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Abstract

Cement production accounts for approximately 8% of man-made CO; emissions. Lowering these
CO; emissions is currently one of the most important and urgent research topics within the cement
community. To reduce these emissions, the Portland cement (PC) is partially replaced by supplementary
cementitious materials (SCM) such as blast furnace slag, fly ash or silica fumes. Reaction of these SCM with
PC during hydration leads to the formation of additional calcium silicate hydrates (C-S-H), which is the single
most important phase in cements based on silica-rich SCM. The high Al,O3 and SiO; content of the SCM results
in C-S-H compositions with more Si and Al than in PC, which affects the stability and durability of such
cements. Therefore, it is crucial to determine the role of Al on C-S-H properties to predict the formed hydrate
phase assemblages and their effect on durability.

Al sorption isotherms including very low Al concentrations have been determined for C-S-H with Ca/Si ratios
from 0.6 to 1.4. The solubility, structure and composition of calcium silicate hydrates incorporating aluminum
“C-A-S-H” as a function of different parameters such as Ca/Si ratio, equilibration time, Al and alkali contents
were investigated. Elemental measurements were performed with ICP-MS and ICP-OES. The presence of
secondary phases was investigated by using TGA and XRD and the structure of C-A-S-H was investigated by
FTIR.

High alkali hydroxide concentrations led to an increased Al(OH), formation in solution, which reduced the Al
uptake in C-S-H. Increasing the pH values and/or decreasing the Ca/Si in C-S-H increased not only the Al
concentrations but also in parallel the Si concentrations in solution. This comparable behavior of Al and Si
towards changes in pH, pointed towards the uptake of Al within the silica chain both at low and high Ca/Si
ratios. A higher Al uptake in C-S-H was observed at higher Ca/Si ratios, which indicated a stabilizing effect of
Ca in the interlayer on Al uptake.

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 decrease in the content of secondary phases was observed by TGA indicating a higher uptake of
Al in C-S-H. Little further decrease in Al concentrations was observed after 2 years and longer at low Ca/Si
ratios. At high Ca/Si ratios no significant change in solution concentrations was observed after more than 3
months, 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.

In addition to the C-A-S-H phase, the formation of secondary phases such as stratlingite, katoite and Al(OH);
was observed at Al/Si > 0.03, which limited the Al uptake in C-S-H. More secondary phases were observed at
higher Al concentrations and/or lower pH values. At low Al/Si ratios, a more significant decrease of Al
concentrations with time was observed indicating a slower equilibration than at higher Al concentrations.



The Al sorption isotherms showed a linear trend between the Al in solution and Al in C-A-S-H from Al/Si of
0.001 up to 0.2. The linear trend pointed towards an Al uptake on one or several types of sorption sites, with
a high sorption capacity, which would be consistent with an Al uptake in the bridging position of the silica
chains suggested based on NMR studies.

Keywords

Cement, supplementary cementitious materials, C-A-S-H, alkali hydroxide, Ca/Si ratio, equilibration time, Al

concentration.



Résumé

La production de ciment représente environ 8% des émissions de CO, d’origine humaine. La
réduction de ces émissions est actuellement I'un des sujets de recherche les plus importants et urgents dans
la communauté du ciment. Pour réduire ces émissions, le ciment Portland (PC) est partiellement remplacé
par des matériaux cimentaires supplémentaires (SCM) tels que le laitier de haut fourneau, les cendres
volantes ou les fumées de silice. La réaction de SCM avec PC pendant I’hydratation conduit a une formation
supplémeentaire de silicate de calcium hydraté (C-S-H), qui est la phase la plus importante dans les ciments
a base de SCM riches en silice. La teneur élevée en Al,0s et en SiO; des SCM donne des compositions en C-S-H
avec plus de Si et Al qu’en PC, ce qui affecte la stabilité et la durabilité de ces ciments. Par conséquent, il est
crucial de déterminer le réle d’aluminium sur les propriétés de C-S-H pour prédire les assemblages de phase
hydratée formés et leurs effets sur la durabilité.

Des isothermes de sorption d’Al, contenant tres faibles concentrations d’Al, ont été déterminés pour C-S-H
avec des rapports Ca/Side 0,6 a 1,4. La solubilité, la structure et la composition de silicate de calcium hydraté
incorporant de I'aluminium "C-A-S-H" en fonction de différents parametres tels que le rapport Ca/Si, le temps
d’équilibrage, I'Al et les teneurs en alcali ont été étudiés. L’analyse élémentaire a (de Al, Ca, Na et Si) été
effectuée avec ICP-MS et ICP-OES. La présence de phases secondaires a été mésuré en utilisant TGA et XRD
et la structure de C-A-S-H par FTIR.

Des concentrations élevées d’hydroxyde alcalin ont entrainé une augmentation de la formation d’Al(OH)s en
solution, ce qui a réduit I'absorption d’aluminium dans le C-S-H. L’augmentation des valeurs de pH et/ou la
diminution de Ca/Si dans le C-S-H ont causent une augmentation non seulement de concentrations
d’aluminium, mais aussi de concentrations de Si dans la solution. Ce comportement comparable d’aluminium
et du silicium a I’égard des changements de pH a mené a I'absorption d’aluminium dans la chaine de silice a
des rapports Ca/Si faibles et élevés. On a observé une absorption d’aluminium plus élevée chez C-S-H a des
rapports Ca/Si plus élevés, ce qui indiqué un effet stabilisateur de Ca dans l'interlayer sur I'absorption
d’aluminium.

L'effet du temps d’équilibrage sur I'absorption d’aluminium dans le C-S-H a été étudié en utilisant des temps
d’équilibrage allant de 7 jours a 3 ans. Des concentrations d’aluminium plus faibles ont été mesurées dans la
solution apres des temps d’équilibrage plus longs. De plus, une diminution de la teneur en phases secondaires
a été observée par TGA, ce qui indique une plus grande absorption d’alumnium dans le C-S-H. Une faible
diminution des concentrations d’alumnium a été observé aprés deux ans et plus a de faibles ratios Ca/Si. A
des rapports Ca/Si élevés, aucun changement significatif des concentrations en solution n’a été observé aprés
plus de trois mois, tandis que la déstabilisation des phases secondaires s’est poursuivie jusqu’a un an, ce qui
indique qu’un équilibre (méta)stable a été atteint plus rapidement a des rapports Ca/Si plus élevés.



En plus de la phase C-A-S-H, la formation de phases secondaires telles que stratlingite, katoite et AI(OH)s a
été observée a Al/Si > 0.03, ce qui a limité I'absorption d’alumnium dans C-S-H. D’autres phases secondaires
ont été observées a des concentrations d’alumnium plus élevées et/ou a des pH plus faibles. A de faibles
rapports Al/Si, on a observé une diminution plus importante des concentrations d’aluminium avec le temps,
ce qui indique un équilibre plus lent qu’a des concentrations d’aluminium plus élevées.

Les isothermes de sorption d’aluminium ont montré une tendance linéaire entre Al en solution et Al en
C-A-S-H d’un rapport Al/Si de 0.001 jusqu’a 0.2. La tendance linéaire indiquait une absorption d’aluminium,
principalement, sur un ou plusieurs types de sites de sorption, avec une capacité de sorption élevée, ce qui
serait cohérent avec une absorption d’alumnium dans la position de pontage des chaines de silice suggérée
sur la base d’études NMR.

Mots-clés

Ciment, matériaux cimentaires supplémentaires, C-A-S-H, hydroxyde alcalin, rapport Ca/Si, temps
d'équilibrage, concentration en Al.
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Chapter 1 Introduction

1.1 COz emissions from cement production

Concrete is one of the world’s most affordable, reliable, durable and readily available construction materials
and is the second most consumed material after water, however, the construction industry has suffered from
an image of being environmentally unfriendly [1,2]. An environmentally sustainable concrete production is
achieved by utilizing the inherently environmentally beneficial properties of concrete, e.g. the high
compresive strength, good durability and the high thermal capacity. Concrete consists of cement as binder,
sand and stones as the aggregates and water as a hydration medium [3]. Since concrete consists of a number
of different constituents, the environmental impact of concrete is a complex mechanism governed by the
impacts from each of these constituents. The cement production is associated with high energy consumption
and carbon dioxide (CO;) emissions. Thus, the sustainability of concrete as a material is strongly influenced
by the cement industry [4]. The worldwide demand for cement production is increasing continuously and
Portland cement (PC) clinker production recently exceeding 4 billion tons annually, as shown in Figure 1 [5].
The projections suggest that a 50% increase in annual production of cement should be expected by 2050.
This massive scale of production results in ~8% of the global CO, emissions due to its high kiln temperature
and decomposition of limestone (CaCOs) in raw materials [1,2,6,7]. About 40% of CO, emissions of cement
production come from the combustion of fuels while approximately 60% result from the calcination process,
i.e. the transformation of limestone into calcium oxide (CaO) (CaCO3; — CaO + CO;) [8]. Decomposition of
limestone in the process of manufacturing PC clinker results in the production of approximately 0.5 tonne of
CO;, per tonne of clinker produced [8].

7000

6000

5000 Other

4000

3000

Production (Mt)

2000

1000

0
2015 2020 2025 2030 2035 2040 2045 2050

Figure 1. Predicted evolution of Portland cement production with time [5].
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Improving the sustainability of cement production by reducing these CO, emissions is currently one of the
most important and urgent research topics within the cement community [2,9]. Using ‘carbon capture and
storage (CCS)’ technologies in cement production for reducing the CO, emissions is becoming attractive,
although it is not cost-effective. A report from the World Business Council for Sustainable Development
(WBCSD) introduced CCS as the main strategy to reduce 56% of the planned CO, emissions by 2050, but
estimated that it would require between USS 321 to 592 billion investment to capture that fraction of CO;
from the cement industry [10]. Another approach focuses on replacing Portland cement in the concrete
composition using cements based on alkali activated binders, often called geopolymers. However, there are
some doubts regarding their long-term durability [9]. Furthermore, the use of wastes as fuel can be also an
opportunity to reduce CO; intensity with expanding the use of biomass and alternative less-carbon intensive
fuels. It is expected that the worldwide use of alternative fuels grow from 3% in 2006 to about 37% in 2050
and leads to 15% of the targeted overall reduction in CO, emissions [5].

A very well-established strategy to reduce the content of clinker is partial replacement of Portland cement
with supplementary cementitious materials (SCM) such as blast furnace slags, by-products from steel
production, fly ash from coal combustion, or calcined clays [8,11,12]. The reaction of Portland cement with
SCM, which have different chemical compositions leads to changes in the amount and composition of the
hydrates [11]. This is relevant for the stability of construction materials as well as for oil well cement such as
stabilized filter ashes [13,14].

1.2 Cement hydration

1.2.1 Portland cement

Portland cement is obtained by heating limestone and clay or other calcium carbonate and silicate mixtures
at high temperatures (1500 °C) in a rotating kiln. In this process limestone breaks down to calcium oxide and
carbon dioxide [4,8,15]. The heating at a high temperature transforms the minerals into hard nodules called
clinker. The clinker is mixed with gypsum (calcium sulfate) and ground to a uniform final product [3] which
consists of the following major compounds:

e Tricalcium silicate, Alite or C3S (3Ca0-Si0,)

e Dicalcium silicate, Belite or C,S (2Ca0-Si05)

e Tricalcium aluminate, C3A (3Ca0-Al,03)

e Tetracalcium aluminoferrite, C4AF (4Ca0-Al;03-Fe,03)

In the presence of water, the clinker phase dissolves in water and solid hydration products are formed. CsS
and C,S react to the large prismatic crystals of calcium hydroxide (Ca(OH),) and very small needle-like crystals
of calcium silicate hydrates (C-S-H). The reaction of C3A and C,AF leads in the presence of calcium sulfate to
the formation of ettringite and/or monosulfate [3].

1.2.2 Blended cement

Blended cements are produced by substituting a part of clinker with SCM such as fly ash, calcined clay, slag,
silica fume, volcanic ash and by-products from steel production, in various proportions, at the grinding stage
of cement production [3,11,16]. The addition of SCM results in cement that is now widely considered superior
to common cement and aids in expanded production capacity, reducing the amount of energy used and CO;
emissions during the calcination process [8,15]. SCM have lower lime and higher silica (SiO2) and aluminum
oxide (Al,03) contents than a regular Portland cement [11].



1.3 Calcium silicate hydrate (C-S-H)

Calcium silicate hydrate is the main hydration product of Portland cements which results from the silicate
phase hydration and contributes significantly to the compressive strength and other mechanical properties
of cement based materials [9,11,17]. The high Al,O3 and SiO, content of the SCM leads to C-S-H compositions
with more silicon and aluminum than in Portland cements as shown in Figure 2. In the presence of SCM, C-S-H
has different compositions with lower Ca/Si ratio and higher Al/Si ratio compared to the C-S-H in Portland
cements. The Ca/Si molar ratio of the C-S-H present in Portland cement is in the range of 1.5-1.9 [18,19],
however, in SCM blends it is in the range of 0.6-1.9 [20-22]. The high amount of silica in SCM, e.g. if using fly
ashes or silica fumes, lowers the Ca/Si ratio of C-S-H and modifies the structure of C-S-H phases. These low
Ca/Si C-S-H phases have different space filling properties and are able to take up more aluminum and alkalis,
but less chloride and sulfates. All of these changes can be critical for the performance of concrete in terms
of mechanical properties and durability [23,24].
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Figure 2. A ternary Ca0-SiO,-Al,0s3 diagram of cement hydrates; Reproduced from [25].

1.4  Aluminum uptake in C-S-H (C-A-S-H)

If aluminum is dissolved in the solution, C-S-H is able to incorporate aluminum [26,27] resulting in what is
generally named as calcium aluminate silicate hydrate (C-A-S-H). The C-A-S-H structure consists of calcium
oxide polyhedra sheets flanked with “dreierketten” — tetrahedral (alumino) silicate chains — on both sides
and water as well as counter-ions (e.g., Ca* and OH’) in an interlayer between two such layers [26-29]. 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 [28—30]. The interlayer containing water,
calcium, alkalis and other ions connects a number of sheets together. The incorporation of Al as tetrahedral
AlO4 occurs into the bridging sites of silica tetrahedral chains. The schematic structure of C-A-S-H is shown in
Figure 3. The silica chain length varies with the Ca/Si ratio. At Ca/Si ratio of 0.66, the calcium ions are absent
in the interlayer and the dimers in the silicate chains are connected together in long chains by bridging
tetrahedra [7,30]. At Ca/Si ratios in range of 0.6-0.8, long silicate tetrahedral chains occur, in which repeating



units of one bridging site are connected to two paired silicate tetrahedral sites on either side [29-32]. At
Ca/Si ratios above 1.0, a higher Ca content in the interlayer results in shorter silica tetrahedral chains and
more vacancies in the bridging sites of the silica chains occur [29-31,33].
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Figure 3. Schematic structure of C-A-S-H. Dark grey circle: calcium ion; light grey circle: ions in the interlayer (water or
alkali) and red triangle: Al in the bridging position; Adapted from [34].

Our knowledge about the structure and aluminum uptake of low Ca/Si C-S-H and their impact on hydration
is still insufficient. The solubility of C-S-H with different Ca/Si, Al/Si and alkali/Si ratios has been measured
systematically in previous studies [23,27,35—38]. These experimental data comprised a unique dataset for
the effect of aluminum on C-S-H solubility and were helpful to gain an overview of the relations between
solid and agueous phase composition. The comparison of different datasets, however, revealed also major
differences in the aluminum uptake observed, depending on the reaction time and/or synthesis method
used, as discussed in more details in [19]. The experimental investigation on uptake of aluminum by C-S-H
showed a strong dependency of the Al uptake in C-S-H on the aqueous Al concentrations [19,27,34,37,38].
The data available, however, revealed also the dependency of aluminum uptake on the alkali concentration,
Ca/Si ratios and reaction time [19,23,34,37,38]. In most available studies, the concentrations have been
measured by lon Chromatography (IC) with a relatively high limit of detection of 0.04 mmol/L Al, which is
only slightly below the aluminum concentrations of 0.01 to 0.05 mmol/L, at which secondary phases such as
microcrystalline aluminum hydroxide (Al(OH)s), stratlingite (2Ca0-Al,03-Si0,-:8H,0) and katoite (3Ca0-Al,0s:
6H,0) start to precipitate [23]. Thus, very limited information is available on the effect of aluminum
concentrations on the different binding sites in C-S-H structure, and on how the different possible aluminum
binding sites influence each other; the information which proved to be crucial for the development of
chemical thermodynamic models.

1.4.1 27 AIMAS NMR

Solid-state Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most important techniques which
provides information about the local silicate and aluminate structures and their nearest neighbors. Figure 4
illustrates the Al MAS NMR spectra for C-A-S-H phases at different Ca/Si ratios [39] and indicates the
substitution of aluminum mainly as fore-fold coordinated Al"Y within the silicate chains for C-S-H with low
Ca/Si ratios [40], while five-fold AlY and octahedrally coordinated Al are also present at high Ca/Si ratios
[38,39]. In fact, four-fold coordinated Al"Y is the dominant environment in low Ca/Si C-S-H, where Al
substitutes Si in the bridging sites of the dreierketten chain. Al has been reported to be in the bridging sites



either without charge balance or are charge balanced by interlayer Ca?*, Na*, or H* [41]. At Ca/Si ratios above
1, a second Al" species is present, which has been assigned to aluminum in bridging position charge-balanced
by calcium cations [33,38,39,41]. Increasing the Ca/Si ratio decreases the fraction of Al"Y, and Al"' species
become dominant [38,39]. Also, a lower fraction of hexa-coordinated Al"' species has been observed, while
their content do not change with increasing the Ca/Si ratio of C-S-H [38,39].
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Figure 4. 2’Al MAS NMR spectra of C-A-S-H. Spectra are composed of five distinct resonance contributions labeled a1
and &a; (two IV-coordinated aluminum), a3 (one V-coordinated aluminum), &ais and 8ais (two VI-coordinated
aluminum); Reproduced from [39].

1.4.2  Molecular modelling

Classical molecular dynamics simulations on aluminum binding in C-S-H indicated the possible substitutions
of AlY in the silicate chain both in the bridging and pairing sites [42], while a strong preference of Al"Y uptake
in the biridgin position has been illustrated in [43,44]. A recent study was able to determine the atomic level
structure of C-A-S-H at Ca/Si = 1.0 by combining the Density Functional Theory (DFT) computational methods
with Dynamic Nuclear Oolarization (DNP)-enhanced solid-state NMR experiments [45]. The investigation
indicated the presence of four-, five-, and six-coordinated aluminates at bridging tetrahedral sites. At low
Ca/Si ratios, tetrahedral AlY species are favored, however, at Ca/Si > 1.2, AlY and octahedral Al"!
predominate as they show a higher stability compared to Al species [45].

species

1.4.3 Thermodynamic modelling

The C-S-H system has long been investigated and various thermodynamic models have been developed based
on the solubility data using different C-S-H compositions, solid-solution between end-members with different
Ca/Si ratios or the sorption of calcium and silica on C-S-H phases [19,46]. The CSHQ solid solution model [47]
has been developed based on the experimental data for alkali-free C-S-H [32,48-52] as shown in Figure 5.
Such models need to be extended to account for the uptake of aluminum, alkalis or other ions by adding
them to the respective building units. Furthermore, the model should cover the changes at high pH values
and the uptake of alkalis in C-S-H as discussed in [34].
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Figure 5. The CSHQ solid solution model versus the literature C-S-H solubility data [32,48-52] (scattered points),
shown as function of Ca/Si in the solid in linear scale (A) and logyo scale (B); Reproduced from [47].

1.4.4  C-A-S-H with different Ca/Si ratio and alkali concentration

The experimental investigations on the relations betweem the composition of the aqueous and solid phase
indicated a clear relation between Al concentrations in the aqueous solution and Al uptake in C-S-H
at Ca/Si> 1.0, both in short- and long-term experiments [23,27,38]. At low Ca/Si ratios and in short-term
experiments, an increase of aluminum uptake in C-S-H has been observed with adding Al to the
pre-synthesized C-S-H [27,38]. However, in long-term experiments in which calcium, silicon and aluminum
have been added simultaneously [23], the aluminum concentrations in solution were very low, although the
observed aluminum binding in C-S-H remained high. The high affinity of aluminum uptake at low Ca/Si and
possibly an irreversibility of the binding is in agreement with ab-initio calculations which predicted the strong
stabilization of the C-S-H structure by substituting silicon with aluminum in the bridging position [44].

The composition of C-S-H depends on the dissolved calcium, silicon and hydroxide concentrations in the
aqueous solution. At low Ca/Si ratios, dreierketten chain length is longer and Al is mainly taken up as
tetrahedral Al"Y in the bridging position [39,53]. However, at higher Ca/Si ratios Al is taken up as five-fold
coordinated and octahedrally coordinated aluminum into the bridging position [45]. The solubility of C-S-H
with different Ca/Si ratios and alkali concentrations has been measured systematically [23,34,36,37,54].
However, there is a lack of information on the effect of different alkali concentrations on C-A-S-H structure
and its thermodynamic stability.

1.4.5 C-A-S-H with different equilibration times

The data available in the literature point towards a possible dependency of C-S-H solubility [32] and of
aluminum uptake on the reaction time [19,23,34,37,38]. The solubility of C-S-H has been observed to depend
also on the synthesis methods, indicating the possible existence of several metastable C-S-H phases after
short equilibration times [32]. The incorporation of Al in C-S-H investigated after 1 day equilibration for
C-A-S-H with a Ca/Si = 0.66 [55] and 5 days equilibration for C-A-S-H with Ca/Si ratios of 0.7 and 0.95 [38]
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, katoite and Al(OH); was reported [19]. After equilibration times of 6 months and
longer, in addition to C-A-S-H, also the precipitation of stratlingite, katoite and Al(OH)s has been observed,



which lowers the aluminum concentration in the agqueous solution and thus an increase of Al uptake in C-S-H
[19,29,36]. 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 [37] pointing towards a restructuring of C-A-S-H with decreasing aqueous Al concentrations.

1.4.6  C-A-S-H with different Al concentrations

A number of studies investigated the effect of varying Al/Si ratios on the structure of C-A-S-H gel [33,39,56].
The experimental investigations on the uptake of aluminum by C-S-H showed a strong dependency of the Al
uptake in C-S-H on the aqueous Al concentrations [19,27,34,37,38,47]. Moreover, the precipitation of katoite
and stratlingite at high concentrations of aluminum limits the Al concentration in solution and thus the Al
uptake in C-S-H [37,55]. Faucon et al. [33] showed that the amount of aluminum present in the C-A-S-H is
proportional to the aluminum concentration in the equilibrium solution. According to data available in
literature, the quantity of aluminum incorporated in C-S-H increases with increasing the Al concentrations in
solution [30,55]. Very little information is available on the relation between Al concentration in solution and
Al uptake in C-S-H as well as the composition of C-A-S-H gels at different Al/Si ratios. Such information on
both the aqueous and solid composition is needed to further develop thermodynamic models, used for
calculating the speciation of C-A-S-H phases in hydrating cements.

1.5 Objectives of the thesis

The thesis aimes at investigating the effect of aluminum uptake in the C-S-H structure in depth by combining
the solubility measurements using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES), capable of determining very low dissolved
aluminum concentrations. This thesis was embedded in a large project, in which dedicated NMR
spectroscopic investigations as well as an extended C-A-S-H thermodynamic solid solution model based on
the NMR results are being conducted in parallel. This thesis focused mainly on sorption isotherm experiment
to optimize the measurements of low aluminum concentrations (below 0.04 mmol/L) with ICP-MS and
ICP-OES in the absence and presence of alkali hydroxides. Measurements of “sorption isotherms” in batch
experiments at different Ca/Si ratios helped in quantifying the relations between Ca/Si ratios and occupancies
of different Al sites. Furthermore, the sorption isotherm experiments at different equilibration times
determined the dependency of Al uptake in C-S-H on different reaction times. These data are required for
the further development of more structurally consistent thermodynamic models of C-A-S-H. In order to
further develop the implementation of new cements with lower CO; emissions, an in-depth knowledge about
the differences in short- and long-term thermodynamic stability, chemical evolution, and mechanical
properties of C-A-S-H phases is needed.

Analysis of the available data and models representing the effects of aluminum on C-S-H revealed some
important knowledge gaps, which hinder a more in-depth understanding of the effects of SCMs on cement
composition, stability and durability:

e Thedifference in binding positions for aluminum in the structure of C-A-S-H and how their occupancy
varies as a function of Ca/Si ratio, aluminum concentration, pH value and time.

e Effects of synthesis methods (co-precipitation versus addition of aluminum to pre-synthesized C-S-H)
and effect of short- and long-term equilibration time on the amount of aluminum in C-S-H.

e Effect of aluminum concentration on the amount of Al taken up in C-S-H.



e Optimization of the measurement of very low Al concentrations (below 0.04 mmol/L) with ICP-MS
and ICP-OES in the absence and presence of alkali hydroxides in order to be able to measure Al uptake
over a large range of aluminum concentrations.

In this study, the effect of different aluminum concentrations, alkali hydroxide concentrations, Ca/Si ratios
and equilibration times on the aluminum uptake in C-S-H was investigated. The experiments were performed
by synthesizing the C-A-S-H samples containing different Al/Si ratios, Ca/Si ratios and alkali hydroxide
contents. Short- and long-term sorption isotherms were recorded in order to perform a kinetic study at
different ages of C-A-S-H samples. 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 such as Ca, Si, Al and Na in the solution were determined by ICP-MS and
ICP-OES. The detection limit (DL) for Al in ICP-OES and ICP-MS was 4X10° mmol/L. The solid samples were
analyzed with Thermogravimetric Analysis (TGA) and X-Ray Diffraction (XRD) to check for the presence of
secondary phases in the solid phase. Fourier Transform Infrared Spectroscopy (FTIR) technique was used to
investigate the structure of C-A-S-H phase. Moreover, the measured concentrations were compared with the
calculated solubility of C-S-H using the Gibbs Free Energy Minimization program GEM-Selektor version 3.7
[47,57).

1.6 Thesis outline

This dissertation is composed of eight chapters which are organized as follows:

e Chapter 1: Introduction — This chapter provides a broad overview of Al uptake in C-S-H and the topics
comprising the thesis.

e Chapter 2: Materials and methods — This chapter provides information regarding the synthesis of
C-A-S-H, analytical techniques for solid and solution phases and thermodynamic modelling.

e Chapter 3: The effect of alkali hydroxides on C-A-S-H — This chapter presents the experimental results
of C-A-S-H structure synthesized at different sodium hydroxide (NaOH) concentrations (published in
the Journal of Colloid and Interface Science [58]).

e Chapter 4: The effect of Ca/Si ratio on C-A-S-H — This chapter presents our work on the investigation
of Al uptake in C-S-H at a broad range of Ca/Si ratios (published in the Journal of Colloid and Interface
Science [58]).

e Chapter 5: The effect of equilibration time on C-A-S-H — This chapter provides our improved kinetic
study of C-A-S-H after short- and long-term equilibration times (published in the Cement and
Concrete Research [59]).

e Chapter 6: The effect of Al concentration on C-A-S-H — This chapter presents the investigation of solid
and solution phases at different Al/Si ratios from low to high Al contents (journal paper in progress).

e Chapter 7: Concluding remarks — This chapter summarizes the thesis outcome and sketches the
outlook for future research.

e Appendices — The appendices include the supplementary information for chapters 2, 3, 4, 5 and 6.
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Chapter 2 Materials and methods

2.1 Synthesis

All samples were synthesized in a nitrogen filled glovebox to minimize 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 separated by vacuum filtration using nylon filters (pore
size: 0.45 pum) and analyzed.

2.1.1 Long-term experiment

All synthesis were done at room temperature following a one-step protocol in which a total 3.8 g of calcium
oxide (Ca0), silica fume (SiO,, Aerosil 200, Evonik) and calcium aluminate (CA: CaO-Al,0s) were added 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 with 96% purity was obtained by burning calcium carbonate (CaCOs, Merck, pro
analysis) at 1000°C for 12 hours. CA was synthesized from CaCOs3 and Al,03 (Sigma Aldrich). The mixture was
heated at 800 °C for 1 hour, at 1000 °C for 4 hours and at 1400 °C for 8 hours. Then, it was cooled down with
a rate of 600 °C/h. The molar ratios of Ca0, SiO, 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 0 to 0.2, as indicated in Table 1. 0.5 M NaOH corresponds to the pH
value generally observed in the pore solution of cement [60,61]. In addition, NaOH concentrations of 0, 0.1
and 1 M were selected to cover the different range of pH values relevant for hydrated cements and in order
to investigate the effect of pH values on Al uptake in C-S-H [19]. The samples were prepared with four
replicates and the analysis of solid and solution phases were performed after 3 months, 1 year, 2 and 3 years.
All experimental details on samples are compiled in Appendix A.

Table 1. The Ca/Si, Al/Si molar ratios and NaOH concentrations used to prepare C-A-S-H at 20 °C for long-term
experiments. (*: samples at Ca/Si ratio of 0.8 were analyzed also at Al/Si = 0.2 and after 24 and 36 months).

Molar Ca/Si Molar Al/Si  NaOH (mol/L) Equilibration time (months)

0
0.001
0.003
0.6,0.8,1.0,1.2and1.4 0.01 0,0.1,05and1 3and12*
0.03
0.05
0.1
0.2*
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2.1.2 Short-term experiment

In short-term experiments, C-S-H samples with Ca/Si ratios of 0.8 and 1.2 containing 1 M NaOH were
synthesized and equilibrated for 1 month. Afterwards, 0.086 and 0.073 g of sodium aluminate (NaAlO,),
corresponding to an Al/Si molar ratio of 0.03, was added to the pre-equilibrated C-S-H samples with Ca/Si
ratios of 0.8 and 1.2, respectively. The details of C-A-S-H samples in short-term experiments are shown in
Table 2. The composition of solution and solid phases of C-S-H samples containing Al (C-A-S-H) was measured
after 7, 14, 28 and 56 days (up to 3 months).

Table 2. The Ca/Si, Al/Si molar ratios and NaOH concentrations used to prepare C-A-S-H at 20 °C for short-term
experiments.

Molar Ca/Si  Molar Al/Si  NaOH (mol/L) Equilibration time (days)

0.8and 1.2 0.03 1 7, 14,28 and 56

2.2 Drying

After filtrating the samples inside the glove box, the solids were washed first with a 50%-50% (volumetric)
water-ethanol solution to avoid the precipitation of alkali during drying, and then with pure ethanol in order
to remove the free water. 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 CaCl,-2H,0 solution,
which generates a relative humidity of 30%, following the procedure described by [34,36].

2.3 Analysis

2.3.1 ICP-MS and ICP-OES

The elemental concentrations of Na, Ca, Si and Al in the filtrates were determined with ICP-MS and ICP-OES.
The different liquid samples were first acidified to contain 1% HNO; (using Suprapur HNOs, Merck). Samples
containing NaOH were diluted using 1% HNOs to have Na concentrations below 230 mg/L and 1500 mg/L for
the ICP-MS and ICP-OES analysis, respectively. With this dilution, the maximum Si and Ca concentrations
were below 1 mg/L in ICP-MS. Multi-standard solutions and blank solution (1% HNO3), containing Al, Ca and
Si, were prepared in the range from 0 to 200 pg/L and from 0 to 20 mg/L for ICP-MS and ICP-OES, respectively.
In alkali-free samples, the standard solutions were prepared containing Al, Ca and Si. However, in samples
containing NaOH, 230 mg/L and 1500 mg/L of Na were added to the standard solutions for the ICP-MS and
ICP-OES analysis, respectively. The goal of this procedure was to minimize the matrix effect and ascertain
that all samples including the standard solutions have the same Na concentration. The measurements were
carried out on ICP-MS (7700x, Agilent) and/or ICP-OES (Spectro Arcos). Further details regarding the
operating parameters used in ICP-MS and ICP-OES are listed in Appendix F.

