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Abstract:

The impact of calcium hydroxide as an additive in sodium hydroxide- and silicate-activated

metakaolin pastes is presented, with a primary aim to ascertain the specific effects of calcium on
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the reaction kinetics and phase formation. FTIR and XRD are employed to understand the
interaction of calcium hydroxide (10 wt. % replacement of metakaolin) in 1, 5 and 10M NaOH-
activated pastes (and equivalent molarity Na,SiOs-activated pastes), with a focus on its impact on
the nanoscale properties of the sodium-alumino-silicate-hydrate (N-A-S-(H)) gel. In situ FTIR and
ICC are used to assess the impact of calcium hydroxide on the reaction kinetics, including the rate
of metakaolin dissolution and associated rate of N-A-S-(H) gel growth. It is found that calcium
hydroxide is effective at accelerating the reaction kinetics of 5M NaxSiOs-activated metakaolin
due to the formation of an initial calcium-rich gel that promotes additional metakaolin dissolution

and enhances N-A-S-(H) gel formation.

Keywords: Alkali-activated materials, metakaolin, calcium addition, amorphous material

1. Introduction

Concrete is an integral component of infrastructure projects (i.e., roads, bridges, buildings,
drainage, water and transport) and the most readily available construction material worldwide due
to its economic and structural advantages [1]. However, this building material has significant
environmental consequences since the production of ordinary Portland cement (OPC), a principle
component of concrete, accounts for 5-8% of global anthropogenic CO; released into the
atmosphere [2]. As mitigation of CO> emissions is a prevalent discussion on the global scale,
alternative cementitious materials are quickly emerging due to the demands of an ever increasingly
industrialized and consumption-oriented society. One type are alkali-activated materials, an

established option that has been used in a variety of projects around the globe [3]. In general, the
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term ‘alkali-activation’ describes the process where a precursor powder, typically of the
aluminosilicate form, is mixed with an alkaline source, the ‘activator’, to form a hard binder
product [3]. Previous research on alkali-activated materials for large-scale use focused on the
utilization of products made with blast furnace slag (subsequently denoted by slag) and coal-
derived fly ash as precursors [4]. These precursors are also regularly used as supplementary
cementitious materials (SCMs) in OPC-based concrete. Recently, the availability of slag and fly
ash has dwindled. Due to reported decreases in coal consumption, there have been fly ash shortages
recorded in 2016, which does not bode well for the increased demands of a growing construction
industry [5,6]. The availability of slag is expected to remain volatile due to unpredictable steel

production trends and varying country imports [5].

These shortages of fly ash and blast furnace slag have necessitated renewed research of other
precursor options for alkali activation such as metakaolin, a calcined form of kaolinitic clay [7,8].
Kaolin is a common clay, accounting for 57% of the 1.66 billion dollars of clay sold by domestic
producers in the United States in 2003 [9]. Notably, quantities of kaolin significantly exceed the
availability of fly ash and slag [10]. The calcination process of kaolinite, the main mineral phase
in kaolin clay, involves heating the mineral to approximately 550 to 750 °C to induce
dehydroxylation of the crystalline layered aluminosilicate structure and subsequent formation of
an amorphous layered phase [11-13]. The amorphous nature of metakaolin combined with the
highly strained alumina sites makes this aluminosilicate quite reactive in high pH environments
[14,15]. There are still several significant technical barriers to the use of alkali-activated

metakaolin in the construction industry, specifically, the need for caustic activating solutions
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[8,16], slow setting times [4,17], and the high-water demand due to high-surface area plate-like

particle shapes [16,18].

The alkali activation process of metakaolin can be generally described as a multi-step process in
which (i) the precursor dissolves due to its reactivity in the alkaline activating solution, releasing
ionic species into solution, (ii) the ionic species (silicate and aluminate monomers) undergo
oligomerization via condensation reactions, and (iii) the gel product precipitates via condensation
reactions between oligomers, with some systems undergoing an Ostwald ripening process [16,19—
21]. The final main binder gel, a sodium-aluminosilicate-hydrate (N-A-S-(H)) gel (analogue K-A-
S-(H) gel when potassium is used as the alkali source), is characterized by a three-dimensional
aluminosilicate structure with silica as Q* units and alumina in q* where the negative charge
associated with the alumina sites is charge-balanced by the positive alkali ions [22—-24]. The main
impetus for the use of high concentration activating solutions is the need for adequate dissolution
kinetics of metakaolin and ample strength development subsequent to synthesis. The existing
literature on alkali-activated metakaolin consistently reports that high molarity alkaline
solutions/activators are required for creation of a mechanically-strong binder [16,25,26]. In
particular, for low calcium binders, such as metakaolin, the activating solution concentrations
exceed 5SM (e.g., molarity of a NaOH solution or equivalent alkali concentration for a sodium
silicate solution), with some overly excessive concentrations as high as 20M [8,16,26]. Adequate
dissolution of NaOH-activated metakaolin has been obtained using 10M to 12M activators, but
with 5M, minimal metakaolin dissolution occurs [26,27]. Safety is a priority in the construction

industry, and the use of caustic, high pH activating solutions is neither ideal nor practical.
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Additional research is required to lower the activator pH without compromising on short- and long-

term performance properties.

Previous research focused on accelerating the reaction kinetics and associated short-term
performance properties of alkali-activated metakaolin include the addition of calcium hydroxide,
gypsum and blast furnace slag as calcium sources [26,28-37], partially due to the relative
abundance of calcium-based additives. Given the limited availability of blast furnace slag, and the
classification of gypsum as a weak base, calcium hydroxide is the most promising additive to
manipulate the alkali activation reaction. The addition of calcium hydroxide to fly ash activated
samples (using hydroxide or silicate activation) allows a greater degree of reaction by increasing
the amount of reacted fly ash [38,39]. During the initial 24 hours of setting, other previous attempts
to augment the reaction kinetics of sodium hydroxide-activated metakaolin with calcium
hydroxide were not successful, where the behavior was attributed to the low aqueous silicate
concentration and a propensity for the rapidly released aluminate species to quickly react with any
recently dissolved silicate species to form a gel on the reacting precursor particles, regardless of

whether calcium hydroxide was present or not [34].

A similar system to hydroxide-activated metakaolin where calcium hydroxide is known to have a
significant impact is alkaline aluminate solutions (and alkaline silicate solutions). It is known that
solid calcium aluminate hydrate phases, such as tricalcium aluminate hexahydrate, readily form
when highly alkaline aluminate solutions (such as those with compositions similar to the liquors
associated with the Bayer process) are mixed with slaked lime (i.e., calcium hydroxide) at ambient

or elevated temperatures, leading to the existence of 6-coord alumina [40,41]. From existing
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literature, it is apparent that such a phase does not form when calcium hydroxide (or lime) is added
to a hydroxide-activated metakaolin paste [19,26,34]. However, it remains unclear why this is the
case from a mechanistic viewpoint. One possible explanation is that even though alumina is
preferentially released during the initial stages of metakaolin dissolution, the concentration of
aqueous aluminate species is such that there is an insufficient supply of alumina near the calcium
hydroxide particles to enable the crystalline calcium aluminate hydrate phase to form [20,42]. On
the other hand, the N-A-S-(H) gel does eventually form since the aluminate species that are
released due to dissolution are located in the vicinity of the silicate source (i.e., the reacting
metakaolin particles). Yet, an in situ phase formation study is needed to see if any transient phases,
such as calcium aluminate hydrate, are apparent during hydroxide activation of metakaolin with

calcium hydroxide.

