9 11.5 13.1 0.081

0.8 14 78.5 24.8 71.3 45.9 61.6 10.3 39.1 2.9 6.5 2.5 11.5 13.6 0.081
28 76.8 30.1 69.2 36.0 59.7 9.0 39.1 2.5 6.5 3.4 11.4 19.0 0.076

90 76.8 33.1 69.7 38.3 60.5 10.3 39.1 3.3 6.5 1.6 11.5 13.4 0.081

1350* 76.7 34.5 68.9 40.7 59.3 9.8 39.1 3.0 6.5 2.1 11.5 9.9 0.092

Al-Tob [60] 73.0 9.6 65.8 66.6 57.6 16.2 6.5 7.6 0.111

The formation of C-A-S-H is evident from the main bands with a
maxima between 950 and 960 cm ™! corresponding to different Si—O
vibrations [26,58]. The contributions at ~ 945 and 963 cm ™! are asso-
ciated with dimeric silicate (Ql) and oligomeric (QZ) Si—O stretching
vibrations respectively; the bands overlap strongly, such that in most
cases only a combined signal is visible. In addition the shoulder related
to bridging Qf at ~900 to 930 cm ™! may also contribute to the observed
main peak. Thus, for C-A-S-H with Ca/Sitarger = 0.6 the most intensive
band shifts from 957 cm ™! at 6 h (where a large fraction of dimeric silica
is present) to ~ 963 cm ! at 1 day and longer as shown in Fig. 5(a). For
C-A-S-H with Ca/Sitarger = 1.0, the signal moves from 957 em tat6hto
946 cm~! after 3 years of hydration (Fig. 5(b)). For C-A-S-H with Ca/
Sitarget 1.4 the signal moves from 952 em lat6hto937 cm latl day
and then back to 952 cm ™! after 3 years of hydration (Fig. 5(c)). The
dissolution of the silica fume after 1 day and longer leads to a higher
polymerization degree as visible by the shift to higher wavenumbers
[58,60]. In contrast, the replacement of silica by alumina in C-S-H also
lowers the wavenumber of Si—O stretching [61]. For C-A-S-H with Ca/
Sitarget = 0.6 in Fig. 5(a), the shoulders located at ~ 915 em™! and 1050
cm’ 1, assigned to the Si—O stretching of Q2 silicate (and or aluminate)
tetrahedra, start to be observed after an equilibration time of 1 day and
increase until 90 days, confirming a higher polymerization degree with
longer equilibration time and shows good agreements with the position
shift of the peak at ~ 960 cm L. For C-A-S-H with Ca/Sitarger = 1.0 and
1.4 in Fig. 5(b) and (c), the observable shoulders are less visible because
of the low amount of Q2. In Fig. 5(b), a small signal at ~ 1160 cm!
corresponding to Si—O and/or Al—O stretching of Q° silicate (and/or
aluminate) tetrahedra is observed in C-A-S-H equilibrated for 10 years,
in agreement with previous studies about tobermorite [12,60,62,63].

The intensity of the Q' signals located at 815 cm ™! and at 490 cm ™!
increases rapidly between 6 h to 1 day for C-A-S-H with Ca/Si¢arger = 1.0
and 1.4, and more slowly up to 3 days due to the formation of more C-A-
S-H. At longer reaction times, however, this Q! signal decreases in in-
tensity while the Q? signal increases, indicating a slow polymerization of
the silicate chains (i.e. chain-growth) over time.

In the Raman spectra (Fig. 6) of the C-A-S-H with Ca/Sitarger = 1, the
narrow peak at 250 cm~! from Ca®" motion [63] can be only observed
after 6 h, while the lattice vibration (LV) of Ca—O in portlandite at
~357 em ™! [64-66] deceases strongly and disappears after 3 days,

10

which is related to the fast consumption of Ca(OH); and the formation of
C-S-H. The lattice vibration of Ca—O in C-A-S-H at ~ 335 cm ' [66] is
observed at all equilibration times.

The equilibration time does not affect the positions of peaks due to
internal deformation of the Si-tetrahedra [63] or to the O-Si—O bending
[66] at 445 cm™*, nor to the most pronounced peak at 672 cm ! related
to Si-O-Si symmetrical bending (SB). The main SB bending signal,
however, narrows significantly between 6 h and 1 day, indicating a
much ordered silicate chain [8,67].

The Si—O symmetrical stretching (SS) band at ~ 840-940 cm’l,
assigned to SS Q! [63,66,68], decreases in intensity with equilibration
time indicating the continuous growth of the silicate chains. In contrast,
the peak area of the signal at ~ 950-1040 cm™), assigned to SS Q®
[63,66,68], increases with hydration time, confirming the results from
the FTIR data presented above. A small peak at 602 cm™! tentatively
assigned to Al-O-Si symmetrical bending [41], decreases with time.

Peaks at 1074 and 1086 cm ™! are attributed to the C—O SS vibra-
tions [8,67,69-71]. A sharp peak at 480 emtis present at equilibration
times of 3, 7, 28, 90 and 3650 days and further signals 1114 em™ L, and
818 cm ™! are tentatively assigned to carbonated secondary phases
formed during sample handling.

The long-term C-A-S-H phases and the Al-tobermorite showed very
similar spectra which confirms that C-A-S-H phases are in the long term
analogues to Al-tobermorite. The presence of more Si—O SS Q! and
more pronounced lattice vibration CaO in C-A-S-H compared with Al-
tobermorite are due to the different Ca/Si.

The 2°Si MAS NMR spectra of C-A-S-H with Ca/Si = 1.0 and 0.8 after
different equilibration time are shown in Fig. 7(a) and (c). Resonances
with chemical shifts (5;,) at approx. —76 ppm (Q°), —79 ppm (Q!), —81
ppm (Q5(1A1)), —84 ppm (Q}), —85 ppm and —88 ppm ( Qp,, and Q2),
—91 ppm (Q3(1Al)), and —97 ppm (Q?) are identified [40].

In very young C-A-S-H (we subsequently discuss equilibration times
of 6 h to 7 days), Q° signals related to the presence of unreacted silica are
observed after 6 h, which were already absent after the 1st day (see
Fig. 7(a) and Table 1). Initially, some QO peaks were observed,
decreasing from around 10 % to <5 % on day 7, while the fraction of Q!
signal increases, due to the processing reaction of silica fume to C-A-S-H.
For longer equilibration times, the Q! peaks decrease between 7 days
and 10 years for C-A-S-H with Ca/Si = 1.0 and between 1 day and 3
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Fig. 8. Evolution of dissolved Al, Si and Ca concentrations in solution for Ca/
Sitarget ratios of (a) 0.6, (b) 1.0 and (c) 1.4 synthesized in 0.5 M NaOH with
initial Al/Si 0.1 equilibrated for different time. Two series were studied: Series
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The error of the dissolved concentrations are 10 % and the error bars are
smaller than the symbols. Symbols in brackets: outlier Ca concentration after 3
months and 1 year (curves added for guidance).

years for C-A-S-H with Ca/Si = 0.8, indicating the growth of longer
dreierketten chains. After 10 years of hydration, some Q> signals are
present indicating cross-linking in the C-A-S-H structure as discussed in
C-A-S-H synthesized at 80 °C [11]. The presence of Q3 resonances
characteristic for cross-linked silicate chains in tobermorite is also
detectable for the 11-A tobermorite reference compound (with Al/Si =
0.11 [12]). Compared to C-A-S-H, the 2°Si chemical shift of Al-
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tobermorite is shifted to more negative chemical shift. The pro-
portions of the different silicate sites obtained from the line shape
analysis (see Table 1) allowed the calculation of Al/Si and the mean
chain length (MCL) (see Fig. A9). Although the error associated with Al/
Si appears to be relatively high, the Al/Si of C-A-S-H with both target
Ca/Si exhibit a slight increase over time, indicating a slow rearrange-
ment in C-A-S-H structure.

