
 1 

The effects of calcium hydroxide and activator chemistry on 1 

alkali-activated metakaolin pastes 2 

Karina M. L. Alventosa1,2 and Claire E. White1,2,* 3 

1Department of Civil and Environmental Engineering, Princeton University, Princeton, NJ, 4 

08544, USA 5 

2Andlinger Center for Energy and the Environment, Princeton University, Princeton, NJ, 08544, 6 

USA 7 

 8 

* Corresponding author: Phone: +1 609 258 6263, Fax: +1 609 258 2799, Email: 9 

whitece@princeton.edu 10 

Postal address: Department of Civil and Environmental Engineering, Princeton University, 11 

Princeton NJ 08544, USA 12 

 13 

Abstract: 14 

The impact of calcium hydroxide as an additive in sodium hydroxide- and silicate-activated 15 

metakaolin pastes is presented, with a primary aim to ascertain the specific effects of calcium on 16 
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the reaction kinetics and phase formation. FTIR and XRD are employed to understand the 17 

interaction of calcium hydroxide (10 wt. % replacement of metakaolin) in 1, 5 and 10M NaOH-18 

activated pastes (and equivalent molarity Na2SiO3-activated pastes), with a focus on its impact on 19 

the nanoscale properties of the sodium-alumino-silicate-hydrate (N-A-S-(H)) gel. In situ FTIR and 20 

ICC are used to assess the impact of calcium hydroxide on the reaction kinetics, including the rate 21 

of metakaolin dissolution and associated rate of N-A-S-(H) gel growth. It is found that calcium 22 

hydroxide is effective at accelerating the reaction kinetics of 5M Na2SiO3-activated metakaolin 23 

due to the formation of an initial calcium-rich gel that promotes additional metakaolin dissolution 24 

and enhances N-A-S-(H) gel formation.  25 

 26 
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1. Introduction 29 

Concrete is an integral component of infrastructure projects (i.e., roads, bridges, buildings, 30 

drainage, water and transport) and the most readily available construction material worldwide due 31 

to its economic and structural advantages [1]. However, this building material has significant 32 

environmental consequences since the production of ordinary Portland cement (OPC), a principle 33 

component of concrete, accounts for 5-8% of global anthropogenic CO2 released into the 34 

atmosphere [2]. As mitigation of CO2 emissions is a prevalent discussion on the global scale, 35 

alternative cementitious materials are quickly emerging due to the demands of an ever increasingly 36 

industrialized and consumption-oriented society. One type are alkali-activated materials, an 37 

established option that has been used in a variety of projects around the globe [3]. In general, the 38 
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term ‘alkali-activation’ describes the process where a precursor powder, typically of the 39 

aluminosilicate form, is mixed with an alkaline source, the ‘activator’, to form a hard binder 40 

product [3]. Previous research on alkali-activated materials for large-scale use focused on the 41 

utilization of products made with blast furnace slag (subsequently denoted by slag) and coal-42 

derived fly ash as precursors [4]. These precursors are also regularly used as supplementary 43 

cementitious materials (SCMs) in OPC-based concrete. Recently, the availability of slag and fly 44 

ash has dwindled. Due to reported decreases in coal consumption, there have been fly ash shortages 45 

recorded in 2016, which does not bode well for the increased demands of a growing construction 46 

industry [5,6]. The availability of slag is expected to remain volatile due to unpredictable steel 47 

production trends and varying country imports [5].  48 

 49 

These shortages of fly ash and blast furnace slag have necessitated renewed research of other 50 

precursor options for alkali activation such as metakaolin, a calcined form of kaolinitic clay [7,8]. 51 

Kaolin is a common clay, accounting for 57% of the 1.66 billion dollars of clay sold by domestic 52 

producers in the United States in 2003 [9]. Notably, quantities of kaolin significantly exceed the 53 

availability of fly ash and slag [10]. The calcination process of kaolinite, the main mineral phase 54 

in kaolin clay, involves heating the mineral to approximately 550 to 750 °C to induce 55 

dehydroxylation of the crystalline layered aluminosilicate structure and subsequent formation of 56 

an amorphous layered phase [11–13]. The amorphous nature of metakaolin combined with the 57 

highly strained alumina sites makes this aluminosilicate quite reactive in high pH environments 58 

[14,15]. There are still several significant technical barriers to the use of alkali-activated 59 

metakaolin in the construction industry, specifically, the need for caustic activating solutions 60 
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[8,16], slow setting times [4,17], and the high-water demand due to high-surface area plate-like 61 

particle shapes [16,18].  62 

 63 

The alkali activation process of metakaolin can be generally described as a multi-step process in 64 

which (i) the precursor dissolves due to its reactivity in the alkaline activating solution, releasing 65 

ionic species into solution, (ii) the ionic species (silicate and aluminate monomers) undergo 66 

oligomerization via condensation reactions, and (iii) the gel product precipitates via condensation 67 

reactions between oligomers, with some systems undergoing an Ostwald ripening process [16,19–68 

21]. The final main binder gel, a sodium-aluminosilicate-hydrate (N-A-S-(H)) gel (analogue K-A-69 