Contrary to the limited effects of calcium hydroxide in hydroxide-activated metakaolin, recently
it has been shown that calcium hydroxide leads to more rapid and extensive precursor dissolution
in silicate activation of metakaolin (system stoichiometry of NaAlSi,06-5.5H,0), together with
faster gel precipitation, and subsequently a faster set time (from Vicat testing), as determined using
27Al nuclear magnetic resonance (NMR) and quantification of alumina sites as a function of
reaction time (i.e., amount of 4-, 5- and 6-coord alumina) [34]. Chen et al. reported that the silicate-
activated metakaolin with additional calcium hydroxide forms an initial calcium-(alumino)-
silicate-hydrate (C-(A)-S-H) gel (which also likely contained sodium) due to the interaction of
calcium with the free silica from the activator [34]. Yet, setting was not detected by Chen et al.
until substantial precipitation of the N-A-S-(H) gel was observed. The precipitation of C-(A)-S-H

gel was postulated to improve the rate of dissolution and setting by preventing the buildup of a
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diffusion-limiting N-A-S-(H) gel on the dissolving metakaolin surface, as well as by decreasing
the aqueous silicate concentration. Similar behavior has been observed in silicate-, carbonate- and
sulfate-activated slag, where calcium-silicate-hydrate (C-S-H), calcium carbonate and calcium
sulfate phases are seen to initially form (respectively), followed by slag dissolution and formation

of the main sodium-containing calcium-alumino-silicate-hydrate C-(N)-A-S-H gel [43—47].

Here, the impact of a small amount of calcium hydroxide (10 wt. % replacement of precursor) on
the alkali-activated metakaolin reaction is investigated according to activator type (NaOH and
Na»Si03) and activator concentration (1, 5 and 10M (moles of NaOH per liter of H>O, or equivalent
Na concentration for Na>SiO; activator)). Isothermal conduction calorimetry (ICC) is used to
evaluate the reaction kinetics of the alkali-activated metakaolin pastes and the extent of calcium
hydroxide dissolution. Moreover, Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD) are employed to further understand the interaction of calcium hydroxide in the
systems, with a focus on the impact of additional calcium on the nanoscale properties of the N-A-
S-(H) gel. For the systems where calcium hydroxide is seen to significantly dissolve, in situ FTIR
analysis is used to elucidate the mechanism by which calcium is incorporated into the reaction
product(s). From these results the efficacy of calcium hydroxide to manipulate the reaction kinetics
of alkali-activated metakaolin pastes is discussed. Finally, a brief overview of the impact of

calcium hydroxide on the CO> emissions of these pastes is provided.
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2. Materials and Methods

2.1 Materials

This experiment required two types of activating solution: a Na;SiO;3 solution, and a NaOH
solution. The Na,SiOs3 solution was prepared using PQ Corporation product “D” sodium silicate
solution with a SiO»/Na,O wt. ratio of 2 and a chemical composition of 14.7 wt. % NayO, 29.4 wt.
% Si0O2 and 55.9 wt. % H>O [48]. The PQ D silicate solution was mixed with solid NaOH and
deionized water for at least 24 hours prior to activation to achieve the appropriate silicate
speciation (for a Na;Si0s solution with the equivalent Na content of 10M NaOH solution: 27.8 wt.
% of NayO relative to solid precursor, with a Si02/Na2O molar ratio of 1 and a H>O/precursor wt.
ratio of 0.9). The NaOH solution was prepared with solid NaOH pellets (CAS#1310-73-2, Sigma-
Aldrich, St. Louis, MO) dissolved in deionized water. The molarities of the activating solutions
studied in this investigation were 1, 5 and 10M (relative to molarity of the NaOH activating
solution) which equate to 2.78, 13.9 and 27.8 wt. % NaxO relative to solid precursor, respectively.

All samples were synthesized using a HoO/precursor wt. ratio of 0.9.

Two precursor compositions were studied, specifically (i) metakaolin and (ii) metakaolin with
calcium hydroxide. BASF MetaMax was used as the metakaolin source, which is a highly reactive
form of metakaolin with a 1.7 wt. % anatase impurity [49] (denoted as 100MK). The second
precursor consisted of 90 wt. % MetaMax and 10 wt. % calcium hydroxide (reagent grade, >95%,
Sigma Aldrich, St. Louis, MO) combined by vigorous shaking for 15 minutes in 100g batches

prior to activation.
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Table 1. Sample naming convention.

Short Name

Full Name

IM NaOH + 100MK

100% metakaolin activated with 1M NaOH

5M NaOH + 100MK
10M NaOH + 100MK
1M NazSi0; + 100MK
5M Na;Si0; + 100MK
10M Na;Si03 + 100MK
IM NaOH + 90MK
5M NaOH + 90MK
10M NaOH + 90MK
1M NaxSiOs + 90MK
5M NazSi0; + 90MK
10M NazSiOs3 + 90MK

100% metakaolin activated with 5SM NaOH

100% metakaolin activated with 10M NaOH

100% metakaolin activated with 1M Na;Si03

100% metakaolin activated with SM Na;SiO;

100% metakaolin activated with 10M Na2S103;

90% metakaolin, 10% calcium hydroxide, activated with IM NaOH
90% metakaolin, 10% calcium hydroxide, activated with 5SM NaOH
90% metakaolin, 10% calcium hydroxide, activated with 10M NaOH
90% metakaolin, 10% calcium hydroxide, activated with 1M Na>SiO3
90% metakaolin, 10% calcium hydroxide, activated with 5SM Na>Si03
90% metakaolin, 10% calcium hydroxide, activated with 10M Na>SiOs

To synthesize the pastes, the precursors (100MK and 90MK) were mixed with each type of

activating solution in the appropriate proportions for each molarity, creating 12 distinct samples

(see Table 1 for naming convention). For each, the precursor and activating solution were manually

mixed for one minute, followed by two minutes of vibration mixing at 2500 rpm. The pastes were

then sealed in airtight containers and left to solidify in ambient conditions for 7 days prior to XRD

and ex situ FTIR analysis. The in situ FTIR testing involved mixing the samples using the same

procedure followed by immediate loading on the attenuated total reflectance (ATR) attachment of

the instrument and covering with ParaFilm wax paper to prevent drying of the sample. To maintain

constant contact between the sample and the diamond, force was applied on the ATR attachment

after 24 hours.
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2.2 Experiment Techniques

2.2.1 Gel Formation and Reaction Kinetics

After 7 days of curing, each sample was analyzed with a Perkin Elmer Frontier FT-IR Spectrometer
using an ATR attachment (Frontier MIR with a Frontier UATR diamond). The instrument was
purged with N> gas to eliminate atmospheric H>O and CO» contributions. 32 scans were taken for
each sample, with a scan speed of 1 cm/s, a resolution of 4 cm™ and a wavenumber range of 500
to 4000 cm™!. Additionally, the FTIR was used for 7-day continuous testing in which a spectrum
consisting of 32 individual scans was recorded every 5 minutes for the first 3 days, and singular

measurements were performed at 4, 5, 6 and 7 days.