Fig. 7(b) and (d) shows the 27A1 MAS NMR spectra of the C-A-S-H
with Ca/Sitarger = 1.0 and 0.8 from 6 h up to 10 years. The 27 A1 MAS
NMR spectra show resonances from Al in tetrahedral (50-80 ppm) and
octahedral (0-20 ppm) coordination with a low quantity of aluminium
in pentahedral coordination in between. The signal between 50 and 80
ppm is assigned to the Al(IV) in the bridging sites of silicate chains in C-
A-S-H structure following the assignments given in Yang et al. [39]. In
the octahedral region, resonances at =~11.5, 10, and 6.5 ppm are
observed, which correspond to secondary phases (katoite, AFm phases)
as well as to AI(VI) sites associated with the C-A-S-H phase [39],
respectively. The deconvolution of the signals allows a rough quantifi-
cation of the chemical species bound at different sites as summarized in
Table 2 (*’A1 MAS NMR spectra and associated simulated shapes of in-
dividual Al sites are detailed in Fig. A3). Initially, approximately 1/3 of
the Al was present in secondary phases, with this fraction decreasing
over equilibration time. The amount of AI(IV) incorporated in the
bridging sites of C-A-S-H increased clearly up to 3 days as more C-A-S-H
precipitated, in agreement with the XRD (Fig. 2), FTIR (Fig. 5) and
Raman (Fig. 6) results. The deconvolutions allow to distinguish 3 types
of AI(IV) at the bridging sites following the procedure outlined in [39].
The resonance Al(IV), with its 2 Al NMR chemical shift &;, at ~75 ppm
(peak maximum observed at ~70 ppm, see Fig. A3), Al(IV). at =65 ppm
(maximum observed at ~61 ppm) and the Al(IV)q at ~58 ppm
(maximum observed at ~55 ppm) show good agreements with Yang
et al. [39]. Note that the Al(IV), signal as observed at Al MQMAS NMR
recorded at 22.3 T from Yang et al. [39] is not visible here. The relative
fractions of the Al(IV),, Al(IV)., and Al(IV)4 signals obtained by line
shape simulations are shown as a function of equilibration time in
Table 2 and Fig. A10. In C-A-S-H with Ca/Sitrger = 1.0, AlIV), was
observed predominate from 6 h until 3 years, while after 10 years of
equilibration, Al(IV), content decreases to 30 %. For comparison, in Al-
tobermorite prepared with a similar total Al/(Si + Al) of 0.1, much less
Al(IV),, approximately 10 %, has been observed [12]. In contrast, the Al
(IV). content increases over time from 1 % in 6 h, to 5 % in 28 days, 16 %
in 1 year and 35 % in 10 years. In the Al-tobermorite, more Al(IV)., 72
%, has been observed. Less than 4 % of Al(IV)4 was observed from 1 day
to 3 years, while in the C-A-S-H equilibrated for 10 years, Al(IV)q oc-
cupies 35 % of the Al(IV) positions. In C-A-S-H with Ca/Sitarger = 0.8, the
relative amounts of Al(IV),, Al(IV). and Al(IV)4 remain stable from 1 day
to 3 years, at around 40 %, 47 % and 13 %. Al(IV). was suggested to
correspond to Al(IV) incorporated in the bridging sites charge-balanced
by Ca?* or by a combination of Ca?t and Nat [39]. In fact, also the
“normal” tobermorite with a Ca/(Si + Al) of 0.83 and Al/(Si + Al) of 0.1,
used as a reference, shows a more narrow signal of Al(IV) &;, chemical
shift at 66 ppm, which has been assigned to cross-linked Al with Ca" in
its vicinity [12]. Moreover, a maximum Al(IV). fraction was also
observed at Ca/Si = 0.8 in C-A-S-H with Al/Si = 0.15 and Ca/Si from 0.6
to 1.6 [39], in agreement with the present study. Similar to the FTIR
(Fig. 5), Raman (Fig. 6) and 2°Si NMR (Fig. 7(a,c)), the 2Al NMR data
confirm a slow restructuring in C-A-S-H over years.

3.2. Effect of time on aqueous phase

Fig. 8 shows the effect of equilibration time on the dissolved Al, Si
and Ca concentrations in solution. The detailed aqueous phase results
are shown in Table A2. At Ca/Sitarger = 0.6, the Al concentration shows a
rapid increase from 1.3 mM after 6 h to 2.2 mM after 1 day. It continues
to rise slightly, reaching 3.3 mM after 1 year, but eventually drops to
0.76 mM after 3 years. The Si concentration increases from 1 mM after 6
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Fig. 9. Al/Si ratio in C-A-S-H and distribution of Al in different phases for
target Al/Si = 0.1 after different equilibration times in the presence of 0.5 M
NaOH determined by different methods: (a) (b) Ca/Sitarger = 1.0 and (c) (d) Ca/
Sitarger = 0.8. Diamonds: indirect method = mass balance using the filtered
solution and XRD and TGA, triangles: dissolution method = complete dissolu-
tion of the solid in acid after washing and drying, squares: 2°Si NMR quantifi-
cation results, circles: indirect method combining Al NMR quantification
results. Two series were studied: Series A: filled symbols: in w/s = 40; Series B:
symbols with black border: w/s = 45.

<
<

h to 36 mM after 1 day and further to 54 mM after 3 days. It gradually
decreases afterwards and over a period of 3 years to 20 mM. As expected,
the initial Ca concentration is relatively high at 0.4 mM after 6 h in the
presence of portlandite and quickly diminishes to 0.01 mM after 1 day.
The Ca concentration continues to decrease slightly over a span of 3
months, but shows a gradual increase to 0.04 mM after 3 years. The early
decrease in Ca concentration underlines the fast CaO reaction, while the
increase of Si concentration up to 3 days mirrors the slower dissolution
progress of silica fume. The minor changes observed up to 1 year are
likely related to the slow restructuring of C-A-S-H, as already suspected
from the 2’Al NMR, 2°Si MAS NMR (Fig. 7), FTIR (Fig. 5), Raman
(Fig. 6), and XRD (Fig. 2) results. The long-term decrease in Al and Si
concentrations and the simultaneous increase in Ca concentrations, may
be attributed to the slow restructuring of C-A-S-H and the formation of
an additional solid phase, for example the formation of gismondine-P1-
Na (NagAleSi19032:12H20) observed in the 3 year sample (Fig. 2(a)).

In contrast at Ca/Sitarger = 1.0, where less silica fume has been added,
the Si concentration tends to be lower while the Ca concentration is
higher. A relatively high Ca concentration, approximately 1 mM, is
determined after 6 h and 1 day, which can be attributed to the rapid
hydration of CaO and the initial formation of portlandite, which pre-
dominantly influences the Ca concentration during the first day of hy-
dration. As equilibration time extends, dissolved Ca is consumed
through C-A-S-H formation, and the gradual changes in Ca and Si con-
centrations point again towards to slow restructuring of C-S-H over
months to years. Interestingly, the Al concentration decreases over time,
indicating a gradual and continuous uptake of Al in the solid phase over
a span of 10 years.

At Ca/Sitarger = 1.4, the Ca concentrations remain constant from 6 h
to 3 years, primarily influenced by the solubility of portlandite. The Si
concentration decreases from approximately 0.4 mM at 6 h to 0.08 mM
at 7 days, demonstrating the formation of C-A-S-H, with little changes at
later ages (~0.07 mM). The Al concentration exhibits a continuous
decrease, indicating a gradual uptake process up to 3 years. The different
concentrations in the aqueous phase as a function of time at different
Ca/Sitarger ratio shows that Ca/Si ratio plays an important role in the
kinetics of C-A-S-H formation.