S-(H) gel when potassium is used as the alkali source), is characterized by a three-dimensional 70 

aluminosilicate structure with silica as Q4 units and alumina in q4
, where the negative charge 71 

associated with the alumina sites is charge-balanced by the positive alkali ions [22–24]. The main 72 

impetus for the use of high concentration activating solutions is the need for adequate dissolution 73 

kinetics of metakaolin and ample strength development subsequent to synthesis. The existing 74 

literature on alkali-activated metakaolin consistently reports that high molarity alkaline 75 

solutions/activators are required for creation of a mechanically-strong binder [16,25,26]. In 76 

particular, for low calcium binders, such as metakaolin, the activating solution concentrations 77 

exceed 5M (e.g., molarity of a NaOH solution or equivalent alkali concentration for a sodium 78 

silicate solution), with some overly excessive concentrations as high as 20M [8,16,26]. Adequate 79 

dissolution of NaOH-activated metakaolin has been obtained using 10M to 12M activators, but 80 

with 5M, minimal metakaolin dissolution occurs [26,27]. Safety is a priority in the construction 81 

industry, and the use of caustic, high pH activating solutions is neither ideal nor practical. 82 
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Additional research is required to lower the activator pH without compromising on short- and long-83 

term performance properties.  84 

 85 

Previous research focused on accelerating the reaction kinetics and associated short-term 86 

performance properties of alkali-activated metakaolin include the addition of calcium hydroxide, 87 

gypsum and blast furnace slag as calcium sources [26,28–37], partially due to the relative 88 

abundance of calcium-based additives. Given the limited availability of blast furnace slag, and the 89 

classification of gypsum as a weak base, calcium hydroxide is the most promising additive to 90 

manipulate the alkali activation reaction. The addition of calcium hydroxide to fly ash activated 91 

samples (using hydroxide or silicate activation) allows a greater degree of reaction by increasing 92 

the amount of reacted fly ash [38,39]. During the initial 24 hours of setting, other previous attempts 93 

to augment the reaction kinetics of sodium hydroxide-activated metakaolin with calcium 94 

hydroxide were not successful, where the behavior was attributed to the low aqueous silicate 95 

concentration and a propensity for the rapidly released aluminate species to quickly react with any 96 

recently dissolved silicate species to form a gel on the reacting precursor particles, regardless of 97 

whether calcium hydroxide was present or not [34].  98 

 99 

A similar system to hydroxide-activated metakaolin where calcium hydroxide is known to have a 100 

significant impact is alkaline aluminate solutions (and alkaline silicate solutions). It is known that 101 

solid calcium aluminate hydrate phases, such as tricalcium aluminate hexahydrate, readily form 102 

when highly alkaline aluminate solutions (such as those with compositions similar to the liquors 103 

associated with the Bayer process) are mixed with slaked lime (i.e., calcium hydroxide) at ambient 104 

or elevated temperatures, leading to the existence of 6-coord alumina [40,41]. From existing 105 
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literature, it is apparent that such a phase does not form when calcium hydroxide (or lime) is added 106 

to a hydroxide-activated metakaolin paste [19,26,34]. However, it remains unclear why this is the 107 

case from a mechanistic viewpoint. One possible explanation is that even though alumina is 108 

preferentially released during the initial stages of metakaolin dissolution, the concentration of 109 

aqueous aluminate species is such that there is an insufficient supply of alumina near the calcium 110 

hydroxide particles to enable the crystalline calcium aluminate hydrate phase to form [20,42]. On 111 

the other hand, the N-A-S-(H) gel does eventually form since the aluminate species that are 112 

released due to dissolution are located in the vicinity of the silicate source (i.e., the reacting 113 

metakaolin particles). Yet, an in situ phase formation study is needed to see if any transient phases, 114 

such as calcium aluminate hydrate, are apparent during hydroxide activation of metakaolin with 115 

calcium hydroxide. 116 

 117 

Contrary to the limited effects of calcium hydroxide in hydroxide-activated metakaolin, recently 118 

it has been shown that calcium hydroxide leads to more rapid and extensive precursor dissolution 119 

in silicate activation of metakaolin (system stoichiometry of NaAlSi2O6·5.5H2O), together with 120 

faster gel precipitation, and subsequently a faster set time (from Vicat testing), as determined using 121 

27Al nuclear magnetic resonance (NMR) and quantification of alumina sites as a function of 122 

reaction time (i.e., amount of 4-, 5- and 6-coord alumina) [34]. Chen et al. reported that the silicate-123 

activated metakaolin with additional calcium hydroxide forms an initial calcium-(alumino)-124 

silicate-hydrate (C-(A)-S-H) gel (which also likely contained sodium) due to the interaction of 125 

calcium with the free silica from the activator [34]. Yet, setting was not detected by Chen et al. 126 

until substantial precipitation of the N-A-S-(H) gel was observed. The precipitation of C-(A)-S-H 127 

gel was postulated to improve the rate of dissolution and setting by preventing the buildup of a 128 
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diffusion-limiting N-A-S-(H) gel on the dissolving metakaolin surface, as well as by decreasing 129 

the aqueous silicate concentration. Similar behavior has been observed in silicate-, carbonate- and 130 

sulfate-activated slag, where calcium-silicate-hydrate (C-S-H), calcium carbonate and calcium 131 

sulfate phases are seen to initially form (respectively), followed by slag dissolution and formation 132 

of the main sodium-containing calcium-alumino-silicate-hydrate C-(N)-A-S-H gel [43–47].  133 

 134 

Here, the impact of a small amount of calcium hydroxide (10 wt. % replacement of precursor) on 135 

the alkali-activated metakaolin reaction is investigated according to activator type (NaOH and 136 

Na2SiO3) and activator concentration (1, 5 and 10M (moles of NaOH per liter of H2O, or equivalent 137 

Na concentration for Na2SiO3 activator)). Isothermal conduction calorimetry (ICC) is used to 138 

evaluate the reaction kinetics of the alkali-activated metakaolin pastes and the extent of calcium 139 

hydroxide dissolution. Moreover, Fourier transform infrared spectroscopy (FTIR) and X-ray 140 

diffraction (XRD) are employed to further understand the interaction of calcium hydroxide in the 141 

systems, with a focus on the impact of additional calcium on the nanoscale properties of the N-A-142 