2.3.2 pH measurement

To measure the hydroxide concentration, pH measurements were made at room temperature with a Knick
pH meter (pH-Meter 766) equipped with a Knick SE100 electrode. To minimize the alkali error, the pH
electrode was calibrated against 0.1, 0.2, 0.5 and 1 M NaOH concentrations [62].
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2.3.3 Zeta potential measurement

The zeta potential was measured with an acoustophoresis electroacoustic method using a Zeta Probe from
Colloid Dynamics, which is based on the frequency-dependent electroacoustic effect. The zeta potential is
calculated from the frequency-dependent mobility using the O'Brien Equation [63]. The calibration was made
with potassium tungstosilicates, KSiW. To have the C-S-H particles in a homogeneous suspension, magnetic
stirrer was used at 450 rpm during 10 minutes. A first measurement of zeta potential was made on unfiltered
C-A-S-H samples. Then, the second measurement was carried out on the filtrated solutions to determine any
interferences due to ions present in the solution considered as background and thus deducted from the initial
measurement. The zeta potential is measured close to the interface between the stern layer and the diffusive
layer giving the effective charge of the particle surface in the suspension.

234 TGA

TGA data were acquired with a TGA/SDTA851e Mettler Toledo device using approximately 30 mg of sample.
The weight loss of the samples was recorded from 30 °C up to 980 °C with a heating rate of 20 °C/min under
N, atmosphere. The amount of stratlingite, Al(OH)s, katoite, portlandite (CH) and CaCOs; were quantified
based on the measured weight loss between 150-240, 240-300, 300-350, 350-450 and 600-900, respectively,
using the tangential method and the theoretical weight loss of solids [64].

2.3.5 XRD

PANalycatical X'Pert Pro MDF diffractometer equipped with an X'Celerator detector was used to record the
X-ray powder diffraction patterns. Diffraction patterns were collected in increments from 5° to 70° 26 at a
conventional step size of 0.017° 26 and a step measurement time of 460 s. The presence of different phases
was determined with X'Pert HighScore Plus. The quantification of the amounts of the phases was carried out
with calcium fluoride as an external standard.

2.3.6 FTIR

FTIR spectra were recorded in the range of 400-4300 cm™ on a Bruker Tensor 27 spectrometer with a
resolution of 4 cm™ by transmittance on small amounts of powder. To make the comparison easier, the
spectra were corrected for background and scaled to the maximum of Si-O bonds. The second derivative of
FTIR spectra was used in order to identify the different bands and differentiate the wavenumbers [65].

2.3.7 Thermodynamic modelling

Thermodynamic modelling was performed with GEM-Selektor software [57], version 3.7. The PSI-Nagra
chemical thermodynamic database [66] was used as a source of the standard thermodynamic data for
aqueous species, portlandite and amorphous SiO,. The standard thermodynamic data for microcrystalline
Al(OH)s,, stratlingite, C-S-H and katoite were taken from the Cemdatal8 chemical database [67]. The CSHQ
thermodynamic solid solution model was used in order to model the stability and composition of the C-S-H
system [47]. The activity coefficients of aqueous species y; were calculated using the extended Debye-Hiickel
equation (Eq.1) with common ion-size parameter q; = 3.31 A for NaOH solutions [68] and common third
parameter b, according to:

_ 2
e L AL Eq.1

logy: = 1+By a1 Y
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where z; denotes the charge of species i, I the effective molal ionic strength, b, 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 [69].

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

(Ca0), (510,), (Al,05), (Hy0)q ) *52 aCa® (aq) + bHSIO™ ) +2¢AI0, ™ o) + (2a — b — 2¢)0H™ , + (c +
d— a) HZO(I) Eq2

where a, b, c and d are the respective stoichiometric coefficients for Ca0O, SiO,, Al,Os and H,0 in C-A-S-H [36].
At equilibrium, this reaction implies the following relationship for K, at Ca/Si = 0.8 and Al/Si = 0.03 (Eq.3):

0.777 L 0.971 _ 0.029 _ 0.554 1.02
Koo = {Ca® g} - {HSIOS (aq)} : {Aloz (aq)} {0H @} - {H200)}
Eq.3
And for Ca/Si = 1.2 and Al/Si = 0.03 (Eq.4):

1.165 1.33 1.19

0971 40029 ~
Koo = {Ca® g} - {HSiO3_(aq)} : {Aloz (aq)} {0H g} ™+ {H200)}

Eq.4

Activities of Ca2+(aq), HSiO3_(aq), AlOZ_(aq), OH™ (aq) @and H,O( species were calculated with GEM-

Selektor v3.7 using the measured concentrations of Ca, Si, Al and OH" in the supernatants.

The saturation index (Sl) of different solids was calculated according to Eq.5 using the elemental
concentrations of Al, Ca, Si and Na:

IAP

SI =log (K—) Eq.5

The ion activity product (JAP) 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 Sl calculation was used
to verify the solid phase composition found experimentally.

2.3.8 Al uptake in C-S-H

The elemental composition in C-A-S-H was calculated by mass balance. The amount of Al, Ca, Si and Na in
secondary phases and the fraction of Al, Ca, Si and Na in solution were subtracted from the initial quantities
in order to calculate the effective C-A-S-H composition as detailed in [37,58,59]. For example, for calculation
of molar Al/Si ratio in C-A-S-H, the mass of Al in secondary phases containing Al (stratlingite, AIl(OH)s, katoite)
and the mass of Al in solution were substracted from the initial mass of Al in Ca0-Al,03 used in synthesis. The
same method was followed to calculate the mass of Si in C-A-S-H. Then, the molar Al/Si ratio was calculated
using the molar quantity of Al and Si in C-A-S-H. The measurements and quantifications are also detailed in
Appendix B. The measurements' error were take into acount in the calculation of elemental compositions in
C-A-S-H. The errors of concentrations in the aqueous solution are less than 2%. However, 10% error was
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considered in the quantification of different secondary phases with TGA. Thus, the errors in Al/Si and Ca/Si
ratios in C-A-S-H were calculated using the 10% error in the content of different secondary phases in solid
which are compiled in Table 10 in Appendix E.

The uptake of Al into C-S-H phases can be expressed in terms of a K4 value (distribution coefficient), which is
defined as the ratio of the quantity of aluminum adsorbed per unit mass of solid to the quantity of aluminum
remaining in solution at equilibrium. The K4 values were calculated according to Eq.6:
_ Cseq 3 Lg1
K; =— (m3kg?) Eq.6
Cl,eq
where Cs 4 is the equilibrium Al concentration sorbed on C-A-S-H phases [mol.kg™] and Cj., is the equilibrium

concentration in solution [mol.m?3]. The errors of K4 values are mainly less than 1% as compiled in detail in
Table 11 in Appendix E.
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Chapter 3 The effect of alkali hydroxides on
C-A-S-H

This chapter investigates the effect of different sodium hydroxide concentrations (pH values) on the
aluminum uptake in C-S-H which has been published in the Journal of Colloid and Interface Science and the
information regarding the contribution of the author of this PhD thesis can be found in section 1.7. The
analysis were performed on C-A-S-H samples containing different Al/Si ratios, Ca/Si ratios and NaOH contents
filtrated after 3 months equilibration.

3.1 The effect of pH on Al sorption isotherm

Figure 6 shows the molar Al/Si in C-A-S-H obtained from mass balance calculations against the measured Al
concentrations in aqueous solution. The aluminum uptake in C-S-H increases with the dissolved aluminum
concentrations at Ca/Si ratios of a) 0.6; b) 0.8; ¢) 1.0; d) 1.2 and e) 1.4. A similar relation between aluminum
uptake in C-S-H and dissolved aluminum in the solution has also been reported in [55] albeit at much higher
aluminum concentrations (0.5 mmol/L to 3.5 mmol/L for Ca/Si = 0.95) and in [37] at similar concentrations
(0.021 mmol/L to 0.37 mmol/L for Ca/Si = 1.0). This clear relation between aluminum concentrations and
Al/Si ratio in C-A-S-H indicates either a surface sorption of aluminum on the C-S-H [27] or the uptake in the
C-S-H structure, which might be described by a solid solution model [70,71].

The addition of alkali hydroxide increases the pH value, which is a key parameter in the system. The pH
increases from 10.5-12.0 for the alkali-free C-A-S-H up to 13.6 in the systems containing sodium hydroxide.
Increasing the pH values leads to higher dissolved Al concentrations preventing the precipitation of
secondary phases such as aluminum hydroxide. The sorption isotherms in Figure 6 show that in fact the
presence of alkali hydroxide leads to much higher dissolved Al concentrations as the addition of NaOH
increases the pH value and destabilizes the solubility of stratlingite and aluminum hydroxide. At all Ca/Si
ratios investigated (0.6, 0.8, 1.0, 1.2 and 1.4, see Figure 6) this effect of the pH value on the dissolved Al
concentration is clearly visible.
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Figure 6. The effect of pH value on Al uptake in C-S-H after 3 months equilibration for Ca/Si ratios of a) 0.6; b) 0.8; c)
1.0; d) 1.2 and e) 1.4 in the absence of NaOH and in the presence of 0.1, 0.5 and 1 M NaOH. (The lines serve as eye-
guides only and the errors are smaller than the symbols' size).

3.2 The Al speciation at different pH values

Figure 7 illustrates the strong dependence of dissolved aluminum concentrations in equilibrium with solid
Al(OH)s. A similar graph is obtained for the aluminum hydroxide species in equilibrium with gibbsite as shown
e.g. in [72]. 100 times higher dissolved Al concentrations can be reached at pH 13.5 than at pH 11.5 before
aluminum hydroxide precipitation occurs. At the same aluminum concentrations, less aluminum uptake in
C-S-H is observed in the presence of alkali hydroxide. This suppression of aluminum uptake is stronger at
higher pH values. This could be related to i) the increase of the fraction of the thermodynamically stable
aqueous aluminum hydroxide complex (AI(OH)4 (aq)) in solution and/or ii) the increase of the negative surface
charge of C-S-H due to the pH increase, i.e. the interaction of the negatively charged complex (Al(OH)4 (aq)) in
solution with the negatively charged surface will lower the tendency for aluminum incorporation. The
speciation of aqueous aluminum depends on the pH values as shown in Figure 7, where negatively charged
[AI(OH)4] dominates the speciation at pH > 7 [73]. The fraction of the Al(OH)4 species increases with the pH
values, which lowers the tendency of Al to be sorbed by C-S-H. Furthermore, the formation of a NaAl(OH),
complex could be possible at higher pH values and at high concentrations of sodium [74] which could
contribute to stabilize aluminate ions in the solution and decrease its uptake by C-S-H. Lower aluminum
uptake in C-S-H at high NaOH concentrations could also be related to the decrease of the occurrence of filled
bridging position with increasing pH value. Si NMR measurements have shown shorter silica chain length at
higher pH values [23].

18

Barzgar et al., 2020, J. Colloid Interface Sci.



1.0E+01

1.0E-01
= —A| tot
< 10€t-03
£ ——Al3+
£
F 1.0E-05 1 AIOH2+
g 10807 AI(OH) 2+
c
Q
£ 10E-09 —Al(OH)4-
v ——AI(OH)3
1.0E-11
1.0E-13

Figure 7. The effect of pH value on the calculated Al speciation in equilibrium with microcrystalline Al(OH)s.

3.3 Zeta potential at different pH values

Zeta potential measurements are shown in Figure 8. The zeta potential measures the charge of a particle not
directly at the surface but in some distance; such that ions near the surface and even some in the diffuse
layer, contribute to the measured charge [73,75]. The zeta potential measurements of C-S-H show a negative
charge for low Ca/Si C-S-H and thus at low calcium concentrations. At higher calcium concentrations, the
measured zeta potential increases from negative values to positive values, as the calcium accumulates near
the surface of C-S-H as discussed in detail in [27]. As the increase of calcium concentrations at higher Ca/Si
ratios in C-S-H is also accompanied by an increase of the pH value, this charge reversal can also be observed
as a function of pH value as shown by the circles in Figure 8, which represents measured zeta potentials on
C-S-H with Ca/Si = 0.66 to 1.51, in the absence of any alkali hydroxide [27].

However, an increase of the pH value at constant Ca/Si has the opposite effect. It lowers the measured zeta
potential to more negative values as illustrated by the squares in Figure 8, where the measured zeta potential
decreases from -0.5 mV for Ca/Si = 1.0 and no alkali to -18.4 mV in the presence of 0.15 M potassium
hydroxide (KOH) as reported by [37]. This effect is also visible in the difference between the zeta potential
values measured in the absence of alkali (blue circles) and those in the presence of 0.1 M NaOH (red
triangles); for Ca/Si ratio of 1.0, the measured zeta potential decreases from 1 mV in the absence of NaOH to
-14 mV in the presence of 0.1 M NaOH. This is related to an increased deprotonation of the silanol sites at
higher pH values, in agreement with the trends predicted by molecular modelling [76].

Measurements of the zeta potential in 0.1 M NaOH of C-S-H with Ca/Si ratios from 0.6 to 1.6 (red triangles)
confirmes the effect of pH values on the measured zeta potential, all data are significantly lower than in the
absence of NaOH indicating a more negative C-S-H surface at higher pH values. Even at higher pH values an
increase of the Ca/Si ratio of C-S-H increases the zeta potential from -27 mV to -3 mV (from full triangles to
empty ones) as the calcium concentrations increase with the Ca/Si ratio in C-S-H. Thus, also in the presence
of 0.1 M NaOH increasing the Ca/Si ratio decreases the negative charge near the C-S-H particles which leads
to an increase in the measured zeta potentials. The measured zeta potential is in addition influenced by the
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concentration of Na* cations, which can also be present near the surface of C-S-H. As Ca?* and Na* cations
compete to compensate the negative charge [19], at high NaOH concentration Na* can replace some of the
Ca®* near the C-S-H surface, thus lowering the measured zeta potential. At higher alkali hydroxide
concentrations (0.5 and 1 M NaOH), however, the zeta potential measurements are strongly affected by the
increase in ionic strength which moves the distance where the zeta potential is measured, such that the
experimental values show a very high scatter and a reliable measurement is not possible (data not shown).
The different shading of the triangles and circles correspond to the different Ca/Si ratios; for each Ca/Si at
0.1 M NaOH several measurements are available corresponding to the different Al/Si ratios from 0 to 0.2.
The different experiments are also the reason for the slight difference in the zeta potential values for
Ca/Si=0.6 from 11.9 mV to 12.2 mV.

The zeta potential measurements illustrate that higher pH values at constant Ca/Si result in a more negatively
charged C-S-H surface due to the deprotonation of the silanol sites. Together, the more negative surface
charge and the increasing predominance of aqueous Al(OH)s complexes suppresses Al uptake by C-S-H at
high pH values as discussed above and as visible in the data shown in Figure 7.
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Figure 8. Zeta potential measurements for C-S-H samples in the absence of alkali hydroxide (circles; [27]), the effect of
0to 0.15 M KOH (squares; [37]), and in the presence of 0.1 M NaOH (triangles; this study).

3.4  The effect of pH on aqueous phase composition

Figure 9 shows the effect of sodium hydroxide on the aqueous phase composition at five different Ca/Si ratios
of a) 0.6; b) 0.8; c) 1.0; d) 1.2 and e) 1.4. The measured dissolved Ca and Si concentrations in Figure 9 are
compared to thermodynamic predictions using the CSHQ solid solution model for C-S-H [47,67]. The CSHQ
model was used as it is able to model the entire Ca/Si range investigated instead of the CNASH model
developed by [70,71] as the CNASH model concentrates on low Ca/Si.

The alkali-free C-S-H are the data points at pH of 10, 10.5, 11.9, 12 and 12.2 for Ca/Si ratios of 0.6, 0.8, 1.0,
1.2 and 1.4, respectively. A comparison of the alkali-free C-S-H in Figure 9a-e illustrates that the Ca
concentrations increase with increasing Ca/Si and the Si concentrations decrease; both these trends as well
as the measured concentrations agree well with other solubility measurements of C-S-H published in
literature as summarized in [19,46].
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Higher pH values increase the concentrations of silica and aluminum in solution, while the calcium
concentrations decrease. The same trend has been observed for C-S-H and C-A-S-H systems in the presence
of different quantities of sodium and potassium hydroxide [23,37,77,78]. Increasing the pH values leads to a
decrease in Ca concentrations in the solution; this decreasing trend in calcium concentrations agrees well
with the modelling predictions although the model overestimates somewhat the measured calcium
concentrations at low Ca/Si ratios and underestimates them at Ca/Si = 1.2. At Ca/Si = 1.4, the calcium
concentrations above pH of 12.5 are determined by the solubility of portlandite as shown in Figure 9e. In
contrast to the calcium, the silica concentrations increase with the pH values. At low Ca/Si ratios, this
behavior is dominated by the increase of the amorphous silica solubility with pH. At intermediate Ca/Si ratios,
the increase of dissolved Si is related to the decrease of the dissolved Ca concentration and the common ion
effect with respect to C-S-H.

The measured Al concentrations increase with the amount of Al present in the system as visible in
Figure 9a-e, where the different symbols represent samples with different Al/Si ratios from 0.001 to 0.05.
The formation of SiO(OH)s", Si0,(OH),* and AI(OH)s complexes at high pH values increases the silicon and
aluminum concentrations as illustrated for aluminum in Figure 7. This simultaneous increase of Si, Al and
hydroxide concentrations with pH value lowers the calcium concentrations due to the common ion effect
with C-S-H, katoite and/or portlandite. Increasing the pH values increases the Al concentrations in the
aqueous solution at all Ca/Si ratios similarly to the Si concentrations, which could indicate a comparable
uptake mechanism for Si and Al in C-S-H both at high and low Ca/Si. In fact, an uptake of Al in the silica chain
as observed at low Ca/Si ratios, can be expected to result in similar trends of Si and Al concentrations upon
variation of pH values and Ca/Si ratios. These results tentatively indicate that also six-fold coordinated Al",
the dominant Al species at high Ca/Si ratios, could be associated with the silica chain [19,38,39,45], in
agreement with recent findings from molecular modelling [45] and with the observed increase of the silica
chain length in the presence of Al [23].
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Figure 9. The effect of pH value on aqueous phase composition after 3 months equilibration for Ca/Si ratios of a) 0.6;
b) 0.8; ¢) 1.0; d) 1.2 and e) 1.4. (The points represent the experimental data and the lines are the calculated values
using the CSHQ solid solution model [47]). (The errors are smaller than the symbols' size).

3.5

Figure 10 shows the TGA results for samples at Ca/Si ratio of 0.8 and Al/Si ratio of 0.03 with different NaOH
concentrations. For the sample without NaOH, the presence of a low amount of Al(OH); and katoite is

The effect of pH on solid phase composition

observed. However, at higher NaOH concentrations (0.1, 0.5 and 1 M) no secondary phases are present, in
agreement with Figure 7 which illustrates that the presence of NaOH increases the pH values and destabilizes
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aluminum hydroxide. At higher alkali hydroxide concentrations, more Al is present in solution due to the
preferred formation of AI(OH)s complex which leads to the less secondary phases and less Al in C-S-H.
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Figure 10. The TGA results for Al/Si ratio of 0.03 and Ca/Si ratio of 0.8 with different NaOH concentrations.

3.6 Conclusions

The sorption isotherm experiments indicated that aluminum uptake in C-S-H increases with the aluminum
concentrations in solution. In the absence of alkali hydroxide, however, the maximum Al concentrations in
solution were limited to approximately < 0.03 mmol/L by the precipitation of AI(OH)3 and katoite, which limits
the maximum molar Al/Si to = 0.1.

The presence of sodium hydroxide increased the pH value, which prevented aluminum hydroxide formation,
and led thus to much higher dissolved Al concentration of up to 2 mmol/L. The increase of the Al uptake in
C-S-H, however, was limited as alkalinity suppresses Al uptake in C-S-H. Zeta potential measurements and
molecular modelling [76] indicated that at higher pH values the C-S-H surface is more negatively charged due
to increased deprotonation of the silanol sites, which suppresses Al uptake, as the main hydroxide complex
of aluminum above pH of 7, AI(OH)y4, is also negatively charged. In addition, the fraction of the AI(OH)4
aqueous complex increased also with the pH values, which further lowers the tendency of Al to be sorbed by
C-S-H.

Increasing the pH values and/or decreasing the Ca/Si ratios in C-S-H increased not only the Al concentrations
but also in parallel the Si concentrations in solution. This similar behavior of Al and Si towards changes in pH
pointed toward the uptake of aluminum within the silica chain both at high and low Ca/Si. This agrees well
with solid state Si NMR results indicating that at low Ca/Si C-S-H AlY is present in the bridging sites of the
silica chain. The results tentatively indicated that also six-fold coordinated Al'', the dominant Al species at

high Ca/Si, could be present within the silica chain in agreement with recent molecular modelling studies
[45].
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Chapter 4 The effect of Ca/Si ratio on
C-A-S-H

This chapter illustrates how different Ca/Si ratios affect the uptake of Al in C-S-H at different NaOH
concentrations and Al/Si ratios using the equilibration time of 3 months. This chapter has been published in
the Journal of Colloid and Interface Science and the information regarding the contribution of the author of
this PhD thesis can be found in section 1.7.

4.1 The effect of Ca/Si ratio on Al sorption isotherm

The Ca/Si ratio in C-S-H affects not only the aluminum concentration in aqueous solution but also the amount
of Al taken up in C-S-H. Figure 11 shows the effect of target Ca/Si ratio on Al uptake in C-S-H for different
systems: a) in the absence of sodium hydroxide; b) in the presence of 0.1 M NaOH; c) in the presence of 0.5
M NaOH and d) in the presence of 1 M NaOH. Figure 11a shows that in the absence of alkali hydroxide, the
maximum aluminum concentrations in solution are < 0.03 mmol/L, limited by the precipitation of Al(OH);
and katoite, which restrains the maximum molar Al/Si to = 0.1. Figure 11a also indicates that at higher Ca/Si
ratios more Al is taken up in C-S-H for the samples without alkali hydroxide, in particular at very low Al
concentrations. For a given Al concentration, the Al uptake in C-S-H is increasing in a row from Ca/Si = 0.8 to
Ca/Si = 1.4. In contrast, the uptake is similar at Al concentrations above 0.01 mmol/L. In addition, a different
uptake regime is observed at high and at low Ca/Si ratios. The slope of the line between dissolved Al
concentrations and Al in C-A-S-H is much steeper for samples at target Ca/Si ratio of 0.8 compared to those
at target Ca/Si of 1.0 and above. A comparable difference between the Al uptake by low Ca/Si and high Ca/Si
C-S-H is also observed in 0.1 M NaOH (Figure 11b). At low aluminum concentrations (< 0.01 mmol/L),
increasing the Ca/Si ratios leads to an increase of the Al uptake in C-S-H. This might be related to the presence
of different Al environments at low and high Ca/Si ratios. 2’Al MAS NMR have indicated that in low Ca/Si C-
S-H four-fold coordinated Al" is the dominant environment, while at high Ca/Si ratios six-fold coordinated
A" is dominant [19,23,33,38,39,41]. The position of six-fold coordinated AlY' has been suggested to be
present in the bridging site [45]. However, how these different Al environments in C-S-H affect the Al uptake
is presently not well investigated. Possibly, the presence of more calcium in the interlayer at higher Ca/Si
ratios and the resulting apparent positive charge on the C-S-H surface could ease the uptake of Al(OH)4". Such
a stabilizing effect of Ca on Al uptake would be consistent with a recent X-ray Adsorption Near Edge
Spectroscopy (XANES) study, where an ordering of the Ca in the interlayer was observed in the presence of
Al [29]. However, in addition also kinetic restraints could be important, and the equilibration time could be
different at low Ca/Si and high Ca/Si.

Figure 11d shows the effect of target Ca/Si ratio on Al uptake in C-S-H for samples with 1 M NaOH. Increasing
the Ca/Si ratio leads to a decrease in Al concentrations in solution and an increase in Al uptake in C-S-H as
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also observed for the samples without NaOH. At Al concentration of 0.01 mmol/L, Al/Si of 0.003 is observed
for low Ca/Si C-S-H, which increases to Al/Si = 0.05 at Ca/Si = 1.2. However, little difference is observed
between the Ca/Si ratios of 0.6 and 0.8 and between Ca/Si ratios of 1.2 and 1.4 for samples with 1 M NaOH.
Moreover, the uptake of Al in C-S-H in samples at Ca/Si ratio of 0.6 (for 0.1 M and 1M NaOH) do not show
the same trend compared to the case of Ca/Si = 0.8. The reason for this behavior cannot be explained. Both
at 0.5 M NaOH (Figure 11c) and at 1 M NaOH (Figure 11d) the slope has a comparable steepness independent
of the Ca/Si ratio in contrast to the observation at lower pH values. The reason for this different behavior is
presently unknown but points towards different binding sites for Al in C-S-H. Further detailed studies of Al
binding in C-S-H by spectroscopic methods at different Al concentrations and pH values are needed, which is
presently carried out in parallel projects [29].
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Figure 11. The effect of target Ca/Si ratio on Al uptake in C-S-H after 3 months equilibration for samples a) without
NaOH (The data at Ca/Si = 0.6 were below the detection limit); b) 0.1 M NaOH; c) 0.5 M NaOH and d) 1 M NaOH. (The
lines serve as eye-guides only and the errors are smaller than the symbols' size).

4.2 The effect of Ca/Si ratio on solid phase composition

Figure 12 illustrates the effect of target Ca/Si ratio on the phases present for samples with a) Al/Si = 0.1 and
without NaOH and b) Al/Si =0.03 and 1 M NaOH. The addition of aluminum in the absence of NaOH leads to
near saturation with respect to microcrystalline Al(OH)s; and katoite at higher Al concentrations at target
Ca/Si ratio of 0.6 and 0.8, but the solution remains undersaturated at higher Ca/Si ratios. All solutions are
undersatured with respect to katoite, although katoite has been observed in some of the samples. A similar
observation (presence of katoite although the solutions were clearly understaturated) has been made by [37]
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and has been related to a kinetically very slow dissolution of katoite which has formed early in the
experiments. In the absence of NaOH (Figure 12a), the presence of 1.16 wt% and 0.14 wt% Al(OH); has been
observed for target Ca/Si ratios of 0.6 and 0.8, respectively, while katoite was present at target Ca/Si = 0.8.
The presence of 1.4 wt%, 0.95 wt%, 0.7 wt% and 1.9 wt% of katoite has been observed for target Ca/Si ratios
of 0.8, 1.0, 1.2 and 1.4, respectively.

In the presence of 1 M NaOH and at high Ca/Si ratios, the presence of high amount of portlandite is observed.
Due to the high pH value in 1 M NaOH solutions, portlandite is observed at target Ca/Si = 1.2 (0.9 wt%) and
at target Ca/Si = 1.4 (4 wt%) (Figure 12b). In the absence of NaOH, no portlandite is observed at target
Ca/Si=1.2 and 1.4 in agreement with earlier observations [23,46]. The formation of portlandite at high NaOH
concentrations and high Ca/Si ratios also explains the decrease in the dissolved calcium concentrations at
increasing pH values shown in Figure 9. At Ca/Si ratios of 0.6 and 0.8 (Figure 12b), the presence of additional
very broad TGA signals in the range of 250 °C to 450 °C is observed, which was tentatively assigned to the
thermal decomposition of C-N-A-S-H [35] and the presence of a minor amount of portlandite.

From the measured aqueous concentrations, calculation of saturation indexes (SI) was used as an
independent method to verify the presence of secondary phases in the solid samples. The S| values for
different secondary phases such as portlandite, amorphous silica, microcrystalline aluminum hydroxide,
stratlingite and katoite are compiled in Appendix D. All the solutions are near saturation with respect to C-S-H
(the calculated Sl are generally in the range of £0.5). In the absence of NaOH, the solution is also saturated
with respect to amorphous SiO; at low Ca/Si (Ca/Si = 0.6) (note that amorphous silica might be present at low
Ca/Si and in the absence of NaOH but cannot be detected by TGA [34]) but in all cases significantly
undersaturated with respect to portlandite, in agreement with the TGA data. The presence of NaOH leads to
undersaturation with respect to amorphous SiO; (even at Ca/Si = 0.6) and stabilizes portlandite at Ca/Si=1.2
and 1.4, again in agreements with the TGA data.
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Figure 12. The TGA results for samples with different target Ca/Si ratios at a) Al/Si ratio of 0.1 without NaOH and b)
Al/Si ratio of 0.03 with 1 M NaOH.

Figure 13 shows the XRD pattern for samples at Al/Si ratio of 0.03 with 1 M NaOH at different target Ca/Si
ratios. At higher Ca/Si ratios, the presence of significant amount of portlandite is observed; in agreement
with our observation in Figure 12. However, at low Ca/Si ratios a small amount of portlandite is also visible.
The TGA results in Figure 12 also indicated the presence of very low amount of portlandite at target Ca/Si
ratio of 0.6. As it is mentioned before, this can be due to non-equilibrium condition of system.
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Figure 13. The XRD pattern for samples at Al/Si ratio of 0.03 with 1 M NaOH and different target Ca/Si ratios.

4.3 Conclusions

The aluminum uptake in C-S-H is influenced by the Ca/Si ratios. Increasing the Ca/Si ratio increased the Al
uptake in C-S-H, while the dissolved Al concentrations decreased such that at constant Al concentration in
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the solution more Al is taken up in C-S-H at higher Ca/Si ratios. This could be related to a stabilization of
aluminum in the C-S-H interlayer in the presence of calcium in agreement with a recent XANES study, where
the presence of Al had an ordering effect on Ca in the interlayer [29]. Moreover, at low Ca/Si ratios only Al'Y
is present in the bridging position. However, at high Ca/Si ratios the presence of AlY, AlY and AlY' in the
bridging position has been observed which provides sufficient sorption site for Al in C-S-H [45].

Solid phase analysis with TGA and XRD indicated the presence of different secondary phases at different
target Ca/Si ratios. At high target Ca/Si ratios and in the presence of high NaOH concentrations, a significant
amount of portlandite has been precipitated, however, at target Ca/Si < 1.0 the solution was undersaturated
with respect to portlandite. In the absence of NaOH, solution was undersaturated with respect to portlandite
at all target Ca/Si ratios. At low Ca/Si ratios of 0.6 and 0.8 without NaOH, the presence of microcrystalline
Al(OH); has been observed. Furthermore, katoite was present at target Ca/Si > 0.8, althought all solutions
were undersatured with respect to katoite based on the Sl values.
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Chapter 5 The effect of equilibration time on
C-A-S-H

This chapter investigates the effect of short- and long-term equilibration time on Al uptake in C-S-H using
equilibration times from 7 days to 56 days in sorption experiments and from 3 months to 3 years in co-
precipitation method for C-A-S-H samples at different Ca/Si ratios, Al/Si ratio and NaOH concentrations. This
chapter has been published in the Cement and Concrete Research and the information regarding the
contribution of the author of this PhD thesis can be found in section 1.7.