3.3. Al uptake in C-S-H

Fig. 9 compares the effect of different methods on the measured Al/Si
in C-A-S-H with Ca/Sitarger = 1.0 and 0.8 using the indirect method: mass
balance and different direct methods: dissolution of solid in acid, mea-
surement from 2°Si NMR and 2’Al NMR. In terms of alkali uptake in C-S-
H, the direct method of dissolution of solid in acid [13] shows clear
advantages over the indirect method based on mass balance, offering
smaller relative error [13]. When determining Al/Si in C-A-S-H, both
direct method with dissolution of solid in acid and indirect methods give
comparable results, although the dissolution of solid in acid method is
associated with a larger error. The quantification using 2°Si NMR and
27 A1 NMR also provides similar results in most cases. The data obtained
from 2°Si NMR measurements are subject to significant uncertainties
due to the deconvolution of broad and strongly overlapping signals, and
only the fraction of Al(IV) can be quantified based on 295i NMR [39]. On
the other hand, the quantification of Al-containing secondary phases by
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27Al NMR provides the most accurate results. Notably, for C-A-S-H
equilibrated for >3 days, the results obtained from the 2’Al NMR and
from complete dissolution in acid show remarkable similarity (Fig. 9(a)
and (¢)).

The Al/Si in C-A-S-H increases from 6 h to 3 days and 1 day for C-A-S-
H with Ca/Siarger = 1.0 and 0.8 respectively (Fig. 9 (a) and (c)). It is
observed that potential secondary phases containing Al precipitate
rapidly in the early stages and with the formation of C-A-S-H, they were
dissolved. The Al fraction in C-A-S-H shows slight fluctuations from 3
days to 1 year and gradually tends to increase over a span of 10 years,
which could account for the very low concentration of Al in the aqueous
phase.

Fig. 9 (b) and (d) show the distribution of Al in different phases of C-
A-S-H with target Ca/Si at 1.0 and 0.8. The determination of the Al
fractions in different phases is based on the aqueous concentrations, and
the amount of secondary phases quantified by TGA and XRD, and by Al
NMR. The major part of Al is bound in C-A-S-H and <20 % of Al is
presents in solution and in secondary phases. The results for C-A-S-H
with Ca/Sitarger = 0.6 and 1.2 to 1.6 are shown in the Fig. A7. In C-A-S-H
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with Ca/Sitarger = 0.6, the Al fraction in solution increases from 6 h to 1
year, but subsequently drops to 64 % after 3 years of hydration. This is
accompanied by a decrease of the Al content in C-A-S-H due to the
formation of gismondine-P1-Na. For C-A-S-H with Ca/Sitarger = 0.8 and
1.0, the amount of Al in solution decreases during the initial days and
the quantity of Al in secondary phases observed by 2’Al NMR also de-
creases. It should be noted that that XRD and TGA analysis tend to un-
derestimate the amount of secondary phases, as previously reported in
[72], particularly at early reaction times due to the low crystallinity of
the secondary phases, as evident from the comparison with the results
from %Al NMR data in Fig. 9(b) and (d). At later ages the difference
between NMR and XRD/TGA becomes smaller as the reaction
progresses.

The effect of time on Al uptake in C-A-S-H at Ca/Si ratios from 0.6 to
1.6 is summarized in Fig. 10. In general, the fraction of Al bound in C-A-
S-H decreases with increasing equilibration time from 6 h to 7 days,
although the results at initial equilibration stage might be influenced by
the underestimation of secondary phases by XRD and TGA (indicated by
the shaded area in Fig. 10). At longer equilibration times, the trends are
less clear as the data show a considerable scatter. C-A-S-H with low Ca/
Sitarget takes up more Al per gram of C-S-H than C-A-S-H with higher Ca/
Sitarger- Specifically, C-A-S-H with Ca/Sigrger = 0.6 is able to incorporate
up to 0.7 mmol Al per gram of C-A-S-H, while the Al uptake is about 0.5
mmol Al per gram of C-A-S-H for C-A-S-H with Ca/Sitarger = 1.0 to 1.6.



Y. Yan et al.

—_
QO

o

N

w
w o,

N
o

N
(9

Dissolved Al concentration (mM)
- N

o
3}

o

—
O
-
o
o N

Dissolved Ca concentration (mM)
o
o

0.001

(C) 100

(mM)

-

Diss%lved Si concentration
o

0.01

C-A-S-H
zeolite< CH >
0025d O 1d
| o 3d o 7d
® o 14d @ 28d
@ 90d ® 90d*
L ® 450d* @ 1350d*
e ® 3650d* ——CASH+
I ° - - CASH+z

0.4

0.8 1 1.2
Ca/Si in solid

1.8

C-A-S-H

zeolite<
g

(€]
(@] O 1d
L o e 7d
] o 28d
] @ 90d*
© @ 4500 @ 13500
(0] (6] ® 3650d* ——CASH+
- = CASH+z
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Cal/Si in solid
C-A-S-H
zeolite< CH >
O 0.25d o 1d
O 3d o 7d
N @ 14d @ 28d
N @ 90d @ 90d*
r @ 450d* ® 1350d*
® 3650d* ——CASH+
- = CASH+z
r O
0.4 0.6 0.8 14 1.6 1.8

1 1.2
Cal/Si in solid

(caption on next column)

14

Cement and Concrete Research 172 (2023) 107250

Fig. 13. (a) Al (b) Ca and (c) Si concentrations in the solutions of the C-A-S-H
samples prepared in 0.5 M NaOH at different equilibration time as a function of
Ca/Si ratios in solids. The estimated absolute errors are < 4+0.05 units in the
Ca/Si ratios. The estimated relative uncertainty of the IC measurements is +10
%. Symbols with colour filled from light to dark: synthetic C-A-S-H data with
equilibration times from 0.25 to 1350 days. Solid lines: calculated concentra-
tions using the thermodynamic CASH+ model, suppressing the formation of
zeolitic phases, which form only slowly. Dashed lines: under consideration of
the possible formation of gismondine-P1-Na (NagAlgSi; 0O32:12H50). *: samples
synthesized with water/solid = 45. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
t‘his article.)

When plotted as the molar ratio of Al/Si in C-A-S-H (Fig. A5), the molar
Al/Si distribute between 0.08 and 0.1, with no observable systematic
trend is observed between Ca/Si = 0.6 to 1.6, which is due to the lower
C-A-S-H weight per mole of Si at C-A-S-H with low Ca/Si.

The Al uptake in C-S-H can also be described by distribution co-
efficients, K4 values (Fig. 11), which represent the relative affinity of Al
to be incorporated by C-S-H compared to the Al concentration I aqueous
phase. The K4 values show different trends compared to the Al uptake
per unit mass of C-S-H (Fig. 10), mainly due to the definition of K4 as the
ratio of the quantity of adsorbed aluminium per unit mass of C-S-H
(mol/kg) to the quantity of aluminium remaining in solution (mol/m3).
The contrasting behavior of Al concentration in aqueous phase
completely reverses the trends observed.

The long-term Ky values (3 months and 1 year) of C-A-S-H with Ca/
Sitarger = 0.8 are approximately 0.3 m3/kg, and for C-A-S-H with Ca/
Sitarget = 1.0, they are around 0.6 m3/kg, consistent with findings from
previous studies [41,72]. After longer equilibration times, the K4 values
of C-A-S-H with Ca/Sitarger > 1.0 increase, while the K4 values of C-A-S-H
with Ca/Sitarger < 0.8 remain rather constant. An increase of Kq values of
C-A-S-H with Ca/Sitarger = 0.6 and 0.8 from 1 year to 3 years was
observed, which can be attributed to precipitation of gismondine-Na-P1
and precursor of zeolitic phases, respectively. The K4 values of C-A-S-H
with Ca/Sitarger at 1.4 and 1.6 are comparable and increase from ~ 0.25
after 6 h to ~ 2.6 m®/kg after 1 year. The increase of K4 values for the C-
A-S-H with Ca/Sitarger > 1.0 indicates a stabilization of the C-A-S-H
structure by the incorporation of Al at a high availability of Ca* in the
interlayer in agreement with molecular modelling results [73]. The Kgq
value of the 10-year-old C-A-S-H sample with Ca/Sitarge at 1.0 is rela-
tively high at 6.8 m®/kg because of the extremely low Al concentration
(0.08 mM) in solution.