S-(H) gel. For the systems where calcium hydroxide is seen to significantly dissolve, in situ FTIR 143 

analysis is used to elucidate the mechanism by which calcium is incorporated into the reaction 144 

product(s). From these results the efficacy of calcium hydroxide to manipulate the reaction kinetics 145 

of alkali-activated metakaolin pastes is discussed. Finally, a brief overview of the impact of 146 

calcium hydroxide on the CO2 emissions of these pastes is provided. 147 

  148 
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2. Materials and Methods 149 

2.1 Materials 150 

This experiment required two types of activating solution: a Na2SiO3 solution, and a NaOH 151 

solution. The Na2SiO3 solution was prepared using PQ Corporation product “D” sodium silicate 152 

solution with a SiO2/Na2O wt. ratio of 2 and a chemical composition of 14.7 wt. % Na2O, 29.4 wt. 153 

% SiO2 and 55.9 wt. % H2O [48]. The PQ D silicate solution was mixed with solid NaOH and 154 

deionized water for at least 24 hours prior to activation to achieve the appropriate silicate 155 

speciation (for a Na2SiO3 solution with the equivalent Na content of 10M NaOH solution: 27.8 wt. 156 

% of Na2O relative to solid precursor, with a SiO2/Na2O molar ratio of 1 and a H2O/precursor wt. 157 

ratio of 0.9). The NaOH solution was prepared with solid NaOH pellets (CAS#1310-73-2, Sigma-158 

Aldrich, St. Louis, MO) dissolved in deionized water. The molarities of the activating solutions 159 

studied in this investigation were 1, 5 and 10M (relative to molarity of the NaOH activating 160 

solution) which equate to 2.78, 13.9 and 27.8 wt. % Na2O relative to solid precursor, respectively. 161 

All samples were synthesized using a H2O/precursor wt. ratio of 0.9. 162 

 163 

Two precursor compositions were studied, specifically (i) metakaolin and (ii) metakaolin with 164 

calcium hydroxide. BASF MetaMax was used as the metakaolin source, which is a highly reactive 165 

form of metakaolin with a 1.7 wt. % anatase impurity [49] (denoted as 100MK). The second 166 

precursor consisted of 90 wt. % MetaMax and 10 wt. % calcium hydroxide (reagent grade, >95%, 167 

Sigma Aldrich, St. Louis, MO) combined by vigorous shaking for 15 minutes in 100g batches 168 

prior to activation.   169 
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Table 1. Sample naming convention. 170 

Short Name Full Name 

1M NaOH + 100MK 100% metakaolin activated with 1M NaOH 

5M NaOH + 100MK 100% metakaolin activated with 5M NaOH 

10M NaOH + 100MK 100% metakaolin activated with 10M NaOH 

1M Na2SiO3 + 100MK 100% metakaolin activated with 1M Na2SiO3 

5M Na2SiO3 + 100MK 100% metakaolin activated with 5M Na2SiO3 

10M Na2SiO3 + 100MK 100% metakaolin activated with 10M Na2SiO3 

1M NaOH + 90MK 90% metakaolin, 10% calcium hydroxide, activated with 1M NaOH 

5M NaOH + 90MK 90% metakaolin, 10% calcium hydroxide, activated with 5M NaOH 

10M NaOH + 90MK 90% metakaolin, 10% calcium hydroxide, activated with 10M NaOH 

1M Na2SiO3 + 90MK 90% metakaolin, 10% calcium hydroxide, activated with 1M Na2SiO3 

5M Na2SiO3 + 90MK 90% metakaolin, 10% calcium hydroxide, activated with 5M Na2SiO3 

10M Na2SiO3 + 90MK 90% metakaolin, 10% calcium hydroxide, activated with 10M Na2SiO3 

 171 

To synthesize the pastes, the precursors (100MK and 90MK) were mixed with each type of 172 

activating solution in the appropriate proportions for each molarity, creating 12 distinct samples 173 

(see Table 1 for naming convention). For each, the precursor and activating solution were manually 174 

mixed for one minute, followed by two minutes of vibration mixing at 2500 rpm. The pastes were 175 

then sealed in airtight containers and left to solidify in ambient conditions for 7 days prior to XRD 176 

and ex situ FTIR analysis. The in situ FTIR testing involved mixing the samples using the same 177 

procedure followed by immediate loading on the attenuated total reflectance (ATR) attachment of 178 

the instrument and covering with ParaFilm wax paper to prevent drying of the sample. To maintain 179 

constant contact between the sample and the diamond, force was applied on the ATR attachment 180 

after 24 hours.  181 
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 182 

2.2 Experiment Techniques 183 

2.2.1 Gel Formation and Reaction Kinetics 184 

After 7 days of curing, each sample was analyzed with a Perkin Elmer Frontier FT-IR Spectrometer 185 

using an ATR attachment (Frontier MIR with a Frontier UATR diamond). The instrument was 186 

purged with N2 gas to eliminate atmospheric H2O and CO2 contributions. 32 scans were taken for 187 

each sample, with a scan speed of 1 cm/s, a resolution of 4 cm-1 and a wavenumber range of 500 188 

to 4000 cm-1. Additionally, the FTIR was used for 7-day continuous testing in which a spectrum 189 

consisting of 32 individual scans was recorded every 5 minutes for the first 3 days, and singular 190 

measurements were performed at 4, 5, 6 and 7 days.  191 

 192 

A TAM Air (TA Instruments) was used to obtain ICC data at 25 °C. For each sample, 5g in total 193 

was mixed by hand for 1 minute and by vibration at 2500 rpm for 2 minutes then immediately 194 

loaded into a plastic vial and loaded in the calorimeter. 5g of deionized water in a plastic vial was 195 

used as the reference sample. All samples were measured in the instrument for 7 days. Data are 196 

report in Joules per gram of paste. 197 

 198 

2.2.2 Phase characterization 199 

A Bruker D8 Advance diffractometer with a Ag-tube was used to provide mineralogy analysis for 200 

each sample. After a curing time of 7 days, the samples were ground into powders using a mortar 201 

and pestle, loaded into 1mm polyimide capillary tubes, and sealed with quick set epoxy. The 202 
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primary horizontal exit slit of the instrument was set at 1.2mm and the Söller slits on the primary 203 

and secondary optics were 2.5°. The secondary horizontal slit was set at 6mm (fully open). The 204 

rotation speed of the capillaries was set to 60 rpm and 2θ scans were collected from 3° to 30° using 205 

a step size of 0.025° and a count time of 10 sec/step.  206 

  207 
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3. Results and Discussion 208 