5.1 The effect of time on secondary phases' composition

The changes in the water content of C-A-S-H and the possible presence 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 Figure 14. 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 [36,79]. An additional weight
loss is observed for samples after 7, 14, 28 and 56 days at =430 °C, although no crystalline phases have been
detected by XRD after 3 months [58]. 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) [34]. This poorly defined weight loss is absent after 2 and 3 years of equilibration and no other
solids are detected by TGA and XRD [58].

The physically bound water content of C-S-H is strongly dependent on the drying procedure, duration and
the relative humidity [80], resulting in some variation of the total weight loss up to 600 °C, as shown in
Figure 14. Based on the TGA data the H,0O/Si ratios have been calculated and compiled in Appendix B. Despite
some variation of the underlying 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.
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Figure 14. 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 [34]).

The presence of Al could also lead to the formation of secondary phases containing Al. Microcrystalline
Al(OH); and stréatlingite 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 ratio and pH values (Appendix B). In addition, the formation of
zeolites or zeolitic precursor like Ca-gismondine (CaAl,Si,0s-4.5H,0) and chabazite (CaAl,Si;012:6H,0) at low
Ca/Si ratios and in the absence of alkali and OH-sodalite (CagAlgSis024(OH),-2H,0) at low Ca/Si ratios and high
NaOH concentrations cannot be excluded, 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 and chabazite (Appendix D). The TGA signal of the samples without alkali at Ca/Si ratio
of 0.8 is also shown in Figure 15a and 15b and at Ca/Si = 1.4 in Figure 15c. While no or very little secondary
phases are observed at Al/Si of 0.03 or lower, secondary phases are present at higher Al/Si ratios in
agreement with the observation of L'Hopital et al. [23]. Figure 15 shows that increasing the equilibration time
from 3 months to 3 years for samples with Al/Si of 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=0.1, 1.4 wt% katoite is
observed after 3 months equilibration and decreased to a non-detectable level after 3 years, while the
solution remains 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 Al(OH)s (from 1.4 wt% to 0.29 wt%) and katoite (from
2.1 wt% to 0.18 wt%) (Figure 15b). At Ca/Si of 0.8, 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 (Figure 15c), the amount of katoite decreases from 1.9 wt% after 3 months to a non-detectable level
after 1 year (around 0.28 wt%).
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Figure 15. The effect of equilibration time on the composition of secondary phases in the absence of NaOH for
a) Ca/Si=0.8 & Al/Si =0.1; b) Ca/Si = 0.8 & Al/Si = 0.2 and c) Ca/Si = 1.4 & Al/Si =0.1.

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
Figure 16. A trace of stratlingite and Al(OH)s 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 Figure
15a. 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 [37]. The SI, in Appendix D, also show more negative values for stratlingite, Al(OH)s; and katoite with
an increase in time. The Sl values for a same Ca/Si and Al/Si ratio decrease with increasing the equilibration
time, which is consistent with the decrease in the content of secondary phases with time. For example, for
samples without alkali for Ca/Si ratio of 0.8 the Sl values for Al(OH); decrease from -0.6 to -1.8 and from -0.5
to -1.8 when moving from 3 months to 1 year equilibration for Al/Si ratios of 0.1 and 0.2, respectively. The
observed destabilization of AlI(OH);, stratlingite and katoite with time as reported in [23,37] and in the
present study, indicates consistently an increased uptake of aluminum in a thermodynamically more stable
C-A-S-H phase with time.
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Figure 16. 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).

5.2 The effect of time on C-A-S-H structure

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 aluminosilicates and
assigned to the asymmetric and symmetric stretching vibration of Si-O-Si and Si-O-Al bonds in [SiO4]* and
[AlO4)> [81-83]. The signal observed at around 665 cm™ is assigned to Si-O-Si bending vibrations and water
librations and shows little variations with Ca/Si [84—89]. 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 [90]. The band centered
in the range of 960-970 cm ™ has often been attributed to Q2 silica units of C-S-H [89,91,92]. However, a recent
publication highlighted that the several bands contribute to that band at around 960 cm™ [90]. Two bands
at ~920 cm™ and ~1060 cm™ are associated with Q? silicate species, and a third band at ~1005 cm™is
attributed to Q? silicate species [90]. This is also in agreement with the observation of Yu et al. [89], 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 Al-O bonds of the octahedrally coordinated Al,
and bands in the range of 750-900 cm™ to the vibrations of Al-O bond in AlO4 units [93]. The band at about
880 cm™ has been associated with the stretching vibration of Al-O-Si (terminal bond) [94]. The symmetric
bending of Al-O-H have been reported in the range of 1034-1075 cm™[95-97]. The assighment of different
bands is also summarized in Table 3.
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Table 3. Assignment of FTIR spectra for C-A-S-H samples.

FTIR Absorption band (cm) Assignment of Vibration Reference
500-750 Al-O stretching vibrations of octahedrally coordinated Al [93]

661 and 906 Al-O stretching vibrations in Al(OH); [98]

665 Si-0O-Si bending vibrations [84—89]
709,710,855 S0 9L 913, g i ttingi 99101
750-900 vibrations of Al-O bond in AlO,4 units [93]

820 Si-O stretching of Q! tetrahedra [84-89]
ot o g g e RO S OSMp-g5
880 stretching vibration of Al-O-Si [94]
900-1200 stretching or bending vibration of Si-O bands (Q* and Q?) [90]
914-918 OH bending vibrations in AI-OH-AIl bonds (octahedral aluminum) [84]
1034-1075 symmetric bending of Al-O-H [95,97,98]

Figure 17 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
ratio in the absence of NaOH. 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-A-S-H by increasing the Al contents. Moreover,

the intensity of the shoulder for Si-O stretching vibration of Q2 sites at 920 cm™increases with increasing Al

content, as is visible in Figure 17a, which could be related to the replacement of silica in the Q? sites by Al.
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b)

Figure 17. 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. wavelength (W) and b) 2" derivative of the transmittance d?T/dW? vs. wavelength.

The effect of equilibration time on C-A-S-H composition is represented in Figure 18 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 equilibration time indicating a rearrangement of
the Al over time (Figure 18a). Moreover, the intensity of Si-O stretching of Q2 sites at 930 cm™ increases with
equilibration time, which could indicate longer silica chains with time. No clear changes are observed in the
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Figure 18. The FTIR spectra for C-A-S-H samples without alkali at Ca/Si = 0.8 and Al/Si = 0.2 after different equilibration
times: a) transmittance (T) vs. wavelength (W) and b) 2" derivative of the transmittance d?T/dW? vs. wavelength.

Figure 19 shows the effect of equilibration time on C-A-S-H structure in the presence 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-O)Q! peak at 820 cm™ is higher than in the
alkali-free samples (Figure 18) 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-NMR
observations of similar samples [19,34,102]. At Ca/Si of 1.2, the intensity of the band at 820 cm™ is 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-O) Q! peak at 820 cm™ increases with an increase in equilibration time. At Ca/Si = 0.8,
the signal of Si-O stretching vibration at around 960 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 [103]. 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 with
time 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 vibration around 960 cm™ and
920 cm™ moves to a lower wavelength with time for Ca/Si ratios of 0.8 and 1.2, respectively. Also the intensity
of signal at around 665 cm™, which is related to Si-O-Si vibrations and water librations [89], 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 higher Ca/Si ratios which is
consistent with the observations in the liquid phase as discussed in section 5.4.
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Figure 19. The FTIR spectra for C-A-S-H samples in the presence of 1 M NaOH for Al/Si = 0.03 and different
equilibration times: a) transmittance (T) vs. wavelength (W) for Ca/Si = 0.8; b) 2" derivative of the transmittance
d?T/dW? vs. wavelength for Ca/Si = 0.8; c) transmittance (T) vs. wavelength (W) for Ca/Si = 1.2 and d) 2" derivative of
the transmittance d?T/dW? vs. wavelength for Ca/Si = 1.2.

5.3  The effect of time on Al uptake in C-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 Figure 20. For both Ca/Si ratio of 0.8 and 1.2, the Al concentrations seem quite constant
between 7 to 28 days, but decrease clearly after 56 days, i.e. at the time when the FTIR spectra indicate a
clear structural rearrangement as shown in Figure 19. This indicates an increase in Al uptake in C-S-H over
time at both Ca/Si ratios. Little further change in Al concentrations is observed at Ca/Si = 1.2 between 3
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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.

10 -
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5 AAA A Ca/Si=0.8
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= - A
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T | 0o A
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i [ ) [ ]
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Equilibration time (days)

Figure 20. The effect of equilibration time on the Al concentrations in solution for Ca/Si ratios of 0.8 and 1.2 in the
presence of 1 M NaOH. (The errors are smaller than the symbols' size).

This very slow ripening at low Ca/Si is visible in the presence of a) 0.1 M NaOH; b) 0.5 M NaOH and c) 1 M
NaOH as shown in Figure 21, where the Al uptake in C-S-H for the Ca/Si ratio of 0.8 is plotted from 3 months
to 3 years. 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, 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.
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Figure 21. The Al sorption isotherm on C-A-S-H for Ca/Si = 0.8 recorded after different equilibration times fora) 0.1 M

NaOH; b) 0.5 M NaOH and c) 1 M NaOH. 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 and the
errors are smaller than the symbols' size).

5.4  The effect of NaOH, Ca/Si ratio and time on Al sorption isotherm

Figure 22 shows the effect of equilibration time on the Al uptake in C-S-H at five different Ca/Si ratios of
a) 0.6; b) 0.8; ¢) 1.0; d) 1.2 and e) 1.4. It can be seen (Figure 22a-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 (Figure 22d and 22e) the Al concentrations in solution do
not change significantly with time.
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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 Appendix C.
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Figure 22. The effect of equilibration time on Al uptake in C-S-H for Ca/Si ratios of a) 0.6; b) 0.8; c) 1.0; d) 1.2 and e) 1.4
at 0, 0.1, 0.5 and 1 M NaOH. The 3 months samples are indicated by the empty and 1 year represented by the full
symbols. (The lines serve as eye-guides only and the errors are smaller than the symbols' size).

5.5 The effect of time on aqueous phase composition

The results presented above, in particular, the disappearnce 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 phase 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 Figure 23 (data for
the other Ca/Si ratios are shown in Appendix G). The data measured at different Ca/Si ratios and at 0 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 using
CSHQ model [47] 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 [47,57] 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. [34].

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 (Figure 39a in Appendix G) and 0.8 (Figure 23a), no significant changes are observed in the
Ca and Si concentrations in the absence of alkali hydroxide. The saturation indexes (Sl) 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 undersaturated with respect to amorphous SiO, (with the exception of Ca/Si = 0.6
without NaOH), microcrystalline Al(OH)s, katoite and stratlingite indicating that these phases will dissolve in
solution if precipitated initially. The Sl values for different phases are presented in Appendix D. At high alkali
concentrations (12 < pH < 14) and at Ca/Si = 0.8, however, the Si concentrations slightly decrease in particular
from 3 months to 1 year (Figure 23b). 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 had
occurred prior to the Ca measurements). 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 [34].
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At high Ca/Si ratios 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 Figure 23c and 23d (and Figure 39c¢-f in Appendix G). 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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Figure 23. The effect of pH value and equilibration time on measured Ca (a,c) and Si (b,d) concentrations (symbols)
and on the calculated solubility of C-S-H (using the CSHQ model [47]), portlandite and amorphous SiO, for Ca/Si ratios
of a,b) 0.8 and c,d) 1.2 at 0, 0.1, 0.5 and 1 M NaOH. (*: outlier Ca concentrations for Ca/Si = 0.8 after 1 year
equilibration). (The errors are smaller than the symbols' size).

5.6  The effect of 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 endmembers [46,47,70]. 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 study. However, the solubility of
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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 Eq.4, assuming a constant composition of the solid C-A-S-H and is shown in Figure 24 after
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 the Ca and Si concentrations. At Ca/Si = 1.2, a solubility product of 101%*%3 s observed with a
tendency to increase from 108 to 10192 from 7 days to 1 year. The derived values of the solubility products
of 108492 for Ca/Si = 0.8 and the somewhat lower value of 101%*%3 for Ca/Si = 1.2, agree well with the
changes of the solubility products with Ca/Si for C-S-H reported e.g. in [46]. 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 thermodynamic models for C-A-S-H.
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Figure 24. The effect of equilibration time on C-A-S-H solubility product with Al/Si = 0.03 and 1 M NaOH. The Ca
concentrations are below the detection limit for Ca/Si = 0.8 after 14, 28 and 56 days of equilibration. (*: higher value
due to the outlier Ca concentration for Ca/Si = 0.8 after 1 year equilibration).

5.7 Conclusions

The Al uptake in C-S-H was investigated after different equilibration times between 7 days to 3 years using
the sorption isotherm experiments. The experiments revealed 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, the drift 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 modelling using the concentrations measured
after different equilibration 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 do not change significantly with equilibration time.
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In addition to the C-A-S-H phase, also secondary phases such as stratlingite, AI(OH)s; and katoite formed
initially, in particular at higher Al contents. Their content decreased in all cases after longer equilibration
times indicating the dissolution of such secondary phases and an increase in uptake of Al in C-S-H. The FTIR
analysis showed a restructuring of the C-A-S-H phase with time and this change is more significant at lower
Ca/Si ratios.
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Chapter 6 The effect of Al concentration on
C-A-S-H

This chapter presents the effect of aluminum concentration on the amount of Al taken up in C-S-H for target
Ca/Si ratio of 0.8 using the soption isotherm experiment with equilibration times of 3 months and 1 year for
different Al/Si ratios and NaOH concentrations. This chapter will be further adapted and implemented for
submission and the information regarding the contribution of the author of this PhD thesis can be found in
section 1.7.

6.1 C-A-S-H without NaOH

6.1.1 The effect of Al concentration on secondary phases

Figure 25 shows the effect of a) Al/Si ratios and b) equilibration time on the solid phases formed, determined
from the TGA analysis of C-A-S-H samples with target Ca/Si = 0.8 in the absence of NaOH after 3 and 12
months equilibration. C-A-S-H is in all cases the main hydrate formed. At low Al/Si ratios, only C-A-S-H is
present, however, at higher Al/Si ratios (> 0.03) secondary phases such as stratlingite, katoite, portlandite
and Al(OH)s precipitate. Increasing the target Al/Si ratio from 0.03 to 0.2 increases the content of aluminum
hydroxide and katoite from 0.29 wt% and 1.7 wt% to 1.4 wt% and 2.1 wt%, respectively (Figure 25a). Similarly,
the presence of katoite and stratlingite at target Al/Si > 0.1 and Al(OH); at target Al/Si = 0.33 has been
observed [23,37,58]. Details on the amounts of secondary phases are given in Appendix B.

Figure 25billustrates how an increase in equilibration time from 3 months to 12 months results in a decrease
in the content of Al(OH); and katoite. AIl(OH)s is only present after 3 months equilibration at target Al/Si ratios
of 0.03 to 0.2. The content of katoite decreases from 1.7 wt% to a non-detectable level at target Al/Si ratio
of 0.03 between 3 months and 12 months. A similar complete destabilization of Al(OH)s with time is observed
at target Al/Si ratios of 0.1 and 0.2; only at target Al/Si = 0.2 some katoite is still present after 12 months. The
disappearance of Al(OH)s; and katoite with time is consistent with the undersaturation observed for these
solids in the solution (Appendix D) both after 3 and 12 months, which implies an initial precipitation of these
solids, which then dissolve only slowly with time. Similarly, L'Hopital et al. [37] observed the persistence of
katoite in the presence of C-A-S-H phases at Ca/Si = 1.0 after 6 months equilibration although the solution
were strongly undersaturated. Similar observations were made for brucite in the presence of M-S-H
(Magnesium Silicate Hydrates); the kinetic hindrance of brucite dissolution was related to the presence of Si
in solution [65]. It can be speculated that the Si could slow down also Al(OH); and katoite dissolution at high
pH values similarly to the slowdown of quartz dissolution in the presence of Al [104], although experimental
evidence is presently missing.
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Figure 25. The effect of a) Al content at 3 months equilibration and b) equilibration time on secondary phases' content
in the absence of NaOH for target Ca/Si = 0.8.

The fraction of Al in C-A-S-H and in different secondary phases such as stratlingite, AI(OH)s and katoite for
Ca/Si = 0.8 is summarized in Table 4 and visualized in Figure 26. Table 4 shows that Al(OH)s and katoite are
mainly present at target Al/Si > 0.03 and stratlingite at target Al/Si = 0.2. At all NaOH concentrations, an
increase in Al/Si ratio leads to an increase in Al fraction bound in stratlingite, Al(OH)s and katoite. In the
absence of NaOH and after 3 months equilibration, an increase in Al/Si ratio from 0.001 to 0.2 leads to an
increase in the content of Al(OH); and katoite from 0 to 10.7% and 6.4%, respectively. In the presence of
0.5 M NaOH, increasing the Al/Si ratio from 0.001 to 0.2 increases the Al fraction in katoite from 0 to 5.4%
and 1.5% after 3 months and 15 months equilibration, respectively.
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Table 4. The fraction of Al in solution, C-A-S-H and different secondary phases at different NaOH concentrations and
equilibration times for target Ca/Si = 0.8.

NaOH (M) E.quilibration Targ.et % Al in %A.\.I i.n . % Al in %Al.in % Al in
time (months) Al/Si solution stritlingite AI(OH); katoite C-A-S-H

0.001 3.8 0 0 0 96.2

0.003 1.8 0 0 0 98.2

0 3 0.01 1.8 0 0 0 99.3

0.03 0.7 0 131 32.9 53.8

0.1 0.2 0 2.0 8.1 89.7

0.2 0.1 0 10.7 6.4 82.9

0.001 <0.001 0 0 0 100

0.003 <0.001 0 0 0 100

0 12 0.01 0.03 0 0 0 100

0.03 0.01 0 0 0 100

0.1 0.01 0 0 0 100

0.2 <0.001 1.6 0 6.4 92.0

0.001 121 0 0 0 87.9

0.003 3.9 0 0 0 96.1

0.01 2.6 0 0 0 97.4

0.1 3 0.03 2.4 0 0 0 97.6

0.05 1.5 0 0 0 98.5

0.1 2.8 0 0 5.1 92.1

0.15 23 0 0 4.1 93.6

0.2 0.9 1.6 0 6.4 91.1

0.001 2.0 0 0 0 98.0

12 0.003 1.4 0 0 0 98.6

0.01 1.9 0 0 0 98.1

0.1 0.03 1.7 0 0 0 98.3

0.05 2.1 0 0 0 97.9

15 0.1 2.4 0 0 6.1 91.5

0.15 1.8 0 0 8.3 89.9

0.2 2.5 4.8 0 8.5 84.2

0.001 9.8 0 0 0 90.2

0.003 7.6 0 0 0 92.4

0.01 8.3 0 0 0 91.7

0.5 3 0.03 9.0 0 0 0 91.0

0.05 1.6 0 0 4.0 94.4

0.1 9.7 0 0 0 90.3

0.15 9.7 0 0 5.1 85.2

0.2 8.9 0 0 5.4 85.7
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Table 4. (cont)

NaOH (M) E.quilibration Targ'et % Al in % l.\.l i'n . %Alin % Al'in % Al in
time (months) Al/Si solution stratlingite AI(OH); katoite C-A-S-H
0.001 6.7 0 0 0 93.3
12 0.003 6.3 0 0 0 93.7
0.01 53 0 0 0 94.7
0.5 0.03 6.7 0 0 0 93.3
0.05 6.7 0 0 0 93.3
15 0.1 10.9 0 0 0 89.1
0.15 11.8 0 0 2.8 85.4
0.2 11.8 0 0 15 86.7
0.001 12.0 0 0 0 88.0
0.003 15.3 0 0 0 84.7
0.01 141 0 0 0 85.9
1 3 0.03 14.0 0 0 0 86.0
0.05 7.9 0 0 0 92.1
0.1 16.5 0 0 0 83.5
0.15 15.9 0 0 0 84.1
0.2 25.9 0 0 11 73.0
0.001 9.8 0 0 0 90.2
12 0.003 114 0 0 0 88.6
0.01 104 0 0 0 89.6
1 0.03 9.8 0 0 0 90.2
0.05 28.3 0 0 0 71.7
15 0.1 14.4 0 0 0 85.6
0.15 19.2 0 0 0 80.8
0.2 19.8 0 0 0.5 79.7

At low Al contents, only the C-A-S-H phase is present, however, at higher Al contents secondary phases are
formed in addition to the C-A-S-H phase. Figure 26 illustrates that increasing the Al concentrations in solution
leads to an increase in Al fraction in secondary phases and to a decrease in Al fraction in C-A-S-H from near
100% at low Al content to near 50%. An increase in equilibration time from 3 months to 12 months leads to
aclearincrease in the Al fraction in C-A-S-H and a decrease in Al in secondary phases, even at target Al/Si = 0.2
more than 90% of the Al is present in C-A-S-H after 12 months; while at lower Al/Si ratios nearly all Al is bound

in C-A-S-H.
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Figure 26. The Al fraction in solution, C-A-S-H and secondary phases vs measured Al concentration for target
Ca/Si = 0.8 in the absence of NaOH after 3 months (empty symbols) and 12 months (filled symbols) equilibration. (The
lines serve as eye-guides only).

6.1.2 The effect of Al concentration on C-A-S-H structure

The FTIR analysis has been performed in order to investigate the changes in the structure of C-A-S-H with
different Al/Si ratios. Figure 27 represents the FTIR spectra for C-A-S-H samples in the absence of NaOH for
a) 12 months equilibration with target Al/Si ratios from 0 to 0.2 and b) different equilibration times with
target Al/Si ratios of 0.03 and 0.2. It is shown in Figure 27a that 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-A-S-H with increasing
Al contents. The intensity of the band at 665 cm™ for Si-O-Si bending vibrations decreases with increasing the
Al content, which could be related to the replacement of silica in the bridging position by Al. The intensity of
Si-O stretching vibration of Q! tetrahedra at 820 cm™ decreases with an increase in Al content. Richardson
and co-workers used 2’Al and 2°Si MAS NMR and trimethylsilylation (TMS) and reported the absence of Q?
sites with AI'Y which is also consistent with AI"Y occupying only the bridging tetrahedral sites of the
dreierketten chains [30,105].

The FTIR spectra in Figure 27b shows that the intensity of the Al-O-Si and Al-O-H shoulders at around 880 cm?
and 1050 cm™ increases with longer equilibration time indicating the presence of more Al in C-A-S-H over
time. The intensity of Q2 sites of Si-O stretching vibration at 920 cm™ increases significantly with equilibration
time for both target Al/Si ratios of 0.03 and 0.2 indicating longer silica chain length after later ages.
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Figure 27. The FTIR spectra for C-A-S-H samples in the absence of NaOH at target Ca/Si = 0.8 for a) 12 months
equilibration with different Al/Si ratios and b) different equilibration times with target Al/Si ratios of 0.03 and 0.2.

6.2 C-A-S-H with 1 M NaOH

6.2.1 The effect of Al concentration on secondary phases

Figure 28 shows that also in the presence of 1 M NaOH some katoite is present at target Al/Si ratio of 0.2,
but absent at lower Al/Si, indicating the presence of less secondary phases at higher pH values, in agreement
with the observations of L'Hopital et al. [34] in the presence of KOH. The amount of katoite present at target
Al/Si ratio of 0.2 decreases also in the presence of 1 M NaOH with time as shown in Figure 28b, while at
target Al/Si of 0.1 and below again no secondary phases are observed.

55

Barzgar et al., 2021, to be submitted.



120 0.2

a)
100 -~ o‘o“
- 01
----------------- < Al/Si=0
< 80 A § /!
3 g - Al/Si=0.03
- 0
= g ;
S 2 Al/Si=0.1
g g
® —AIfSi=0.2
2
o
[a]
0 T T T T T T T _0.2
30 80 130 180 230 280 330 380
Temperature (°C)
120 0.2
b) 3 months 12 months
100 _\ 3
L 01 R
S f:
3 £ ——Al/Si=0.03
- W
= o
) 2 ——Al/Si=0.2
g S
= =
S
katoite =
[a]
O T T T T T T T -0.2

30 80 130 180 230 280 330 380

Temperature (°C)

Figure 28. The effect of a) Al content at 3 months equilibration and b) equilibration time on secondary phases' content
in the presence of 1 M NaOH for target Ca/Si = 0.8. (The samples at target Al/Si = 0.2 were analyzed after 15 months
instead of 12 months).

Figure 29 illustrates again that virtually all Al is bound in C-AS-H at Al concentrations below 1 mmol/L. Only
at high target Al/Si ratios (0.1, 0.15 and 0.2), an increase of the Al concentrations in solution is observed due
to the high NaOH concentrations. At Al concentrations > 1 mmol/L, secondary phases (katoite) are present
with maximum content of 1.1% after 3 months and of 0.5% after 15 months equilibration as shown in Table 4.
A comparison of Figure 26 and Figure 29 indicates that the fraction of Al taken up in C-A-S-H is affected not
only by the formation of Al containing secondary phases but also by the Al concentrations in solution. The
fraction of Al in solution in the presence of 1 M NaOH at target Al/Si=0.2 is 25.9% after 3 months and 19.8%
after 15 months, while in the absence of NaOH, only 0.1% after 3 months and < 0.01% after 12 months of the
total Al is present in solution.
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Figure 29. The Al fraction in solution, C-A-S-H and secondary phases vs measured Al concentration for target
Ca/Si = 0.8 in the presence of 1 M NaOH after 3 months (empty symbols) and 15 months (filled symbols) equilibration.
(The lines serve as eye-guides only and the errors are smaller than the symbols' size).

6.2.2 The effect of Al concentration on C-A-S-H structure

The FTIR spectra for C-A-S-H samples in the presence of 1 M NaOH are shown in Figure 30 for a) 15 months
equilibration with target Al/Si ratios from 0 to 0.2 and b) different equilibration times with target Al/Si ratios
of 0.03 and 0.2. Again, the intensity of the band at 665 cm™ for Si-O-Si bending vibrations decreases with
increasing the Al content. Furthermore, an addition signal around 720 cm™ appears at high target Al/Si ratios
of 0.1 and 0.2 which is assigned to Al-O stretching vibrations of octahedrally coordinated Al [93]. As it can be
seen in Figure 30, this band is absent in the absence of Al and in the presence of low amount of Al (target
Al/Si = 0.03). Moreover, the intensity of (Si-O) Q! peak at 820 cm™ decreases significantly with an increase in
Al content which indicates that the Si amount in Q! sites tentatively decreases and Al fills the empty bridging
sites.

It is shown in Figure 30b that the intensity of the Al-O-H shoulder at around 1050 cm™ does not significantly
change with time compared to samples without alkali (Figure 27b) which indicates that change over time is
more significant in the absence of alkali hydroxide and/or in the presence of low alkali content; in agreement
with less changes in Al concentrations over time in the presence of 0.5 M and 1 M NaOH as shown in Al
sorption isotherms in Figure 22. The peaks for Si-O stretching vibrations at 920 cm™ and 960 cm™ move to a
shorter wavelength with increasing the equilibration time from 3 months to 15 months.
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Figure 30. The FTIR spectra for C-A-S-H samples in the presence of 1 M NaOH at target Ca/Si = 0.8 for a) 15 months
equilibration with different Al/Si ratios and b) different equilibration times with target Al/Si ratios of 0.03 and 0.2.

6.3 C-A-S-H with different NaOH concentrations

6.3.1 The effect of NaOH concentration on Al sorption isotherm

The Al sorption isotherms on C-A-S-H measured after 3 months and 1 year equilibration and at different
NaOH concentrations are compared in Figure 31. In all cases, increasing the Al concentrations leads to higher
uptake of Al in C-S-H, in agreement with previous experimental studies on Al sorption in C-S-H at relatively
high Al content (Al/Si 2 0.05) [23,34,37,55], as well as at low Al contents (Al/Si from 0.001 to 0.1) [58]. At low
Al/Si ratios (< 0.03), the Al uptake in C-S-H increases with an increase in equilibration time from 3 months to
1 year. This increase is much more significant at 0 and 0.1 M than at high NaOH concentrations (0.5 and 1
M). However, at high Al/Si ratios (= 0.05) an increase in the Al uptake in C-S-H is observed only in samples
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without alkali and with low (0.1 M) NaOH content. In the presence of 0.5 and 1 M NaOH, no increase has
been observed for Al uptake in C-S-H. Since the Al concentrations are higher at high Al/Si ratios, little changes
in the concentrations over time may not be obvious.

The large range studied here confirmes a linear trend between the Al in solution and Al in C-A-S-H over more
than 2 orders of magnitude. The linear trend points towards an Al uptake on one or several types of sorption
sites, with a relative high capacity of up to Al/Si = 0.2 at target Ca/Si = 0.8. This continuous uptake and high
sorption capacity would be consistent with an Al uptake in the bridging position of the silica chains suggested
based on NMR studies [39,41]. The uptake of Al in C-S-H increases with a slope of = 1 in the presence of
NaOH, while a much steeper slope of = 4 is observed in the absence of NaOH indicating tentatively the
formation of an unidentified surface precipitate or an additional secondary phase even at those very low
aluminum concentrations. Note that the solutions are clearly undersaturated with respect to Al containing
hydrates such as Al(OH)s, stratlingite and katoite (see Appendix D) and that no secondary phases are
observed at target Al/Si < 0.01 (at 3 months) and at target Al/Si < 0.1 (1 year), as shown in Table 4. Thus,
either a too small amount is present to be detected or a surface precipitate might have formed; alternatively
a zeolitic precursor might have formed as the alkali-free solutions are strongly oversaturated with respect to
chabazite and Ca-gismondine. Note that XRD do not indicate the presence of any crystalline phases (Figure
16) and that chabazite or any zeolitic precursor present in low quantity will be visible neither by TGA (as their
main weight loss will occur below 200 °C, i.e. in the range of the C-A-S-H signals) [106] nor by FTIR, where
their main signals (between ~900 cm™ to 1000 cm™) are in the same range as the C-A-S-H main signals.
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Figure 31. The Al sorption isotherm on C-A-S-H for target Ca/Si = 0.8 recorded after different equilibration times. The
3 months samples are indicated by empty and 1 year represented by full symbols. The samples at target Al/Si > 0.05
were analyzed after 15 months instead of 1 year. The lines indicate the slope of the increase; slopes < 1 indicate
sorption; slopes >1 indicate precipitation of an additional solid. (The errors are smaller than the symbols' size).

The uptake of Al into C-S-H phases can also be expressed in terms of a K4 value (distribution coefficient),
which describes ratio of the quantity of Al adsorbed to the quantity of the Al remaining in the solution. The
Kq values for different Al/Si ratios were calculated according to Eg. 6 and plotted versus pH values in
Figure 32. The total amount of Al taken up decreases as is visible in the lowering of the K4 values from
= 600 m3/kg in the absence of NaOH after 1 year to = 0.2 m3/kg in the presence of 1 M NaOH. The decrease
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of Al uptake by C-S-H with increasing pH values (Figure 32) is comparable to the decrease of e.g. iron
hydroxide complex (Fe(OH)s) uptake by TiO, with increasing pH [107]. The aqueous aluminum speciation
depends on the pH values and negatively charged aluminum hydroxide complex [AI(OH)s] dominates the
speciation at pH > 7 as illustrated in Figure 7. The fraction of the Al(OH), species in solution increases with
the pH values, which lowers the tendency of Al to be sorbed by C-S-H [58], such that the K4 values decrease
with increasing the pH value. After 1 year, the 1:1 decrease of the K4 values (Figure 32) with pH confirms the
important role of the solution speciation on the Al binding in C-S-H. In the absence of NaOH, the uptake is
strongly influenced by the presence of secondary phases (even more so after 3 months) as discussed above,
leading to a large scatter of the calculated Kq values.