3.4. Na uptake in C-S-H

In addition to Al, the Na and Ca contents in C-A-S-H also evolve over
the years, as illustrated in Fig. 12. Across all Ca/Sitarge ratios, relatively
low Na and Ca uptake was observed after 6 h, which may be related to
the presence of less C-A-S-H at this early stage and the initial precipi-
tation of C-A-S-H with high Ca/Si, which can bind fewer alkali ions [41].
The increased uptake of Na and Ca in C-A-S-H at 1 day is attributed to
the formation of more C-A-S-H, resulting in a lower Ca/Si in C-A-S-H and
thus to a higher alkali uptake. For C-A-S-H at all Ca/Si¢arger, the highest
Na binding is observed after 1 day, followed by a gradual decrease.
Although Na concentrations in the aqueous phase do not change
significantly after 7 days hydration (measured data see Table A2), the
continuous decline of Na sorption and increase of Ca sorption indicate
the rearrangement of C-A-S-H phases over time. Furthermore, it high-
lights the preference of Ca over Na in C-A-S-H.

The initial high Na binding observed in the first few days could be
related to the rapid initial formation of C-A-S-H with a relatively low Ca/
Sic.s., and the high Na concentrations in solution. This co-precipitated
Na is partially released again as the C-A-S-H structure rearranges to-
wards its thermodynamic equilibrium composition and with increasing
Ca/. SiC-S-H-
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Fig. 14. Calculated log;IAP values for hypothetical C-(A-)
S-H and Al-tobermorite at different equilibration times,
normalized to SiO2 + 0.5A1,03 = 1. The approximate un-
certainty in the log;o (IAP) values are + 0.3. Colored sym-
bols: C-A-S-H from this study; dark green crosses: Ca/Sitarget
0.6, olive green triangles: Ca/Siirger 0.8, mimosa squaresL:
Ca/Sitarget 1.0, orange diamonds: Ca/Sitarge 1.2, red circles:
Ca/Siarget 1.4, dark red rectangles: Ca/Sitarger 1.6. Grey or
patterned symbols: C-A-S-H from Myers et al. [11],
L’Hopital et al. [24,25], Barzgar et al [28] and black stars:
Al-tobermorite with Ca/(Al + Si) = 0.83 from Lothenbach
et al. [12]. Data from this study and from [11,24,25,28] are
obtained from oversaturation experiments, while [12] is
obtained from undersaturation experiments. (For interpre-
tation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The data after 3 days and longer clearly show that more Na is bound
in C-A-S-H at low Ca/Sitarger, as reported in several studies
[13,19,58,74]. The sorption of Na in C-A-S-H with Ca/Siargec = 0.6 and
0.8 is highest with a maximum of ~ 3 mmol Na per gram of C-S-H. At
these low Ca/Sitarget, Ca concentration in solution is very low (< 0.05

tion were also used to calculate the ion activity products (IAP) for hy-
pothetical C-A-S-H end-members with chemical compositions
corresponding to the bulk chemistry of the systems studied (Ca/Si =
0.6-1.6) and normalized to (Al + Si) = 1, according to the reaction
represented by:

(Ca0)4(5i0,),(AL03) (H,0),="* aCal + bHSiOs ) + 2cAlO,,, + (2a — b — 2¢)OH , + (c +f — a)H, 0y, (5)

mM Ca), leaving minimal Ca®* to compensate the negative charge of C-
S-H [75-771, leading to a strong uptake of Na™. In contrast, at higher Ca/
Sitarget, competition with Ca*" reduces the Na* uptake [5,13]. C-A-S-H
phases with Ca/Sitarger > 1.2 show a similar capacity to absorb Na™,
which is in agreement with previous observations reported in [13,58].
After 10 years, the amount of Na™ in C-A-S-H seems to be equal as after 3
years indicating that the exchange of Na by Ca in the C-A-S-H structure.

3.5. Comparison with thermodynamic modelling

Fig. 13 displays the measured dissolved Al, Ca and Si from 6 h to 10
years as a function of the Ca/Si in the solid together with modelled so-
lutions at equilibrium without (solid lines) and with considering the
precipitation of zeolites (gismondine-P1-Na, dotted lines). It can been
seen that the Ca/Si ratio strongly affects the composition of the solu-
tions. C-A-S-H with higher Ca/Sisoligs leads to lower Al concentrations
and thus a higher Al uptake in C-A-S-H, in agreement with the experi-
mental observations. The simulated concentrations at equilibrium state
are in good agreement with the experimental results of samples equili-
brated for 90, 450 and 1350 days. The modelled Al concentrations at
very low Ca/Sigigs (<0.7) are reduced due to the precipitation of
gismondine-P1-Na, which also explains the considerable scatter
observed in Al concentration. The gismondine-P1-Na formation also
leads to shifts in the Ca and Si concentrations at low Ca/Sigjigs. The
measured Si and Ca concentrations for the samples with Ca/Sisejigs < 0.8
show some scatter (secondary phases, might be zeolite precursors),
while for samples with Ca/Sigigs > 1.2 little variation is observed. At
Ca/Sisoligs > 1.0 the Al concentration decreases up to 10 years of hy-
dration, indicating the long-term uptake of Al in C-A-S-H.

The experimentally determined ion concentrations in aqueous solu-

where a, b, c and f are the respective stoichiometric coefficients for CaO,
Si0,, Al;,03 and H5O in the C-A-S-H end members [11]. Thus the IAP of
C-A-S-H normalized to one Si + Al (b + 2c =1) is defined as:

o a . _ b _ 2c - (2a—b—2c) (c+f—a)
mp={ca, V' {nsios, } {mox, } {or,} {04}
(6)

In Fig. 14, the IAP calculated for C-A-S-H after different equilibration
times are compared to the IAP of C-(A-)S-H and Al-tobermorite reported
in literature [11,12,28]. A moderate decrease in the IAP of C-A-S-H was
observed between 6 h and 7 days: by ~ 0.3 log units for Ca/Sitarger = 0.8
and by = 0.6 log units for Ca/Sitarger = 1.0-1.6, while at very low Ca/Si
the IAP increased. Some scatter, but no significant differences were
observed between 7 days to 3 years, underlining that the aqueous phase
reached quasi-equilibrium already after the first 7 days. The IAP of C-A-
S-H after 3 months and longer are comparable to the solubility products
reported by L’Hopital et al. [13,24], Barzgar et al. [28] and Myers et al.
[11] as shown in Fig. 14. Those IAP with Ca/Sitarger = 0.8 are only
slightly higher than the solubility product reported for laboratory-
synthesized Al-tobermorite [12] with Ca/(Al + Si) = 0.83, as expected
for these structurally and compositionally similar phases.

4. Conclusion

This paper studies the effect of equilibration time on the composi-
tion, structure and solubility of synthesized C-A-S-H with a total Al/Si =
0.1. C-A-S-H was the main solid product in all experiments, with a small
quantity of secondary phases (mostly katoite and occasionally mono-
carboaluminate or hemicarboaluminate) observed. At Ca/Sitarger = 0.6,
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C-A-S-H was initially formed but partly destabilized to a zeolitic phase
(gismondine-P1-Na) between 1 and 3 years. This zeolitic phase in syn-
thetic C-A-S-H was experimentally observed for the first time and could
be modelled with recent, accurate thermodynamic data for gismondine-
P1-Na.

C-A-S-H was precipitated from CaO, CaO-Al;O3 and silica fume
(Si03) in 0.5 M NaOH solution. Thus at very early stage, mainly Ca and
Al were available, while Si was released slower due to the slow reactivity
of silica fume compared to CaO (or Ca(OH);) and CaO-Al;Os. In all
cases, initially portlandite and C-A-S-H with high Ca/Sic.s.y formed,
which converted within a day to low Ca/Si C-A-S-H depending on the
target Ca/Si in the individual experiment. The portlandite initially
formed was completely or partially consumed (depending on the target
Ca/Si) within the first days and the detected amounts remained stable
from day 7 onward, as shown by XRD and TGA results. The dissolved
concentrations of Al, Ca and Si changed rapidly between 6 h and 1 day
due to the formation of more C-A-S-H and structural rearrangements,
while the variations became small after 14 days. The Ca/Si ratio of C-A-
S-H played an important role for the changes in aqueous concentrations:
an increase in Al concentrations with time was observed for C-A-S-H
with Ca/Sitarget = 0.6, whereas a decrease was observed for C-A-S-H with
Ca/Sitarget > 1.0.