3.1 Neat alkali-activated metakaolin: Structure and Reaction Kinetics 209 

The influence of activator type and concentration on the phase formation in alkali-activated 210 

metakaolin are depicted in Figures 1 and 2 (NaOH +100MK and Na2SiO3 + 100MK, respectively). 211 

This section will discuss metakaolin dissolution and gel formation. 212 

 213 

Figure 1. NaOH-activated metakaolin pastes synthesized using 1, 5 and 10M activators. (a) FTIR 214 

spectra at 7 days and the spectrum of metakaolin. (b) Stacked XRD patterns at 7 days and the XRD 215 

pattern of metakaolin (A = anatase, N = N-A-S-(H) gel, MK = metakaolin). Data obtained using 216 

Ag-radiation. (c) Cumulative heat (with respect to grams of metakaolin in original mix) curves up 217 

to 7 days. (d) Heat flow curves (with respect to grams of metakaolin in original mix) up to 30 218 

hours. 219 
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 220 

 221 

Figure 2. Na2SiO3-activated metakaolin pastes synthesized using 1, 5 and 10M activators. (a) FTIR 222 

spectra at 7 days and the spectrum of metakaolin. (b) Stacked XRD patterns at 7 days and the XRD 223 

pattern of metakaolin (A = anatase, N = N-A-S-(H) gel, MK = metakaolin). Data obtained using 224 

Ag-radiation. (c) Cumulative heat (with respect to grams of metakaolin in original mix) curves up 225 

to 7 days. (d) Heat flow curves (with respect to grams of metakaolin in original mix) up to 30 226 

hours. 227 

 228 

3.1.1 Metakaolin Dissolution and Extent of Gel Formation 229 

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

dissolution. Notably, the FTIR asymmetric Si-O-T stretching band in these 1M pastes is located at 231 
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a similar wavenumber as metakaolin (1074, 1054, 1055 cm-1 for metakaolin, 1M NaOH + 100MK, 232 

1M Na2SiO3 + 100MK, respectively) [50]. The lack of metakaolin dissolution is also apparent in 233 

the XRD patterns of the 1M pastes when compared to those of metakaolin and higher molarity 234 

pastes (Figures 1b and 2b). Conversely, Figures 1a and 2a clearly demonstrate that the 5 and 10M 235 

pastes have undergone a significant amount of metakaolin dissolution by the shift of the Si-O-T 236 

stretching band to 960 and 950 cm-1 for 5 and 10M NaOH + 100MK pastes, respectively, and to 237 

970 and 968 cm-1 for 5 and 10M Na2SiO3 + 100MK pastes, respectively. Metakaolin consists of 238 

Q4(1Al) silicon centers, where each tetrahedral silicon atom is linked to four other 239 

silicon/aluminum atoms via bridging oxygens (Q4), with one of the atoms being aluminum (1Al) 240 

[13,51]. As metakaolin dissolves and N-A-S-(H) gel precipitates, the distribution of Si-O-T 241 

linkages changes, specifically by the shift from Q4(1Al) to: (i) predominantly Q4(4Al) and Q4(3Al) 242 

for 10M NaOH + 100MK and (ii) mainly Q4(3Al), Q4(2Al) and Q4(1Al) for 10M Na2SiO3 + 243 

100MK [52]. A lower wavenumber for N-A-S-(H) gel indicates a higher percentage of Si-O-Al 244 

linkages, as demonstrated by the 10M NaOH + 100MK [53]. The FTIR spectrum is comprised of 245 

contributions from all phases, including unreacted metakaolin and silicate species in the pore 246 

solution. Figures 1a and 2a also show that there is more unreacted metakaolin present in the 5M 247 

pastes compared with the 10M, specifically by the more prominent shoulder between 1000 and 248 

1100 cm-1
. 249 

Analysis of the XRD data provides complementary information to the FTIR findings, where 250 

significant changes are visible for the 5 and 10M pastes compared to the 1M (Figures 1b and 2b). 251 

The main diffuse XRD peak for the 1M pastes (for both NaOH + 100MK and Na2SiO3 + 100MK) 252 

is centered at approximately 8 °2θ (Ag-radiation, indicative of metakaolin) that shifts to ~10-11 253 

°2θ  for the 5 and 10M pastes due to the formation of N-A-S-(H) gel [17,54–56]. The diffuse peak 254 
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attributed to the N-A-S-(H) gel is at a slighter higher 2θ value for the 10M pastes than the 5M 255 

pastes (Figures 1b and 2b), consistent with the slight differences seen in the FTIR wavenumbers 256 

discussed above (10M pastes correlate to lower wavenumbers than the 5M pastes). Hence, it is 257 

clear that a substantial amount of metakaolin dissolution has occurred in the 10M pastes (both 258 

NaOH + 100MK and Na2SiO3 + 100MK), compared with a sizable amount in the 5M pastes and 259 

minimal dissolution in the 1M pastes, as anticipated [50].  260 

 261 

The extent of gel formation is expected to directly correlate with the extent of metakaolin 262 

dissolution, and therefore, based on the above discussion, the 5M pastes will form less gel than the 263 