The estimated K4 values of = 600 m3/kg of Al in the absence of alkali are comparable to the Ky values
= 700 m3/kg for Fe(lll) reported in [107], but are considerably higher than K4 values in the range of 0.1 m3/kg
to 6 m3/kg observed for bivalent cations such as Fe(ll), Ba(ll) or Sr(ll) [108-110].
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Figure 32. The pH dependence of Al sorption on C-A-S-H for target Ca/Si = 0.8. (The errors are smaller than the
symbols' size).

6.3.2 The effect of NaOH concentration on secondary phases

Figure 33 shows the TGA signals for C-A-S-H samples in the absence of NaOH and presence of 1 M NaOH at
target Al/Si ratios of 0.03 and 0.2 after 3 months equilibration. Increasing the NaOH concentration from 0 to
1 M leads to a decrease in the content of Al(OH); from 0.29 wt% and 1.4 wt% to a non-detectable level at
target Al/Si ratios of 0.03 and 0.2, respectively. Moreover, the katoite content also decreases from 1.7 wt%
and 2.1 wt% to 0 and 0.35 wt% at target Al/Si ratios of 0.03 and 0.2, respectively. In fact, the contents of
secondary phases are higher at lower alkali concentrations.
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Figure 33. The effect of NaOH concentration on secondary phases' content for target Ca/Si = 0.8 with target
Al/Si ratios of 0.03 and 0.2 after 3 months equilibration. The darkness of colors indicates an increase in NaOH
concentration; 0 M NaOH is indicated by the dashed lines with light colors and 1 M NaOH represented by the solid
lines with dark colors. (The lines serve as eye-guides only).

The sorbed Al fraction in C-A-S-H for different NaOH concentrations after 1 year equilibration is shown in
Figure 34. At low NaOH concentrations, more Al is present in C-A-S-H in agreement with the higher K4 values
at low pH values. At all NaOH concentrations, the fraction of Al bound in C-A-S-H decreases at higher Al
concentrations due to the formation of secondary phases. High alkali concentrations lower the amount of
secondary phases as shown in Figure 33, which leads to less secondary phases at lower Al concentrations and
thus at intermediate Al concentrations to a higher fraction of Al bound in C-A-S-H. The Al fraction in C-A-S-H
for 3 months equilibration is shown in Appendix H.
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Figure 34. The Al fraction in C-A-S-H for target Ca/Si = 0.8 in the absence of NaOH and presence of 0.1,0.5and 1 M
NaOH after 1 year equilibration. Samples at target Al/Si > 0.05 were analyzed after 15 months instead of 1 year. (The
errors are smaller than the symbols' size).
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6.3.3 The effect of NaOH concentration on C-A-S-H structure

Figure 35 shows the effect of NaOH concentration on the structure of C-A-S-H with target Al/Si ratios of 0.03
and 0.2 after 3 months equilibration. Comparing the FTIR spectra in dashed lines (no alkali) with full lines
(1 M NaOH), it becomes clear that the intensity of Q! sites at 820 cm™is higher in a 1 M NaOH solution than
in the absence of NaOH, which indicates a shorter silica chain length in samples containing more NaOH; in
agreement with the observations of [19,34,102,111] by Si NMR. At both target Al/Si ratios of 0.03 and 0.2,
the intensity of Si-O stretching vibration of Q? sites at 920 cm™ increases significantly with increasing the
NaOH concentrations. Both bands for Si-O at 920 cm™ and 960 cm™ move to a shorter wavelength with an
increase in the NaOH concentration, which indicate a depolymerization of the silica chains [89)]. Moreover,
the signal for Al-O stretching vibrations of octahedrally coordinated Al appears only in the presence of
1 M NaOH. Furthermore, increasing the NaOH concentration leads to an increase in the intensity of the
Al-O-H shoulder at 1050 cm®, which indicates that both the C-A-S-H structure as well the Al uptake is strongly
affected by NaOH at low Ca/Si C-A-S-H studied.
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Figure 35. The FTIR spectra for C-A-S-H samples in the absence of NaOH and presence of 1 M NaOH for target
Ca/Si = 0.8 with target Al/Si ratios of 0.03 and 0.2 after 3 months equilibration. The samples without NaOH are
represented by dashed lines with light colors and those with 1 M NaOH are shown by solid lines with dark colors.

6.4 Conclusions

The effect of aluminum concentration on Al uptake in low Ca/Si C-S-H (Ca/Si = 0.8) was investigated using
sorption isotherm experiments over a wide range of target Al/Si ratio from 0.001 to 0.2. The uptake of Al in
C-S-H was confirmed by FTIR spectra, where the intensity of shoulders assigned for Al-O bands in C-A-S-H
structure increased. At low Al/Si, Al was exclusively bound in C-A-S-H, while at high Al/Si ratios secondary
phases containing Al such as stratlingite, Al(OH)s and katoite were formed in addition to the C-A-S-H phase,
limiting the uptake of Al in C-A-S-H. In the absence of alkali hydroxide, secondary phases were observed by
TGA at target Al/Si 2 0.03, while the sorption isotherms indicated the presence of traces of secondary phases
even at lower Al/Si ratios.

The Al sorption isotherm at low Al/Si ratios showed more uptake of Al in C-S-H with time from 3 months to 1
year. This increase in uptake was more distinct in the absence of NaOH and at low Al concentrations than at
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high Al concentrations where secondary phases were present. This indicated a slow rearrangement of
C-A-S-H phases with time which increases also the Al incorporation in C-S-H. The initially low uptake might
also be related to the experimental procedure used, which favors the initial formation of Al containing
secondary phases leading to low Al concentrations. Over time, less Al was bound in secondary phases and a
higher uptake of Al in C-S-H occured.

The presence of NaOH progressively shifted the precipitation of secondary phases to higher Al/Si ratios; to
target Al/Si > 0.1 at 0.1 M NaOH and to target Al/Si =2 0.2 at 1 M NaOH. The absence of secondary phases in
the presence of NaOH led to a higher fraction of Al bound in C-A-S-H at intermediate Al concentration in
solution. At very low Al concentrations, however, the high pH values lowered Al uptake in C-S-H as Al had a
stronger tendency to remain in solution as Al(OH)4". FTIR spectra suggested a shortening of the silica chain
length in samples containing NaOH, both for samples with low and high Al contents.

The Al sorption isotherm showed a linear trend between Al in solution and Al in C-A-S-H from Al/Si 0.001 up
to 0.2. The linear trend pointed towards an Al uptake on one or several types of sorption sites, with a high
sorption capacity, which would be consistent with an Al uptake in the bridging position of the silica chains
suggested based on NMR studies [39,41]. The steep increase of Al in C-S-H in the absence of NaOH tentatively
indicated the formation of a surface precipitate or of a not clearly identified secondary phase.

The decrease of the distribution coefficients, K4 values, of Al on C-S-H from = 600 m3/kg in the absence of
NaOH to = 0.2 m3/kg in the presence of 1 M NaOH indicated a decrease of Al uptake by C-S-H with increasing
the pH values. The fraction of the Al(OH)4 species in solution increased with the pH value, which lowered the
tendency of Al to be sorbed by C-S-H.
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Chapter 7 Concluding remarks

7.1 Achieved results

The understanding of the Al uptake in C-S-H is an important prerequisite for the improvement of
thermodynamic models that can predict the composition of hydrated cements. However, there is a lack of
experimental data available in the literature on the influence of alkali, aluminum, Ca/Si ratio as well as the
short- and long-term equilibration time on the C-A-S-H solubility and structure. The objective of this PhD
project was to develop a systematic experimental database of the solubility and composition of C-A-S-H in
the presence and absence of alkalis. A series of experiments were carried out to investigate the solubility,
structure and composition of C-A-S-H gel as a function of different parameters such as Ca/Si ratio, aluminum
content, alkali concentration and equilibration time in order to obtain a better understanding of the uptake
of aluminum in C-S-H. The use of ICP-OES and ICP-MS measurements in this study enabled us to record the
Al uptake in C-S-H systems at very low Al concentrations, which allowed for the first time to assess the effect
of pH value, Ca/Si ratio and equilibration time for Al concentrations down to 4x10° mmol/L. The sorption
isotherm experiments were performed in a large range of equilibration times from 7 days up to 3 years
providing a comprehensive knowledge basis about the differences in short- and long-term thermodynamic
stability, chemical evolution and mechanical properties of C-A-S-H phases which is needed to facilitate the
implementation of new cements associated with lower CO, emissions during cement manufacturing.

FTIR spectra of C-A-S-H phases confirmed the uptake of Al in C-S-H where the intensity of shoulders assigned
to Al-O bands increased while the intensity of Si-O and Si-O-Si vibrations decreased. The presence of sodium
hydroxide prevented aluminum hydroxide formation by increasing the pH values which led to more negative
charges on C-S-H surface due to the increased deprotonation of the silanol sites, as indicated by zeta potential
measurements. The increase in the fraction of the main hydroxide complex of aluminum above pH 7,
Al(OH)4, limited the tendency of Al to be sorbed by C-S-H, which was in agreement with the decrease of the
distribution coefficients, K4 values, of Al on C-S-H from = 600 m3/kg in the absence of NaOH to = 0.2 m3/kg in
the presence of 1 M NaOH. The changes in the structure of C-A-S-H with NaOH addition is schematically
shown in Figure 36. The replacement of Ca%* ions by Na* ions in the interlayer at high pH values leads to less
positive charge on C-A-S-H surface and thus less uptake of Al in C-S-H. The presence of alkali hydroxide
progressively shifted the precipitation of secondary phases to higher Al/Si ratios and led to shorter silica chain
length as indicated by FTIR spectra. The linear trend between Al uptake in C-S-H and Al in solution suggested
the uptake of Al on one or several types of sorption sites, with a high sorption capacity, which was in
agreement with NMR studies where Al uptake in the bridging position of the silica chains has been observed
[38,39]. The steep increase of Al content in C-A-S-H in the absence of NaOH tentatively indicated the
formation of a surface precipitate or of a not clearly identifable secondary phase. At high Ca/Si ratios, the
presence of more Ca?" ions in the interlayer as well as the different sorption sites for Al in the silica chains
led to a higher uptake of Al in C-S-H compared to that in low Ca/Si C-S-H. The parallel increase in Al and Si
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concentrations in solution with increasing the pH values pointed towards the uptake of aluminum within the
silica chains both at high and low Ca/Si. This was in agreement with solid state Si NMR results as well as the
molecular modelling which indicated that at low Ca/Si C-S-H Al [38,39] and at high Ca/Si C-S-H Al", AlY and
A" are present in the bridging sites of the silica chains [45]. The Al sorption isotherm experiments after
different equilibration times between 7 days to 3 years indicated a slower equilibration at low Ca/Si ratios as
changes in the concentrations in solution as well as the restructuring of the C-A-S-H phase with time were
more distinct. Moreover, at low Al/Si ratios and in the absence of NaOH the increase of Al uptake in C-S-H
with time was more significant due to the presence of less secondary phases. At high Al/Si ratios, formation
of secondary phases containing Al such as stratlingite, AI(OH); and katoite led to the uptake of Al in the
secondary phases in addition to the C-A-S-H phase. Therefore, the dissolution of secondary metastable
phases with time eased the uptake of Al in C-S-H.
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Figure 36. A schematic image representing the changes in the structure of C-A-S-H with NaOH addition. Grey circle:
calcium ion; blue circle: sodium ion and red triangle: Al in the bridging position.

The solubility of C-S-H has been observed to depend on the synthesis methods [32]. The effect of different
synthesis methods (co-precipitation vs sorption) has been investigated on C-A-S-H samples with Ca/Si ratios
of 0.8 and 1.2 and Al/Si = 0.03 containing 1 M NaOH after 90 days equilibration using either sorption on
pre-synthsized C-S-H or co-precipitation. The aqueous phase composition is shown in Figure 37 for different
equilibration times from 7 days to 3 years for Ca/Si ratio of 0.8 and from 7 days to 1 year for Ca/Si ratio of
1.2. The data after 90 days equilibration indicate that for Ca/Si = 0.8, slightly lower Al, Si and Ca
concentrations are observed for the sorption experiments than for the co-precipitation experiements,
indicating a limited effect of the synthesis method on the aqueous phase composition. For instance, the Al
concentration decreases slightly from 1.06 mmol/L to 0.88 mmol/L from sorption to co-precipitation. For
Ca/Si = 1.2, the changes in the aqueous phase composition are more significant. In fact, going from sorption
to co-precipitation method, the Al concentration decreases from 0.45 mmol/L to 0.19 mmol/L. The same also
happens for Ca and Si concentrations in solution. Thus, at high Ca/Si ratios the Al uptake in C-S-H is more
dependent on the synthesis method compared to low Ca/Si C-S-H.
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Figure 37. The effect of synthesis method (sorption: empty symbols vs co-precipitation: filled symbols) after different
equilibration times for a) Ca/Si = 0.8 and b) Ca/Si = 1.2. (The Ca concentrations in sorption method are below the
detection limit for Ca/Si = 0.8).

The experimental investigations using the sorption isotherm measurements indicated a low uptake of Al in
C-S-H in the presence of low Al concentrations, as e.g. in the case of ordinary Portland cement (OPC).
However, in the presence of higher Al concentrations such as e.g. present in the pore solution of Al-rich
blended cements, much higher uptake of Al has been observed reaching values up to approximately
Al/Si =0.1. Moreover, a decrease in the content of Al containing secondary phases with time has been
observed, which led to more Al uptake in C-A-S-H, which will affect also the amount and kind of secondary
phases. Furthermore, supplementary cementitious materials reduce the alkalinity and pH value of the pore
solution [16], leading to higher uptake of Al in C-S-H in blended cements.
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Moreover, the gained fundamental knowledge on the effect of pH value, equilibration time and Al
concentration on Al uptake in C-S-H phases at varying Ca/Si ratios could be used to further develop the
thermodynamic modelling of C-A-S-H. Advanced thermodynamic models will help in predicting the
composition and phase assemblages of blended cements, which will provide a solid scientific background for
the implementation of novel cement blends with low CO; footprint. In order to determine the location of
aluminum in the C-A-S-H phases, the structural investigations using 2’Al MAS NMR spectroscopy have been
studied in a parallel project [112].

7.2  Future development

Although many different aspects have been investigated, a number of topics will need to be addressed in
more details in the future:

The comprehensive experimental content of this thesis including the long-term data would be very helpful
to define the necessary input for those who develop more sophisticated kinetic and thermodynamic models.
It would be very interesting to extend the thermodynamic modelling of C-S-H to account for both short- and
long-term incorporation of Al at different alkali concentrations.

The recording of different sorption isotherms for Al in C-A-S-H (dependency on alkali content, Ca/Si ratio)
indicated the presence of different sorption sites for Al in C-A-S-H. An in depth investigation with Al MAS
NMR could give additional insights on the exact sorption sites for Al. Moreover, 2Na MAS NMR might provide
information regarding the alkali sorption sites.

The speciation of calcium, silicates and aluminum in the aqueous solution affects the solubility of C-A-S-H.
Different dataset are available for the interactions and complex formation between different ions at low to
neutral pH values, however, these data are not available for higher pH values. The existence of calcium
alumino silicate complexes and their stability strongly influence the solubility of C-A-S-H. Therefore, a
comprehensive study for the investigation of their existence and the quantification of their stability is needed
in order to further improve the C-A-S-H thermodynamic models and to study the kinetics of C-A-S-H
nucleation and growth.

And in a broader aspect, an increased uptake of Al into C-S-H lowers the availability of Al for ettringite and
AFm phases formation, such that the amount of Al in C-S-H affects not only the C-S-H structure but also the
amount of other phases in cement.
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Appendices

Appendix A. Mixing proportions used for preparing the C-A-S-H samples.

Table 5. Mixing proportions used for preparing the C-A-S-H samples (in g per 171 mL solution) at 20 °C in long-term
experiments. (Remark: for Ca/Si = 0.8 samples, 4 g of solid was suspended in 180 ml solution).

Target Target
& & Si0;(g)  CaO.ALO;(g) CaO (g)

Ca/si Al/Si

0.6 0 2.436 0 1.364
0.6 0.001 2.435 0.003 1.362
0.6 0.003 2.432 0.010 1.358
0.6 0.01 2.423 0.032 1.345
0.6 0.03 2.397 0.095 1.309
0.6 0.05 2.371 0.156 1.273
0.6 0.1 2.310 0.304 1.186
0.8 0 2.290 0 1.710
0.8 0.001 2.289 0.003 1.708
0.8 0.003 2.287 0.009 1.704
0.8 0.01 2.279 0.030 1.691
0.8 0.03 2.257 0.089 1.654
0.8 0.05 2.236 0.147 1.617
0.8 0.1 2.185 0.287 1.529
0.8 0.15 2.135 0.423 1.444
0.8 0.2 2.087 0.549 1.364
1.0 0 1.966 0 1.834
1.0 0.001 1.965 0.003 1.833
1.0 0.003 1.963 0.008 1.829
1.0 0.01 1.957 0.026 1.817
1.0 0.03 1.940 0.077 1.783
1.0 0.05 1.923 0.126 1.750
1.0 0.1 1.883 0.248 1.669
1.2 0 1.792 0 2.008
1.2 0.001 1.792 0.002 2.006
1.2 0.003 1.790 0.007 2.003
1.2 0.01 1.785 0.023 1.991
1.2 0.03 1.771 0.070 1.959
1.2 0.05 1.757 0.116 1.927
1.2 0.1 1.723 0.227 1.850
14 0 1.647 0 2.153
14 0.001 1.647 0.002 2.151
14 0.003 1.646 0.006 2.148
14 0.01 1.641 0.022 2.137
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Table 5. (cont)

Target Target

Cafsi AVsi SiO,(g)  Ca0.AlLOs(g) CaO(g)
1.4 0.03 1.629 0.064 2.106
1.4 0.05 1.618 0.106 2.076
1.4 0.1 1.589 0.209 2.002

experiments.

Table 6. Mixing proportions used for preparing the C-A-S-H samples (in g per 171 mL solution) at 20 °C in short-term

Target Target )

Sio NaAlO Ca0
ca/si AlSi 2(g) 2(g) (g)
0.8 0.03 2.126 0.086 1.588
1.2 0.03 1.758 0.073 1.969

Appendix B. The solid phase composition of C-A-S-H.

calculated from massbalance.

Table 7. The solid phase composition after different equilibration times at 20 °C. The Ca/Si and Al/Si ratios were

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H  insolid in solid
0.6 0 0 90 n.m. n.m. n.m. n.m. n.m. 0.61 0 0 0.87
0.6 0 0 365 n.m. n.m. n.m. n.m. n.m. 0.60 0 0 0.95
0.6 0.001 0 90 n.m. n.m. n.m. n.m. n.m. 0.60 0.0010* 0O 0.87
0.6 0.001 0 365 n.m. n.m. n.m. n.m. n.m. 0.60 0.0010* 0O 0.95
0.6 0.003 0 90 n.o. n.o. n.o. n.o. n.o. 0.60 0.0032* 0 0.87
0.6 0.003 0 365 n.o. n.o. n.o. n.o. n.o. 0.60 0.0032* 0 0.95
0.6 0.01 0 90 n.o. n.o. n.o. n.o. n.o. 0.60 0.0102* 0O 0.88
0.6 0.01 0 365 n.o. n.o. n.o. n.o. n.o. 0.60 0.0102* 0O 0.95
0.6 0.03 0 90 n.o. n.o. n.o. n.o. n.o. 0.60 0.0306* 0 0.89
0.6 0.03 0 365 n.o. n.o. n.o. n.o. n.o. 0.60 0.0306* 0 0.96
0.6 0.05 0 90 n.o. n.o. n.o. n.o. n.o. 0.60 0.0508* 0 0.24
0.6 0.05 0 365 n.o. n.o. n.o. n.o. n.o. 0.60 0.0507* 0O 0.97
0.6 0.1 0 90 n.o. 1.16 n.o. n.o. n.o. 0.60 0.0867* 0 1.02
0.6 0.1 0 365 n.o. 0.43 n.o. n.o. n.o. 0.60 0.0960* 0 1.00
0.6 0 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.68 0 0.02 1.10
0.6 0 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.68 0 0.42 1.10
0.6 0.001 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.68 0.0011 -0.03 1.10
0.6 0.001 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.72 0.0011* 0.44 1.17
0.6 0.003 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.68 0.0035 -0.01 1.10
0.6 0.003 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.68 0.0035 0.44 1.09
0.6 0.01 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.66 0.0109 -0.03 1.07
0.6 0.01 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.67 0.0111 0.41 1.08
0.6 0.03 0.1 90 n.o. n.o. 0.35 n.o. 2.5 0.61 0.0300 -0.01 1.05
0.6 0.03 0.1 365 n.o. n.o. 0.46 n.o. 1.0 0.73 0.0348 0.45 1.23
0.6 0.05 0.1 90 n.o. n.o. 0.18 n.o. n.o. 0.66 0.0536 0.03 1.09
0.6 0.05 0.1 365 n.o. n.o. n.o. n.o. 1.1 0.72 0.0612 0.46 1.22
0.6 0 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.02 0 0.29 1.49
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Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H insolid in solid
0.6 0 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.74~ 0 1.99 1.10
0.6 0.001 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.77 0.0012 0.33 1.13
0.6 0.001 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.71~ 0.0011* 1.93 1.05
0.6 0.003 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.72 0.0036 0.41 1.06
0.6 0.003 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.74~ 0.0037 2.03 1.10
0.6 0.01 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.75 0.0120 0.16 1.10
0.6 0.01 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.68~ 0.0095 1.86 1.02
0.6 0.03 0.5 90 n.o. n.o. n.o. n.o. 1.7 0.68 0.0333 0.30 1.04
0.6 0.03 0.5 365 n.o. n.o. n.o. n.o. 1.2 0.68~ 0.0327 1.91 1.12
0.6 0.05 0.5 90 n.o. n.o. n.o. n.o. 1.6 0.68 0.0545 0.25 1.05
0.6 0.05 0.5 365 n.o. n.o. n.o. n.o. 2.0 0.68~ 0.0569 1.99 1.12
0.6 0 1 90 n.m. n.m. n.m. n.m. n.m. 0.79 0 0.06 1.11
0.6 0 1 365 n.m. n.m. n.m. n.m. n.m. 0.76~ 0 4.04 1.12
0.6 0.001 1 90 n.m. n.m. n.m. n.m. n.m. 0.77 0.0012 0.16 1.07
0.6 0.001 1 365 n.m. n.m. n.m. n.m. n.m. 0.79~ 0.0012* 4.21 1.17
0.6 0.003 1 90 n.m. n.m. n.m. n.m. n.m. 0.84 0.0040 0.41 1.18
0.6 0.003 1 365 n.m. n.m. n.m. n.m. n.m. 0.74~ 0.0035 3.83 1.09
0.6 0.01 1 90 n.m. n.m. n.m. n.m. n.m. 0.80 0.0121 0.56 1.12
0.6 0.01 1 365 n.m. n.m. n.m. n.m. n.m. 0.77~ 0.0112 4.16 1.15
0.6 0.03 1 90 n.o. n.o. n.o. n.o. 2.5 0.87 0.0402 0.13 1.29
0.6 0.03 1 365 n.o. n.o. n.o. n.o. 1.1 0.74~ 0.0343 3.94 0.83
0.6 0.05 1 90 n.o. n.o. n.o. n.o. 1.4 0.78 0.0600 0.52 0.87
0.6 0.05 1 365 n.o. n.o. n.o. n.o. 1.7 0.71~ 0.0526 3.97 1.11
0.8 0 0 90 n.m. n.m. n.m. n.m. n.m. 0.81 0 0 1.18
0.8 0 0 365 n.m. n.m. n.m. n.m. n.m. 0.80 0 0 1.18
0.8 0 0 730 n.m. n.m. n.m. n.m. n.m. 0.80 0 0 0.99
0.8 0 0 1095 n.m. n.m. n.m. n.m. n.m. 0.80 0 0 1.02
0.8 0.001 0 90 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010* 0 1.18
0.8 0.001 0 365 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010* O 1.18
0.8 0.001 0 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010* O 0.99
0.8 0.001 0 1095 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010* O 1.02
0.8 0.003 0 90 n.m. n.m. n.m. n.m. n.m. 0.81 0.0030* 0O 1.18
0.8 0.003 0 365 n.m. n.m. n.m. n.m. n.m. 0.80 0.0030* 0O 1.18
0.8 0.003 0 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0030* 0 0.99
0.8 0.003 0 1095 n.m. n.m. n.m. n.m. n.m. 0.80 0.0030* O 1.02
0.8 0.01 0 90 n.m. n.m. n.m. n.m. n.m. 0.80 0.0100 0 1.19
0.8 0.01 0 365 n.m. n.m. n.m. n.m. n.m. 0.80 0.0100 0 1.18
0.8 0.01 0 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0100* 0O 1.00
0.8 0.01 0 1095 n.m. n.m. n.m. n.m. n.m. 0.80 0.0100* 0O 1.02
0.8 0.03 0 90 n.o. 0.29 1.7 n.o. n.o. 0.79 0.0160 0 1.20
0.8 0.03 0 365 n.o. n.o. n.o. n.o. n.o. 0.80 0.0300 0 1.19
0.8 0.03 0 730 n.o. n.o. n.o. n.o. n.o. 0.80 0.0300* O 1.01
0.8 0.03 0 1095 n.o. n.o. n.o. n.o. n.o. 0.80 0.0300* O 1.03
0.8 0.1 0 90 n.o. 0.14 1.4 n.o. n.o. 0.80 0.0911 0 1.24
0.8 0.1 0 365 n.o. n.o. n.o. n.o. n.o. 0.80 0.1008 0 1.23