A TAM Air (TA Instruments) was used to obtain ICC data at 25 °C. For each sample, 5g in total
was mixed by hand for 1 minute and by vibration at 2500 rpm for 2 minutes then immediately
loaded into a plastic vial and loaded in the calorimeter. 5g of deionized water in a plastic vial was
used as the reference sample. All samples were measured in the instrument for 7 days. Data are

report in Joules per gram of paste.

2.2.2 Phase characterization

A Bruker D8 Advance diffractometer with a Ag-tube was used to provide mineralogy analysis for
each sample. After a curing time of 7 days, the samples were ground into powders using a mortar

and pestle, loaded into Imm polyimide capillary tubes, and sealed with quick set epoxy. The

10
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3. Results and Discussion

3.1 Neat alkali-activated metakaolin: Structure and Reaction Kinetics

The influence of activator type and concentration on the phase formation in alkali-activated
metakaolin are depicted in Figures 1 and 2 (NaOH +100MK and Na,SiO3; + 100MK, respectively).

This section will discuss metakaolin dissolution and gel formation.
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Figure 1. NaOH-activated metakaolin pastes synthesized using 1, 5 and 10M activators. (a) FTIR
spectra at 7 days and the spectrum of metakaolin. (b) Stacked XRD patterns at 7 days and the XRD
pattern of metakaolin (A = anatase, N = N-A-S-(H) gel, MK = metakaolin). Data obtained using
Ag-radiation. (¢) Cumulative heat (with respect to grams of metakaolin in original mix) curves up
to 7 days. (d) Heat flow curves (with respect to grams of metakaolin in original mix) up to 30

hours.
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222 Figure 2. Na>Si03-activated metakaolin pastes synthesized using 1, 5 and 10M activators. (a) FTIR
223 spectra at 7 days and the spectrum of metakaolin. (b) Stacked XRD patterns at 7 days and the XRD
224  pattern of metakaolin (A = anatase, N = N-A-S-(H) gel, MK = metakaolin). Data obtained using
225  Ag-radiation. (¢) Cumulative heat (with respect to grams of metakaolin in original mix) curves up
226  to 7 days. (d) Heat flow curves (with respect to grams of metakaolin in original mix) up to 30

227  hours.

228

229 3.1.1 Metakaolin Dissolution and Extent of Gel Formation

230 It is clear from Figures la and 2a that the 1M activators fail to induce sufficient metakaolin

231 dissolution. Notably, the FTIR asymmetric Si-O-T stretching band in these 1M pastes is located at
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a similar wavenumber as metakaolin (1074, 1054, 1055 cm™ for metakaolin, IM NaOH + 100MK,
IM NazSi03 + 100MK, respectively) [50]. The lack of metakaolin dissolution is also apparent in
the XRD patterns of the 1M pastes when compared to those of metakaolin and higher molarity
pastes (Figures 1b and 2b). Conversely, Figures 1a and 2a clearly demonstrate that the 5 and 10M
pastes have undergone a significant amount of metakaolin dissolution by the shift of the Si-O-T
stretching band to 960 and 950 cm™ for 5 and 10M NaOH + 100MK pastes, respectively, and to
970 and 968 cm™! for 5 and 10M Na,SiO; + 100MK pastes, respectively. Metakaolin consists of
Q*1Al) silicon centers, where each tetrahedral silicon atom is linked to four other
silicon/aluminum atoms via bridging oxygens (Q*), with one of the atoms being aluminum (1Al)
[13,51]. As metakaolin dissolves and N-A-S-(H) gel precipitates, the distribution of Si-O-T
linkages changes, specifically by the shift from Q*(1Al) to: (i) predominantly Q*(4Al) and Q*(3Al)
for 10M NaOH + 100MK and (ii) mainly Q*(3Al), Q*2Al) and Q*(1Al) for 10M Na,SiO; +
100MK [52]. A lower wavenumber for N-A-S-(H) gel indicates a higher percentage of Si-O-Al
linkages, as demonstrated by the 10M NaOH + 100MK [53]. The FTIR spectrum is comprised of
contributions from all phases, including unreacted metakaolin and silicate species in the pore
solution. Figures 1a and 2a also show that there is more unreacted metakaolin present in the SM
pastes compared with the 10M, specifically by the more prominent shoulder between 1000 and

1100 cm™

Analysis of the XRD data provides complementary information to the FTIR findings, where
significant changes are visible for the 5 and 10M pastes compared to the 1M (Figures 1b and 2b).
The main diffuse XRD peak for the 1M pastes (for both NaOH + 100MK and Na>SiO3; + 100MK)
is centered at approximately 8 °26 (Ag-radiation, indicative of metakaolin) that shifts to ~10-11

°26 for the 5 and 10M pastes due to the formation of N-A-S-(H) gel [17,54-56]. The diffuse peak
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attributed to the N-A-S-(H) gel is at a slighter higher 26 value for the 10M pastes than the SM
pastes (Figures 1b and 2b), consistent with the slight differences seen in the FTIR wavenumbers
discussed above (10M pastes correlate to lower wavenumbers than the SM pastes). Hence, it is
clear that a substantial amount of metakaolin dissolution has occurred in the 10M pastes (both
NaOH + 100MK and Na>SiO3; + 100MK), compared with a sizable amount in the 5M pastes and

minimal dissolution in the 1M pastes, as anticipated [50].