10M. This is confirmed by the isothermal calorimetry data (Figures 1c and 2c), where the 264 

cumulative heat of the 5M NaOH + 100MK paste, with respect to the amount of metakaolin in the 265 

sample, reaches a plateau at 272 J/g, while the corresponding data for the 10M NaOH + 100MK 266 

paste reaches 475 J/g (Figure 1c). A similar trend is visible for the Na2SiO3 + 100MK pastes in 267 

Figure 2c (249 J/g for 5M paste versus 548 J/g for 10M). Although it is difficult to decipher from 268 

ICC data whether metakaolin dissolution, gel formation, or both are affected by a reduction in 269 

activator alkalinity, these data sets in conjunction with analysis of the FTIR and XRD data reveal 270 

some important qualitative trends. Specifically, from the FTIR data, it is clear that a higher amount 271 

of unreacted metakaolin remains in the 5M pastes compared with the 10M pastes (shoulder 272 

between 1000 and 1100 cm-1), and therefore the increase in the cumulative heat from 5 to 10M is 273 

partially associated with additional metakaolin dissolution. Nevertheless, the prominent gel peak 274 

for 10M Na2SiO3 + 100MK metakaolin in Figure 2b (XRD data) compared with its 5M counterpart 275 

shows that there is additional gel formation in this paste, which will also contribute to the increase 276 

in cumulative heat in Figure 2c.  277 
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 278 

Identification of the dissolution-dominated and gel precipitation-dominated regions of the ICC 279 

data is common in the literature [57]. For OPC, there is a well-defined induction period in the heat 280 

flow curve between these two regions [58], which is manifested as a prolonged minimum in this 281 

curve. However, it is clear from Figures 1d and 2d that no such induction period exists in alkali-282 

activated metakaolin. Furthermore, as is the case for OPC-based systems, the initial peak that 283 

overlaps with sample mixing and/or instrument loading is attributed to dissolution dominated 284 

processes [27,44]. Contrary to this common explanation, Gong et al. showed that this initial peak 285 

seen in an ICC heat flow curve (at ~10 min) of alkali-activated slag can be solely attributed to heat 286 

from particle wetting (same heat flow profile obtained for an alkali-activated slag and a slag-water 287 

mixture), and therefore dissolution processes do not contribute to heat flow (in alkali-activated 288 

systems) in this region (up to ~10-15 minutes after mixing) [43]. Furthermore, Gong et al. reported 289 

a similar heat flow region associated with metakaolin wetting, where the heat flow curve reached 290 

a maximum of ~34mW/g at ~5 minutes in a metakaolin-water system [43]. It is clear that the initial 291 

peak in the heat flow curve of alkali-activated systems (prior to ~15 min) is mainly due to heat 292 

release due to particle wetting, and not, in contrast to the existing literature, dissolution processes.  293 

 294 

Taking into consideration the above discussion on the dominance of particle wetting before ~10-295 

15 minutes, the increase in cumulative heat that occurs over the course of hours in Figures 1c and 296 

2c (up to ~50 hours) must be attributed to both metakaolin dissolution and gel precipitation.  It has 297 

been reported in the past that dissolution of metakaolin contributes a heat release of ~1200 J/g 298 

(value obtained from ref. [59]). Evidently, this value is more than double the cumulative heat of 299 
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the 10M pastes, despite neglecting the impact of partial metakaolin dissolution, other exothermic 300 

reactions (such as gel formation) and endothermic contributions. Nevertheless,  it does 301 

demonstrate that the heat release associated with metakaolin dissolution is a significant contributor 302 

to the cumulative heat curves seen in Figures 1c and 2c. 303 

 304 

3.2 Neat alkali-activated metakaolin: Structural Evolution 305 

To obtain reaction kinetics data complementary to the ICC, in situ ATR-FTIR has been employed 306 

where the asymmetric Si-O-T stretching band of the alkali-activated metakaolin pastes has been 307 

recorded as a function of reaction time (Figure 3, converted to absorption to aid visual analysis). 308 

From these data (also given as false color plots in the Supplemental Material (Figures S2 and S3)) 309 

the location of the minimum transmission value for this mode is tracked as a function of time in 310 

Figure 4. For 10M NaOH + 100MK, the intensity of the main Si-O-T band associated with N-A-311 

S-(H) gel appears after approximately 5 hours and is centered around 950 cm-1, as shown in Figure 312 

4. Prior to 5 hours, metakaolin contributions dominate the main Si-O-T band at around 1060 cm-313 

1. Conversely, it is evident that the intensity in the 10M Na2SiO3 + 100MK paste is around 950-314 

970 cm-1 for the duration of the in situ experiment (Figure 4). Contrary to these 10M NaOH + 315 

100MK findings, there is no initial peak in 10M Na2SiO3 + 100MK with a wavenumber similar to 316 

metakaolin. Instead, as seen in Figure 4, the main Si-O-T peak is positioned at 972 cm-1 from the 317 

outset (~15 minutes after mixing) and undergoes a slight shift to ~950 cm-1 after 10 hours of 318 

reaction and to ~948 cm-1 by 30 hours. The FTIR spectrum of a Na2SiO3 solution with similar 319 

composition (Si/Na molar ratio of 0.5, H2O wt. % of 55.3) to the 10M Na2SiO3 activating solution 320 

(Si/Na molar ratio of 0.5, H2O wt. % of 62.2) consists of a Si-O-Si band at 967 cm-1 [60], where 321 
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additional data from ref. [61] gives the band at ~975 cm-1 for a sodium silicate solution with a 322 

Si/Na molar ratio of 0.5 but with an unknown H2O/Na2O molar ratio. Therefore, contributions 323 

from the initial silicate activator will skew the main Si-O-T band to lower wavenumbers (compared 324 

with pure metakaolin) from the outset.  325 

 326 

Figure 3: Select FTIR spectra of (a) 10M Na2SiO3 + 100MK (b) 5M Na2SiO3 + 100MK, (c) 10M 327 