70



Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H insolid in solid
0.8 0.1 0 730 n.o. 0.17 n.o. n.o. n.o. 0.80 0.0976* 0 1.04
0.8 0.1 0 1095 n.o. 0.29 n.o. n.o. n.o. 0.80 0.0964* 0 1.12
0.8 0.2 0 90 n.o. 1.4 21 n.o. n.o. 0.79 0.1686 0 1.30
0.8 0.2 0 365 0.58 n.o. 21 n.o. n.o. 0.78 0.1864 0 1.42
0.8 0.2 0 730 0.58 0.29 1.7 n.o. n.o. 0.78 0.1822* 0 1.09
0.8 0.2 0 1095 n.o. 0.29 0.18 n.o. n.o. 0.80 0.1963* 0 1.23
0.8 0 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.81 0 0.19 1.18
0.8 0 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.81 0 0.20 0.94
0.8 0 0.1 730 n.m. n.m. n.m. n.m. n.m. 0.80 0 0.19 0.98
0.8 0 0.1 1095 n.m. n.m. n.m. n.m. n.m. 0.81 0 0.21 0.90
0.8 0.001 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.81 0.0009 0.14 1.18
0.8 0.001 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.81 0.0010 0.20 0.94
0.8 0.001 0.1 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010 0.22 0.98
0.8 0.001 0.1 1095 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010 0.18 0.89
0.8 0.003 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.81 0.0029 0.19 1.18
0.8 0.003 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.81 0.0030 0.20 0.94
0.8 0.003 0.1 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0030 0.21 0.98
0.8 0.003 0.1 1095 n.m. n.m. n.m. n.m. n.m. 0.81 0.0030 0.19 0.89
0.8 0.01 0.1 90 n.m. n.m. n.m. n.m. n.m. 0.81 0.0098 0.19 1.18
0.8 0.01 0.1 365 n.m. n.m. n.m. n.m. n.m. 0.80 0.0099 0.19 0.94
0.8 0.01 0.1 730 n.o. n.o. n.o. n.o. 0.8 0.79 0.0100 0.21 0.98
0.8 0.01 0.1 1095 n.m. n.m. n.m. n.m. n.m. 0.81 0.0100 0.20 0.90
0.8 0.03 0.1 90 n.o. n.o. n.o. n.o. 1.2 0.79 0.0295 0.17 1.19
0.8 0.03 0.1 365 n.o. n.o. n.o. n.o. n.o. 0.81 0.0297 0.19 0.95
0.8 0.03 0.1 730 n.o. n.o. n.o. n.o. 1.1 0.79 0.0300 0.22 0.99
0.8 0.03 0.1 1095 n.o. n.o. n.o. n.o. 0.9 0.79 0.0298 0.19 0.90
0.8 0.05 0.1 90 n.o. n.o. n.o. n.o. 14 0.82 0.051 nm 1.15
0.8 0.05 0.1 455 n.o. n.o. n.o. n.o. 0.4 0.80 0.049 nm 0.77
0.8 0.1 0.1 90 n.o. n.o. 0.88 n.o. 1.5 0.79 0.094 nm 1.15
0.8 0.1 0.1 455 n.o. n.o. 1.1 n.o. 0.7 0.79 0.093 nm 0.96
0.8 0.15 0.1 90 n.o. n.o. 1.1 n.o. 1.6 0.79 0.145 nm 1.19
0.8 0.15 0.1 455 n.o. n.o. 21 n.o. 1.1 0.78 0.139 nm 1.25
0.8 0.2 0.1 90 0.58 n.o. 21 n.o. 0.9 0.81 0.192 nm 1.24
0.8 0.2 0.1 455 1.74 n.o. 2.8 n.o. 0.9 0.78 0.174 nm 1.28
0.8 0 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.84 0 0.25 1.04
0.8 0 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.81 0 0.48 0.95
0.8 0 0.5 730 n.m. n.m. n.m. n.m. n.m. 0.80 0 0.39 0.93
0.8 0 0.5 1095 n.m. n.m. n.m. n.m. n.m. 0.82 0 0.53 0.90
0.8 0.001 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.84 0.0010 0.20 1.05
0.8 0.001 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.81 0.0009 0.33 0.94
0.8 0.001 0.5 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010* 0.43 0.93
0.8 0.001 0.5 1095 n.m. n.m. n.m. n.m. n.m. 0.81 0.0010 0.38 0.89
0.8 0.003 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.82 0.0028 0.19 1.02
0.8 0.003 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.82 0.0029 0.39 0.96
0.8 0.003 0.5 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0030 0.39 0.93
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Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H insolid in solid
0.8 0.003 0.5 1095 n.m. n.m. n.m. n.m. n.m. 0.81 0.0030 0.33 0.89
0.8 0.01 0.5 90 n.m. n.m. n.m. n.m. n.m. 0.82 0.0095 0.19 1.03
0.8 0.01 0.5 365 n.m. n.m. n.m. n.m. n.m. 0.81 0.0097 0.24 0.96
0.8 0.01 0.5 730 n.o. n.o. n.o. n.o. n.o. 0.80 0.0100 0.39 0.79
0.8 0.01 0.5 1095 n.o. n.o. n.o. n.o. n.o. 0.82 0.0099 0.49 0.90
0.8 0.03 0.5 90 n.o. n.o. n.o. n.o. 3.7 0.86 0.0312 0.11 1.15
0.8 0.03 0.5 365 n.o. n.o. n.o. n.o. n.o. 0.81 0.0286 0.24 0.96
0.8 0.03 0.5 730 n.o. n.o. n.o. n.o. 1.2 0.79 0.0300 0.44 0.98
0.8 0.03 0.5 1095 n.o. n.o. n.o. n.o. n.o. 0.82 0.0296 0.29 0.91
0.8 0.05 0.5 90 n.o. n.o. 0.35 n.o. 2.5 0.78 0.048 nm 1.07
0.8 0.05 0.5 455 n.o. n.o. n.o. n.o. n.o. 0.81 0.047 nm 0.91
0.8 0.1 0.5 90 n.o. n.o. n.o. n.o. 2.3 0.79 0.092 nm 1.10
0.8 0.1 0.5 455 n.o. n.o. n.o. n.o. 0.7 0.80 0.090 nm 1.15
0.8 0.15 0.5 90 n.o. n.o. 13 n.o. 1.7 0.83 0.138 nm 1.19
0.8 0.15 0.5 455 n.o. n.o. 0.70 n.o. n.o. 0.84 0.136 nm 0.86
0.8 0.2 0.5 90 n.o. n.o. 1.8 n.o. 0.9 0.80 0.179 nm 1.18
0.8 0.2 0.5 455 n.o. n.o. 0.49 n.o. n.o. 0.83 0.181 nm 0.94
0.8 0 1 90 n.m. n.m. n.m. n.m. n.m. 0.87 0 0.15 1.14
0.8 0 1 365 n.m. n.m. n.m. n.m. n.m. 0.83 0 0.39 0.91
0.8 0 1 730 n.m. n.m. n.m. n.m. n.m. 0.80 0 0.55 0.93
0.8 0 1 1095 n.m. n.m. n.m. n.m. n.m. 0.82 0 0.58 0.83
0.8 0.001 1 90 n.m. n.m. n.m. n.m. n.m. 0.88 0.0010 -0.16 1.16
0.8 0.001 1 365 n.m. n.m. n.m. n.m. n.m. 0.82 0.0009 0.19 0.91
0.8 0.001 1 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0010 0.78 0.93
0.8 0.001 1 1095 n.m. n.m. n.m. n.m. n.m. 0.83 0.0010 0.49 0.84
0.8 0.003 1 90 n.m. n.m. n.m. n.m. n.m. 0.90 0.0029 -0.27 1.18
0.8 0.003 1 365 n.m. n.m. n.m. n.m. n.m. 0.82 0.0028 0.44 0.91
0.8 0.003 1 730 n.m. n.m. n.m. n.m. n.m. 0.80 0.0030 0.69 0.93
0.8 0.003 1 1095 n.m. n.m. n.m. n.m. n.m. 0.82 0.0029 0.49 0.83
0.8 0.01 1 90 n.m. n.m. n.m. n.m. n.m. 0.87 0.0094 0.10 1.16
0.8 0.01 1 365 n.m. n.m. n.m. n.m. n.m. 0.83 0.0094 0.49 0.92
0.8 0.01 1 730 n.o. n.o. n.o. n.o. n.o. 0.80 0.0100 0.73 0.93
0.8 0.01 1 1095 n.m. n.m. n.m. n.m. n.m. 0.82 0.0096 0.68 0.83
0.8 0.03 1 7 n.o. n.o. n.o. n.o. 2.1 0.89 0.0279 0.51 1.09
0.8 0.03 1 14 n.o. n.o. n.o. n.o. 31 0.88 0.0300 0.51 1.12
0.8 0.03 1 28 n.o. n.o. n.o. n.o. 8.1 0.87 0.0277 0.51 1.16
0.8 0.03 1 56 n.o. n.o. n.o. n.o. 1.8 0.88 0.0300 0.46 1.06
0.8 0.03 1 90 n.o. n.o. n.o. n.o. 2.0 0.87 0.0290 0.00 1.20
0.8 0.03 1 365 n.o. n.o. n.o. n.o. n.o. 0.82 0.0281 -0.10 0.92
0.8 0.03 1 730 n.o. n.o. n.o. n.o. 1.1 0.79 0.0300 0.79 0.99
0.8 0.03 1 1095 n.o. n.o. n.o. n.o. n.o. 0.82 0.0288 0.54 0.85
0.8 0.05 1 90 n.o. n.o. n.o. n.o. 2.6 0.81 0.048 nm 1.12
0.8 0.05 1 455 n.o. n.o. n.o. n.o. n.o. 0.84 0.037 nm 0.95
0.8 0.1 1 90 n.o. n.o. n.o. n.o. 2.8 0.79 0.086 nm 1.13
0.8 0.1 1 455 n.o. n.o. n.o. n.o. 0.8 0.83 0.089 nm 1.12
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Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H insolid in solid
0.8 0.15 1 90 n.o. n.o. n.o. n.o. 3.0 0.82 0.135 nm 1.20
0.8 0.15 1 455 n.o. n.o. n.o. n.o. 0.6 0.83 0.128 nm 1.15
0.8 0.2 1 90 n.o. n.o. 0.35 n.o. 31 0.84 0.161 nm 1.33
0.8 0.2 1 455 n.o. n.o. 0.35 n.o. 0.4 0.84 0.168 nm 1.25
1.0 0 0 90 n.m. n.m. n.m. n.m. n.m. 1.00 0 0 1.10
1.0 0 0 365 n.m. n.m. n.m. n.m. n.m. 0.99 0 0 1.10
1.0 0.001 0 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0012* 0 1.10
1.0 0.001 0 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0012* 0 1.10
1.0 0.003 0 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0031* 0 1.10
1.0 0.003 0 365 n.m. n.m. n.m. n.m. n.m. 0.99 0.0031* 0 1.10
1.0 0.01 0 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0101 0 1.10
1.0 0.01 0 365 n.m. n.m. n.m. n.m. n.m. 0.99 0.0102* 0O 1.11
1.0 0.03 0 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0302 0 1.11
1.0 0.03 0 365 n.o. n.o. n.o. n.o. n.o. 0.99 0.0302* 0 1.12
1.0 0.05 0 90 n.o. n.o. n.o. n.o. n.o. 1.00 0.0498 0 1.12
1.0 0.05 0 365 n.o. n.o. n.o. n.o. n.o. 0.99 0.0498* 0 1.17
1.0 0.1 0 90 n.o. n.o. 0.95 n.o. n.o. 0.99 0.0941 0 1.14
1.0 0.1 0 365 n.o. n.o. 0.70 n.o. n.o. 0.99 0.0957* 0 1.23
1.0 0 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0 0.16 1.10
1.0 0 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0 0.10 1.19
1.0 0.001 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0012*  0.10 1.10
1.0 0.001 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0010 0.05 1.19
1.0 0.003 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0031* 0.16 1.10
1.0 0.003 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0030 0.10 1.19
1.0 0.01 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0101 0.10 1.10
1.0 0.01 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0100 0.11 1.19
1.0 0.03 0.1 90 n.o. n.o. 0.18 n.o. n.o. 1.00 0.0291 0.11 1.11
1.0 0.03 0.1 365 n.o. n.o. 0.35 n.o. 1.2 0.98 0.0278 0.05 1.20
1.0 0.05 0.1 90 n.o. n.o. 0.70 n.o. 1.1 0.98 0.0454 0.11 1.12
1.0 0.05 0.1 365 n.o. n.o. n.o. n.o. 1.2 0.98 0.0496 0.16 1.11
1.0 0 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.00 0 0.47 1.10
1.0 0 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.00 0 0.42 1.07
1.0 0.001 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0012* 0.31 1.10
1.0 0.001 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0011 0.31 1.07
1.0 0.003 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0031 0.47 1.08
1.0 0.003 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0030 0.47 1.07
1.0 0.01 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0101 0.37 1.15
1.0 0.01 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0098 0.47 1.07
1.0 0.03 0.5 90 n.o. n.o. n.o. n.o. 3.2 0.96 0.0302 0.53 1.11
1.0 0.03 0.5 365 n.o. n.o. n.o. n.o. 0.8 0.99 0.0298 0.32 1.08
1.0 0.05 0.5 90 n.o. n.o. n.o. n.o. 2.7 0.97 0.0498 0.48 1.12
1.0 0.05 0.5 365 n.o. n.o. 0.35 n.o. 1.5 0.98 0.0466 0.54 1.09
1.0 0 1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0 0.63 1.10
1.0 0 1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0 0.79 1.07
1.0 0.001 1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0012*  0.05 1.10
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Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H  insolid in solid
1.0 0.001 1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0011 1.00 1.07
1.0 0.003 1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0031 0.63 1.10
1.0 0.003 1 365 n.m. n.m. n.m. n.m. n.m. 1.00 0.0030 0.58 1.07
1.0 0.01 1 90 n.m. n.m. n.m. n.m. n.m. 1.00 0.0101 0.42 1.10
1.0 0.01 1 365 n.m. n.m. n.m. n.m. n.m. 1.01 0.0096 0.85 1.08
1.0 0.03 1 90 n.o. n.o. n.o. n.o. 2.4 0.97 0.0301 0.42 0.99
1.0 0.03 1 365 n.o. n.o. n.o. n.o. 0.6 0.10 0.0288 0.85 1.08
1.0 0.05 1 90 n.o. n.o. 0.35 n.o. 3.0 0.96 0.0475 0.80 1.15
1.0 0.05 1 365 n.o. n.o. 0.35 n.o. 34 0.96 0.0438 0.64 1.09
1.2 0 0 90 n.m. n.m. n.m. n.m. n.m. 1.16 0 0 1.32
1.2 0 0 365 n.m. n.m. n.m. n.m. n.m. 1.20 0 0 1.15
1.2 0.001 0 90 n.m. n.m. n.m. n.m. n.m. 1.18 0.0010 0 1.32
1.2 0.001 0 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0010* 0O 1.15
1.2 0.003 0 90 n.m. n.m. n.m. n.m. n.m. 1.17 0.0030 0 1.32
1.2 0.003 0 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0030* 0O 1.15
1.2 0.01 0 90 n.m. n.m. n.m. n.m. n.m. 1.14 0.0100 0 1.33
1.2 0.01 0 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0100* O 1.16
1.2 0.03 0 90 n.o. n.o. n.o. n.o. 0.9 1.16 0.0300 0 1.34
1.2 0.03 0 365 n.o. n.o. n.o. n.o. 1.5 1.18 0.0300 0 1.17
1.2 0.05 0 90 n.o. n.o. n.o. n.o. 1.4 1.15 0.0500 0 1.35
1.2 0.05 0 365 n.o. n.o. n.o. n.o. 1.5 1.18 0.0500 0 1.18
1.2 0.1 0 90 n.o. n.o. 0.70 n.o. 0.9 1.15 0.0949 0 1.38
1.2 0.1 0 365 n.o. n.o. 0.35 n.o. 1.2 1.18 0.0975 0 1.20
1.2 0 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.19 0 0.02 1.12
1.2 0 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0 -0.05 1.12
1.2 0.001 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.19 0.0010 0.02 1.12
1.2 0.001 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0010* -0.03 1.12
1.2 0.003 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.19 0.0030 0.03 1.12
1.2 0.003 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0030* -0.04 1.12
1.2 0.01 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.18 0.0100 0.05 1.12
1.2 0.01 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0100* -0.03 1.12
1.2 0.03 0.1 90 n.o. n.o. 0.18 n.o. 1.6 1.16 0.0288 0.05 1.13
1.2 0.03 0.1 365 n.o. n.o. n.o. n.o. n.o. 1.20 0.0300 -0.06 1.13
1.2 0.05 0.1 90 n.o. n.o. 1.9 n.o. 0.8 1.15 0.0368 0.06 1.14
1.2 0.05 0.1 365 n.o. n.o. n.o. n.o. 0.8 1.19 0.0500 0.02 1.14
1.2 0 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.20 0 0.06 1.27
1.2 0 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.20 0 0.11 1.27
1.2 0.001 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.20 0.0010 0 1.27
1.2 0.001 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0010* 0.11 1.27
1.2 0.003 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.19 0.0030 0 1.27
1.2 0.003 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0030* 0.11 1.27
1.2 0.01 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.19 0.0100 0.06 1.28
1.2 0.01 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0100* 0.12 1.28
1.2 0.03 0.5 90 n.o. n.o. n.o. 3.8 6.0 1.04 0.0298 0.17 1.07
1.2 0.03 0.5 365 n.o. n.o. 0.35 n.o. 0.5 1.19 0.0276 0.12 1.07
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Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H insolid in solid
1.2 0.05 0.5 90 n.o. n.o. n.o. 0.8 2.2 1.15 0.0496 0.23 1.31
1.2 0.05 0.5 365 n.o. n.o. 0.35 n.o. 0.7 1.19 0.0476 0.23 1.31
1.2 0 1 90 n.m. n.m. n.m. n.m. n.m. 1.20 0 0.46 1.39
1.2 0 1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0 0.11 1.39
1.2 0.001 1 90 n.m. n.m. n.m. n.m. n.m. 1.20 0.0010 0.40 1.39
1.2 0.001 1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0010 0.23 1.39
1.2 0.003 1 90 n.m. n.m. n.m. n.m. n.m. 1.20 0.0029 0.34 1.39
1.2 0.003 1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0030 0.40 1.39
1.2 0.01 1 90 n.m. n.m. n.m. n.m. n.m. 1.20 0.0097 0.40 1.40
1.2 0.01 1 365 n.m. n.m. n.m. n.m. n.m. 1.20 0.0100 -0.06 1.39
1.2 0.03 1 7 n.o. n.o. n.o. n.o. 3.7 1.17 0.0272 0.51 1.08
1.2 0.03 1 14 n.o. n.o. n.o. n.o. 6.8 1.11 0.0274 0.51 1.20
1.2 0.03 1 28 n.o. n.o. n.o. n.o. 4.5 1.15 0.0271 0.51 1.06
1.2 0.03 1 56 n.o. n.o. n.o. n.o. 7.1 111 0.0280 0.46 1.20
1.2 0.03 1 90 n.o. n.o. n.o. 0.9 4.6 1.12 0.0290 0.29 1.41
1.2 0.03 1 365 n.o. n.o. n.o. n.o. 1.7 1.18 0.0300 0.12 1.40
1.2 0.05 1 90 n.o. n.o. 0.32 n.o. 4.0 1.14 0.0465 0.29 1.42
1.2 0.05 1 365 n.o. n.o. 0.35 n.o. 1.8 1.17 0.0475 -0.06 1.41
14 0 0 90 n.m. n.m. n.m. n.m. n.m. 131 0 0 1.28
14 0 0 365 n.m. n.m. n.m. n.m. n.m. 1.32 0 0 1.32
14 0.0009 0 90 n.m. n.m. n.m. n.m. n.m. 1.34 0.0009* 0O 1.28
14 0.0009 0 365 n.m. n.m. n.m. n.m. n.m. 1.32 0.0009* 0 1.32
14 0.0028 0 90 n.m. n.m. n.m. n.m. n.m. 1.32 0.0028* 0 1.28
14 0.0028 0 365 n.m. n.m. n.m. n.m. n.m. 1.32 0.0028* 0 1.32
14 0.01 0 90 n.m. n.m. n.m. n.m. n.m. 1.32 0.0102* 0O 1.28
14 0.01 0 365 n.m. n.m. n.m. n.m. n.m. 1.33 0.0102* 0 1.33
14 0.03 0 90 n.o. n.o. n.o. n.o. n.o. 1.32 0.0299 0 1.29
14 0.03 0 365 n.o. n.o. n.o. n.o. n.o. 1.32 0.0299* 0 1.34
14 0.05 0 90 n.o. n.o. n.o. n.o. n.o. 1.33 0.0498 0 1.30
1.4 0.05 0 365 n.o. n.o. 0.28 n.o. n.o. 1.33 0.0477 0 1.35
1.4 0.1 0 90 n.o. n.o. 1.9 n.o. n.o. 131 0.0856 0 1.16
1.4 0.1 0 365 n.o. n.o. 0.28 n.o. n.o. 1.32 0.0978 0 1.24
14 0 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.37 0 0.00 1.15
14 0 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.38 0 0.06 1.19
14 0.0009 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.37 0.0009*  0.12 1.15
1.4 0.0009 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.38 0.0009*  0.00 1.19
14 0.0028 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.37 0.0028*  0.00 1.16
1.4 0.0028 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.38 0.0028*  0.00 1.19
14 0.01 0.1 90 n.m. n.m. n.m. n.m. n.m. 1.37 0.0102*  0.00 1.16
14 0.01 0.1 365 n.m. n.m. n.m. n.m. n.m. 1.37 0.0102* 0.06 1.19
1.4 0.03 0.1 90 n.o. n.o. n.o. 1.2 1.8 1.32 0.0299 0.13 1.17
1.4 0.03 0.1 365 n.o. n.o. n.o. n.o. 2.2 1.35 0.0299*  0.06 1.20
14 0.05 0.1 90 n.o. n.o. n.o. n.o. n.o. 1.37 0.0498 0.06 1.22
1.4 0.05 0.1 365 n.o. n.o. n.o. n.o. 0.4 1.38 0.0498*  0.00 1.21
14 0 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.40 0 0.19 1.17
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Table 7. (cont)

Target Target NaOH Time stratlingite  AI(OH);  Katoite CH CaCOs; Ca/Siin  Al/Siin Na/Si H,0/Si
Ca/Si Al/Si (M) (days) (wt%) (wt%) (wt%) (wt%) (wt%) C-A-S-H C-A-S-H insolid in solid
14 0 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.40 0 0.25 1.12
14 0.0009 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.39 0.0009*  0.00 1.17
1.4 0.0009 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.39 0.0009 0.44 1.12
14 0.0028 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.39 0.0028*  0.25 1.17
14 0.0028 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.39 0.0027 0.31 1.12
14 0.01 0.5 90 n.m. n.m. n.m. n.m. n.m. 1.39 0.0102* 0.31 1.17
14 0.01 0.5 365 n.m. n.m. n.m. n.m. n.m. 1.39 0.0101 0.19 1.13
1.4 0.03 0.5 90 n.o. n.o. n.o. 34 4.5 1.26 0.0298 0.13 1.18
1.4 0.03 0.5 365 n.o. n.o. n.o. 3.7 1.5 1.30 0.0297 0.19 1.14
1.4 0.05 0.5 90 n.o. n.o. n.o. 5.8 1.7 1.26 0.0497 0.13 1.06
14 0.05 0.5 365 n.o. n.o. n.o. 21 3.6 1.30 0.0496 0.19 1.14
14 0 1 90 n.m. n.m. n.m. n.m. n.m. 1.40 0 0.44 1.18
14 0 1 365 n.m. n.m. n.m. n.m. n.m. 1.40 0 0.81 1.13
14 0.0009 1 90 n.m. n.m. n.m. n.m. n.m. 1.40 0.0009* 0.31 1.18
14 0.0009 1 365 n.m. n.m. n.m. n.m. n.m. 1.40 0.0009 0.94 1.13
14 0.0028 1 90 n.m. n.m. n.m. n.m. n.m. 1.40 0.0027 0.06 1.18
14 0.0028 1 365 n.m. n.m. n.m. n.m. n.m. 1.40 0.0026 0.88 1.13
14 0.01 1 90 n.m. n.m. n.m. n.m. n.m. 1.40 0.0100 0.31 1.18
14 0.01 1 365 n.m. n.m. n.m. n.m. n.m. 1.40 0.0099 0.94 1.13
1.4 0.03 1 90 n.o. n.o. n.o. 4.0 7.2 1.22 0.0294 -0.50 1.19
1.4 0.03 1 365 n.o. n.o. n.o. 6.5 2.2 1.24 0.0291 0.76 1.14
1.4 0.05 1 90 n.o. n.o. n.o. 7.6 2.6 1.21 0.0485 6.36 1.36
1.4 0.05 1 365 n.o. n.o. n.o. 0.9 2.0 1.35 0.0488 0.83 1.22

*: Al concentrations in the solution are below the DL of ICP-OES and Al/Si ratios calculated considering Al concentration

equals to zero

~: Ca concentrations in the solution are below the DL of ICP-OES and Ca/Si ratios calculated considering the Ca

concentration

as zero.

n.m.: not measured.

n.o.: not observed.

Appendix C. Elemental concentrations in aqueous solution.

Table 8. Aqueous concentrations after different equilibration times at 20 °C.