The extent of gel formation is expected to directly correlate with the extent of metakaolin
dissolution, and therefore, based on the above discussion, the 5M pastes will form less gel than the
10M. This is confirmed by the isothermal calorimetry data (Figures lc and 2c), where the
cumulative heat of the SM NaOH + 100MK paste, with respect to the amount of metakaolin in the
sample, reaches a plateau at 272 J/g, while the corresponding data for the 10M NaOH + 100MK
paste reaches 475 J/g (Figure 1c). A similar trend is visible for the Na>SiO3; + 100MK pastes in
Figure 2¢ (249 J/g for 5SM paste versus 548 J/g for 10M). Although it is difficult to decipher from
ICC data whether metakaolin dissolution, gel formation, or both are affected by a reduction in
activator alkalinity, these data sets in conjunction with analysis of the FTIR and XRD data reveal
some important qualitative trends. Specifically, from the FTIR data, it is clear that a higher amount
of unreacted metakaolin remains in the 5SM pastes compared with the 10M pastes (shoulder
between 1000 and 1100 cm™), and therefore the increase in the cumulative heat from 5 to 10M is
partially associated with additional metakaolin dissolution. Nevertheless, the prominent gel peak
for 10M Na,SiO3 + 100MK metakaolin in Figure 2b (XRD data) compared with its 5SM counterpart
shows that there is additional gel formation in this paste, which will also contribute to the increase

in cumulative heat in Figure 2c.
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Identification of the dissolution-dominated and gel precipitation-dominated regions of the ICC
data is common in the literature [57]. For OPC, there is a well-defined induction period in the heat
flow curve between these two regions [58], which is manifested as a prolonged minimum in this
curve. However, it is clear from Figures 1d and 2d that no such induction period exists in alkali-
activated metakaolin. Furthermore, as is the case for OPC-based systems, the initial peak that
overlaps with sample mixing and/or instrument loading is attributed to dissolution dominated
processes [27,44]. Contrary to this common explanation, Gong ef al. showed that this initial peak
seen in an ICC heat flow curve (at ~10 min) of alkali-activated slag can be solely attributed to heat
from particle wetting (same heat flow profile obtained for an alkali-activated slag and a slag-water
mixture), and therefore dissolution processes do not contribute to heat flow (in alkali-activated
systems) in this region (up to ~10-15 minutes after mixing) [43]. Furthermore, Gong et al. reported
a similar heat flow region associated with metakaolin wetting, where the heat flow curve reached
a maximum of ~34mW/g at ~5 minutes in a metakaolin-water system [43]. It is clear that the initial
peak in the heat flow curve of alkali-activated systems (prior to ~15 min) is mainly due to heat

release due to particle wetting, and not, in contrast to the existing literature, dissolution processes.

Taking into consideration the above discussion on the dominance of particle wetting before ~10-
15 minutes, the increase in cumulative heat that occurs over the course of hours in Figures 1¢ and
2¢ (up to ~50 hours) must be attributed to both metakaolin dissolution and gel precipitation. It has
been reported in the past that dissolution of metakaolin contributes a heat release of ~1200 J/g

(value obtained from ref. [59]). Evidently, this value is more than double the cumulative heat of
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the 10M pastes, despite neglecting the impact of partial metakaolin dissolution, other exothermic
reactions (such as gel formation) and endothermic contributions. Nevertheless, it does
demonstrate that the heat release associated with metakaolin dissolution is a significant contributor

to the cumulative heat curves seen in Figures 1¢ and 2c.

3.2 Neat alkali-activated metakaolin: Structural Evolution

To obtain reaction kinetics data complementary to the ICC, in situ ATR-FTIR has been employed
where the asymmetric Si-O-T stretching band of the alkali-activated metakaolin pastes has been
recorded as a function of reaction time (Figure 3, converted to absorption to aid visual analysis).
From these data (also given as false color plots in the Supplemental Material (Figures S2 and S3))
the location of the minimum transmission value for this mode is tracked as a function of time in
Figure 4. For 10M NaOH + 100MK, the intensity of the main Si-O-T band associated with N-A-
S-(H) gel appears after approximately 5 hours and is centered around 950 cm!, as shown in Figure
4. Prior to 5 hours, metakaolin contributions dominate the main Si-O-T band at around 1060 cm”
I, Conversely, it is evident that the intensity in the 10M Na»SiOs + 100MK paste is around 950-
970 cm! for the duration of the in situ experiment (Figure 4). Contrary to these 10M NaOH +
100MK findings, there is no initial peak in 10M Na;SiO3 + 100MK with a wavenumber similar to
metakaolin. Instead, as seen in Figure 4, the main Si-O-T peak is positioned at 972 cm™! from the
outset (~15 minutes after mixing) and undergoes a slight shift to ~950 cm™ after 10 hours of
reaction and to ~948 cm™ by 30 hours. The FTIR spectrum of a Na,SiO; solution with similar
composition (Si/Na molar ratio of 0.5, H2O wt. % of 55.3) to the 10M NaxSi0Os activating solution

(Si/Na molar ratio of 0.5, H,O wt. % of 62.2) consists of a Si-O-Si band at 967 cm™! [60], where
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additional data from ref. [61] gives the band at ~975 cm™ for a sodium silicate solution with a
Si/Na molar ratio of 0.5 but with an unknown H>0O/Na>O molar ratio. Therefore, contributions
from the initial silicate activator will skew the main Si-O-T band to lower wavenumbers (compared

with pure metakaolin) from the outset.
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Figure 3: Select FTIR spectra of (a) 10M Na,SiO3 + 100MK (b) 5M Na;SiO3 + 100MK, (c) 10M
NaOH + 100MK, and (d) 5SM NaOH + 100MK, extracted from the in situ FTIR data (represented
as false color plots in Supplementary Material (Figures S2 and S3)), converted from transmission
to absorption to aid data analysis. The metakaolin and 7 day data are vertically offset with respect

to the in situ data.
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Figure 4: Wavenumber position of main FTIR asymmetric Si-O-T stretching band during the initial
168 hours of alkali activation for SM and 10M NaOH + 100MK and 5M and 10M Na;SiO; +

100MK.

Similar trends occur in the 5M pastes, a singular difference that, for 5 and 10M NaOH + 100MK
pastes, the SM paste undergoes significant gel formation after ~8 hours instead of at 5 hours for
the 10M paste (Figure 4). The elongated dissolution period for the 5 and 10M NaOH + 100MK
pastes (prior to the start of substantial gel formation) may explain why this system (e.g., 10M
NaOH + 100MK) achieves a higher extent of metakaolin dissolution (i.e., less residual metakaolin
at later age) compared with the 10M Na,SiO3 + 100MK system. These findings, specifically, the
dissolution dominated region up to ~5-8 hours in the 5 and 10M NaOH + 100MK systems, are in
general agreement with previous data from X-ray pair distribution function (PDF) analysis [21]
and small-angle scattering (SAS) [62]. Specifically, PDF and SAS data revealed that the silicate-
activated metakaolin switches from dissolution dominated to gel formation at ~4 hours, contrasting
with the longer dissolution-dominated region for hydroxide-activated (PDF data show dissolution

continues past 10 hours of reaction). There are some interesting changes between 100 hours and 7
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days in terms of the position of the Si-O-T vibrational mode, with the most significant change seen
for 10M NazSiOs + 100MK which transitions from ~950 to 968 cm™ (10M NaOH + 100MK shifts
from ~953 to 950 cm!, 5SM NaOH + 100MK from ~965 to 960 cm™!, and 5M Na,SiO3 + 100MK

from ~965 to 970 cm™).