NaOH + 100MK, and (d) 5M NaOH + 100MK, extracted from the in situ FTIR data (represented 328 

as false color plots in Supplementary Material (Figures S2 and S3)), converted from transmission 329 

to absorption to aid data analysis. The metakaolin and 7 day data are vertically offset with respect 330 

to the in situ data. 331 

 332 
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 333 

Figure 4: Wavenumber position of main FTIR asymmetric Si-O-T stretching band during the initial 334 

168 hours of alkali activation for 5M and 10M NaOH + 100MK and 5M and 10M Na2SiO3 + 335 

100MK. 336 

 337 

Similar trends occur in the 5M pastes, a singular difference that, for 5 and 10M NaOH + 100MK 338 

pastes, the 5M paste undergoes significant gel formation after ~8 hours instead of at 5 hours for 339 

the 10M paste (Figure 4). The elongated dissolution period for the 5 and 10M NaOH + 100MK 340 

pastes (prior to the start of substantial gel formation) may explain why this system (e.g., 10M 341 

NaOH + 100MK) achieves a higher extent of metakaolin dissolution (i.e., less residual metakaolin 342 

at later age) compared with the 10M Na2SiO3 + 100MK system. These findings, specifically, the 343 

dissolution dominated region up to ~5-8 hours in the 5 and 10M NaOH + 100MK systems, are in 344 

general agreement with previous data from X-ray pair distribution function (PDF) analysis [21] 345 

and small-angle scattering (SAS) [62]. Specifically, PDF and SAS data revealed that the silicate-346 

activated metakaolin switches from dissolution dominated to gel formation at ~4 hours, contrasting 347 

with the longer dissolution-dominated region for hydroxide-activated (PDF data show dissolution 348 

continues past 10 hours of reaction). There are some interesting changes between 100 hours and 7 349 
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days in terms of the position of the Si-O-T vibrational mode, with the most significant change seen 350 

for 10M Na2SiO3 + 100MK which transitions from ~950 to 968 cm-1 (10M NaOH + 100MK shifts 351 

from ~953 to 950 cm-1, 5M NaOH + 100MK from ~965 to 960 cm-1, and 5M Na2SiO3 + 100MK 352 

from ~965 to 970 cm-1).  353 

 354 

3.3 Impact of calcium hydroxide: Structure and Reaction Kinetics 355 

3.3.1 Calcium hydroxide dissolution 356 

The impact of calcium hydroxide on the reaction kinetics and phase formation in alkali-activated 357 

metakaolin is depicted in Figures 5 and 6. From the XRD results (Figures 5b and 6b) it is clear that 358 

the calcium hydroxide does not readily dissolve in the 5 and 10M NaOH + 90MK pastes, as 359 

demonstrated by the visibility of prominent Bragg peaks attributed to this phase (i.e., portlandite 360 

crystal structure). As reported previously in the literature, due to the common ion effect and the 361 

high pH environments in the 5M and 10M NaOH systems, the calcium hydroxide is relatively inert 362 

and does not participate extensively in gel formation [63]. This is in contrast to the complete 363 

dissolution of calcium hydroxide in all Na2SiO3-activated pastes, as seen in Figure 6b. The calcium 364 

hydroxide in the 1M NaOH + 90MK paste does react to a certain extent, as seen by the reduced 365 

intensity of the portlandite Bragg peaks in the XRD data for this sample compared with the 5 and 366 

10M equivalents (Figure 5b), and the shift of diffuse scattering to higher 2θ values (sizable amount 367 

of scattering at ~11°) compared with the 1M NaOH + 100MK (at ~8°, similar to metakaolin, see 368 

Figure 1b). Furthermore, two hydrate phases are seen to form in 1M NaOH + 90MK: C-S-H gel 369 

and stratlingite, as observed previously in the literature for lime-metakaolin pastes [64], although 370 

the presence of a small amount of a calcium aluminate hydrate phase cannot be discounted in place 371 

of C-S-H gel.  372 
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 373 

 374 

Figure 5: NaOH-activated metakaolin pastes synthesized using 1, 5 and 10M activators and 375 

calcium hydroxide (90MK). (a) FTIR spectra at 7 days along with the spectrum of metakaolin. (b) 376 

Stacked XRD patterns at 7 days together with the pattern for metakaolin (A = anatase, C = C-S-H 377 

gel, N = N-A-S-(H) gel, P = portlandite, S = stratlingite, MK = metakaolin, Z = zeolite A). Data 378 

obtained using Ag-radiation. (c) Cumulative heat (with respect to grams of metakaolin in original 379 

mix) curves up to 7 days. (d) Heat flow curves (with respect to grams of metakaolin in original 380 

mix) up to 30 hours. 381 
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 382 

Figure 6. Na2SiO3-activated metakaolin pastes synthesized using 1, 5 and 10M activators and 383 

calcium hydroxide (90MK). (a) FTIR spectra at 7 days along with the spectrum of metakaolin. (b) 384 

Stacked XRD patterns at 7 days together with the pattern for metakaolin (A = anatase, N = N-A-385 