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
0.6 0 0 90 n.m. 0.60 3.57 <0.0004 0.06 9.76
0.6 0 0 365 n.m. 1.13 3.79 <0.0004 0.08 9.89
0.6 0.001 0 90 n.m. 1.13 3.86 <0.0004 0.07 9.84
0.6 0.001 0 365 n.m. 1.15 3.84 <0.0004 0.07 9.85
0.6 0.003 0 90 n.m. 1.12 3.86 <0.0004 0.07 9.85
0.6 0.003 0 365 n.m. 1.13 3.46 <0.0004 0.08 9.91
0.6 0.01 0 90 n.m. 1.19 3.74 <0.0004 0.09 9.94
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
0.6 0.01 0 365 n.m. 1.05 3.30 <0.0004 0.07 9.87
0.6 0.03 0 90 n.m. 1.18 3.61 <0.0004 0.09 9.95
0.6 0.03 0 365 n.m. 1.17 3.61 <0.0004 0.09 9.95
0.6 0.05 0 90 n.m. 1.17 3.53 <0.0004 0.09 9.94
0.6 0.05 0 365 n.m. 1.01 3.22 <0.0004 0.09 9.97
0.6 0.1 0 90 n.m. 1.21 3.38 <0.0004 0.11 10.03
0.6 0.1 0 365 n.m. 1.07 3.39 <0.0004 0.09 9.97
0.6 0 0.1 90 90 0.04 27.7 <0.0004 15.1 12.18
0.6 0 0.1 365 50 0.01 27.9 <0.0004 19.0 12.27
0.6 0.001 0.1 90 110 0.04 28.0 <0.0004 15.1 12.18
0.6 0.001 0.1 365 50 0.02 40.1 <0.0004 19.9 12.29
0.6 0.003 0.1 90 100 0.05 28.5 0.006 16.2 12.21
0.6 0.003 0.1 365 50 0.03 27.0 0.009 20.9 12.32
0.6 0.01 0.1 90 110 0.03 21.8 0.027 20.4 12.31
0.6 0.01 0.1 365 50 0.01 24.2 0.009 24.5 12.39
0.6 0.03 0.1 90 100 0.03 15.3 0.088 21.9 12.34
0.6 0.03 0.1 365 60 0.01 46.7 0.009 20.9 12.32
0.6 0.05 0.1 90 90 0.02 21.1 0.062 16.6 12.22
0.6 0.05 0.1 365 50 0.02 42.4 0.013 9.5 11.98
0.6 0 0.5 90 460 0.006 97.1 <0.0004 229 13.36
0.6 0 0.5 365 450 <0.0002 43.8 <0.0004 309 13.49
0.6 0.001 0.5 90 440 0.004 52.9 0.006 240 13.38
0.6 0.001 0.5 365 440 <0.0002 35.8 <0.0004 282 13.44
0.6 0.003 0.5 90 420 0.005 39.8 0.026 269 13.43
0.6 0.003 0.5 365 430 <0.0002 44.0 0.019 302 13.48
0.6 0.01 0.5 90 470 0.005 47.1 0.094 263 13.42
0.6 0.01 0.5 365 450 <0.0002 28.8 0.40 331 13.52
0.6 0.03 0.5 90 440 0.004 31.9 0.32 275 13.44
0.6 0.03 0.5 365 440 <0.0002 30.5 0.40 331 13.52
0.6 0.05 0.5 90 450 0.004 31.6 0.68 263 13.42
0.6 0.05 0.5 365 430 <0.0002 34.4 0.37 331 13.52
0.6 0 1 90 990 0.004 57.5 <0.0004 457 13.66
0.6 0 1 365 950 <0.0002 49.2 <0.0004 631 13.80
0.6 0.001 1 90 970 0.005 51.6 0.009 457 13.66
0.6 0.001 1 365 960 <0.0002 57.4 <0.0004 631 13.80
0.6 0.003 1 90 930 0.005 68.2 0.06 417 13.62
0.6 0.003 1 365 1030 <0.0002 44.0 0.06 631 13.80
0.6 0.01 1 90 900 0.009 58.3 0.22 407 13.61
0.6 0.01 1 365 940 <0.0002 53.0 0.32 631 13.80
0.6 0.03 1 90 980 0.003 79.4 0.84 407 13.61
0.6 0.03 1 365 1060 <0.0002 48.2 0.68 631 13.79
0.6 0.05 1 90 910 0.007 55.0 1.11 389 13.59
0.6 0.05 1 365 960 <0.0002 40.4 1.54 661 13.81
0.8 0 0 90 n.m. 0.53 2.23 <0.0004 0.22 10.35
0.8 0 0 365 n.m. 1.34% 2.03 <0.0004 0.42 10.32
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
0.8 0 0 730 n.m. 0.90 1.81 <0.0004 0.26 10.41
0.8 0 0 1095 n.m. 0.94 1.49 <0.0004 0.42 10.62
0.8 0.001 0 90 n.m. 0.82 2.13 0.008 0.22 10.34
0.8 0.001 0 365 n.m. 1.06* 1.77 <0.0004 0.21 10.33
0.8 0.001 0 730 n.m. 0.85 1.74 <0.0004 0.21 10.32
0.8 0.001 0 1095 n.m. 0.82 1.55 <0.0004 0.39 10.59
0.8 0.003 0 90 n.m. 0.49 2.28 0.011 0.24 10.38
0.8 0.003 0 365 n.m. 1.03* 1.69 <0.0004 0.26 10.41
0.8 0.003 0 730 n.m. 0.89 1.83 <0.0004 0.17 10.22
0.8 0.003 0 1095 n.m. 0.91 1.43 <0.0004 0.40 10.60
0.8 0.01 0 90 n.m. 1.08 2.68 0.014 0.28 10.44
0.8 0.01 0 365 n.m. 1.09* 1.88 0.0006 0.25 10.38
0.8 0.01 0 730 n.m. 0.91 1.78 <0.0004 0.18 10.25
0.8 0.01 0 1095 n.m. 0.90 1.40 <0.0004 0.40 10.60
0.8 0.03 0 90 n.m. 0.67 3.12 0.014 0.30 10.48
0.8 0.03 0 365 n.m. 1.07* 1.59 0.0004 0.34 10.53
0.8 0.03 0 730 n.m. 0.96 1.70 <0.0004 0.26 10.42
0.8 0.03 0 1095 n.m. 0.82 1.27 <0.0004 0.47 10.67
0.8 0.1 0 90 n.m. 0.50 3.02 0.015 0.39 10.59
0.8 0.1 0 365 n.m. 1.14* 1.56 0.0011 0.43 10.63
0.8 0.1 0 730 n.m. 0.94 1.41 <0.0004 0.37 10.57
0.8 0.1 0 1095 n.m. 0.88 1.05 <0.0004 0.65 10.81
0.8 0.2 0 90 n.m. 0.79 3.28 0.019 0.37 10.57
0.8 0.2 0 365 n.m. 1.29* 2.16 0.0008 0.35 10.54
0.8 0.2 0 730 n.m. 1.28 2.23 <0.0004 0.37 10.56
0.8 0.2 0 1095 n.m. 1.12 1.56 <0.0004 0.65 10.81
0.8 0 0.1 90 60 0.04 3.47 <0.0004 33.1 12.52
0.8 0 0.1 365 58 0.14* 2.19 <0.0004 33.1 12.51
0.8 0 0.1 730 62 0.02 2.07 <0.0004 51.3 12.70
0.8 0 0.1 1095 57 0.02 2.59 <0.0004 57.5 12.76
0.8 0.001 0.1 90 70 0.05 1.91 0.026 37.2 12.57
0.8 0.001 0.1 365 58 0.17* 2.10 0.004 29.5 12.47
0.8 0.001 0.1 730 56 0.02 2.47 0.002 51.3 12.71
0.8 0.001 0.1 1095 62 0.02 1.35 0.003 61.7 12.79
0.8 0.003 0.1 90 60 0.04 2.69 0.024 35.5 12.55
0.8 0.003 0.1 365 57 0.17* 2.06 0.009 32.4 12.51
0.8 0.003 0.1 730 59 0.03 1.85 0.003 61.7 12.79
0.8 0.003 0.1 1095 60 0.02 1.91 0.006 60.3 12.78
0.8 0.01 0.1 90 60 0.04 2.29 0.055 36.3 12.56
0.8 0.01 0.1 365 59 0.19* 1.10 0.041 35.5 12.55
0.8 0.01 0.1 730 59 0.03 1.80 0.025 52.5 12.72
0.8 0.01 0.1 1095 58 0.03 1.58 0.021 61.7 12.79
0.8 0.03 0.1 90 65 0.06 1.74 0.15 36.3 12.56
0.8 0.03 0.1 365 59 0.17* 1.72 0.11 31.6 12.50
0.8 0.03 0.1 730 58 0.03 1.74 0.11 58.9 12.76
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
0.8 0.03 0.1 1095 61 0.05 1.16 0.082 55.0 12.74
0.8 0.05 0.1 90 n.m. <0.0002 8.38 0.15 33.2 12.52
0.8 0.05 0.1 455 n.m. 0.04 1.83 0.22 48.0 12.68
0.8 0.1 0.1 90 n.m. <0.0002 3.46 0.56 29.9 12.48
0.8 0.1 0.1 455 n.m. 0.03 2.53 0.48 59.7 12.78
0.8 0.15 0.1 90 n.m. <0.0002 5.85 0.68 22.0 12.34
0.8 0.15 0.1 455 n.m. 0.01 4.60 0.54 51.7 12.71
0.8 0.2 0.1 90 n.m. <0.0002 9.15 0.34 24.0 12.38
0.8 0.2 0.1 455 n.m. 0.01 493 0.97 47.9 12.68
0.8 0 0.5 90 450 0.03 9.55 <0.0004 166 13.22
0.8 0 0.5 365 400 1.26* 3.46 <0.0004 141 13.15
0.8 0 0.5 730 440 0.02 3.89 <0.0004 316 13.50
0.8 0 0.5 1095 390 0.02 4.24 <0.0004 324 13.51
0.8 0.001 0.5 90 460 0.03 11.7 0.021 166 13.22
0.8 0.001 0.5 365 430 1.68* 2.65 0.014 162 13.21
0.8 0.001 0.5 730 430 0.02 2.87 <0.0004 347 13.53
0.8 0.001 0.5 1095 420 0.04 1.72 0.004 363 13.56
0.8 0.003 0.5 90 460 0.04 5.61 0.048 166 13.22
0.8 0.003 0.5 365 420 1.12% 5.36 0.040 162 13.20
0.8 0.003 0.5 730 440 0.03 2.73 0.012 347 13.53
0.8 0.003 0.5 1095 430 0.03 2.19 0.012 347 13.54
0.8 0.01 0.5 90 460 0.04 6.45 0.17 158 13.20
0.8 0.01 0.5 365 450 1.33% 4.66 0.11 182 13.26
0.8 0.01 0.5 730 440 0.02 3.65 0.09 363 13.56
0.8 0.01 0.5 1095 400 0.02 4.72 0.07 347 13.54
0.8 0.03 0.5 90 480 0.05 26.1 0.57 162 13.21
0.8 0.03 0.5 365 450 1.24% 4.09 0.42 178 13.25
0.8 0.03 0.5 730 430 0.02 5.52 0.37 363 13.55
0.8 0.03 0.5 1095 440 0.01 4.32 0.22 309 13.49
0.8 0.05 0.5 90 n.m. <0.0002 2.14 0.17 169 13.23
0.8 0.05 0.5 455 n.m. 0.03 2.56 0.69 409 13.61
0.8 0.1 0.5 90 n.m. <0.0002 3.83 1.96 147 13.17
0.8 0.1 0.5 455 n.m. 0.03 2.40 2.21 367 13.56
0.8 0.15 0.5 90 n.m. <0.0002 14.3 2.89 122 13.09
0.8 0.15 0.5 455 n.m. 0.01 10.9 3.51 313 13.50
0.8 0.2 0.5 90 n.m. <0.0002 17.6 3.44 132 13.12
0.8 0.2 0.5 455 n.m. 0.02 7.65 457 220 13.34
0.8 0 1 90 970 0.04 17.2 <0.0004 309 13.49
0.8 0 1 365 920 2.40* 8.52 <0.0004 263 13.42
0.8 0 1 730 930 0.02 7.13 <0.0004 550 13.74
0.8 0 1 1095 880 0.03 6.05 <0.0004 550 13.74
0.8 0.001 1 90 1030 0.03 19.9 0.025 295 13.47
0.8 0.001 1 365 960 2.57* 7.85 0.021 302 13.47
0.8 0.001 1 730 880 0.03 5.82 <0.0004 589 13.76
0.8 0.001 1 1095 900 0.03 6.72 0.003 589 13.77
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
0.8 0.003 1 90 1050 0.04 23.8 0.097 309 13.49
0.8 0.003 1 365 910 2.44* 8.07 0.072 316 13.50
0.8 0.003 1 730 900 0.02 6.50 0.021 589 13.77
0.8 0.003 1 1095 900 0.01 6.02 0.030 646 13.81
0.8 0.01 1 90 980 0.03 18.7 0.30 316 13.50
0.8 0.01 1 365 900 2.52%* 8.73 0.22 309 13.49
0.8 0.01 1 730 890 0.02 7.11 0.16 589 13.77
0.8 0.01 1 1095 860 0.02 4.40 0.12 575 13.76
0.8 0.03 1 7 900 0.01 27.2 1.12 537 13.73
0.8 0.03 1 14 900 <0.0002 51.7 1.39 537 13.73
0.8 0.03 1 28 900 <0.0002 37.2 1.43 589 13.77
0.8 0.03 1 56 930 <0.0002 56.2 1.49 617 13.79
0.8 0.03 1 90 1000 0.04 23.3 0.88 372 13.57
0.8 0.03 1 365 1020 2.32* 8.06 0.61 309 13.48
0.8 0.03 1 730 880 0.02 7.34 0.48 589 13.77
0.8 0.03 1 1095 890 0.02 6.44 0.43 589 13.77
0.8 0.05 1 90 n.m. <0.0002 8.99 0.81 216 13.33
0.8 0.05 1 455 n.m. 0.02 8.80 2.92 469 13.67
0.8 0.1 1 90 n.m. <0.0002 6.09 3.32 216 13.33
0.8 0.1 1 455 n.m. 0.02 8.96 2.90 469 13.67
0.8 0.15 1 90 n.m. <0.0002 12.4 4.72 260 13.41
0.8 0.15 1 455 n.m. 0.03 9.19 5.71 652 13.81
0.8 0.2 1 90 n.m. <0.0002 17.4 10.0 296 13.47
0.8 0.2 1 455 n.m. 0.02 111 7.65 496 13.70
1.0 0 0 90 n.m. 3.29 0.06 <0.0004 7.6 11.88
1.0 0 0 365 n.m. 0.97 0.04 <0.0004 13.5 12.13
1.0 0.001 0 90 n.m. 3.39 0.03 <0.0004 10.2 12.01
1.0 0.001 0 365 n.m. 0.90 0.03 <0.0004 13.2 12.12
1.0 0.003 0 90 n.m. 3.38 0.04 <0.0004 9.3 11.97
1.0 0.003 0 365 n.m. 1.07 0.05 <0.0004 12.0 12.08
1.0 0.01 0 90 n.m. 3.21 0.04 0.004 7.9 11.90
1.0 0.01 0 365 n.m. 1.13 0.06 <0.0004 11.0 12.04
1.0 0.03 0 90 n.m. 3.90 0.04 0.009 6.3 11.80
1.0 0.03 0 365 n.m. 1.07 0.07 <0.0004 10.2 12.01
1.0 0.05 0 90 n.m. 1.17 0.02 0.012 6.9 11.84
1.0 0.05 0 365 n.m. 1.16 0.07 <0.0004 10.5 12.02
1.0 0.1 0 90 n.m. 1.85 0.04 0.015 7.1 11.85
1.0 0.1 0 365 n.m. 1.20 0.08 <0.0004 9.1 11.95
1.0 0 0.1 90 70 0.30 0.16 <0.0004 74.1 12.87
1.0 0 0.1 365 80 0.24 0.23 <0.0004 100 13.00
1.0 0.001 0.1 90 80 0.48 0.08 <0.0004 75.9 12.88
1.0 0.001 0.1 365 90 0.48 0.14 0.025 97.7 12.98
1.0 0.003 0.1 90 70 0.75 0.17 <0.0004 77.6 12.89
1.0 0.003 0.1 365 80 0.37 0.13 0.020 77.6 12.88
1.0 0.01 0.1 90 80 0.43 0.10 0.006 91.2 12.96
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
1.0 0.01 0.1 365 80 0.48 0.16 0.027 107 13.02
1.0 0.03 0.1 90 80 0.43 0.13 0.011 70.8 12.85
1.0 0.03 0.1 365 90 0.47 0.14 0.038 74.1 12.86
1.0 0.05 0.1 90 80 0.28 0.18 0.033 79.4 12.90
1.0 0.05 0.1 365 70 0.25 0.28 0.047 72.4 12.85
1.0 0 0.5 90 410 0.16 0.36 <0.0004 295 13.52
1.0 0 0.5 365 420 0.16 0.43 <0.0004 316 13.49
1.0 0.001 0.5 90 440 0.25 0.22 <0.0004 316 13.56
1.0 0.001 0.5 365 440 0.18 0.43 0.01 324 13.50
1.0 0.003 0.5 90 410 0.20 0.23 0.04 331 13.56
1.0 0.003 0.5 365 410 0.17 0.49 0.03 324 13.51
1.0 0.01 0.5 90 430 0.20 0.47 0.12 355 13.58
1.0 0.01 0.5 365 410 0.19 0.48 0.07 380 13.57
1.0 0.03 0.5 90 400 0.18 0.51 0.13 363 13.56
1.0 0.03 0.5 365 440 0.18 0.46 0.081 398 13.59
1.0 0.05 0.5 90 410 0.12 0.53 0.34 372 13.58
1.0 0.05 0.5 365 400 0.15 0.62 0.21 398 13.59
1.0 0 1 90 880 0.25 0.46 <0.0004 631 13.80
1.0 0 1 365 850 0.24 0.49 <0.0004 589 13.77
1.0 0.001 1 90 1000 0.29 0.36 <0.0004 575 13.76
1.0 0.001 1 365 810 0.16 0.73 0.004 646 13.81
1.0 0.003 1 90 880 0.23 0.41 0.061 562 13.75
1.0 0.003 1 365 890 0.13 0.87 0.021 646 13.81
1.0 0.01 1 90 920 0.31 0.22 0.23 562 13.75
1.0 0.01 1 365 840 0.11 1.23 0.10 617 13.79
1.0 0.03 1 90 910 0.13 0.94 0.38 562 13.75
1.0 0.03 1 365 840 0.13 0.88 0.28 589 13.76
1.0 0.05 1 90 850 0.16 0.63 0.67 589 13.77
1.0 0.05 1 365 880 0.10 0.53 0.74 589 13.77
1.2 0 0 90 n.m. 6.15 0.14 <0.0004 16.2 12.21
1.2 0 0 365 n.m. 3.58 0.06 <0.0004 7.8 11.89
1.2 0.001 0 90 n.m. 3.39 0.16 0.0005 20.9 12.32
1.2 0.001 0 365 n.m. 4.56 0.06 <0.0004 8.5 11.93
1.2 0.003 0 90 n.m. 6.01 0.03 0.0007 7.9 11.90
1.2 0.003 0 365 n.m. 3.33 0.05 <0.0004 11.2 12.04
1.2 0.01 0 90 n.m. 111 0.04 0.0005 18.2 12.26
1.2 0.01 0 365 n.m. 5.25 0.07 <0.0004 10.5 12.02
1.2 0.03 0 90 n.m. 5.62 0.01 0.004 9.5 11.98
1.2 0.03 0 365 n.m. 1.86 0.05 0.003 9.5 11.98
1.2 0.05 0 90 n.m. 4.59 0.04 0.009 7.1 11.85
1.2 0.05 0 365 n.m. 1.80 0.05 0.011 8.5 11.93
1.2 0.1 0 90 n.m. 451 0.03 0.033 3.5 11.54
1.2 0.1 0 365 n.m. 3.52 0.09 0.033 6.2 11.79
1.2 0 0.1 90 96 1.57 0.02 <0.0004 16.6 12.22
1.2 0 0.1 365 108 1.61 0.05 <0.0004 87 12.95
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
1.2 0.001 0.1 90 96 1.79 0.02 0.0009 15.1 12.18
1.2 0.001 0.1 365 105 1.92 0.04 <0.0004 102 13.02
1.2 0.003 0.1 90 95 1.51 0.02 0.002 19.1 12.28
1.2 0.003 0.1 365 107 1.67 0.04 0.002 78 12.89
1.2 0.01 0.1 90 91 4.32 0.02 0.002 20.0 12.30
1.2 0.01 0.1 365 105 0.33 0.02 0.003 91 12.96
1.2 0.03 0.1 90 91 2.55 0.02 0.003 17.0 12.23
1.2 0.03 0.1 365 111 1.53 0.04 0.020 43 12.64
1.2 0.05 0.1 90 89 2.51 0.02 0.003 38.0 12.58
1.2 0.05 0.1 365 96 1.17 0.05 0.064 31 12.49
1.2 0 0.5 90 470 0.97 0.06 <0.0004 186 13.27
1.2 0 0.5 365 490 0.96 0.12 <0.0004 120 13.08
1.2 0.001 0.5 90 480 0.97 0.06 0.003 195 13.29
1.2 0.001 0.5 365 500 0.83 0.13 <0.0004 302 13.47
1.2 0.003 0.5 90 470 1.36 0.05 0.002 195 13.29
1.2 0.003 0.5 365 500 1.06 0.12 <0.0004 269 13.43
1.2 0.01 0.5 90 470 1.05 0.07 0.007 195 13.29
1.2 0.01 0.5 365 490 1.19 0.11 <0.0004 331 13.52
1.2 0.03 0.5 90 470 1.45 0.06 0.031 166 13.22
1.2 0.03 0.5 365 470 1.13 0.11 0.021 316 13.49
1.2 0.05 0.5 90 460 0.61 0.15 0.085 182 13.26
1.2 0.05 0.5 365 460 1.05 0.12 0.036 302 13.47
1.2 0 1 90 920 0.36 0.16 <0.0004 282 13.45
1.2 0 1 365 980 1.01 0.28 <0.0004 501 13.70
1.2 0.001 1 90 930 0.77 0.08 0.008 309 13.49
1.2 0.001 1 365 960 0.81 0.40 0.007 447 13.65
1.2 0.003 1 90 940 0.82 0.08 0.025 224 13.35
1.2 0.003 1 365 930 0.97 0.27 0.032 468 13.66
1.2 0.01 1 90 930 0.62 0.08 0.059 347 13.54
1.2 0.01 1 365 1010 0.97 0.29 0.085 479 13.69
1.2 0.03 1 7 900 0.06 2.8 0.63 631 13.80
1.2 0.03 1 14 900 0.26 0.8 0.55 631 13.80
1.2 0.03 1 28 900 0.18 1.6 0.61 646 13.81
1.2 0.03 1 56 930 0.17 1.4 0.45 692 13.84
1.2 0.03 1 90 950 0.84 0.12 0.19 363 13.56
1.2 0.03 1 365 980 1.04 0.26 0.15 501 13.69
1.2 0.05 1 90 950 1.06 0.12 0.25 372 13.57
1.2 0.05 1 365 1010 1.06 0.28 0.25 490 13.69
1.4 0 0 90 n.m. 13.8 0.02 <0.0004 26.9 12.43
1.4 0 0 365 n.m. 12.2 0.006 <0.0004 55.0 12.73
1.4 0.001 0 90 n.m. 10.2 0.02 <0.0004 31.6 12.50
1.4 0.001 0 365 n.m. 121 0.006 <0.0004 31.6 12.50
1.4 0.003 0 90 n.m. 13.0 0.02 <0.0004 33.1 12.52
1.4 0.003 0 365 n.m. 12.1 0.006 <0.0004 38.0 12.58
1.4 0.01 0 90 n.m. 12.3 0.02 <0.0004 39.8 12.60
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Table 8. (cont)

Target Target NaOH Time [Na] [Ca] [Si] [Al] [OH7]

Ca/Si  Al/Si (M) (days) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) PH
1.4 0.01 0 365 n.m. 12.0 0.006 <0.0004 52.5 12.72
1.4 0.03 0 90 n.m. 12.0 0.02 0.001 39.8 12.60
1.4 0.03 0 365 n.m. 12.2 0.003 <0.0004 331 12.51
1.4 0.05 0 90 n.m. 11.5 0.02 0.003 39.8 12.60
1.4 0.05 0 365 n.m. 10.0 0.004 0.002 32.4 12.51
1.4 0.1 0 90 n.m. 10.1 0.03 0.015 22.4 12.35
1.4 0.1 0 365 n.m. 11.3 0.005 0.014 32.4 12.50
1.4 0 0.1 90 100 4.39 0.01 <0.0004 83.2 12.92
1.4 0 0.1 365 90 4.01 0.01 <0.0004 83.2 12.92
1.4 0.001 0.1 90 80 4.06 0.01 <0.0004 97.7 12.99
1.4 0.001 0.1 365 100 3.97 0.01 <0.0004 95.5 12.98
1.4 0.003 0.1 90 90 4.12 0.01 <0.0004 100 13.00
1.4 0.003 0.1 365 100 3.63 0.01 <0.0004 97.7 12.99
1.4 0.01 0.1 90 100 4.79 0.01 <0.0004 95.5 12.98
1.4 0.01 0.1 365 90 4.13 0.01 <0.0004 97.7 12.99
1.4 0.03 0.1 90 80 4.88 0.02 0.001 95.5 12.98
1.4 0.03 0.1 365 90 3.48 0.01 <0.0004 97.7 12.98
1.4 0.05 0.1 90 90 5.16 0.01 0.003 105 13.02
1.4 0.05 0.1 365 100 1.77 0.01 <0.0004 110 13.04
1.4 0 0.5 90 470 0.94 0.07 <0.0004 380 13.58
1.4 0 0.5 365 460 0.89 0.06 <0.0004 417 13.61
1.4 0.001 0.5 90 500 1.11 0.06 <0.0004 398 13.60
1.4 0.001 0.5 365 430 0.92 0.08 0.004 447 13.64
1.4 0.003 0.5 90 460 1.00 0.06 <0.0004 417 13.62
1.4 0.003 0.5 365 450 1.02 0.07 0.018 468 13.66
1.4 0.01 0.5 90 450 1.01 0.08 <0.0004 417 13.62
1.4 0.01 0.5 365 470 0.97 0.07 0.019 490 13.68
1.4 0.03 0.5 90 480 1.05 0.07 0.007 407 13.61
1.4 0.03 0.5 365 470 1.02 0.09 0.034 324 13.50
1.4 0.05 0.5 90 480 1.05 0.06 0.022 295 13.47
1.4 0.05 0.5 365 470 1.05 0.08 0.034 380 13.57
1.4 0 1 90 930 0.59 0.23 <0.0004 389 13.59
1.4 0 1 365 870 0.54 0.24 <0.0004 676 13.83
1.4 0.001 1 90 950 0.51 0.27 <0.0004 457 13.66
1.4 0.001 1 365 850 0.52 0.25 0.009 661 13.82
1.4 0.003 1 90 990 0.51 0.24 0.018 603 13.78
1.4 0.003 1 365 860 0.52 0.23 0.033 550 13.74
1.4 0.01 1 90 950 0.59 0.26 0.033 550 13.74
1.4 0.01 1 365 850 0.52 0.27 0.043 589 13.77
1.4 0.03 1 90 1080 0.60 0.25 0.081 603 13.78
1.4 0.03 1 365 880 0.55 0.24 0.13 631 13.80
1.4 0.05 1 90 880 0.59 0.24 0.22 661 13.82
1.4 0.05 1 365 870 0.54 0.23 0.17 661 13.82

*: Ca concentrations for Ca/Si = 0.8 after 1 year equilibration are outliers.
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Appendix D. Saturation Indexes for different solid phases.

Table 9. The calculated saturation indexes (SI) values for stratlingite, microcrystalline Al(OH);, katoite, CSHQ,

amorphous silica, portlandite, Ca-gismondine, chabazite and OH-sodalite.

Target Target NaOH Time Stratling 5 Amorpho  Portlan Gismondi i 3
Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Sillica dite ne Chabazite Sodalite
0.6 0 0 90 n.c. n.c. n.c. -0.2 0 -6.6 n.c n.c. n.c.
0.6 0 0 365 n.c. n.c. n.c. 0.1 -0.1 -6.1 n.c n.c. n.c.
0.6 0.001 0 90 n.c. n.c. n.c. 0.1 0 -6.1 n.c n.c. n.c.
0.6 0.001 0 365 n.c. n.c. n.c. 0.1 0 -6.1 n.c n.c. n.c.
0.6 0.003 0 90 n.c. n.c. n.c. 0.1 0 -6.1 n.c n.c. n.c.
0.6 0.003 0 365 n.c. n.c. n.c. 0 -0.1 -6.1 n.c n.c. n.c.
0.6 0.01 0 90 n.c. n.c. n.c. 0.1 -0.1 -6.0 n.c n.c. n.c.
0.6 0.01 0 365 n.c. n.c. n.c. 0 -0.1 -6.1 n.c n.c. n.c.
0.6 0.03 0 90 n.c. n.c. n.c. 0.1 -0.1 -5.9 n.c n.c. n.c.
0.6 0.03 0 365 n.c. n.c. n.c. 0.1 -0.1 -6.0 n.c n.c. n.c.
0.6 0.05 0 90 n.c. n.c. n.c. -0.1 -0.1 -6.0 n.c n.c. n.c.
0.6 0.05 0 365 n.c. n.c. n.c. 0 -0.2 -6.0 n.c n.c. n.c.
0.6 0.1 0 90 n.c. n.c. n.c. 0.1 -0.2 -5.8 n.c n.c. n.c.
0.6 0.1 0 365 n.c. n.c. n.c. 0.1 -0.2 -6.0 n.c n.c. n.c.
0.6 0 0.1 90 n.c. n.c. n.c. 0.1 -1.5 -4.4 n.c n.c. n.c.
0.6 0 0.1 365 n.c. n.c. n.c. -0.5 -1.6 -5.0 n.c n.c. n.c.
0.6 0.001 0.1 90 n.c. n.c. n.c. -0.2 -1.5 -4.4 n.c n.c. n.c.
0.6 0.001 0.1 365 n.c. n.c. n.c. -0.3 -1.6 -4.7 n.c n.c. n.c.
0.6 0.003 0.1 90 -6.5 -2.9 -15 -0.1 -1.6 -4.3 -1.7 -2.3 -5.1
0.6 0.003 0.1 365 -6.6 -2.8 -15 -0.3 -1.6 -4.4 -1.8 -2.6 -6.4
0.6 0.01 0.1 90 -5.7 -2.3 -14 -0.3 -1.7 -4.4 -1.0 -2.0 -1.7
0.6 0.01 0.1 365 -7.6 -2.9 -17 -0.5 -1.7 -4.8 -2.5 -3.5 -6.9
0.6 0.03 0.1 90 -4.5 -1.8 -13 -0.3 -1.9 -4.2 -0.1 -1.4 0.4
0.6 0.03 0.1 365 -7.7 -2.8 -17 -0.5 -1.6 -5.0 -2.3 -2.9 -5.7
0.6 0.05 0.1 90 -5.1 -1.9 -14 -0.3 -1.6 -4.6 -0.1 -0.8 0.4
0.6 0.05 0.1 365 -6.4 -2.3 -16 -0.3 -1.2 -5.0 -0.6 -0.5 -3.6
0.6 0 0.5 90 n.c. n.c. n.c. -0.3 -2.9 -3.8 n.c n.c. n.c.
0.6 0 0.5 365 n.c. n.c. n.c. -0.4 -3.3 -5.6 n.c n.c. n.c.
0.6 0.001 0.5 90 n.c. n.c. n.c. -0.3 -3.0 -3.8 n.c n.c. n.c.
0.6 0.001 0.5 365 n.c. n.c. n.c. -0.4 -3.3 -5.6 n.c. n.c. n.c.
0.6 0.003 0.5 90 -8.3 -3.7 -15 -0.3 -3.2 -3.6 -5.9 -9.9 -5.7
0.6 0.003 0.5 365 -13 -3.9 -21 -0.4 -3.3 -5.6 -8.5 -13 -7.0
0.6 0.01 0.5 90 -7.3 -3.2 -14 -0.3 -3.1 -3.7 -4.7 -8.5 -1.6
0.6 0.01 0.5 365 -10 -2.6 -18 -0.4 -3.5 -5.4 -6.1 -11 0.1
0.6 0.03 0.5 90 -6.1 -2.6 -13 -0.3 -3.3 -3.6 -3.8 -7.9 0.7
0.6 0.03 0.5 365 -10 -2.6 -18 -0.4 -3.5 -5.4 -6.1 -11 0.2
0.6 0.05 0.5 90 -5.6 -2.2 -14 -0.3 -3.3 -3.7 -3.2 -7.3 2.8
0.6 0.05 0.5 365 -10 -2.6 -18 -04 -3.5 -5.5 -6.1 -11 0
0.6 0 1 90 n.c. n.c. n.c. -0.1 -35 -3.3 n.c. n.c. n.c.
0.6 0 1 365 n.c. n.c. n.c. -0.2 -3.9 -5.0 n.c n.c. n.c.
0.6 0.001 1 90 n.c. n.c. n.c. -0.1 -3.6 -3.2 n.c n.c. n.c.
0.6 0.001 1 365 n.c. n.c. n.c. -0.2 -3.8 -5.0 n.c n.c. n.c.
0.6 0.003 1 90 -8.2 -3.7 -14 -0.1 -3.4 -3.4 -6.2 -10 -2.8
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Table 9. (cont)

Target Target NaOH Time Stratling Amorpho  Portlan Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
0.6 0.003 1 365 -12 -3.9 -19 -0.2 -3.9 -5.0 9.1 -14 -5.1
0.6 0.01 1 90 -6.4 -3.1 -12 -0.1 -3.4 -3.1 -4.7 9.1 0.4
0.6 0.01 1 365 -11 -3.2 -18 -0.2 -3.8 -5.0 -7.6 -13 -0.8
0.6 0.03 1 90 -6.4 -2.6 -13 -0.1 -3.3 -3.6 -4.0 -8.3 4.2
0.6 0.03 1 365 -10 -2.8 -17.1 -0.2 -3.9 -5.0 -6.9 -12 1.5
0.6 0.05 1 90 -5.1 -2.4 -11 -0.1 -3.4 -3.2 -3.3 -7.7 4.8
0.6 0.05 1 365 -9.2 -2.4 -16 -0.2 -3.9 -4.9 -6.3 -11 2.9
0.8 0 0 90 n.c. n.c. n.c. -0.1 -0.5 -5.9 n.c. n.c. n.c.
0.8 0 0 365 n.c. n.c. n.c. 0.1 -0.5 -5.5 n.c. n.c. n.c.
0.8 0 0 730 n.c. n.c. n.c. 0 -0.6 -5.5 n.c. n.c. n.c.
0.8 0 0 1095 n.c. n.c. n.c. 0 -0.9 -5.1 n.c. n.c. n.c.
0.8 0.001 O 90 -3.4 -0.6 -15 0 -0.5 -5.7 37 5.3 -88
0.8 0.001 0 365 n.c. n.c. n.c. 0 -0.6 -5.6 n.c. n.c. n.c.
0.8 0.001 0 730 n.c. n.c. n.c. -0.1 -0.6 -5.7 n.c. n.c. n.c.
0.8 0.001 0 1095 n.c. n.c. n.c. 0 -0.8 -5.2 n.c. n.c. n.c.
0.8 0.003 O 90 -3.5 -0.5 -15 -0.1 -0.5 -5.8 3.7 5.4 -87
0.8 0.003 0 365 n.c. n.c. n.c. 0 -0.7 -5.5 n.c. n.c. n.c.
0.8 0.003 0 730 n.c. n.c. n.c. -0.1 -0.5 -5.9 n.c. n.c. n.c.
0.8 0.003 0 1095 n.c. n.c. n.c. 0 -0.9 -5.1 n.c. n.c. n.c.
0.8 0.01 0 90 -2.5 -0.5 -13 0.2 -0.5 -5.4 43 5.9 -86
0.8 0.01 0 365 -5.4 -1.8 -16 0.1 -0.6 -5.5 14 2.8 -95
0.8 0.01 0 730 n.c. n.c. n.c. -0.1 -0.5 -5.8 n.c. n.c. n.c.
0.8 0.01 0 1095 n.c. n.c. n.c. 0 -0.9 -5.1 n.c. n.c. n.c.
0.8 0.03 0 90 -2.8 -0.5 -14 0.2 -0.5 -5.5 4.2 5.9 -86
0.8 0.03 0 365 -5.7 -2.1 -16 0.1 -0.8 -5.2 0.6 1.7 -97
0.8 0.03 0 730 n.c. n.c. n.c. 0 -0.7 -5.4 n.c. n.c. n.c.
0.8 0.03 0 1095 n.c. n.c. n.c. 0 -1.0 -5.1 n.c. n.c. n.c.
0.8 0.1 0 90 -2.9 -0.6 -14 0.1 -0.6 -5.5 3.9 5.4 -86
0.8 0.1 0 365 -4.7 -1.8 -15 0.1 -0.9 -5.0 13 2.2 -95
0.8 0.1 0 730 n.c. n.c. n.c. 0 -0.9 -5.2 n.c. n.c. n.c.
0.8 0.1 0 1095 n.c. n.c. n.c. 0 -1.2 -4.7 n.c. n.c. n.c.
0.8 0.2 0 90 -2.3 -0.5 -13 0.3 -0.5 -5.3 4.4 6.0 -85
0.8 0.2 0 365 -4.8 -1.8 -15 0.2 -0.7 -5.1 1.5 2.8 -94
0.8 0.2 0 730 n.c. n.c. n.c. 0.3 -0.7 -5.1 n.c. n.c. n.c.
0.8 0.2 0 1095 n.c. n.c. n.c. 0.1 -1.1 -4.6 n.c. n.c. n.c.
0.8 0 0.1 90 n.c. n.c. n.c. -0.5 -2.5 -3.8 n.c. n.c. n.c.
0.8 0 0.1 365 n.c. n.c. n.c. -0.1 -2.7 -3.0 n.c. n.c. n.c.
0.8 0 0.1 730 n.c. n.c. n.c. -0.6 -2.9 -3.6 n.c. n.c. n.c.
0.8 0 0.1 1095 n.c. n.c. n.c. -0.7 -2.9 -3.7 n.c. n.c. n.c.
0.8 0.001 0.1 90 -4.6 -2.4 -11 -0.4 -2.8 -3.3 -2.1 -5.2 -8.8
0.8 0.001 0.1 365 n.c. n.c. n.c. -3.1 -12.1 -2.4 n.c. n.c. n.c.
0.8 0.001 0.1 730 -7.6 -3.6 -14 -0.6 -2.9 -3.6 -4.9 nc -16
0.8 0.001 0.1 1095 -7.7 -3.6 -13 -0.6 -3.3 -3.2 -3.3 nc -5.2
0.8 0.003 0.1 90 -4.9 -2.4 -12 -0.4 -2.7 -3.6 -2.1 -4.7 -8.5
0.8 0.003 0.1 365 -7.0 -3.0 -13 -0.1 -2.7 -2.9 -2.3 -5.1 -12
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Table 9. (cont)