XRD showed that the basal spacings, dyg;, of C-A-S-H did not change
significantly with equilibration time, indicating a small influence of the
equilibration time on the interlayer spacing of C-A-S-H. However, results
from XRD, 2°Si NMR, 2’Al NMR, Raman and FTIR spectroscopy indicate
that more bridging sites are occupied over time, resulting in longer triple
chains. Al NMR showed the decrease in the amount of secondary
phases and an increasing fraction of Al(IV) in C-A-S-H charge-balanced
by Ca?* for C-A-S-H with Ca/Sitarget = 1.0. This is in agreement with the
observed decrease of Nat and increase of Ca>" in C-A-S-H with time. The
investigations showed a slow redistribution of Si and Al in C-A-S-H as
well as the partial replacement of Na™ by Ca?* in the interlayer space
with a time span of up to (at least) 10 years. The measured aqueous
phase and C-A-S-H compositions at later equilibration time (close to
equilibrium) were well reproduced by the thermodynamic CASH+ solid
solution model.

In the long-term samples, higher Al uptake was observed in C-A-S-H
with high Ca/Sitarge: (if expressed as Kq values), due to the stabilization
of Alin the silica chains by Ca®" in the interlayer, while the molar Al/Si
(or Al per gram of C-S-H) were rather similar at all Ca/Sigrger as they
depend mainly on the amount of secondary phases present. At high Ca/
Sitarget, competition with Ca®" decreases the uptake of Na' by C-A-S-H
phases.

The findings of this study can also help for the development of
further thermodynamic models to model the effect of equilibration time

Appendix A
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during hydration and the durability of the PC cements containing large
amount of SCMs. The development of a comprehensive thermodynamic
model specifically addressing young C-A-S-H would be highly beneficial
for researchers and various applications. In addition, enhancing our
understanding of the structure and solubility of C-A-S-H over longer
term would provide valuable insights for future studies.
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Mixing proportions used to prepare C-A-S-H (in g per 260 mL of solution for samples with equilibration time from 0.25 day to 90 days, per
180 mL for samples with 90*, 450* and 1350* days and per 90 mL for samples with 3650* days).

Equilibration time (days) Target Ca/Si ratio CaO SiO2 Ca0-Al,03
® (€3] [€3)

0.25-90 0.6 2.029 3.952 0.521
0.8 2.485 3.549 0.467
1.0 2.856 3.222 0.424
1.2 3.165 2.950 0.388
1.4 3.424 2.718 0.357
1.6 3.648 2.521 0.332

90* 0.6 1.248 2.433 0.323
0.8 1.528 2.185 0.287
1.0 1.757 1.982 0.261
1.2 1.948 1.814 0.239
1.4 2.107 1.674 0.220
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Table A1 (continued)

Equilibration time (days) Target Ca/Si ratio CaO Si0, Ca0-Al,03
® (@) (@)
1.6 2.245 1.552 0.205
450* 0.6 1.249 2.433 0.322
0.8 1.532 2.184 0.286
1.0 1.777 1.982 0.263
1.2 1.949 1.814 0.239
1.4 2.107 1.674 0.220
1.6 2.242 1.553 0.208
1350* 0.6 1.255 2.433 0.321
0.8 1.529 2.184 0.288
1.0 1.757 1.982 0.262
1.2 1.947 1.814 0.239
1.4 2.120 1.674 0.222
1.6 2.243 1.552 0.205
3650* 1.0 0.879 0.991 0.130

Table A2
Aqueous dissolved concentrations and pH values for the C-(N-)A-S-H samples with different equilibration time (target Al/Si = 0.1). C-A-S-H equilibrated for 0.25-90
days: synthesized with water/solid = 40, C-A-S-H equilibrated for 90*, 450*, 1350* and 3650* days: synthesized with water/solid = 45.

Equilibration time (days) Target Ca/Si ratio Si? Ca’ Al Na® OH™ pH®
(mM) (mM) (mM) (mM) (mM)
0.25 0.6 0.95 0.35 1.3 520 319 135
0.8 0.43 0.82 2.0 528 286 135
1.0 0.42 0.86 1.9 528 302 13.5
1.2 0.40 0.88 1.6 528 319 13.5
1.4 0.39 0.91 1.7 536 319 135
1.6 0.38 0.92 1.7 536 337 13.5
1 0.6 36.1 0.013 2.2 499 256 13.4
0.8 0.76 0.24 1.5 504 302 135
1.0 0.36 0.69 1.1 518 319 13.5
1.2 0.32 0.79 0.91 521 319 13.5
1.4 0.31 0.83 1.0 524 337 13.5
1.6 0.30 0.85 1.0 531 337 13.5
3 0.6 53.9 0.009 2.5 472 217 13.3
0.8 3.87 0.015 1.9 469 286 13.5
1.0 0.46 0.18 1.2 491 256 13.4
1.2 0.13 0.76 0.63 513 302 13.5
1.4 0.11 0.92 0.61 518 302 13.5
1.6 0.11 0.96 0.58 522 302 13.5
7 0.6 44.1 0.008 2.2 426 174 13.2
0.8 3.12 0.019 1.8 427 206 13.3
1.0 0.52 0.14 1.2 446 230 13.4
1.2 0.11 0.72 0.56 467 230 13.4
1.4 0.079 0.92 0.51 470 230 13.4
1.6 0.074 0.99 0.49 474 230 13.4
14 0.6 47.4 0.007 2.3 433 219 13.3
0.8 3.39 0.019 1.9 432 247 13.4
1.0 0.48 0.13 1.1 454 267 13.4
1.2 0.10 0.65 0.52 479 277 13.4
1.4 0.079 0.95 0.46 481 277 13.4
1.6 0.074 1.02 0.44 480 277 13.4
28 0.6 37.8 0.0038 2.3 418 228 13.4
0.8 2.87 0.019 1.8 416 247 13.4
1.0 0.61 0.11 1.0 441 256 13.4
1.2 0.13 0.57 0.45 465 267 13.4
1.4 0.074 0.93 0.38 471 267 13.4
1.6 0.067 1.01 0.37 473 277 13.4
90 0.6 34.39 0.0055 2.4 432 195 13.3
0.8 2.72 0.019 1.8 423 237 13.4
1.0 0.67 0.10 1.0 453 256 13.4
1.2 0.14 0.44 0.34 476 256 13.4
1.4 0.072 0.87 0.25 482 256 13.4
1.6 0.069 0.97 0.23 489 350 13.5
90* 0.6 26.6 - 29 545 147 13.2
0.8 3.83 - 2.0 542 147 13.2
1.0 0.56 0.040 1.1 580 154 13.2
1.2 0.13 0.25 0.32 517 147 13.2
1.4 0.053 0.59 0.15 522 168 13.2
1.6 0.055 0.61 0.21 530 176 13.2
450* 0.6 32.00 0.010 3.3 503 425 13.6

(continued on next page)
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Table A2 (continued)

Equilibration time (days) Target Ca/Si ratio Si* Ca® Al Na® OH™ pH’
(mM) (mM) (mM) (mM) (mM)
0.8 2.84 0.048 2.2 465 367 13.6
1.0 0.71 0.58 0.87 479 289 13.5
1.2 0.13 0.13 0.36 500 336 13.5
1.4 0.072 0.97 0.17 504 371 13.6
1.6 0.051 1.04 0.19 505 353 13.5
1350* 0.6 20.1 0.037 0.76 459 321 13.5
0.8 2.56 0.035 1.6 467 334 13.5
1.0 0.75 0.10 0.69 496 362 13.6
1.2 0.18 0.44 0.24 515 348 13.5
1.4 0.086 0.91 0.09 526 362 13.6
1.6 0.080 0.84 0.15 524 392 13.6
3650* 1.0 0.63 0.17 0.08 480 348 13.5

& Measurement error + 5 %.
b pH measured at ~24 °C; £0.1.