3.3 Impact of calcium hydroxide: Structure and Reaction Kinetics

3.3.1 Calcium hydroxide dissolution

The impact of calcium hydroxide on the reaction kinetics and phase formation in alkali-activated
metakaolin is depicted in Figures 5 and 6. From the XRD results (Figures 5b and 6b) it is clear that
the calcium hydroxide does not readily dissolve in the 5 and 10M NaOH + 90MK pastes, as
demonstrated by the visibility of prominent Bragg peaks attributed to this phase (i.e., portlandite
crystal structure). As reported previously in the literature, due to the common ion effect and the
high pH environments in the 5M and 10M NaOH systems, the calcium hydroxide is relatively inert
and does not participate extensively in gel formation [63]. This is in contrast to the complete
dissolution of calcium hydroxide in all Na>SiOs-activated pastes, as seen in Figure 6b. The calcium
hydroxide in the 1M NaOH + 90MK paste does react to a certain extent, as seen by the reduced
intensity of the portlandite Bragg peaks in the XRD data for this sample compared with the 5 and
10M equivalents (Figure 5b), and the shift of diffuse scattering to higher 26 values (sizable amount
of scattering at ~11°) compared with the 1M NaOH + 100MK (at ~8°, similar to metakaolin, see
Figure 1b). Furthermore, two hydrate phases are seen to form in 1M NaOH + 90MK: C-S-H gel
and stratlingite, as observed previously in the literature for lime-metakaolin pastes [64], although
the presence of a small amount of a calcium aluminate hydrate phase cannot be discounted in place

of C-S-H gel.
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Figure 5: NaOH-activated metakaolin pastes synthesized using 1, 5 and 10M activators and
calcium hydroxide (90MK). (a) FTIR spectra at 7 days along with the spectrum of metakaolin. (b)
Stacked XRD patterns at 7 days together with the pattern for metakaolin (A = anatase, C = C-S-H
gel, N = N-A-S-(H) gel, P = portlandite, S = stratlingite, MK = metakaolin, Z = zeolite A). Data
obtained using Ag-radiation. (¢) Cumulative heat (with respect to grams of metakaolin in original
mix) curves up to 7 days. (d) Heat flow curves (with respect to grams of metakaolin in original

mix) up to 30 hours.
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Figure 6. Na>SiOs-activated metakaolin pastes synthesized using 1, 5 and 10M activators and

calcium hydroxide (90MK). (a) FTIR spectra at 7 days along with the spectrum of metakaolin. (b)

Stacked XRD patterns at 7 days together with the pattern for metakaolin (A = anatase, N = N-A-

S-(H) gel, MK = metakaolin). Data obtained using Ag-radiation. (¢) Cumulative heat (with respect

to grams of metakaolin in original mix) curves up to 7 days. (d) Heat flow curves (with respect to

grams of metakaolin in original mix) up to 30 hours.

3.3.2 Metakaolin Dissolution and Extent of Gel Formation

Although calcium hydroxide is seen to have minimal impact on the amount of metakaolin

dissolved in 5 and 10M NaOH pastes at 7 days (see Figure 5a between 1000 and 1100 cm™' where

metakaolin contributions are found), there is a distinct effect on the 5 and 10M Na>SiOs; pastes,
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where the addition of calcium hydroxide is seen to reduce the intensity of the shoulder attributed
to metakaolin indicating that calcium hydroxide may enhance the extent of metakaolin dissolution
at 7 days (see 5 and 10M Na,SiOs-activated pastes (100MK and 90MK) at 7 days, Figure 6a). For
the 1M pastes, it is difficult to ascertain if calcium hydroxide promotes metakaolin dissolution
(both for the NaOH- and Na»SiOz-activated pastes), however, it is clear that calcium hydroxide
impacts gel formation in these systems, demonstrated by the emergence of a small, but evident
vibrational mode at ~950 cm™! in both pastes (1M NaOH + 90MK and 1M Na,SiO3 + 90MK). This
band is attributed to a limited extent of a pozzolanic reaction that forms C-A-S-H gel. Similar gels
form initially in silicate-activated Ca-rich precursor systems, for instance silicate-activated slag,
where Ca from slag dissolution reacts with silicate species to form C-A-S-H gel followed by
additional slag dissolution and formation of the main C-(N)-A-S-H gel [43]. Lastly, there are slight
differences in the location of the main Si-O-T band for the 1M 90MK pastes, where calcium
hydroxide causes a shift from 1054 to 1062 cm™ in the 1M NaOH + 90MK paste and from 1055

to 1052 cm™ in the 1M Na,SiO; + 90MK paste.

In terms of gel formation and the impact of calcium hydroxide in the 5 and 10M NaOH pastes, the
FTIR data in Figure 5a shows that the addition of calcium hydroxide has a minimal impact on the
peak location of the Si-O-T vibrational mode for the NaOH-activated pastes (comparing 100MK
and 90MK). The only noticeable difference is a slight shift of the Si-O-T band in the 10M NaOH
system from 950 to 945 cm™ due to the addition of calcium hydroxide (comparing 100MK and
90MK), but the SM paste remains at 960 cm™’. The cumulative heat per mass of metakaolin
decreases due to the addition of calcium hydroxide in the 10M NaOH paste (prior to zeolite

crystallization), specifically from ~480 J/g for 10M NaOH + 100MK to ~435 J/g for 10M NaOH
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+ 90MK at 100 hours after mixing. On the other hand, the SM NaOH pastes (100MK and 90MK)
are seen to reach similar values of cumulative heat by 7 days (~273 J/g). For both the 5 and 10M
NaOH pastes calcium hydroxide is seen to delay the main rise in cumulative heat (Figure 5c ,
comparing 100MK and 90MK), indicating that the addition of calcium hydroxide to these pastes
leads to an overall slowing down of reaction kinetics during the initial 2-3 days after mixing.
Lastly, the inclusion of calcium hydroxide is seen to promote the formation of zeolites at ~140
hours after mixing in the 10M NaOH paste (see 10M NaOH + 90MK ICC data in Figure 5c), where
the cumulative heat increases to 596 J/g at 7 days [27] and small Bragg peaks attributed to zeolite
A are visible in the XRD data (Figure 5b). A similar cumulative heat increase was seen to occur
in the 10M NaOH + 100MK paste at ~220 hours (at ~9 days in the ICC curve, beyond the time

scale shown in Figures 1c and 5c¢).

Calcium hydroxide has a greater impact on phase formation in Na>SiOs-activated metakaolin
pastes. The asymmetric Si-O-T stretching band shifts to lower wavenumbers when calcium
hydroxide is incorporated in these pastes, specifically from 1055 to 1051 cm! for 1M NaySiOs +
90MK, 970 to 964 cm™ for 5SM Na»SiO3 + 90MK, and 967 to 961 cm’! for 10M NaySiO; + 90MK
paste. This indicates a more Ca-rich gel, compared to those without calcium, particularly for the 5
and 10M Na;SiO3; + 90MK pastes. Calcium is known to lower the wavenumber of silicate-rich
gels; for synthetic C-S-H gels the Si-O-T band is located between 945 cm™ and 955 cm™ [65,66],
while for Ca-rich alkali-activated materials (such as slag-based systems) the Si-O-T stretching
band is located at 953 cm™ [67] for a 40-day-old hydroxide-activated slag (Na2O wt. % of 4.0),
and the band associated with the equivalent silicate-activated slag (Si02/Na>O molar ratio of 1 for

the activator) is found at 941 cm™'. It is important to be cognizant that the uptake of alumina into
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the gel will also result in a lowering of the wavenumber, and therefore contributions from this

mechanism (alumina uptake) cannot be discounted from the current study.