S-(H) gel, MK = metakaolin). Data obtained using Ag-radiation. (c) Cumulative heat (with respect 386 

to grams of metakaolin in original mix) curves up to 7 days. (d) Heat flow curves (with respect to 387 

grams of metakaolin in original mix) up to 30 hours. 388 

 389 

3.3.2 Metakaolin Dissolution and Extent of Gel Formation 390 

Although calcium hydroxide is seen to have minimal impact on the amount of metakaolin 391 

dissolved in 5 and 10M NaOH pastes at 7 days (see Figure 5a between 1000 and 1100 cm-1 where 392 

metakaolin contributions are found), there is a distinct effect on the 5 and 10M Na2SiO3 pastes, 393 
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where the addition of calcium hydroxide is seen to reduce the intensity of the shoulder attributed 394 

to metakaolin indicating that calcium hydroxide may enhance the extent of metakaolin dissolution 395 

at 7 days (see 5 and 10M Na2SiO3-activated  pastes (100MK and 90MK) at 7 days, Figure 6a). For 396 

the 1M pastes, it is difficult to ascertain if calcium hydroxide promotes metakaolin dissolution 397 

(both for the NaOH- and Na2SiO3-activated pastes), however, it is clear that calcium hydroxide 398 

impacts gel formation in these systems, demonstrated by the emergence of a small, but evident 399 

vibrational mode at ~950 cm-1 in both pastes (1M NaOH + 90MK and 1M Na2SiO3 + 90MK). This 400 

band is attributed to a limited extent of a pozzolanic reaction that forms C-A-S-H gel. Similar gels 401 

form initially in silicate-activated Ca-rich precursor systems, for instance silicate-activated slag, 402 

where Ca from slag dissolution reacts with silicate species to form C-A-S-H gel followed by 403 

additional slag dissolution and formation of the main C-(N)-A-S-H gel [43]. Lastly, there are slight 404 

differences in the location of the main Si-O-T band for the 1M 90MK pastes, where calcium 405 

hydroxide causes a shift from 1054 to 1062 cm-1 in the 1M NaOH + 90MK paste and from 1055 406 

to 1052 cm-1 in the 1M Na2SiO3 + 90MK paste.  407 

 408 

In terms of gel formation and the impact of calcium hydroxide in the 5 and 10M NaOH pastes, the 409 

FTIR data in Figure 5a shows that the addition of calcium hydroxide has a minimal impact on the 410 

peak location of the Si-O-T vibrational mode for the NaOH-activated pastes (comparing 100MK 411 

and 90MK). The only noticeable difference is a slight shift of the Si-O-T band in the 10M NaOH 412 

system from 950 to 945 cm-1 due to the addition of calcium hydroxide (comparing 100MK and 413 

90MK), but the 5M paste remains at 960 cm-1. The cumulative heat per mass of metakaolin 414 

decreases due to the addition of calcium hydroxide in the 10M NaOH paste (prior to zeolite 415 

crystallization), specifically from ~480 J/g for 10M NaOH + 100MK to ~435 J/g for 10M NaOH 416 
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+ 90MK at 100 hours after mixing. On the other hand, the 5M NaOH pastes (100MK and 90MK) 417 

are seen to reach similar values of cumulative heat by 7 days (~273 J/g). For both the 5 and 10M 418 

NaOH pastes calcium hydroxide is seen to delay the main rise in cumulative heat (Figure 5c , 419 

comparing 100MK and 90MK), indicating that the addition of calcium hydroxide to these pastes 420 

leads to an overall slowing down of reaction kinetics during the initial 2-3 days after mixing. 421 

Lastly, the inclusion of calcium hydroxide is seen to promote the formation of zeolites at ~140 422 

hours after mixing in the 10M NaOH paste (see 10M NaOH + 90MK ICC data in Figure 5c), where 423 

the cumulative heat increases to 596 J/g at 7 days [27] and small Bragg peaks attributed to zeolite 424 

A are visible in the XRD data (Figure 5b). A similar cumulative heat increase was seen to occur 425 

in the 10M NaOH + 100MK paste at ~220 hours (at ~9 days in the ICC curve, beyond the time 426 

scale shown in Figures 1c and 5c). 427 

 428 

Calcium hydroxide has a greater impact on phase formation in Na2SiO3-activated metakaolin 429 

pastes. The asymmetric Si-O-T stretching band shifts to lower wavenumbers when calcium 430 

hydroxide is incorporated in these pastes, specifically from 1055 to 1051 cm-1 for 1M Na2SiO3 + 431 

90MK, 970 to 964 cm-1 for 5M Na2SiO3 + 90MK, and 967 to 961 cm-1 for 10M Na2SiO3 + 90MK 432 

paste. This indicates a more Ca-rich gel, compared to those without calcium, particularly for the 5 433 

and 10M Na2SiO3 + 90MK pastes. Calcium is known to lower the wavenumber of silicate-rich 434 

gels; for synthetic C-S-H gels the Si-O-T band is located between 945 cm-1 and 955 cm-1 [65,66], 435 

while for Ca-rich alkali-activated materials (such as slag-based systems) the Si-O-T stretching 436 

band is located at 953 cm-1 [67] for a 40-day-old hydroxide-activated slag (Na2O wt. % of 4.0), 437 

and the band associated with the equivalent silicate-activated slag (SiO2/Na2O molar ratio of 1 for 438 

the activator) is found at 941 cm-1. It is important to be cognizant that the uptake of alumina into 439 
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the gel will also result in a lowering of the wavenumber, and therefore contributions from this 440 

mechanism (alumina uptake) cannot be discounted from the current study.  441 

 442 

As mentioned earlier, calcium hydroxide may promote more extensive metakaolin dissolution at 443 

7 days in the Na2SiO3-activated pastes (as seen in the FTIR data in Figure 6a via comparison of 5 444 

and 10M Na2SiO3 + 100MK with 5 and 10M Na2SiO3 + 90MK), however, the ICC data in Figure 445 