Table A3
Saturation indices of the relevant reaction products in C-(A-)S-H system with Al/Sitarger = 0.1 and different Ca/Si as a function of equilibration times. C-A-S-H
equilibrated for 0.25-90 days: Synthesized with water/solid = 40, C-A-S-H equilibrated for 90*, 450*, 1350* and 3650* days: Synthesized with water/solid = 45.

Target Ca/Si Equilibration time (days) C-A-S-H AH3 C3AHg Charbazite Gismondine-P1-Na Stratlingite Protlandite Amor-SiO,
0.6 0.25 0.7 -1.9 -1.9 -1.6 -16.5 -0.4 -0.6 -5.1
1 -0.1 -1.8 -8.1 0.1 0.8 -2.7 -2.7 -3.3
3 —0.1 -1.8 —9.1 0.3 3.3 -3.1 -3.1 -3.1
7 -0.4 -1.7 -9.2 0.3 3.0 -3.2 -3.2 -3.1
14 -0.4 -1.7 —9.4 0.3 3.2 -3.3 -3.2 -3.1
28 -1.1 -1.7 —10.0 0.2 2.4 -3.7 -3.4 -3.2
90 —0.8 -1.7 -9.3 0.2 2.0 -3.3 —3.2 —-3.2
90 -1.5 -1.7 -9.5 -0.1 -0.5 -3.8 -3.3 -3.6
450 -0.3 -1.6 -7.9 0.1 1.3 -2.6 -2.8 -3.4
1350 0.5 —2.2 -7.0 —0.4 -3.8 —2.4 —-2.1 -3.6
0.8 0.25 1.0 -1.7 —0.4 -1.9 -19.1 0.4 -0.2 -5.5
1 0.2 -1.8 -2.3 -1.7 -16.9 -0.6 -0.8 -5.1
3 -1.0 -1.7 —6.0 -0.9 -8.7 -2.3 —2.1 —4.4
7 -1.0 -1.7 -5.8 -0.9 -9.1 -2.1 -2.0 —4.4
14 -0.9 -1.7 -5.8 -0.9 -8.7 -2.1 -2.0 —4.3
28 -1.0 -1.7 -5.8 -0.9 -9.3 -2.1 -2.0 —4.4
90 -1.1 -1.7 -5.8 -1.0 -9.7 -2.1 -2.0 —4.4
90 -2.7 -1.8 -8.3 -1.0 -9.6 —-4.0 -2.8 —4.5
450 —0.2 -1.6 —4.3 -1.0 -9.6 -1.2 -1.6 —4.5
1350 —0.6 -1.8 —4.9 -1.1 -10.8 -1.8 -1.7 —4.5
1.0 0.25 1.0 -1.7 -0.3 -16.9 -19.3 0.4 -0.2 -5.5
1 0.6 -2.0 -1.1 -17.6 -21.1 -0.3 -0.3 -5.5
3 —0.6 -1.9 —2.8 -17.5 —19.5 -1.3 -0.9 -5.3
7 -0.6 -1.9 -3.2 -17.0 -18.3 -1.3 -1.0 —5.2
14 -0.8 -1.9 -3.3 -17.2 —18.8 -1.5 -1.1 -5.2
28 -0.8 -1.9 -3.6 -16.9 -17.8 -1.6 -1.2 -5.1
90 -0.8 -2.0 -3.8 -16.9 -17.7 -1.7 -1.2 -5.1
90 -1.9 -2.0 —4.9 —-185 -19.8 -2.7 -1.5 -5.4
450 0.9 -2.0 -1.6 —-16.4 —18.4 -0.3 -0.4 -5.1
1350 —0.8 —2.2 —4.1 -17.3 —18.7 -2.0 -1.2 -5.1
3650 -0.7 -3.1 -5.2 -19.1 —24.8 -35 -0.9 -5.2
1.2 0.25 1.0 -1.8 -0.5 -2.0 —20.0 0.2 -0.2 -5.5
1 0.5 -2.1 -1.1 —2.2 —22.3 —0.4 —0.2 —5.6
3 -0.3 -2.2 -1.4 -2.7 —27.0 -1.1 -0.2 -5.9
7 -0.5 -2.2 -1.6 -2.7 -27.5 -1.2 -0.3 -5.9
14 -0.7 —-2.3 -1.8 -2.8 —28.4 -1.5 -0.3 —6.0
28 —0.6 —2.3 -2.1 -2.7 —27.3 -1.6 —0.4 -5.9
90 -0.9 -2.4 -2.7 -2.8 -27.9 -2.0 -0.5 -5.8
90 -1.6 -2.5 -3.5 -2.9 —28.7 -2.7 -0.7 -5.9
450 —2.2 —2.4 —4.2 -2.8 —28.2 -3.1 -1.0 -5.9
1350 -0.8 -2.6 -3.0 -2.8 -28.1 -2.3 -0.5 -5.8
1.4 0.25 1.0 -1.8 —0.4 -2.0 —20.1 0.3 -0.2 -5.5
1 0.6 -2.0 -1.0 —-2.2 —22.2 —0.3 —0.2 -5.6
3 —0.2 —-2.2 -1.2 -2.8 —27.8 -1.1 —-0.2 —6.0
7 -0.5 -2.3 -1.4 -29 -29.3 -1.3 -0.2 —6.1
14 —0.5 -2.3 -1.4 -3.0 —29.7 -1.4 -0.2 —6.1
28 —0.6 —2.4 -1.6 -3.0 -30.3 -1.6 —0.2 —6.1
90 -0.8 -2.6 -2.1 -3.2 -31.7 -2.0 -0.2 —6.1
90 -1.5 -2.8 -3.0 -35 —34.7 -3.0 -0.3 —6.3
450 -0.7 —2.8 -2.3 -3.3 —33.0 -2.3 -0.1 —6.2
1350 -0.7 -3.1 -2.9 -3.4 —34.0 -2.9 -0.2 —6.1
1.6 0.25 1.0 -1.8 -0.4 -2.0 -20.1 0.3 -0.2 -5.5

(continued on next page)
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Table A3 (continued)

Target Ca/Si Equilibration time (days) C-A-S-H AH3 C3AHg Charbazite Gismondine-P1-Na Stratlingite Protlandite Amor-SiOy
1 0.6 -2.0 -0.9 -2.2 —22.4 -0.3 -0.2 -5.6
3 -0.2 -2.2 -1.2 -2.8 —28.1 -1.1 -0.1 -6.0
7 -0.5 -2.3 -1.3 -3.0 —29.7 -1.3 -0.2 -6.1
14 -0.5 -23 -1.4 -3.0 —-30.1 -1.4 -0.1 -6.1
28 -0.6 -2.4 -1.5 -3.1 -30.9 -1.6 -0.1 -6.2
90 -0.7 -2.6 -2.0 -3.2 -32.1 -2.0 -0.2 -6.2
90 -1.4 -2.7 -2.7 -3.4 -33.7 -2.7 -0.3 -6.3
450 -0.9 —-2.7 —-2.1 —-3.4 —34.2 —-2.3 -0.1 —6.3
1350 -0.8 -2.8 -2.6 -3.3 -33.1 -2.5 -0.2 -6.2
Table A4

Chemical compositions of the C-N-A-S-H products, determined by Rietveld analysis, TGA, 2/A1 NMR, mass balance and dissolution experiments. The estimated absolute
errors are less than +0.05 units in the Ca/Si ratios, 0.2 units in the HoO/Si ratios, and + 0.03 units in the Na/Si ratios of the C-N-A-S-H products. C-A-S-H equilibrated
for 0.25-90 days: synthesized with water/solid = 40, C-A-S-H equilibrated for 90*, 450%, 1350* and 3650* days: synthesized with water/solid = 45.