As mentioned earlier, calcium hydroxide may promote more extensive metakaolin dissolution at
7 days in the Na;SiOs-activated pastes (as seen in the FTIR data in Figure 6a via comparison of 5
and 10M Na;SiO3 + 100MK with 5 and 10M Na>SiO3 + 90MK), however, the ICC data in Figure
6¢ show that the addition of calcium causes a decrease in cumulative heat for the 10M paste at 7
days (from 548 J/gfor 10M Na,SiO3 + 100MK to 500 J/g for 10M Na,SiO3 + 90MK), similar to
the NaOH-activated pastes. On the other hand, the 5M Na>Si103 + 90MK paste is seen to experience
an increase in cumulative heat compared with the SM Na,Si03 + 100MK paste, 249 J/g, to 285 J/g
due to the addition of calcium hydroxide. These observations indicate that the effectiveness of
calcium hydroxide to promote metakaolin dissolution and subsequent gel formation is likely
dependent on the initial concentration of the Na>Si0O3 activator, as will be discussed in more detail
in Section 3.4. The type of gel that precipitates is unlikely to affect the cumulative heat, since the
enthalpy of formation for a C-(N)-A-S-H gel (heat released) has been reported as ranging from
2491 to 2831 kJ/mol (from thermodynamic modeling input data [68] for solid-solution
compositions ranging from (Ca0)1.25(A1203)0.125(S102)1(H20)1.625 to (Ca0)1(S102)1.5(H20)2.5), and
the enthalpy of formation for N-A-S-(H) gel has been reported as 2642 kJ/mol for a composition
of NaAlSiO4:2.25H,0 (2738 kJ/mol for the crystalline version, specifically zeolite A) [69].
Therefore, it is likely that calcium hydroxide is enhancing metakaolin dissolution and associated

gel formation in the SM Na,SiOs-activated metakaolin paste.
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The XRD data also provide important insight on the impact of calcium hydroxide on the gel
formation in the 5 and 10M Na»SiOs-activated metakaolin pastes. As seen in Figure 6b, calcium
influences the shape of the main XRD peak associated with N-A-S-(H) gel. This peak in the 10M
NaxSi03 + 90MK paste is more defined than the 100MK counterpart (comparing Figures 2b and
Figure 6b), indicating a more ordered gel. Previous research has shown that C-(N)-A-S-H gel
formed in silicate-activated slag paste is predominately amorphous, with nanoscale ordering out
to ~2.5 nm in the X-ray pair distribution function [70]. Furthermore, N-A-S-(H) gel is entirely
amorphous, containing atom-atom correlations only out to ~0.8 nm [28]. This increase in nanoscale
ordering of the gel(s) as calcium is added to silicate-activated metakaolin is likely attributed to the
formation of the C-A-S-H gel in conjunction with the main N-A-S-(H) gel. Additional research is
required to determine the spatial distribution of the C-A-S-H gel in the paste, specifically if two
distinct gel regions are present or if calcium is homogeneously distributed throughout the gel
phase. Previous research has pointed toward the existence of two distinct gels in silicate-activated
metakaolin containing calcium hydroxide during the early stages of reaction [34,66,71,72].
Specifically, Chen et al. reported that the calcium from calcium hydroxide is initially incorporated
into a C-(N)-A-S-H gel (consisting of Q!, Q% Q’ and Q* silicon centers) which exists along with
the N-A-S-(H) gel [34]. At later age, the C-A-S-H gel is seen to disappear while a Ca-modified
geopolymer gel (i.e., N-(C)-A-S-(H)) forms, consisting of a three-dimensional N-A-S-(H) gel

containing calcium ions (i.e., predominately Q° and Q* silicon centers).
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3.4 Impact of calcium hydroxide: Kinetics

The addition of calcium significantly affects the structural evolution of the gel for both the NaOH-
and Na;SiOs-activated pastes, as verified by the in situ FTIR results (Figures 7 and 8). For the
NaOH-activated systems, the addition of calcium hydroxide is seen to delay the emergence of the
N-A-S-(H) gel peak (positioned between ~950 and 970 cm™! in Figure 8) by ~3 hours for the 10M
system and ~60 hours for the SM system. On the other hand, for Na,SiOs-activated metakaolin,
calcium is seen to have an accelerating effect on gel formation, specifically in the SM system
(limited impact on the 10M system). In particular, without calcium hydroxide (Figure 4), the SM
NaxSiO3 + 100MK paste is seen to have limited change in the position of the main Si-O-T
vibrational mode until ~100 hours at which point the position changes from ~980 to ~965 cm’!,
whereas for SM Na,SiO3 + 90MK (Figure 8), there is a gradual change in the wavenumber from

the outset of the reaction (i.e., starting within 30 minutes after mixing) until ~70 hours.
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Figure 7: Select FTIR spectra of calcium hydroxide-containing (a) 10M Na»SiOs-activated +
90MK (b) 5M Na;Si0O3 + 90MK, (c) 10M NaOH + 90MK, and (d) 5SM NaOH + 90MK, extracted
from the false color plots in Supplementary Material (Figures S5 and S6), converted from
transmission to absorption to aid data analysis. The metakaolin and 7 day data are vertically offset

with respect to the in situ data.
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Figure 8: Wavenumber position of main FTIR asymmetric Si-O-T stretching band during the initial
168 hours of alkali activation for 5 and 10M NaOH + 100MK, 5 and 10M NaOH + 90MK, and 5

and 10M Na;S10; + 100MK, and 5 and 10M Na>Si103 + 90MK.