Target Target NaOH Time Stratling Amorpho  Portlan Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
0.8 0.003 0.1 730 -7.0 -3.5 -13 -0.6 -3.1 -3.2 -5.0 -8.6 -16
0.8 0.003 0.1 1095 -6.7 -3.3 -13 -0.7 -3.1 -3.5 -3.1 -7.9 4.4
0.8 0.01 0.1 90 4.1 -2.1 -11 -0.5 -2.7 -3.5 -1.4 -4.2 -6.7
0.8 0.01 0.1 365 -2.9 -2.2 -8.5 -0.1 -3.1 -2.6 -1.4 -5.0 -9.6
0.8 0.01 0.1 730 -5.1 -2.5 -11 -0.6 -3.0 -3.3 -2.8 -6.2 -10
0.8 0.01 0.1 1095 -5.3 -2.7 -11 -0.6 -3.2 -3.2 -3.2 -7.0 -3.3
0.8 0.03 0.1 90 -2.9 -1.6 9.3 -0.4 -2.8 -3.3 -0.5 -3.6 -4.6
0.8 0.03 0.1 365 -2.2 -1.7 -8.4 -0.1 -2.8 -2.9 -0.2 -3.2 -5.6
0.8 0.03 0.1 730 -3.7 -1.9 -9.9 -0.5 -3.1 -3.2 -1.6 -5.1 -6.8
0.8 0.03 0.1 1095 -3.5 -2.1 -9.2 -0.5 -3.3 -2.9 -3.3 -5.6 -1.9
0.8 0.05 0.1 90 n.c. -1.6 n.c. -1.0 -2.1 n.c. n.c. n.c. n.c.
0.8 0.05 0.1 455 -3.0 -1.6 9.3 -0.5 -3.0 -3.3 -0.8 -4.1 -3.0
0.8 0.1 0.1 90 nc -1.0 nc -11 -2.5 nc nc nc nc
0.8 0.1 0.1 455 -2.7 -1.4 9.1 -0.5 -3.0 -3.4 -0.4 -3.7 -0.7
0.8 0.15 0.1 90 n.c. -0.8 n.c. -1.0 -2.1 n.c. n.c. n.c. n.c.
0.8 0.15 0.1 455 -3.7 -1.2 -11.3 -0.7 -2.6 -4.2 -0.2 -2.8 1.6
0.8 0.2 0.1 90 nc -1.1 nc -1.0 -1.9 nc nc nc nc
0.8 0.2 0.1 455 -3.2 -1.0 -10.9 -0.7 -2.6 -4.2 0.4 -2.1 3.5
0.8 0 0.5 90 n.c. n.c. n.c. -0.4 -3.2 -3.1 n.c. n.c. n.c.
0.8 0 0.5 365 n.c. n.c. n.c. 0.8 -3.6 -1.1 n.c. n.c. n.c.
0.8 0 0.5 730 n.c. n.c. n.c. -0.4 -4.0 -2.4 n.c. n.c. n.c.
0.8 0 0.5 1095 n.c. n.c. n.c. -0.4 -4.0 -2.6 n.c. n.c. n.c.
0.8 0.001 0.5 90 -6.1 -3.3 -12 -0.3 -3.1 -3.1 -4.2 -7.8 -4.3
0.8 0.001 0.5 365 -2.5 -3.4 -5.4 0.9 -3.9 -0.8 -3.7 -8.9 -10
0.8 0.001 0.5 730 n.c. n.c. n.c. -0.4 -4.2 -2.2 n.c. n.c. n.c.
0.8 0.001 0.5 1095 -6.9 -4.3 -10 -0.4 -4.3 -1.8 -4.5 -14 -7.7
0.8 0.003 0.5 90 -5.0 -2.9 -10 -0.3 -3.4 -2.8 -3.7 -7.9 -3.8
0.8 0.003 0.5 365 -2.1 -2.9 -5.9 0.8 -3.5 -1.2 -2.4 -6.7 -5.0
0.8 0.003 0.5 730 -6.3 -3.7 -10 -0.4 -4.2 -2.1 -6.5 -12 -12
0.8 0.003 0.5 1095 -6.2 -3.8 -9.9 -0.4 -4.4 -2.0 -4.4 -13 -6.7
0.8 0.01 0.5 90 -3.8 -2.3 -9.4 -0.3 -3.3 -2.8 -2.4 -6.4 0
0.8 0.01 0.5 365 -1.0 -2.5 -4.4 0.9 -3.7 -1.0 -1.8 -6.4 -3.1
0.8 0.01 0.5 730 -4.7 -2.9 -8.8 -0.4 -4.2 -2.2 -4.8 -11 -6.2
0.8 0.01 0.5 1095 -5.4 -3.0 -10 -0.4 -4.2 -2.5 -4.0 -10 -5.0
0.8 0.03 0.5 90 -3.3 -1.9 -9.8 -0.3 -2.8 -3.2 -0.9 -3.8 5.9
0.8 0.03 0.5 365 0.1 -1.9 -3.3 0.9 -3.7 -1.0 -0.7 -5.5 0.1
0.8 0.03 0.5 730 -3.9 -2.3 -8.5 -0.4 -4.0 -2.5 -3.5 -8.9 -1.7
0.8 0.03 0.5 1095 -4.5 -2.5 -9.2 -0.4 -4.0 -2.6 -4.0 -9.3 -3.9
0.8 0.05 0.5 90 n.c. -2.3 n.c. -0.6 -3.9 n.c. n.c. n.c. n.c.
0.8 0.05 0.5 455 -2.8 -2.1 -6.3 -0.3 -4.4 -1.9 -3.3 -9.6 -2.1
0.8 0.1 0.5 90 n.c. -1.2 n.c. -0.6 -3.5 n.c. n.c. n.c. n.c.
0.8 0.1 0.5 455 -1.7 -1.5 -5.4 -0.4 -4.4 -2.0 -2.2 -8.4 1.0
0.8 0.15 0.5 90 n.c. -1.0 n.c. -0.5 -2.8 n.c. n.c. n.c. n.c.
0.8 0.15 0.5 455 -2.7 -1.3 -8.2 -0.4 -3.6 -3.1 -1.3 -6.0 6.4
0.8 0.2 0.5 90 n.c. -1.0 n.c. -0.5 -2.8 n.c. n.c. n.c. n.c.
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Table 9. (cont)

Target Target NaOH Time Stratling Amorpho  Portlan Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
0.8 0.2 0.5 455 -1.7 -1.0 -7.2 -0.3 -3.5 -2.9 -0.4 -4.8 7.8
0.8 0 1 90 n.c. n.c. n.c. -0.1 -3.5 -2.7 n.c. n.c. n.c.
0.8 0 1 365 n.c. n.c. n.c. 13 -3.8 -0.6 n.c. n.c. n.c.
0.8 0 1 730 n.c. n.c. n.c. -0.2 -4.3 -2.2 n.c. n.c. n.c.
0.8 0 1 1095 n.c. n.c. n.c. -0.2 -4.4 -1.9 n.c. n.c. n.c.
0.8 0.001 1 90 -6.3 -3.6 -12 -0.1 -3.4 -2.7 -5.0 9.1 -2.9
0.8 0.001 1 365 -2.1 -3.5 -4.7 1.3 -3.9 -0.4 -3.6 -8.8 -6.0
0.8 0.001 1 730 n.c. n.c. n.c. -0.2 -4.4 -1.9 n.c. n.c. n.c.
0.8 0.001 1 1095 -7.7 -4.7 -11 -0.2 -4.4 -1.9 -4.4 -14 -8.3
0.8 0.003 1 90 -5.1 -3.0 -10 -0.1 -3.3 -2.7 -3.8 -7.8 0.8
0.8 0.003 1 365 -1.1 -3.0 -3.7 1.3 -3.9 -0.4 -2.7 -7.9 -3.1
0.8 0.003 1 730 -6.5 -3.8 -10 -0.2 -4.4 -2.1 -6.9 -13 -8.9
0.8 0.003 1 1095 -6.4 -3.7 -10 -0.3 -4.5 -2.1 -4.5 -13 -6.9
0.8 0.01 1 90 -4.2 -2.5 -9.6 -0.1 -3.5 -2.7 -3.0 -7.3 3.0
0.8 0.01 1 365 -0.1 -2.5 -2.8 13 -3.9 -0.5 -1.6 -6.7 0
0.8 0.01 1 730 -4.8 -2.9 -8.7 -0.2 -4.3 -2.2 -5.1 -11 -3.4
0.8 0.01 1 1095 -4.8 -3.0 -8.2 -0.3 -4.6 -1.9 -4.6 -12 -5.4
0.8 0.03 1 7 -4.3 -2.2 -9.5 -0.2 -3.7 -2.9 -3.1 -8.0 4.4
0.8 0.03 1 14 -10 -2.3 -19 -0.2 -3.5 -5.9 -5.7 -10 5.8
0.8 0.03 1 28 -9.8 -2.2 -18 -0.2 -3.7 -5.7 -5.8 -10 5.1
0.8 0.03 1 56 -10 -2.3 -18 -0.2 -3.5 -5.8 -5.9 -10 5.5
0.8 0.03 1 90 -3.2 -2.1 -8.4 -0.1 -3.5 -2.6 -2.2 -6.6 5.5
0.8 0.03 1 365 0.7 -2.1 -1.9 1.3 -3.9 -0.5 -0.8 -6.0 3.0
0.8 0.03 1 730 -3.8 -2.5 -7.6 -0.2 -4.3 -2.1 -4.1 -10 -0.2
0.8 0.03 1 1095 -4.0 -2.5 -7.8 -0.3 -4.4 -2.1 -4.4 -10 -4.3
0.8 0.05 1 90 n.c. -1.8 n.c. -0.4 -35 n.c. n.c. n.c. n.c.
0.8 0.05 1 455 -2.2 -1.6 -6.5 -0.2 -4.1 -2.3 -2.1 -7.7 5.8
0.8 0.1 1 90 n.c. -1.1 n.c. -0.4 -3.7 n.c. n.c. n.c. n.c.
0.8 0.1 1 455 -2.2 -1.6 -6.5 -0.2 -4.1 -2.3 -2.1 -7.7 5.8
0.8 0.15 1 90 n.c. -1.1 n.c. -0.3 -3.5 n.c. n.c. n.c. n.c.
0.8 0.15 1 455 -1.3 -1.4 -4.9 -0.2 -4.4 -1.9 -1.9 -8.0 6.1
0.8 0.2 1 90 n.c. -0.9 n.c. -0.3 -3.0 n.c. n.c. n.c. n.c.
0.8 0.2 1 455 -1.4 -1.2 -5.7 -0.2 -4.1 -2.3 -1.3 -6.9 8.3
1.0 0 0 90 n.c. n.c. n.c. -0.5 -4.0 -2.1 n.c. n.c. n.c.
1.0 0 0 365 n.c. n.c. n.c. -0.7 -4.0 -2.2 n.c. n.c. n.c.
1.0 0.001 O 90 -6.2 -3.9 -9.7 -0.6 -4.5 -1.8 -4.5 -13 -7.0
1.0 0.001 0 365 n.c. n.c. n.c. -0.8 -4.2 -2.2 n.c. n.c. n.c.
1.0 0.003 O 90 -6.2 -3.9 -9.8 -0.6 -4.3 -1.9 -4.3 -13 -6.6
1.0 0.003 0 365 n.c. n.c. n.c. -0.7 -4.1 -2.2 n.c. n.c. n.c.
1.0 0.01 0 90 -3.5 -2.5 -7.5 -0.6 -4.2 -2.0 -4.2 -9.5 -3.8
1.0 0.01 0 365 n.c. n.c. n.c. -0.6 -4.0 -2.3 n.c. n.c. n.c.
1.0 0.03 0 90 -2.8 -2.1 -7.0 -0.6 -4.1 -2.2 -4.0 -8.2 -2.7
1.0 0.03 0 365 n.c. n.c. n.c. -0.5 -3.8 -2.3 n.c. n.c. n.c.
1.0 0.05 0 90 -3.4 -2.0 -8.0 -1.0 -4.1 -2.6 -4.1 -8.6 -3.0
1.0 0.05 0 365 n.c. n.c. n.c. -0.5 -3.8 -2.3 n.c. n.c. n.c.
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Table 9. (cont)

Target Target NaOH Time Stratling Amorpho  Portlan Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
1.0 0.1 0 90 -1.8 -1.9 -7.4 0.1 -2.9 -2.4 -2.9 -3.6 -04
1.0 0.1 0 365 n.c. n.c. n.c. -0.5 -3.7 -2.4 n.c. n.c. n.c.
1.0 0 0.1 90 n.c. n.c. n.c. -0.3 -4.4 -1.6 n.c. n.c. n.c.
1.0 0 0.1 365 n.c. n.c. n.c. -0.2 -4.4 -1.5 n.c. n.c. n.c.
1.0 0.001 0.1 90 -7.4 -4.8 -9.9 -0.4 -4.9 -1.3 -4.9 -16 -9.0
1.0 0.001 0.1 365 -3.0 -2.8 -5.5 -0.2 -4.7 -1.2 -4.8 -12 -4.7
1.0 0.003 0.1 90 -6.8 -4.8 -9.4 -0.0 -4.6 -1.1 -4.6 -15 -8.4
1.0 0.003 0.1 365 -3.4 -2.8 -6.3 -0.3 -4.6 -1.4 -4.6 -11 -4.6
1.0 0.01 0.1 90 -4.5 -3.4 -6.9 -0.3 -4.9 -1.2 -4.9 -13 -6.2
1.0 0.01 0.1 365 -2.9 -2.8 -5.4 -0.1 -4.7 -1.1 -4.8 -12 -4.7
1.0 0.03 0.1 90 -3.8 -3.1 -6.8 -0.3 -4.6 -1.4 -4.6 -11 -5.0
1.0 0.03 0.1 365 -2.6 -2.5 -5.6 -0.2 -4.5 -1.4 -4.6 -10 -3.9
1.0 0.05 0.1 90 -3.1 -2.6 -6.3 -0.2 -4.4 -1.6 -4.4 -10 -4.0
1.0 0.05 0.1 365 -2.7 -2.4 -6.4 -0.2 -4.1 -1.7 -4.1 -8.8 -3.2
1.0 0 0.5 90 n.c. n.c. n.c. -0.2 -5.1 -1.1 n.c. n.c. n.c.
1.0 0 0.5 365 n.c. n.c. n.c. -0.1 -5.0 -1.0 n.c. n.c. n.c.
1.0 0.001 0.5 90 -8.2 -5.5 -9.8 -0.2 -5.4 -0.8 -5.4 -19 -11
1.0 0.001 0.5 365 -4.6 -3.6 -6.6 -0.1 -5.0 -1.0 -5.1 -14 -6.8
1.0 0.003 0.5 90 -5.2 -3.2 -9.0 -0.4 -4.4 -2.1 -4.4 -12 -5.6
1.0 0.003 0.5 365 4.1 -3.4 -6.1 -0.1 -5.0 -1.0 -5.0 -14 -6.2
1.0 0.01 0.5 90 -5.3 -2.8 -10 -0.5 -4.1 -2.7 -4.1 -10 -4.7
1.0 0.01 0.5 365 -3.2 -3.1 -5.0 -0.1 -5.1 -0.9 -5.1 -13 -5.6
1.0 0.03 0.5 90 -2.6 -2.7 -4.6 -0.1 -5.1 -0.9 -5.1 -12 -4.9
1.0 0.03 0.5 365 -3.1 -2.9 -4.8 -0.1 -5.2 -0.9 -5.2 -13 -5.5
1.0 0.05 0.5 90 -2.2 -2.3 -4.2 -0.2 -5.1 -1.1 -5.1 -12 -4.3
1.0 0.05 0.5 365 -2.3 -2.5 -4.4 0 -5.0 -1.0 -5.0 -12 -4.5
1.0 0 1 90 n.c. n.c. n.c. 0 -5.7 -0.4 n.c. n.c. n.c.
1.0 0 1 365 n.c. n.c. n.c. 0 -5.7 -0.5 n.c. n.c. n.c.
1.0 0.001 1 90 -8.3 -5.8 -9.0 0 -5.7 -0.4 -5.7 -20 -12
1.0 0.001 1 365 -6.0 -4.5 -7.2 -0.1 -5.4 -0.6 -5.4 -17 -8.9
1.0 0.003 1 90 -3.5 -3.3 -4.4 0 -5.6 -0.5 -5.6 -15 -6.7
1.0 0.003 1 365 -4.6 -3.7 -6.0 -0.1 -5.3 -0.7 -5.4 -15 -7.3
1.0 0.01 1 90 -2.3 -2.7 -2.8 -0.1 -5.9 -0.4 -5.9 -15 -5.9
1.0 0.01 1 365 -3.4 -3.1 -5.2 -0.1 -5.1 -0.9 -5.2 -14 -5.8
1.0 0.03 1 90 -2.2 -2.5 -3.8 -0.1 -5.2 -0.8 -5.2 -13 -4.6
1.0 0.03 1 365 -2.4 -2.6 -4.0 -0.1 -5.3 -0.8 -5.3 -13 -5.0
1.0 0.05 1 90 -1.6 -2.2 -2.9 -0.1 -5.4 -0.7 -5.4 -13 -4.4
1.0 0.05 1 365 -1.7 -2.2 -3.4 -0.1 -5.2 -0.9 -5.2 -12 -4.1
1.2 0 0 90 n.c. n.c. n.c. -0.3 -4.8 -1.3 n.c. n.c. n.c.
1.2 0 0 365 n.c. n.c. n.c. -0.4 -4.1 -2.0 n.c. n.c. n.c.
1.2 0.001 0 90 n.c. n.c. n.c. -0.4 -4.1 -2.0 n.c. n.c. n.c.
1.2 0.001 0 365 n.c. n.c. n.c. -0.4 -4.2 -1.8 n.c. n.c. n.c.
1.2 0.003 O 90 -4.7 -3.3 -8.4 -0.4 -4.2 -1.9 -5.1 -11 -114
1.2 0.003 0 365 n.c. n.c. n.c. -0.4 -4.3 -1.8 n.c. n.c. n.c.
1.2 0.01 0 90 -4.7 -3.8 -6.8 -0.2 -5.0 -1.0 -6.9 -14 -119
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Table 9. (cont)

Target Target NaOH Time Stratling Amorpho  Portlan Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
1.2 0.01 0 365 n.c. n.c. n.c. -0.3 -4.3 -1.6 n.c. n.c. n.c.
1.2 0.03 0 90 -3.0 -2.5 -6.6 -0.3 -4.2 -1.7 -3.5 9.3 -109
1.2 0.03 0 365 -4.0 -2.7 -8.1 -0.6 -4.0 -2.1 -4.0 -9.5 -109
1.2 0.05 0 90 -2.4 -2.1 -6.6 -0.3 -3.9 -2.0 -2.3 -7.5 -105
1.2 0.05 0 365 -2.5 -2.1 -6.4 -0.5 -4.1 -1.9 -2.8 -8.5 -106
1.2 0.1 0 90 -1.2 -1.2 -6.7 -0.3 -3.2 -2.6 0.1 -3.8 -98
1.2 0.1 0 365 -1.3 -1.5 -6.0 -0.4 -3.7 -2.2 -0.9 -5.7 -101
1.2 0 0.1 90 n.c. n.c. n.c. -0.8 -4.5 -2.0 n.c. n.c. n.c.
1.2 0 0.1 365 n.c. n.c. n.c. -0.2 -5.4 -0.6 n.c. n.c. n.c.
1.2 0.001 0.1 90 -5.8 -3.5 -9.5 -0.8 -4.5 -2.1 -6.4 -13 -27
1.2 0.001 0.1 365 n.c. n.c. n.c. -0.2 -5.7 -0.4 n.c. n.c. n.c.
1.2 0.003 0.1 90 -5.2 -3.3 -8.7 -0.7 -4.6 -1.9 -5.9 -12 -26
1.2 0.003 0.1 365 -5.0 -3.8 -6.3 -0.3 -5.5 -0.7 -7.8 -16 -30
1.2 0.01 0.1 90 -4.8 -3.3 -7.3 -0.6 -5.0 -1.4 -6.5 -14 -29
1.2 0.01 0.1 365 -5.9 -3.7 -7.8 -0.8 -5.5 -1.3 -8.2 -16 -28
1.2 0.03 0.1 90 -4.5 -3.0 -7.7 -0.7 -4.7 -1.8 -5.5 -12 -25
1.2 0.03 0.1 365 -3.0 -2.6 -5.3 -0.4 -5.0 -1.2 -4.9 -12 -21
1.2 0.05 0.1 90 -4.6 -3.4 -6.6 -0.5 -5.2 -1.1 -6.7 -15 -28
1.2 0.05 0.1 365 -2.0 -1.9 -5.1 -0.5 -4.6 -1.6 -3.1 -9.7 -16
1.2 0 0.5 90 n.c. n.c. n.c. -0.1 -5.6 -0.6 n.c. n.c. n.c.
1.2 0 0.5 365 n.c. n.c. n.c. -0.1 -5.1 -0.9 n.c. n.c. n.c.
1.2 0.001 0.5 90 -5.1 -4.1 -6.1 -0.1 -5.6 -0.5 -8.2 -17 -22
1.2 0.001 0.5 365 n.c. n.c. n.c. 0.1 -5.7 -0.3 n.c. n.c. n.c.
1.2 0.003 0.5 90 -5.3 -4.3 -6.0 -0.1 -5.8 -0.4 -8.8 -18 -26
1.2 0.003 0.5 365 n.c. n.c. n.c. 0.1 -5.7 -0.2 n.c. n.c. n.c.
1.2 0.01 0.5 90 -4.3 -3.7 -5.3 -0.1 -5.6 -0.5 -7.4 -16 -21
1.2 0.01 0.5 365 n.c. n.c. n.c. 0.2 -5.9 -0.1 n.c. n.c. n.c.
1.2 0.03 0.5 90 -2.8 -3.0 -3.8 0 -5.6 -0.5 -6.1 -14 -17
1.2 0.03 0.5 365 -3.3 -3.4 -3.6 0.1 -5.8 -0.1 7.1 -16 -20
1.2 0.05 0.5 90 -2.2 -2.6 -4.0 0 -5.1 -0.8 -4.6 -12 -12
1.2 0.05 0.5 365 -2.8 -3.2 -3.3 0.1 -5.7 -0.2 -6.5 -15 -18
1.2 0 1 90 n.c. n.c. n.c. 0 -5.1 -0.8 n.c. n.c. n.c.
1.2 0 1 365 n.c. n.c. n.c. 0.4 -5.8 0.1 n.c. n.c. n.c.
1.2 0.001 1 90 -4.2 -3.9 -5.2 0.2 -5.4 -0.4 -7.3 -16 -17
1.2 0.001 1 365 n.c. n.c. n.c. 0.4 -5.5 -0.1 n.c. n.c. n.c.
1.2 0.003 1 90 -3.0 -3.3 -4.6 0.2 -5.1 -0.6 -6.7 -13 -15
1.2 0.003 1 365 -2.9 -3.4 -3.2 0.3 -5.7 -0.0 -5.5 -16 -12
1.2 0.01 1 90 -2.5 -3.1 -3.8 0.3 -5.2 -0.4 -5.9 -13 -12
1.2 0.01 1 365 -2.0 -3.0 -2.3 0.4 -5.7 0.0 -5.3 -15 -11
1.2 0.03 1 7 -2.3 -2.3 -4.8 -0.1 -4.8 -1.3 -3.9 -11 -2.4
1.2 0.03 1 14 -1.3 -2.4 -2.4 0.1 -5.4 -0.4 -4.3 -13 -6.1
1.2 0.03 1 28 -1.4 -2.3 -3.1 0.1 -5.1 -0.7 -3.9 -12 -4.0
1.2 0.03 1 56 -1.8 -2.5 -3.3 0.1 -5.2 -0.6 -4.4 -12 -5.3
1.2 0.03 1 90 -1.3 -2.6 -2.2 0.3 -5.4 -0.2 -4.5 -13 -8.8
1.2 0.03 1 365 -1.5 -2.8 -1.7 0.4 -5.8 0.1 -5.5 -15 -12
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Table 9. (cont)

Target Target NaOH Time Stratling Amorpho  Portlan Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
1.2 0.05 1 90 -1.0 -2.5 -1.6 0.4 -5.5 -0.1 -4.5 -13 -8.8
1.2 0.05 1 365 -1.1 -2.6 -1.2 0.4 -5.8 0.1 -5.0 -14 -10
14 0 0 90 n.c. n.c. n.c. 0 -5.4 -0.6 n.c. n.c. n.c.
14 0 0 365 n.c. n.c. n.c. -0.6 -6.8 -0.1 n.c. n.c. n.c.
14 0.001 0 90 n.c. n.c. n.c. -0.4 -5.9 -0.5 n.c. n.c. n.c.
14 0.001 0 365 n.c. n.c. n.c. -0.7 -6.5 -0.4 n.c. n.c. n.c.
14 0.003 0 90 n.c. n.c. n.c. -0.4 -6.1 -0.4 n.c. n.c. n.c.
14 0.003 0 365 n.c. n.c. n.c. -0.7 -6.6 -0.3 n.c. n.c. n.c.
14 0.01 0 90 n.c. n.c. n.c. -0.3 -6.1 -0.3 n.c. n.c. n.c.
14 0.01 0 365 n.c. n.c. n.c. -0.6 -6.8 -0.1 n.c. n.c. n.c.
1.4 0.03 0 90 -4.4 -3.7 -4.6 -0.3 -6.2 -0.3 -8.3 -18 -122
14 0.03 0 365 n.c. n.c. n.c. -0.9 -6.8 -0.4 n.c. n.c. n.c.
14 0.05 0 90 -3.6 -3.3 -4.0 -0.3 -6.1 -0.3 -7.5 -17 -120
14 0.05 0 365 -4.8 -3.5 -4.9 -0.9 -6.6 -0.5 9.1 -20 -125
14 0.1 0 90 -2.1 -2.4 -3.6 -0.3 -5.4 -0.8 -4.8 -13 -112
1.4 0.1 0 365 -2.9 -2.6 -3.0 -0.8 -6.5 -0.5 -7.1 -18 -119
14 0 0.1 90 n.c. n.c. n.c. -0.5 -6.4 -0.3 n.c. n.c. n.c.
14 0 0.1 365 n.c. n.c. n.c. -0.4 -6.3 -0.3 n.c. n.c. n.c.
14 0.001 0.1 90 n.c. n.c. n.c. -0.4 -6.4 -0.2 n.c. n.c. n.c.
14 0.001 0.1 365 n.c. n.c. n.c. -0.4 -6.4 -0.2 n.c. n.c. n.c.
14 0.003 0.1 90 n.c. n.c. n.c. -0.4 -6.5 -0.2 n.c. n.c. n.c.
14 0.003 0.1 365 n.c. n.c. n.c. -0.4 -6.4 -0.3 n.c. n.c. n.c.
14 0.01 0.1 90 n.c. n.c. n.c. -0.4 -6.5 -0.2 n.c. n.c. n.c.
14 0.01 0.1 365 n.c. n.c. n.c. -0.4 -6.5 -0.2 n.c. n.c. n.c.
14 0.03 0.1 90 -5.2 -4.2 -5.0 -0.3 -6.4 -0.1 -9.6 -20 -37
14 0.03 0.1 365 n.c. n.c. n.c. -0.4 -6.4 -0.3 n.c. n.c. n.c.
14 0.05 0.1 90 -4.5 -3.8 -4.0 -0.3 -6.6 -0.0 -9.2 -20 -36
14 0.05 0.1 365 n.c. n.c. n.c. -0.6 -6.4 -0.4 n.c. n.c. n.c.
14 0 0.5 90 n.c. n.c. n.c. 0 -6.2 -0.1 n.c. n.c. n.c.
14 0 0.5 365 n.c. n.c. n.c. 0 -6.2 -0.0 n.c. n.c. n.c.
14 0.001 0.5 90 n.c. n.c. n.c. 0 -6.3 0.0 n.c. n.c. n.c.
1.4 0.001 0.5 365 -5.1 -4.3 -4.9 0 -6.2 0.0 -9.5 -19 -27
14 0.003 0.5 90 n.c. n.c. n.c. 0 -6.3 0.0 n.c. n.c. n.c.
1.4 0.003 0.5 365 -3.8 -3.7 -3.4 0 -6.3 0.1 -8.3 -18 -23
14 0.01 0.0 90 n.c. n.c. n.c. 0.1 -6.2 0.0 n.c. n.c. n.c.
1.4 0.01 0.5 365 -3.8 -3.7 -3.4 0 -6.3 0.1 -8.4 -19 -23
14 0.03 0.5 90 -4.6 -4.1 -4.4 0 -6.2 0.0 -8.9 -19 -25
1.4 0.03 0.5 365 -3.0 -3.2 -3.3 0 -5.9 -0.1 -6.9 -16 -19
1.4 0.05 0.5 90 -3.6 -3.4 -3.8 -0.1 -6.1 -0.2 -7.5 -17 -21
1.4 0.05 0.5 365 -3.1 -3.3 -3.0 0.1 -6.1 -0.0 -7.3 -17 -20
14 0 1 90 n.c. n.c. n.c. 0.1 -5.6 -0.3 n.c. n.c. n.c.
14 0 1 365 n.c. n.c. n.c. 0.1 -6.0 -0.0 n.c. n.c. n.c.
14 0.001 1 90 n.c. n.c. n.c. 0.1 -5.7 -0.3 n.c. n.c. n.c.
14 0.001 1 365 -4.6 -4.1 -4.7 0.1 -5.9 -0.0 -8.7 -18 -20
1.4 0.003 1 90 -4.0 -3.8 -4.3 0.1 -5.9 -0.1 -7.9 -17 -18
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Table 9.

(cont)

Target Target

Time

Stratling

Amorpho

Portlan

Gismondi

Ca/si Al/Si M) (days)  ite Al(OH);  Katoite CSHQ us Silica dite ne Chabazite Sodalite
1.4 0.003 1 365 -3.5 -3.5 -3.8 0.1 -5.8 -0.1 -7.3 -16 -16
1.4 0.01 1 90 -3.4 -35 -3.7 0.2 -5.8 -0.1 -7.1 -16 -16
1.4 0.01 1 365 -3.2 -3.4 -3.5 0.1 -5.8 -0.1 -7.0 -16 -16
1.4 0.03 1 90 -2.6 -3.2 -2.8 0.2 -5.9 -0.0 -6.6 -16 -13
1.4 0.03 1 365 -2.3 -2.9 -2.4 0.1 -5.9 -0.0 -6.3 -16 -13
1.4 0.05 1 90 -1.8 -2.8 -1.8 0.2 -6.0 0.0 -5.9 -15 -12
1.4 0.05 1 365 -2.1 -2.8 -2.1 0.1 -6.0 -0.0 -6.2 -16 -13

n.c.: not calculated as the Al and/or Ca concentrations were below the DL of ICP-OES.

Appendix E. The error calculations for solid phase composition.

Table 10. The calculated molar Al/Si and Ca/Si ratios in C-A-S-H and the correspounding errors.