Target Ca/Si ratio Equilibration time (days) Ca/Si Na/Si Al/Si H,0/Si Chemical formula
0.6 0.25" 0.54 0.23 0.10 1.2 (Ca0)o.54(Na20)0.11(Al203)0.048(5102)1(H20)1.2
1° 0.68 0.50 0.10 1.4 (Ca0)0.68(Na20)0.25(A1203)0.051(5102)1(H20)1.4
3P 0.75 0.51 0.11 1.8 (Ca0)o.75(Na20)0.26(Al203)0.055(S102)1(H20)1.8
7° 0.72 0.43 0.10 1.6 (Ca0)o.72(Na20)0.22(A1203)0.052(5102)1(H20)1.6
14" 0.72 0.49 0.10 1.7 (Ca0)0.72(Na20)0.25(A1203)0.05(S102)1 (H20)1.7
28° 0.69 0.58 0.10 1.5 (Ca0)0.69(Na20)0.29(Al203)0.047(Si02)1(H20)1 5
90° 0.68 0.51 0.09 1.5 (Ca0)0.68(Na20)0.26(A1203)0.046(S102)1(H20)1.5
90" 0.68 0.45 0.10 1.7 (Ca0)o.68(Na20)0.23(A1203)0.050(5102)1(H20)1.7
450+" 0.70 0.39 0.10 1.5 (Ca0)0.70(Na20)0.20(A1203)0.049(5102)1(H20)1.5
1350%" 0.65 0.42 0.07 1.3 (Ca0)g.65(Naz0)0.21(A1203)0.034(Si02)1(H20)1 .3
0.8 0.25° 0.64 0.17 0.06 1.2 (Ca0)o.64(Na20)0.09(A1203)0.020(5102)1(H20)1.2
1° 0.79 0.75 0.08 1.8 (Ca0)0.79(Na20)0.37(A1203)0.041(5i02)1(H20)1.8
3% 0.80 0.70 0.08 1.7 (Ca0)o.80(Na20)0.35(A1203)0.042(S102)1(H20)1.7
7° 0.80 0.50 0.08 1.5 (Ca0)o.80(Na20)0.25(A1203)0.041(Si02)1(H20)1.5
14" 0.80 0.61 0.08 1.6 (Ca0)o.80(Na20)0.30(Al203)0.040(5102)1(H20)1.6
28" 0.80 0.56 0.08 1.5 (Ca0)o.80(Na20)0.28(Al203)0.038(Si02)1(H20)1 5
90° 0.80 0.57 0.08 1.5 (Ca0)o.80(Na20)0.29(A1203)0.040(Si02)1(H20)1.5
90+" 0.81 0.40 0.09 1.7 (Ca0)o.81(Na20)0.20(Al203)0.046(5102)1(H20)1.7
450+" 0.81 0.41 0.09 1.7 (Ca0)o0.81(Na20)0.21(A1203)0.045(5102)1(H20)1.7
1350*° 0.81 0.37 0.09 1.5 (Ca0)p.81(Nas0)o.18(A1503)0.046(Si02)1(H20)1 5
1.0 0.25" 0.73 0.10 0.06 1.1 (Ca0)p.73(Naz0)g.05 (Al203)0.032(Si02)1(H20)1 1
1" 0.96 0.39 0.08 1.7 (Ca0)o.96(Na20)0.19(Al203)0.038(5102)1(H20)1.7
3" 0.99 0.42 0.09 2.0 (Ca0)0.99(Na20)0.21(Al203)0.043(5i02)1(H20)2.0
7° 0.99 0.44 0.09 1.8 (Ca0)0.99(Na20)0.22(Al203)0.043(5102)1(H20)1.8
14" 0.99 0.49 0.08 1.7 (Ca0)o.99(Na20)0.24(Al203)0.041(5102)1(H20)1.7
28" 0.99 0.44 0.08 1.7 (Ca0)0.99(Na20)0.22(A1203)0.041(Si02)1(H20)1.7
90° 0.99 0.57 0.08 1.7 (Ca0)0.99(Na20)0.29(Al203)0.042(5102)1(H20)1.7
90** 0.99 0.37 0.09 1.8 (Ca0)o.99(Na20)0.18(A1203)0.046(5102)1(H20)1.8
450%" 0.99 0.33 0.07 1.8 (Ca0)0.99(Na20)0.16(Al203)0.036(Si02)1(H20)1.8
1350** 0.99 0.29 0.08 1.8 (Ca0)g.99(Naz0)g.15(A1503)0.041(Si02)1(H20)1 8
3650%" 1.00 0.28 0.09 1.8 (Ca0)1.00(Naz0)g.14(A1503)0.046(Si02)1(H20)1 g
1.2 0.25" 0.81 0.15 0.09 1.1 (Ca0)p.81(Naz0)g.073(Al503)0.044(Si02)1 (H20)1 1
1° 1.08 0.47 0.09 1.6 (Ca0)1.08(Na20)0.23(A1203)0.044(5102)1(H20)1.6
3b 1.16 0.55 0.08 1.9 (Ca0)1.16(Na20)0.27(Al203)0.042(5102)1(H20)1.9
7° 1.17 0.33 0.08 1.9 (Ca0)1.17(Na20)0.17(A1203)0.040(5i02)1(H20)1.9
14° 1.17 0.37 0.08 1.7 (Ca0)1.17(Na20)0.18(A1203)0.040(S102)1(H20)1.7
28° 1.17 0.34 0.08 1.7 (Ca0)1.17(Naz0)g.17(A1203)0.040(Si02)1(H20)1 7
90" 1.17 0.43 0.08 1.7 (Ca0)1.17(Na20)0.21(Al203)0.039(5102)1(H20)1.7
90" 1.16 0.21 0.07 1.8 (Ca0)1.16(Na20)0.11(A1203)0.036(Si02)1(H20)1.8
450+ 1.19 0.24 0.09 2.2 (Ca0)1.19(Naz0)0.12(A1203)0.045(Si02)1(H20)2.2
1350+" 1.17 0.15 0.09 1.6 (Ca0)1.17(Na20)0.073(A1203)0.043(Si02)1 (H20)1.6
1.4 0.25" 0.88 0.22 0.09 1.2 (Ca0)0.83(Na20)0.11(A1203)0.045(5102)1(H20)1 2
1° 1.17 0.45 0.09 1.7 (Ca0)1.17(Naz0)9.23(A1203)0.045(Si02)1(H20)1 .7
3° 1.23 0.41 0.09 1.7 (Ca0)1.23(Na20)0.21(Al203)0.046(S102)1(H20)1.7
7° 1.25 0.35 0.09 1.7 (Ca0)1.25(Na20)0.18(A1203)0.045(5102)1(H20)1.7
14° 1.26 0.47 0.09 1.7 (Ca0)1.26(Naz0)0.23(A1203)0.044(Si02)1(H20)1.7
28" 1.27 0.30 0.09 1.7 (Ca0)1.27(Na20)0.15(A1203)0.045(S102)1(H20)1.7
90" 1.27 0.41 0.09 1.7 (Ca0)1.27(Na20)0.21(Al203)0.046(5102)1(H20)1.7
90*" 1.20 0.25 0.06 1.7 (Ca0)1.20(Na20)0.12(A1203)0.031(5i02)1(H20)1 7
450%" 1.29 0.21 0.09 1.8 (Ca0)1.29(Naz0).11(A1203)0.043(S102)1 (H20)1 8
1350*" 1.28 0.13 0.08 1.6 (Ca0)1.28(Naz0)g.065(A1503)0.039(Si02)1 (H20)1 6
1.6 0.25" 0.91 0.27 0.09 1.2 (Ca0)p.91(Naz0)g.14(A1203)0.045(Si02)1(H20)1 2
1° 1.25 0.51 0.09 1.5 (Ca0)1.25(Na20)0.26(A1203)0.046(S102)1(H20)1.5
3b 1.31 0.46 0.09 1.8 (Ca0)1.31(Na20)0.23(A1203)0.047(S102)1(H20)1.8
7° 1.33 0.47 0.09 1.7 (Ca0)1.33(Na20)0.23(A1203)0.047(5102)1(H20)1.7
14° 1.36 0.37 0.09 1.8 (Ca0)1.36(Na20)0.19(A1203)0.047(Si02)1(H20)1 8

(continued on next page)
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Table A4 (continued)

Target Ca/Si ratio Equilibration time (days) Ca/Si Na/Si Al/Si H,0/Si Chemical formula
28" 1.28 0.39 0.08 2.0 (Ca0)1.28(Na20)0.19(A1203)0.037(Si02)1(H20)2.0
90" 1.31 0.35 0.08 1.6 (Ca0)1.31(Naz0)0.17(A1203)0.040(Si02)1(H20)1.6
90+ 1.30 0.28 0.07 1.7 (Ca0)1.30(Na20)0.14(A1203)0.038(Si02)1(H20)1.7
450%" 1.39 0.17 0.08 1.9 (Ca0)1.39(Naz0)0.084(Al203)0.042(8102)1 (H20)1.9
1350%" 1.34 0.17 0.07 1.8 (Ca0)1.34(Naz0).083(A1203)0.033(Si02)1 (H20)1 8

2 Al/Si determined by TGA, 2Z7A1 NMR, mass balance and dissolution experiments.
b Al/Si determined by TGA, Rietveld analysis, mass balance and dissolution experiments.