This gradual change in wavenumber for 5SM Na,SiO3 + 90MK is indicative of the calcium from
calcium hydroxide reacting with the silicate species in solution to form an initial C-A-S-H gel. In

fact, careful analysis of the FTIR data sets in Figure 9, which cover the initial 3 hours, reveals that
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there is initially a small but distinct peak present at ~925 cm™! that is enveloped by the increase of
the main peak by 1 hour in both the 5SM and 10M Na>Si03; + 90MK pastes. This small peak is not
as readily apparent in the 5M and 10M Na,SiO3 + 100MK pastes at 15 minutes after mixing (Figure
9), indicating that this peak is associated with a calcium-containing phase. Comparison of the peak
location (~925 cm-') with literature data reveals that this peak is likely associated with the Q?
asymmetric Si-O-Si stretching mode (usually located between ~950 and ~970 cm™! for synthetic
C-S-H-type gels) [65,73], but with a sizable alumina incorporated into the gel (i.e., C-A-S-H gel),

which is known to cause a decrease of the wavenumber [74].
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Figure 9: Early age FTIR spectra of (a) 10M Na»SiO3 + 100MK and 10M Na,SiO3 + 90MK, and
(b) 5M NaxSiO3 + 100MK and 5M Na,SiO3 + 90MK, extracted from the false color plots in
Supplementary Material (Figures S2, S3, S5 and S6) and converted from transmission to
absorption to aid data analysis. Although the 10M Na>SiO3 + 100MK data sets are relatively coarse

this does not affect the conclusions drawn from analysis of these data.
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In addition to this C-A-S-H gel peak, the FTIR data reveal that more metakaolin dissolution is
occurring in the 5SM Na;SiO3 + 90MK compared with its 100MK counterpart (see Figure 10).
These data in Figure 10 have been obtained by quantification of the FTIR spectra, specifically the
amount of unreacted metakaolin relative to the entire paste contributions over a wavenumber range
of 880 to 1300 cm™!. The quantification has been carried out using Gaussian peak fitting and a
least-squares refinement (implemented in the Fityk software) [75], where first the neat metakaolin
FTIR data set was used to obtain the specific Gaussian contributions for subsequent refinement of
the unreacted metakaolin component. Second, for the paste at a given age a single scale factor for
these metakaolin contributions was refined along with contributions (modeled as Gaussians) from
the gel (C-A-S-H and N-(C)-A-S-(H)) and solution. Note that two to four Gaussians were needed
for the gel/solution contributions depending on the sample age and composition. The relative area
obtained from the Gaussians gave a fractional value for the relative amount of unreacted
metakaolin. Prior to this curve fitting procedure, a spline background was refined and subtracted
from the FTIR data sets. For the 5 and 10M Na,SiO3 + 100MK pastes, along with the 5 and 10M
NazSi03+ 90MK pastes, it was found that the relative amount of metakaolin varied over time from
0.40-0.57 at 5 minutes after mixing to 0.00-0.22 after 7 days. It is known that there is unreacted
metakaolin present in similar pastes at 7 days, and therefore the final amounts obtained from FTIR
at 7 days (0.00-0.22) are unrealistically low [76]. This necessitated the use XRD data (from Figures
2b and 6b) to determine the final amount of unreacted metakaolin. After background subtraction,
four Gaussians were refined against the neat metakaolin XRD data (using least-squares refinement
and Fityk) and the overall scale factor associated with the fitted curve was set at 1.0. For each

paste, the metakaolin fitted curve and one to two additional Gaussians (used to represent the gel)
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were refined against the XRD data. The resulting scale factors associated with the unreacted
metakaolin contributions were used as the 7 day values for the FTIR fractional amounts.
Specifically, rescaling of the FTIR-derived unreacted metakaolin fractional amounts was carried
out using the 7 day XRD values as the end point, and 1.0 and 0.9 for the start point (5 minutes after

mixing) for the 100MK pastes and the 90MK pastes, respectively.

Figure 10 shows that the relative amount of unreacted metakaolin in the SM Na>SiO3 + 100MK
paste decreases from 1.0 to ~0.9 during the first hour while for 5SM Na,SiO; + 90MK the amount
of metakaolin remains constant at 0.9. However, following the initial first hour, metakaolin
dissolution in the 90MK paste occurs at a faster rate than in the 100MK paste, as demonstrated by
the steeper slope seen in Figure 10 (-0.234 for 90MK compared with -0.202 for 100MK). At 7
days (176 hours) the SM Na;SiO3 + 90MK paste is seen to have undergone more extensive
metakaolin dissolution compared with the SM Na;SiO3 + 100MK paste. Interestingly, comparison
of the ICC data in Figure 6¢ and 6d with Figure 10 shows that the main period of metakaolin
dissolution (from ~3 hours onwards) identified in Figure 10 does not coincide with the location of
maximum heat flow curve in Figure 6d for the SM pastes. For 5SM NaSiO3 + 100MK paste the
heat flow maximum is located at ~3 hours but only approximately 15% of metakaolin has reacted
(compared to 45% at 7 days). Similarly, the maximum in the heat flow for the 5M Na;SiO; +
90MK paste is located at ~7 hours at which stage only approximately 13% of the original
metakaolin in the 90MK paste has reacted (compared to 50% at 7 days). This shows that the rate
of metakaolin dissolution cannot be directly assessed from ICC heat flow curves for alkali-

activated metakaolin pastes.
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Figure 10. Relative amount of unreacted metakaolin in 5M Na>Si03 + 100MK and 5M Na,SiO3 +
90MK as a function of reaction time, obtained from quantification of FTIR and XRD data. Data
points between 3 and 168 hours (7 days) have been fitted using a logio(time) function. Note that

the time axis is logarithmic.

The rate of metakaolin dissolution for the 10M NaxSiOs3 pastes (100MK and 90MK) is shown in
Figure 11, where clear differences are seen in comparison with the SM NaxSiO;3 pastes (shown in
Figure 10). In contrast with the 5SM samples where metakaolin dissolution occurs faster for the
90MK paste, it is the 100MK paste that undergoes more rapid metakaolin dissolution in the 10M
NaxSiO3 system (compared with the 90MK paste). This is most apparent via comparison of the
rate constants obtained in Figure 11 (-0.398 hour™ for 100MK and -0.109 hour™ for 90MK). This

finding for the 10M Na,SiO; pastes disagrees with the results presented by Chen ef al. where it
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was reported that the addition of calcium hydroxide leads to a faster rate of metakaolin dissolution
and more extensive dissolution overall. However, there are clear differences between the Chen et
al. investigation and our work, specifically regarding the amount of calcium hydroxide used (~15
% by weight of metakaolin compared with 10 % in this investigation) as well as the silicate
modulus of the activating solution (2 for Chen et al. compared to 1 used in this investigation).
Furthermore, in this investigation the metakaolin amount was reduced to accommodate the
incorporation of calcium hydroxide (since calcium hydroxide is added as a powder) whereas for
Chen et al. the calcium hydroxide amount was in addition to the original amount of metakaolin. It
can be postulated that with a higher level of calcium addition, the dissolution of metakaolin will
proportionally increase. However, further investigation is necessary to investigate if this is the

casc.
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Figure 11. Relative amount of unreacted metakaolin in 10M Na,SiO3; + 100MK and 10M Na»SiO3
+ 90MK as a function of reaction time, obtained from quantification of FTIR and XRD data. Data
points have been fitted using a pseudo-first order rate expression. Note that the time axis is

logarithmic.