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si
Ca/Si  Al/Si (M) (days) C-A-S-H  in C-A-S-H C-A-S-H  in C-A-S-H
0.6 0 0 90 0.61 <0.0001 0 -

0.6 0 0 365 0.60 <0.0001 0 -

0.6 0.001 0 90 0.60 <0.0001 0.0010*  <0.00001
0.6 0.001 0 365 0.60 <0.0001 0.0010*  <0.00001
0.6 0.003 0 90 0.60 <0.0001 0.0032*  <0.00001
0.6 0.003 0 365 0.60 <0.0001 0.0032*  <0.00001
0.6 0.01 0 90 0.60 <0.0001 0.0102*  <0.00001
0.6 0.01 0 365 0.60 <0.0001 0.0102*  <0.00001
0.6 0.03 0 90 0.60 <0.0001 0.0306*  <0.00001
0.6 0.03 0 365 0.60 <0.0001 0.0306*  <0.00001
0.6 0.05 0 90 0.60 <0.0001 0.0508*  <0.00001
0.6 0.05 0 365 0.60 <0.0001 0.0507*  <0.00001
0.6 0.1 0 90 0.60 <0.0001 0.0867* 0.001
0.6 0.1 0 365 0.60 <0.0001 0.0960*  0.0006
0.6 0 0.1 90 0.68 <0.0001 0 -

0.6 0 0.1 365 0.68 <0.0001 0 ---

0.6 0.001 0.1 90 0.68 <0.0001 0.0011 <0.00001
0.6 0.001 0.1 365 0.72 <0.0001 0.0011*  <0.00001
0.6 0.003 0.1 90 0.68 <0.0001 0.0035 <0.00001
0.6 0.003 0.1 365 0.68 <0.0001 0.0035 <0.00001
0.6 0.01 0.1 90 0.66 <0.0001 0.0109 0.0002
0.6 0.01 0.1 365 0.67 <0.0001 0.0111 <0.00001
0.6 0.03 0.1 90 0.61 0.003 0.0300 0.0001
0.6 0.03 0.1 365 0.73 0.002 0.0348 0.0003
0.6 0.05 0.1 90 0.66 0.0002 0.0536 0.03

0.6 0.05 0.1 365 0.72 0.001 0.0612 <0.00001
0.6 0 0.5 90 1.02 <0.0001 0 -

0.6 0 0.5 365 0.74~ <0.0001 0 ---

0.6 0.001 0.5 90 0.77 <0.0001 0.0012 <0.00001
0.6 0.001 0.5 365 0.71~ <0.0001 0.0011*  <0.00001
0.6 0.003 0.5 90 0.72 <0.0001 0.0036 <0.00001
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si

Ca/si  Al/si (M) (days) C-A-S-H inC-A-S-H C-AS-H inC-A-S-H
0.6 0.003 0.5 365 0.74~ <0.0001 0.0037  <0.00001
0.6 0.01 0.5 90 0.75 <0.0001 0.0120  <0.00001
0.6 0.01 0.5 365 0.68~ <0.0001 0.0095  <0.00001
0.6 0.03 0.5 90 0.68 0.002 0.0333  <0.00001
0.6 0.03 0.5 365 0.68~ 0.001 0.0327  <0.00001
0.6 0.05 0.5 90 0.68 0.002 0.0545  <0.00001
0.6 0.05 0.5 365 0.68~ 0.002 0.0569  <0.00001
0.6 0 1 90 0.79 <0.0001 0

0.6 0 1 365 0.76~ <0.0001 0

0.6 0.001 1 90 0.77 <0.0001 0.0012  <0.00001
0.6 0.001 1 365 0.79~ <0.0001 0.0012*  <0.00001
0.6 0.003 1 90 0.84 <0.0001 0.0040  <0.00001
0.6 0.003 1 365 0.74~ <0.0001 0.0035  <0.00001
0.6 0.01 1 90 0.80 <0.0001 0.0121  <0.00001
0.6 0.01 1 365 0.77~ <0.0001 0.0112  <0.00001
0.6 0.03 1 90 0.87 0.004 0.0402  <0.00001
0.6 0.03 1 365 0.74~ 0.001 0.0343  <0.00001
0.6 0.05 1 90 0.78 0.002 0.0600  <0.00001
0.6 0.05 1 365 0.71~ 0.002 0.0526  <0.00001
0.8 0 0 90 0.81 <0.0001 0

0.8 0 0 365 0.80 <0.0001 0

0.8 0 0 730 0.80 <0.0001 0

0.8 0 0 1095  0.80 <0.0001 0

0.8 0.001 0 90 0.80 <0.0001 0.0010*  <0.00001
0.8 0.001 0 365 0.80 <0.0001 0.0010*  <0.00001
0.8 0.001 0 730 0.80 <0.0001 0.0010*  <0.00001
0.8 0.001 0 1095  0.80 <0.0001 0.0010*  <0.00001
0.8 0.003 0 90 0.81 <0.0001 0.0030*  <0.00001
0.8 0.003 0 365 0.80 <0.0001 0.0030*  <0.00001
0.8 0.003 0 730 0.80 <0.0001 0.0030*  <0.00001
0.8 0.003 0 1095  0.80 <0.0001 0.0030*  <0.00001
0.8 0.01 0 90 0.80 <0.0001 0.0100  <0.00001
0.8 0.01 0 365 0.80 <0.0001 0.0100  <0.00001
0.8 0.01 0 730 0.80 <0.0001 0.0100*  <0.00001
0.8 0.01 0 1095  0.80 <0.0001 0.0100*  <0.00001
0.8 0.03 0 90 0.79 0.002 0.0160  0.001
0.8 0.03 0 365 0.80 <0.0001 0.0300  <0.00001
0.8 0.03 0 730 0.80 <0.0001 0.0300*  <0.00001
0.8 0.03 0 1095  0.80 1.03 0.0300*  <0.00001
0.8 0.1 0 90 0.80 0.001 0.0911  0.001
0.8 0.1 0 365 0.80 <0.0001 0.1008  <0.00001
0.8 0.1 0 730 0.80 <0.0001 0.0976*  0.0002
0.8 0.1 0 1095  0.80 1.12 0.0964*  0.0004
0.8 0.2 0 90 0.79 0.002 0.1686  0.003
0.8 0.2 0 365 0.78 0.002 0.1864  0.002
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si

Ca/si  Al/si (M) (days) C-A-S-H inC-A-S-H C-AS-H inC-A-S-H
0.8 0.2 0 730 0.78 0.002 0.1822*  0.002
0.8 0.2 0 1095  0.80 0.0002 0.1963*  0.0005
0.8 0 0.1 90 0.80 <0.0001 0

0.8 0 0.1 365 0.80 <0.0001 0

0.8 0 0.1 730 0.80 <0.0001 0

0.8 0 0.1 1095  0.80 <0.0001 0

0.8 0.001 0.1 90 0.81 <0.0001 0.0009  <0.00001
0.8 0.001 0.1 365 0.81 <0.0001 0.0010  <0.00001
0.8 0.001 0.1 730 0.80 <0.0001 0.0010  <0.00001
0.8 0.001 0.1 1095  0.80 <0.0001 0.0010  <0.00001
0.8 0.003 0.1 90 0.81 <0.0001 0.0029  <0.00001
0.8 0.003 0.1 365 0.81 <0.0001 0.0030  <0.00001
0.8 0.003 0.1 730 0.80 <0.0001 0.0030  <0.00001
0.8 0.003 0.1 1095  0.81 <0.0001 0.0030  <0.00001
0.8 0.01 0.1 90 0.81 <0.0001 0.0098  <0.00001
0.8 0.01 0.1 365 0.80 <0.0001 0.0099  <0.00001
0.8 0.01 0.1 730 0.79 0.0008 0.0100  <0.00001
0.8 0.01 0.1 1095  0.81 <0.0001 0.0100  <0.00001
0.8 0.03 0.1 90 0.79 0.001 0.0295  <0.00001
0.8 0.03 0.1 365 0.81 <0.0001 0.0297  <0.00001
0.8 0.03 0.1 730 0.79 0.001 0.0300  <0.00001
0.8 0.03 0.1 1095  0.79 0.001 0.0298  <0.00001
0.8 0.05 0.1 90 0.82 0.001 0.051 0.0005
0.8 0.05 0.1 455 0.80 0.0007 0.049 <0.00001
0.8 0.1 0.1 90 0.79 0.003 0.094 0.0006
0.8 0.1 0.1 455 0.79 0.002 0.093 0.0006
0.8 0.15 0.1 90 0.79 0.003 0.145 0.002
0.8 0.15 0.1 455 0.78 0.004 0.139 0.001
0.8 0.2 0.1 90 0.81 0.003 0.192 0.0002
0.8 0.2 0.1 455 0.78 0.005 0.174 0.003
0.8 0 0.5 90 0.84 <0.0001 0

0.8 0 0.5 365 0.81 <0.0001 0

0.8 0 0.5 730 0.80 <0.0001 0

0.8 0 0.5 1095  0.82 <0.0001 0

0.8 0.001 0.5 90 0.84 <0.0001 0.0010  <0.00001
0.8 0.001 0.5 365 0.81 <0.0001 0.0009  <0.00001
0.8 0.001 0.5 730 0.80 <0.0001 0.0010*  <0.00001
0.8 0.001 0.5 1095  0.81 <0.0001 0.0010  <0.00001
0.8 0.003 0.5 90 0.82 <0.0001 0.0028  <0.00001
0.8 0.003 0.5 365 0.82 <0.0001 0.0029  <0.00001
0.8 0.003 0.5 730 0.80 <0.0001 0.0030  <0.00001
0.8 0.003 0.5 1095  0.81 <0.0001 0.0030  <0.00001
0.8 0.01 0.5 90 0.82 <0.0001 0.0095  <0.00001
0.8 0.01 0.5 365 0.81 <0.0001 0.0097  <0.00001
0.8 0.01 0.5 730 0.80 <0.0001 0.0100  <0.00001
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si
Ca/Si  Al/Si (M) (days) C-A-S-H  inC-A-S-H C-AS-H inC-A-S-H
0.8 0.01 0.5 1095 0.82 <0.0001 0.0099 <0.00001
0.8 0.03 0.5 90 0.86 0.004 0.0312 <0.00001
0.8 0.03 0.5 365 0.81 <0.0001 0.0286 <0.00001
0.8 0.03 0.5 730 0.79 0.001 0.0300 <0.00001
0.8 0.03 0.5 1095 0.82 <0.0001 0.0296 <0.00001
0.8 0.05 0.5 90 0.78 0.003 0.048 0.0002
0.8 0.05 0.5 455 0.81 <0.0001 0.047 <0.00001
0.8 0.1 0.5 90 0.79 0.002 0.092 <0.00001
0.8 0.1 0.5 455 0.80 0.0008 0.090 <0.00001
0.8 0.15 0.5 90 0.83 0.003 0.138 0.0008
0.8 0.15 0.5 455 0.84 0.0007 0.136 0.0004
0.8 0.2 0.5 90 0.80 0.003 0.179 0.001
0.8 0.2 0.5 455 0.83 0.0005 0.181 0.0003
0.8 0 1 90 0.87 <0.0001 0 -

0.8 0 1 365 0.83 <0.0001 0 -

0.8 0 1 730 0.80 <0.0001 0 -

0.8 0 1 1095 0.82 <0.0001 0 -

0.8 0.001 1 90 0.88 <0.0001 0.0010 <0.00001
0.8 0.001 1 365 0.82 <0.0001 0.0009 <0.00001
0.8 0.001 1 730 0.80 <0.0001 0.0010 <0.00001
0.8 0.001 1 1095 0.83 <0.0001 0.0010 <0.00001
0.8 0.003 1 90 0.90 <0.0001 0.0029 <0.00001
0.8 0.003 1 365 0.82 <0.0001 0.0028 <0.00001
0.8 0.003 1 730 0.80 <0.0001 0.0030 <0.00001
0.8 0.003 1 1095 0.82 <0.0001 0.0029 <0.00001
0.8 0.01 1 90 0.87 <0.0001 0.0094 <0.00001
0.8 0.01 1 365 0.83 <0.0001 0.0094 <0.00001
0.8 0.01 1 730 0.80 <0.0001 0.0100 <0.00001
0.8 0.01 1 1095 0.82 <0.0001 0.0096 <0.00001
0.8 0.03 1 7 0.89 0.003 0.0279 <0.00001
0.8 0.03 1 14 0.88 0.005 0.0300 <0.00001
0.8 0.03 1 28 0.87 0.01 0.0277 <0.00001
0.8 0.03 1 56 0.88 0.002 0.0300 <0.00001
0.8 0.03 1 90 0.87 0.003 0.0290 <0.00001
0.8 0.03 1 365 0.82 <0.0001 0.0281 <0.00001
0.8 0.03 1 730 0.79 0.001 0.0300 <0.00001
0.8 0.03 1 1095 0.82 <0.0001 0.0288 <0.00001
0.8 0.05 1 90 0.81 0.004 0.048 <0.00001
0.8 0.05 1 455 0.84 <0.0001 0.037 <0.00001
0.8 0.1 1 90 0.79 0.003 0.086 <0.00001
0.8 0.1 1 455 0.83 0.0009 0.089 <0.00001
0.8 0.15 1 90 0.82 0.003 0.135 <0.00001
0.8 0.15 1 455 0.83 0.001 0.128 <0.00001
0.8 0.2 1 90 0.84 0.003 0.161 0.0002
0.8 0.2 1 455 0.84 0.0009 0.168 0.0002
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si

Ca/si  Al/si (M) (days) C-A-S-H inC-A-S-H C-AS-H inC-A-S-H
1.0 0 0 90 1.00 <0.0001 0

1.0 0 0 365 0.99 <0.0001 0

1.0 0.001 0 90 1.00 <0.0001 0.0012*  <0.00001
1.0 0.001 0 365 1.00 <0.0001 0.0012*  <0.00001
1.0 0.003 0 90 1.00 <0.0001 0.0031*  <0.00001
1.0 0.003 0 365 0.99 <0.0001 0.0031*  <0.00001
1.0 0.01 0 90 1.00 <0.0001 0.0101  <0.00001
1.0 0.01 0 365 0.99 <0.0001 0.0102*  <0.00001
1.0 0.03 0 90 1.00 <0.0001 0.0302  <0.00001
1.0 0.03 0 365 0.99 <0.0001 0.0302*  <0.00001
1.0 0.05 0 90 1.00 <0.0001 0.0498  <0.00001
1.0 0.05 0 365 0.99 <0.0001 0.0498*  <0.00001
1.0 0.1 0 90 0.99 0.001 0.0941  0.0006
1.0 0.1 0 365 0.99 0.0007 0.0957*  0.0004
1.0 0 0.1 90 1.00 <0.0001 0

1.0 0 0.1 365 1.00 <0.0001 0

1.0 0.001 0.1 90 1.00 <0.0001 0.0012*  <0.00001
1.0 0.001 0.1 365 1.00 <0.0001 0.0010  <0.00001
1.0 0.003 0.1 90 1.00 <0.0001 0.0031*  <0.00001
1.0 0.003 0.1 365 1.00 <0.0001 0.0030  <0.00001
1.0 0.01 0.1 90 1.00 <0.0001 0.0101  <0.00001
1.0 0.01 0.1 365 1.00 <0.0001 0.0100  <0.00001
1.0 0.03 0.1 90 1.00 0.0002 0.0291  0.0001
1.0 0.03 0.1 365 0.98 0.002 0.0278  0.0002
1.0 0.05 0.1 90 0.98 0.002 0.0454  0.0004
1.0 0.05 0.1 365 0.98 0.002 0.0496  <0.00001
1.0 0 0.5 90 1.00 <0.0001 0

1.0 0 0.5 365 1.00 <0.0001 0

1.0 0.001 0.5 90 1.00 <0.0001 0.0012*  <0.00001
1.0 0.001 0.5 365 1.00 <0.0001 0.0011  <0.00001
1.0 0.003 0.5 90 1.00 <0.0001 0.0031  <0.00001
1.0 0.003 0.5 365 1.00 <0.0001 0.0030  <0.00001
1.0 0.01 0.5 90 1.00 <0.0001 0.0101  <0.00001
1.0 0.01 0.5 365 1.00 <0.0001 0.0098  <0.00001
1.0 0.03 0.5 90 0.96 0.004 0.0302  <0.00001
1.0 0.03 0.5 365 0.99 0.001 0.0298  <0.00001
1.0 0.05 0.5 90 0.97 0.003 0.0498  <0.00001
1.0 0.05 0.5 365 0.98 0.002 0.0466  0.0002
1.0 0 1 90 1.00 <0.0001 0

1.0 0 1 365 1.00 <0.0001 0

1.0 0.001 1 90 1.00 <0.0001 0.0012*  <0.00001
1.0 0.001 1 365 1.00 <0.0001 0.0011  <0.00001
1.0 0.003 1 90 1.00 <0.0001 0.0031  <0.00001
1.0 0.003 1 365 1.00 <0.0001 0.0030  <0.00001
1.0 0.01 1 90 1.00 <0.0001 0.0101  <0.00001
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si

Ca/si  Al/si (M) (days) C-A-S-H inC-A-S-H C-AS-H inC-A-S-H
1.0 0.01 1 365 1.01 <0.0001 0.0096  <0.00001
1.0 0.03 1 90 0.97 0.003 0.0301  <0.00001
1.0 0.03 1 365 0.10 0.0008 0.0288  <0.00001
1.0 0.05 1 90 0.96 0.004 0.0475  <0.00001
1.0 0.05 1 365 0.96 0.005 0.0438  0.0002
1.2 0 0 90 1.16 <0.0001 0

1.2 0 0 365 1.20 <0.0001 0

1.2 0.001 0 90 1.18 <0.0001 0.0010  <0.00001
1.2 0.001 0 365 1.20 <0.0001 0.0010*  <0.00001
1.2 0.003 0 90 1.17 <0.0001 0.0030  <0.00001
1.2 0.003 0 365 1.20 <0.0001 0.0030*  <0.00001
1.2 0.01 0 90 1.14 <0.0001 0.0100  <0.00001
1.2 0.01 0 365 1.20 <0.0001 0.0100*  <0.00001
1.2 0.03 0 90 1.16 0.001 0.0300  <0.00001
1.2 0.03 0 365 1.18 0.002 0.0300  <0.00001
1.2 0.05 0 90 1.15 0.002 0.0500  <0.00001
1.2 0.05 0 365 1.18 0.002 0.0500  <0.00001
1.2 0.1 0 90 1.15 0.002 0.0949  0.0005
1.2 0.1 0 365 1.18 0.002 0.0975  0.0002
1.2 0 0.1 90 1.19 <0.0001 0

1.2 0 0.1 365 1.20 <0.0001 0

1.2 0.001 0.1 90 1.19 <0.0001 0.0010  <0.00001
1.2 0.001 0.1 365 1.20 <0.0001 0.0010*  <0.00001
1.2 0.003 0.1 90 1.19 <0.0001 0.0030  <0.00001
1.2 0.003 0.1 365 1.20 <0.0001 0.0030*  <0.00001
1.2 0.01 0.1 90 1.18 <0.0001 0.0100  <0.00001
1.2 0.01 0.1 365 1.20 <0.0001 0.0100*  <0.00001
1.2 0.03 0.1 90 1.16 0.002 0.0288  0.0001
1.2 0.03 0.1 365 1.20 0.002 0.0300  <0.00001
1.2 0.05 0.1 90 1.15 0.003 0.0368  0.001

1.2 0.05 0.1 365 1.19 0.001 0.0500  <0.00001
1.2 0 0.5 90 1.20 <0.0001 0

1.2 0 0.5 365 1.20 <0.0001 0

1.2 0.001 0.5 90 1.20 <0.0001 0.0010  <0.00001
1.2 0.001 0.5 365 1.20 <0.0001 0.0010*  <0.00001
1.2 0.003 0.5 90 1.19 <0.0001 0.0030  <0.00001
1.2 0.003 0.5 365 1.20 <0.0001 0.0030*  <0.00001
1.2 0.01 0.5 90 1.19 <0.0001 0.0100  <0.00001
1.2 0.01 0.5 365 1.20 <0.0001 0.0100*  <0.00001
1.2 0.03 0.5 90 1.04 0.01 0.0298  <0.00001
1.2 0.03 0.5 365 1.19 0.001 0.0276  0.0002
1.2 0.05 0.5 90 1.15 0.004 0.0496  <0.00001
1.2 0.05 0.5 365 1.19 0.001 0.0476  0.0002
1.2 0 1 90 1.20 <0.0001 0

1.2 0 1 365 1.20 <0.0001 0
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si

Ca/si  Al/si (M) (days) C-A-S-H inC-A-S-H C-AS-H inC-A-S-H
1.2 0.001 1 90 1.20 <0.0001 0.0010  <0.00001
1.2 0.001 1 365 1.20 <0.0001 0.0010  <0.00001
1.2 0.003 1 90 1.20 <0.0001 0.0029  <0.00001
1.2 0.003 1 365 1.20 <0.0001 0.0030  <0.00001
1.2 0.01 1 90 1.20 <0.0001 0.0097  <0.00001
1.2 0.01 1 365 1.20 <0.0001 0.0100  <0.00001
1.2 0.03 1 7 1.17 0.005 0.0272  <0.00001
1.2 0.03 1 14 1.11 0.009 0.0274  <0.00001
1.2 0.03 1 28 1.15 0.006 0.0271  <0.00001
1.2 0.03 1 56 1.11 0.01 0.0280  <0.00001
1.2 0.03 1 90 1.12 0.008 0.0290  <0.00001
1.2 0.03 1 365 1.18 0.002 0.0300  <0.00001
1.2 0.05 1 90 1.14 0.006 0.0465  0.0002
1.2 0.05 1 365 1.17 0.003 0.0475  0.0002
1.4 0 0 90 1.31 <0.0001 0

1.4 0 0 365 1.32 <0.0001 0

1.4 0.0009 0 90 1.34 <0.0001 0.0009*  <0.00001
1.4 0.0009 0 365 1.32 <0.0001 0.0009*  <0.00001
1.4 0.0028 0 90 1.32 <0.0001 0.0028*  <0.00001
1.4 0.0028 0 365 1.32 <0.0001 0.0028*  <0.00001
1.4 0.01 0 90 1.32 <0.0001 0.0102*  <0.00001
1.4 0.01 0 365 1.33 <0.0001 0.0102*  <0.00001
1.4 0.03 0 90 1.32 <0.0001 0.0299  <0.00001
1.4 0.03 0 365 1.32 <0.0001 0.0299*  <0.00001
1.4 0.05 0 90 133 <0.0001 0.0498  <0.00001
1.4 0.05 0 365 1.33 0.0003 0.0477  0.0002
1.4 0.1 0 90 131 0.002 0.0856  0.001

1.4 0.1 0 365 1.32 0.0003 0.0978  0.0002
1.4 0 0.1 90 1.37 <0.0001 0

1.4 0 0.1 365 1.38 <0.0001 0

1.4 0.0009 0.1 90 1.37 <0.0001 0.0009*  <0.00001
1.4 0.0009 0.1 365 1.38 <0.0001 0.0009*  <0.00001
1.4 0.0028 0.1 90 1.37 <0.0001 0.0028*  <0.00001
1.4 0.0028 0.1 365 1.38 <0.0001 0.0028*  <0.00001
1.4 0.01 0.1 90 1.37 <0.0001 0.0102*  <0.00001
1.4 0.01 0.1 365 1.37 <0.0001 0.0102*  <0.00001
1.4 0.03 0.1 90 1.32 0.005 0.0299  <0.00001
1.4 0.03 0.1 365 1.35 0.002 0.0299*  <0.00001
1.4 0.05 0.1 90 1.37 0.01 0.0498  <0.00001
1.4 0.05 0.1 365 1.38 0.0006 0.0498*  <0.00001
1.4 0 0.5 90 1.40 <0.0001 0

1.4 0 0.5 365 1.40 <0.0001 0

1.4 0.0009 0.5 90 1.39 <0.0001 0.0009*  <0.00001
1.4 0.0009 0.5 365 1.39 <0.0001 0.0009  <0.00001
1.4 0.0028 0.5 90 1.39 <0.0001 0.0028*  <0.00001
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Table 10. (cont)

Target Target NaOH Time Ca/Siin  Errorof Ca/Si  Al/Siin Error of Al/Si

Ca/si  Al/si (M) (days) C-A-S-H inC-A-S-H C-AS-H inC-A-S-H
1.4 0.0028 0.5 365 1.39 <0.0001 0.0027  <0.00001
1.4 0.01 0.5 90 1.39 <0.0001 0.0102*  <0.00001
1.4 0.01 0.5 365 1.39 <0.0001 0.0101  <0.00001
1.4 0.03 0.5 90 1.26 0.01 0.0298  <0.00001
1.4 0.03 0.5 365 1.30 0.009 0.0297  <0.00001
1.4 0.05 0.5 90 1.26 0.01 0.0497  <0.00001
1.4 0.05 0.5 365 1.30 0.01 0.0496  <0.00001
1.4 0 1 90 1.40 <0.0001 0

1.4 0 1 365 1.40 <0.0001 0

1.4 0.0009 1 90 1.40 <0.0001 0.0009*  <0.00001
1.4 0.0009 1 365 1.40 <0.0001 0.0009  <0.00001
1.4 0.0028 1 90 1.40 <0.0001 0.0027  <0.00001
1.4 0.0028 1 365 1.40 <0.0001 0.0026  <0.00001
1.4 0.01 1 90 1.40 <0.0001 0.0100  <0.00001
1.4 0.01 1 365 1.40 <0.0001 0.0099  <0.00001
1.4 0.03 1 90 1.22 0.02 0.0294  <0.00001
1.4 0.03 1 365 1.24 0.01 0.0291  <0.00001
1.4 0.05 1 90 1.21 0.02 0.0485  <0.00001
1.4 0.05 1 365 1.35 0.004 0.0488  <0.00001

*: Al concentrations in the solution are below the DL of ICP-OES and Al/Si ratios calculated considering Al concentration
equals to zero.

~: Ca concentrations in the solution are below the DL of ICP-OES and Ca/Si ratios calculated considering the Ca
concentration as zero.

Table 11. The calculated Kq4 values and the correspunding errors.

Target Target NaOH Time Kq Error of Ky
Ca/Si  Al/Si (M) (days) (m3/kg) (m3/kg)
0.8 0.001 0 90 1.1 <0.0001
0.8 0.001 0 365 nm <0.0001
0.8 0.003 0 90 2.4 <0.0001
0.8 0.003 0 365 nm <0.0001
0.8 0.01 0 90 6.6 <0.0001
0.8 0.01 0 365 170 <0.0001
0.8 0.03 0 90 10.5 0.90
0.8 0.03 0 365 760 <0.0001
0.8 0.1 0 90 54.3 0.62
0.8 0.1 0 365 845 <0.0001
0.8 0.2 0 90 73.8 1.5

0.8 0.2 0 365 2053 17.8
0.8 0.001 0.1 90 0.33 <0.0001
0.8 0.001 0.1 365 2.2 <0.0001
0.8 0.003 0.1 90 1.1 <0.0001
0.8 0.003 0.1 365 33 <0.0001
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Table 11. (cont)

Target Target NaOH Time Kg Error of Ky
Ca/Si  Al/Si (M) (days) (m3/kg) (m3/kg)
0.8 0.01 0.1 90 1.7 <0.0001
0.8 0.01 0.1 365 2.3 <0.0001
0.8 0.03 0.1 90 1.9 <0.0001
0.8 0.03 0.1 365 2.6 <0.0001
0.8 0.05 0.1 90 3.0 <0.0001
0.8 0.05 0.1 455 2.0 <0.0001
0.8 0.1 0.1 90 1.5 0.008
0.8 0.1 0.1 455 1.7 0.012
0.8 0.15 0.1 90 1.8 0.008
0.8 0.15 0.1 455 2.2 0.021
0.8 0.2 0.1 90 4.7 0.041
0.8 0.2 0.1 455 1.5 0.024
0.8 0.001 0.5 90 0.42 <0.0001
0.8 0.001 0.5 365 0.62 <0.0001
0.8 0.003 0.5 90 0.55 <0.0001
0.8 0.003 0.5 365 0.67 <0.0001
0.8 0.01 0.5 90 0.50 <0.0001
0.8 0.01 0.5 365 0.81 <0.0001
0.8 0.03 0.5 90 0.45 <0.0001
0.8 0.03 0.5 365 0.63 <0.0001
0.8 0.05 0.5 90 2.6 0.01
0.8 0.05 0.5 455 0.63 <0.0001
0.8 0.1 0.5 90 0.42 <0.0001
0.8 0.1 0.5 455 0.37 <0.0001
0.8 0.15 0.5 90 0.39 0.002
0.8 0.15 0.5 455 0.33 0.001
0.8 0.2 0.5 90 0.43 0.003
0.8 0.2 0.5 455 0.33 0.001
0.8 0.001 1 90 0.33 <0.0001
0.8 0.001 1 365 0.41 <0.0001
0.8 0.003 1 90 0.25 <0.0001
0.8 0.003 1 365 0.35 <0.0001
0.8 0.01 1 90 0.27 <0.0001
0.8 0.01 1 365 0.39 <0.0001
0.8 0.03 1 90 0.28 <0.0001
0.8 0.03 1 365 0.41 <0.0001
0.8 0.05 1 90 0.53 <0.0001
0.8 0.05 1 455 0.11 <0.0001
0.8 0.1 1 90 0.23 <0.0001
0.8 0.1 1 455 0.27 <0.0001
0.8 0.15 1 90 0.24 <0.0001
0.8 0.15 1 455 0.19 <0.0001
0.8 0.2 1 90 0.13 <0.0001
0.8 0.2 1 455 0.18 <0.0001

nm: not measured as the Al concentrations were below the DL of ICP-OES.
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Appendix F. Further details about ICP-MS and ICP-OES measurements discussed in chapter 2.

Because of the relatively high concentration of Si in the samples, the effect of measuring Si at m/z 28 on Al
at m/z 27 was evaluated. To do that, Si and Al single standard solutions were separately prepared in the same
range of the expected concentration in the samples to be measured (0-4 mg/L for Si and 0-50 pg/L for Al). 2-
min transient signals of 27Al and 28Si for each standard solution were acquired by the same ICP-MS
instrument used for the whole analysis and the calibration curves of Si and Al were made using the averaged
values of these intensities. The ICP-MS sensitivities of Al and Si were 270.2 and 1032.0 cps/ppb, respectively.
The acquired signals on m/z 27, when Si standard solutions were measured, were quantified using the Al
calibration data. Figure 38 shows the quantified effect of Si on the m/z 27. The slope of this curve presents
the m/z ratio 27 to 28 due to the effect of Si. The results showed a negligible influence of Si on the signal
attributed to Al; the presence of Si contributed to 0.12 % to the signal measured at m/27. Therefore, for the
multi-standard solutions (containing Al and Si at equal amounts) used for calibration, the effect of Si is
negligible. However, for the samples which contained much lower Al concentrations than Si, the effect of Si
was corrected and the net intensity of Al (used to determine the corresponding concentration) was calculated
by subtracting the measured intensity from that of the sample having the same pH value and containing no
Al.

Table 12. Optimized parameters used for the ICP-MS and ICP-OES analysis.

ICP-MS ICP-OES
Power /W 1350 1250
Flow of carrier gas (Ar) / L/min 1.04 0.86
Sampling depth / mm 10 -
He flow (Collision gas) mL/min 2 -
Torch configuration - Axial
Measured Elements Al Ca Si Al Ca Si
Measured isotopes/lines m/z27 m/z 44 m/z 28 |396.152 nm 393.366 nm 212.412 nm
LOD (ppb) 0.15 3.09 4.02 5.46 0.15 32.4
Sensitivity (cps/ppb) 1032 35.9 270.2 66.2 8899.1 8.5
R’ >0.999 >0.999 >0.999 >0.999 >0.999 >0.999
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Figure 38. The quantified effect of Si on m/z 27.
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Appendix G. The effect of equilibration time on Ca and Si concentrations for Ca/Si ratios of 0.6,
1.0 and 1.4 discussed in section 5.5 of chapter 5.

10 ¢
a) -
1+
- F A 3 months
- C
:.. L
g - A 1year
£ 0.1 +
% - — CSHQ model
(5] [
001 1 3 months v = - Portlandite solubility
0001 ||||=||||=||||=||||=||||
9 10 11 12 13 14
pH
1000 <
b) F
- 1 year
100 =+
2 A A 3 months
- »
< L
o i . A 1vyear
— : ——CSHQ model
2 [, - 3 months
1 = -+ Silica solubility
01 ||||=||||=||||=||||=||||
9 10 11 12 13 14

101



d)

[Ca] (mmol/L)

[Si] (mmol/L)

10

0.1

0.01

0.001

100

10

01

0.01

i3 3 months
A
C 1 year
i A
9 10 11 12 13 14
pH
i /
1 519 . 1 year
P
”
-
A
i 3 months }
9 10 11 12 13 14
pH

102

A 3 months
A 1year
= CSHQ model

Portlandite solubility

A 3 months
A 1year
= CSHQ model

Silica solubility



100

3 |}
e) C .
L \
n . cH
10 4 3 months
- - A 3 months
- -
:‘ - .
g i \ A 1year
e 1%
—_ - ——CSHQ model
8 r 1 year
i = + Portlandite solubility
0.1 3
0.01 e S B E—
9 10 11 12 13 14
pH
10 -
f) F sio, .7
r o~
| -
1%
.:’: C
g - A 1year
g 01 T
— . = CSHQ model
:'2. L
I % = . Silica solubility
0.01 y:
: 1year f
0.001 ||||=||||=||||=||||=||||
9 10 11 12 13 14
pH

Figure 39. The effect of pH value and equilibration time on measured Ca (a,c,e) and Si (b,d,f) concentrations (symbols)
and on the calculated solubility of C-S-H (using the CSHQ model [47]), portlandite and amorphous SiO, for Ca/Si ratios
of a,b) 0.6; c,d) 1.0 and e,f) 14.
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Appendix H. The Al fraction in C-A-S-H for Ca/Si = 0.8 after 3 months equilibration discussed
in section 6.3.2 of chapter 6.
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Figure 40. The Al fraction in C-A-S-H for target Ca/Si = 0.8 in the absence of NaOH and presence of 0.1,0.5and 1 M
NaOH after 3 months equilibration.
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