Table A5
Solid phase assemblages of the C-N-A-S-H samples, as determined by TGA and XRD Rietveld analysis. The estimated absolute error is +0.2 wt%. C-A-S-H equilibrated
for 0.25-90 days: synthesized with water/solid = 40, C-A-S-H equilibrated for 90*, 450%, 1350* and 3650* days: synthesized with water/solid = 45.

Equilibration time (days) target Ca/Si ratio C-(N,K)-A-S-H CH C3AH6 Hemicarbonate Monocarbonate Gismondine-P1-Na
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
0.25 0.6 96.5 3.5
0.8 91.8 8.2
1.0 86.9 13.1
1.2 82.6 17.0 0.4
1.4 79.4 20.6
1.6 74.5 25.5
1 0.6 98.6 0.9 0.5
0.8 98.9 1.1
1.0 98.0 1.0 1.0
1.2 94.6 4.5 0.9
1.4 91.2 8.4 0.4
1.6 87.5 12.2 0.3
3 0.6 99.3 0.7
0.8 99.0 1.0
1.0 99.1 0.9
1.2 97.8 0.9 1.3
1.4 93.3 6.2 0.5
1.6 89.8 9.9 0.3
7 0.6 99.3 0.7
0.8 99.1 0.9
1.0 99.2 0.8
1.2 98.0 0.3 1.7
1.4 93.9 5.5 0.6
1.6 90.5 9.2 0.3
14 0.6 98.7 1.3
0.8 99.1 0.9
1.0 99.0 1.0
1.2 98.2 1.8
1.4 94.3 4.9 0.8
1.6 91.2 8.5 0.3
28 0.6 98.5 1.5
0.8 99.1 0.9
1.0 99.1 0.9
1.2 98.2 1.8
1.4 94.8 4.4 0.8
1.6 86.0 11.1 0.4 0.3 2.2
90 0.6 98.5 1.5
0.8 99.1 0.9
1.0 99.0 1.0
1.2 97.8 2.2
1.4 94.7 4.6 0.7
1.6 87.9 9.9 0.3 0.1 1.8
90* 0.6 100.0
0.8 100.0
1.0 99.3 0.7
1.2 97.2 2.1 0.7
1.4 90.2 5.0 1.2 1.7 1.9
1.6 87.4 9.3 0.0 3.3
450* 0.6 99.8 0.2
0.8 100.0
1.0 98.3 1.3 0.4
1.2 99.0 0.3 0.7
1.4 95.0 3.1 0.4 1.5
1.6 91.5 6.4 0.5 1.6
1350* 0.6 92.0 2.0 0.9 5.1
0.8 100.0
1.0 99.2 0.8
1.2 98.0 2.0
1.4 93.6 3.4 0.4 2.6

(continued on next page)
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Table A5 (continued)

Equilibration time (days) target Ca/Si ratio C-(N,K)-A-S-H CH C3AH6 Hemicarbonate Monocarbonate Gismondine-P1-Na
(Wt%) (Wt%) (wWt%) (Wt%) (Wt%) (Wt%)
1.6 88.7 7.1 0.9 3.3
3650* 0.8 100.0
@ C(Idom) (c) \c¢ dooz

Equilibration
time (day)
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Fig. Al. XRD and TGA of C-A-S-H with (a) and (b) Ca/Sitarget = 0.8, (c) and (d) Ca/Siiarget = 1.2, () and (f) Ca/Sitarget = 1.6 equilibrated for different time from 0.25
day to 1350 day. C: C-A-S-H, P: portlandite (Ca(OH),, PDF# 00-004-733), K: katoite (CazAl5(OH)s, PDF# 00-024-0217), Hc: hemicarbonate (CasAlo(OH);2(0OH)
(C0O3)0.5(H20)s, PDF# 00-029-0285), Mc: monocarbonate (CasAlo(OH);2(OH)(CO3)(H20)s, PDF# 00-029-0285), Cc: carbonates. a: unidentified phase.
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Fig. Al. (continued).
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Fig. A2. FTIR and second derivative spectra of C-A-S-H with Ca/Sitarger = (@) 0.6, (b) 1.0 and (c) 1.4 after different equilibration time synthesized in 0.5 M NaOH.
Normalized to the most intensive band at ~ 950 cm™! of FTIR. G-A-S-H equilibrated for 0.25-90 days: synthesized with water/solid = 40, G-A-S-H equilibrated for

90%, 450* and 1350*: synthesized with water/solid = 45.
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Fig. A3. 2’Al NMR: Experimental spectra and results from deconvolution obtained for C-A-S-H with (a)-(k) Ca/Sitarger = 1.0 and (1)-(s) Ca/Sitarger =

Cement and Concrete Research 172 (2023) 107250

—— Experiment
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0.8 equilibrated

from 0.25 day to 3650 days (target Al/Si = 0.1). C-A-S-H equilibrated for 0.25-90 days: synthesized with water/solid = 40, C-A-S-H equilibrated for 90*, 450*, 1350*

and 3650~ days: synthesized with water/solid = 45.
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Fig. A3. (continued).
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Fig. A3. (continued).
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Fig. A3. (continued).
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Fig. A3. (continued).
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Fig. A4. 295i NMR Experimental spectra and results from deconvolution obtained for C-A-S-H with (a)-(k) Ca/Sitarger = 1.0 and (1)-(s) Ca/Sitarger = 0.8 equilibrated
from 0.25 day to 3650 days (target Al/Si = 0.1). C-A-S-H equilibrated for 0.25-90 days: synthesized with water/solid = 40, C-A-S-H equilibrated for 90*, 450*, 1350*
and 3650* days: synthesized with water/solid = 45.
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Fig. A4. (continued).
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Fig. A4. (continued).
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Fig. A4. (continued).

32



Y. Yan et al. Cement and Concrete Research 172 (2023) 107250

Experiment

(q) 28 day —— Model

- Qo0

- —-Q1

== Q2p(1Al)

----- Q2b
Q2pa

- - -Q2pb

-60 70 -80 -90 100 (8%°Si / ppm)

Experiment

(I’) 90 day ——— Model

- Qo0

- —Q1

- = Q2p(1Al)

----- Q2b
Q2pa

- - -Q2pb

60 70 80 90 100 (8%°Si / ppm)

Experiment

(S) 1350 day —— Model

- - Q0

- —-Q1

== Q2p(1Al)

----- Q2b
Q2pa

- - -Q2pb

60 70 -80 9  -100 (5%Si/ppm)

Fig. A4. (continued).
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Fig. A5 shows the Al/Si in C-S-H for all Ca/Si studied, as a comparison of Fig. 10. The Al uptake between the different Ca/Si C-S-H is comparable if
plotted as molar Al/Si in C-S-H (Fig. A5) but much higher at low Ca/Si if plotted as Al per g of C-S-H (Fig. 10), due to lower C-S-H weight per mol Si at
low Ca/Si C-S-H.
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Fig. A5. Effect of time on the Al sorption in C-A-S-H expressed Al/Si in C-S-H. The shade area indicates the presence of less C-A-S-H as well as the potential un-
derestimation of Al in secondary phases at early stages.
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added for guidance).
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