Although it cannot be definitively stated from these data that the C-A-S-H gel is absent at later
stages of reaction in the 5 and 10M Na>Si03; + 90MK pastes, there is no evident shoulder intensity
positioned near 920 cm™! that systematically shifts to higher wavenumbers beyond 3 hours, which
would be an indicator that the initial C-A-S-H gel gradually evolves into a calcium-containing N-
A-S-H (N-(C)-A-S-H) gel after several hours of reaction. However, it is known that a synthetic C-
A-S-H gel that mimics the final gel formed in alkali-activated slag gives rise to the Si-O-T peak at

~950 cm! [65], making it extremely difficult to ascertain from FTIR data if two gels co-exist at
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later times (i.e., at 7 days) or if the initial C-A-S-H gel has been incorporated into a single N-(C)-

A-S-H gel.

Due to the evident delay of metakaolin dissolution seen in Figure 7 for the 5 and 10M NaOH +
90MK pastes compared with their 100MK counterparts in Figure 3, specifically by the more
prominent metakaolin peak at 10 hrs after mixing in the 90MK pastes, quantitative analysis of
unreacted metakaolin has not been carried out in this investigation. This delay is even more evident
in Figure 8, where the abrupt decrease in Si-O-T wavenumber occurs at later times for the 90MK
pastes compared with their I00MK counterparts. These results show that, without the presence of
soluble silica in the activator, the calcium hydroxide cannot cause enhanced metakaolin
dissolution. At the later stages of reaction, the type of gel growth is seen to be independent of the
presence of calcium hydroxide for the 5 and 10M NaOH pastes, as already mentioned in Section

3.3.2.

3.5 Role of Calcium Hydroxide in the Alkali-activation Reaction of Aluminosilicates

This investigation shows that the efficacy of calcium hydroxide to accelerate the reaction kinetics
of alkali-activated metakaolin is reliant on the availability of soluble silica (or potentially another
soluble species) at the outset of the reaction. As alluded to in the literature [77], this silica is
necessary for the formation of a C-A-S-H gel during the early stages of reaction, which
subsequently instigates a chain of events starting with the increase of solution pH (via calcium

hydroxide dissolution), increased rate of metakaolin dissolution and associated increase of the rate
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of N-A-S-(H) gel precipitation [34]. Our results show that this enhanced behavior occurs only in
the 5SM Na,SiO3 + 90MK paste, and not its 10M equivalent. The statement that dissolution of
calcium hydroxide in the sodium silicate solution leads to an increase of solution pH is supported
by thermodynamic calculations that have been performed using GEMS software on the 5SM
NaxSi0s3 system. Thermodynamic modeling predicts that the SM Na>SiO3 activator has an initial
pH of 13.8, and after addition of the calcium hydroxide (assuming no metakaolin dissolution) the
pH is seen to increase to 14.2 (along with the formation of C-S-H gel). The validity of the
calculation of the initial pH (13.8) is supported by experimental data obtained by Svensson et al.,
where a pH of 13.62 was measured for a ~4.3M Na;SiO3 solution [78]. Unfortunately,
thermodynamic modeling of the 10M Na»SiO; activator failed to provide a pH value close to
experimental data (thermodynamic calculation predicted a pH of 13.4 for the 10M Na»SiOs
activator while experimental data for a ~8.8M equivalent solution was measured at a pH of 14.09).
Therefore, the impact of calcium hydroxide on the pH for the 10M Na>SiOs activator is not
reported in this investigation. For 5 and 10M NaOH + 90MK this favorable chain of events does
not occur due to the absence of soluble silica at the beginning of the reaction, and, instead, the

calcium hydroxide remains inert due to the common ion effect.

In addition to the favorable influence of calcium hydroxide for increasing the reaction kinetics of
the 5SM Na»SiOz-activated metakaolin system, it has been shown by Chen et al. that a calcium
hydroxide leads to a shortening of setting time [34]. However, the impact of calcium hydroxide on
compressive strength is still to be elucidated, particularly for the 5M paste (preliminary
unpublished results indicate some strength increase). It should be noted that mechanical strength

of a cementitious material is largely influenced by the water content of the paste [79,80], and
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therefore the strength of alkali-activated metakaolin will be strongly dependent on the metakaolin
source (rotary kiln or flash calcination) and associated water demand (water-to-metakaolin wt.

ratio of 0.9 and <0.5, respectively).

3.6 Impact of calcium hydroxide on CO; emissions of AAM

The use of calcium hydroxide may seem counterintuitive to the overall goal of sustainability that
is implicit to the design of alkali-activated materials. Specifically, calcium hydroxide is produced
by the decomposition of calcium carbonate (at ~800 °C, forming calcium oxide) followed by
hydration (i.e., exposure to water). Life-cycle assessment of calcium hydroxide manufacturing has
shown that 850 kg of CO» is generated per tonne of calcium hydroxide [81] (compared with 890
kg CO»/tonne for OPC) [82]. The production of metakaolin creates ~300 kg CO, per tonne [83],
with additional CO» reductions if flash calcined metakaolin is sourced [82] (~200 kg CO> per
tonne). The main source of CO; emissions associated with alkali-activated materials is the alkalis,
since the manufacture of one tonne of sodium silicate solution (assuming 37 wt. % sodium silicate
solid) has a CO» equivalent of 400 kg [83]. Therefore, altering the precursor composition from
metakaolin (300 kg CO; per tonne [83]) to 90 wt. % metakaolin and 10 wt. % calcium hydroxide
(355 kg CO» per tonne [83]) leads to a slight increase in emissions (18%), but these are offset by
the significant reductions in alkali concentration (halving the alkali concentration from 10 to 5SM
leads to a 50% reduction in emissions), making calcium hydroxide-containing alkali-activated
metakaolin a sustainable cement option (~70% lower CO2 emissions compared with OPC/fly ash

paste).
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4. Conclusions

In this study, the influence of calcium hydroxide on the formation mechanisms of alkali-activated
metakaolin pastes was elucidated using Fourier transform infrared spectroscopy, X-ray diffraction
and isothermal conduction calorimetry. It was found that calcium hydroxide minimally impacts
NaOH-activated metakaolin systems, in contrast to the significant effects on Na>SiOs-activated
metakaolin mixtures and particularly the 5SM system. The common ion effect dominates the
behavior in the NaOH-activated pastes, causing the added calcium hydroxide to remain relatively
inert, leading to a reduced rate of metakaolin dissolution and a delay in N-A-S-(H) gel formation.
In contrast, accelerated formation of N-A-S-(H) gel occurs when calcium hydroxide is added to
5M Na;SiOs-activated metakaolin, attributed to the initial formation of C-A-S-H gel that promotes
metakaolin dissolution and subsequent N-A-S-(H) gel precipitation. Specifically, as calcium is
incorporated into the C-A-S-H gel, an increase in overall pH in the 5SM NaxSiO3 system due to
calcium hydroxide dissolution encourages more rapid precursor dissolution. Overall, it is clear that
the addition of calcium hydroxide to Na>SiOs-activated metakaolin is a promising approach for

reducing activator concentration and warrants further investigation.

Supplementary Material

Supplementary Material is available. Full FTIR spectra at 7 days. FTIR false color plots from in
situ measurements. FTIR spectra from in situ measurements before, during and after a sample lost

contact with the ATR diamond.
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