6c show that the addition of calcium causes a decrease in cumulative heat for the 10M paste at 7 446 

days (from 548 J/gfor 10M Na2SiO3 + 100MK to 500 J/g for 10M Na2SiO3 + 90MK), similar to 447 

the NaOH-activated pastes. On the other hand, the 5M Na2SiO3 + 90MK paste is seen to experience 448 

an increase in cumulative heat compared with the 5M Na2SiO3 + 100MK paste, 249 J/g, to 285 J/g 449 

due to the addition of calcium hydroxide. These observations indicate that the effectiveness of 450 

calcium hydroxide to promote metakaolin dissolution and subsequent gel formation is likely 451 

dependent on the initial concentration of the Na2SiO3 activator, as will be discussed in more detail 452 

in Section 3.4. The type of gel that precipitates is unlikely to affect the cumulative heat, since the 453 

enthalpy of formation for a C-(N)-A-S-H gel (heat released) has been reported as ranging from 454 

2491 to 2831 kJ/mol (from thermodynamic modeling input data [68] for solid-solution 455 

compositions ranging from (CaO)1.25(Al2O3)0.125(SiO2)1(H2O)1.625 to (CaO)1(SiO2)1.5(H2O)2.5), and 456 

the enthalpy of formation for N-A-S-(H) gel has been reported as 2642 kJ/mol for a composition 457 

of NaAlSiO4·2.25H2O (2738 kJ/mol for the crystalline version, specifically zeolite A) [69]. 458 

Therefore, it is likely that calcium hydroxide is enhancing metakaolin dissolution and associated 459 

gel formation in the 5M Na2SiO3-activated metakaolin paste.  460 

  461 
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The XRD data also provide important insight on the impact of calcium hydroxide on the gel 462 

formation in the 5 and 10M Na2SiO3-activated metakaolin pastes. As seen in Figure 6b, calcium 463 

influences the shape of the main XRD peak associated with N-A-S-(H) gel. This peak in the 10M 464 

Na2SiO3 + 90MK paste is more defined than the 100MK counterpart (comparing Figures 2b and 465 

Figure 6b), indicating a more ordered gel. Previous research has shown that C-(N)-A-S-H gel 466 

formed in silicate-activated slag paste is predominately amorphous, with nanoscale ordering out 467 

to ~2.5 nm in the X-ray pair distribution function [70]. Furthermore, N-A-S-(H) gel is entirely 468 

amorphous, containing atom-atom correlations only out to ~0.8 nm [28]. This increase in nanoscale 469 

ordering of the gel(s) as calcium is added to silicate-activated metakaolin is likely attributed to the 470 

formation of the C-A-S-H gel in conjunction with the main N-A-S-(H) gel. Additional research is 471 

required to determine the spatial distribution of the C-A-S-H gel in the paste, specifically if two 472 

distinct gel regions are present or if calcium is homogeneously distributed throughout the gel 473 

phase. Previous research has pointed toward the existence of two distinct gels in silicate-activated 474 

metakaolin containing calcium hydroxide during the early stages of reaction [34,66,71,72]. 475 

Specifically, Chen et al. reported that the calcium from calcium hydroxide is initially incorporated 476 

into a C-(N)-A-S-H gel (consisting of Q1, Q2, Q3 and Q4 silicon centers) which exists along with 477 

the N-A-S-(H) gel [34]. At later age, the C-A-S-H gel is seen to disappear while a Ca-modified 478 

geopolymer gel (i.e., N-(C)-A-S-(H)) forms, consisting of a three-dimensional N-A-S-(H) gel 479 

containing calcium ions (i.e., predominately Q3 and Q4 silicon centers).  480 

 481 

  482 
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3.4 Impact of calcium hydroxide: Kinetics 483 

The addition of calcium significantly affects the structural evolution of the gel for both the NaOH- 484 

and Na2SiO3-activated pastes, as verified by the in situ FTIR results (Figures 7 and 8). For the 485 

NaOH-activated systems, the addition of calcium hydroxide is seen to delay the emergence of the 486 

N-A-S-(H) gel peak (positioned between ~950 and 970 cm-1 in Figure 8) by ~3 hours for the 10M 487 

system and ~60 hours for the 5M system. On the other hand, for Na2SiO3-activated metakaolin, 488 

calcium is seen to have an accelerating effect on gel formation, specifically in the 5M system 489 

(limited impact on the 10M system). In particular, without calcium hydroxide (Figure 4), the 5M 490 

Na2SiO3 + 100MK paste is seen to have limited change in the position of the main Si-O-T 491 

vibrational mode until ~100 hours at which point the position changes from ~980 to ~965 cm-1, 492 

whereas for 5M Na2SiO3 + 90MK (Figure 8), there is a gradual change in the wavenumber from 493 

the outset of the reaction (i.e., starting within 30 minutes after mixing) until ~70 hours.  494 

 495 
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Figure 7: Select FTIR spectra of calcium hydroxide-containing (a) 10M Na2SiO3-activated + 496 

90MK (b) 5M Na2SiO3 + 90MK, (c) 10M NaOH + 90MK, and (d) 5M NaOH + 90MK, extracted 497 

from the false color plots in Supplementary Material (Figures S5 and S6), converted from 498 

transmission to absorption to aid data analysis. The metakaolin and 7 day data are vertically offset 499 

with respect to the in situ data. 500 

 501 

 502 

Figure 8: Wavenumber position of main FTIR asymmetric Si-O-T stretching band during the initial 503 

168 hours of alkali activation for 5 and 10M NaOH + 100MK, 5 and 10M NaOH + 90MK, and 5 504 

and 10M Na2SiO3 + 100MK, and 5 and 10M Na2SiO3 + 90MK.  505 

 506 

This gradual change in wavenumber for 5M Na2SiO3 + 90MK is indicative of the calcium from 507 

calcium hydroxide reacting with the silicate species in solution to form an initial C-A-S-H gel. In 508 

fact, careful analysis of the FTIR data sets in Figure 9, which cover the initial 3 hours, reveals that 509 
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there is initially a small but distinct peak present at ~925 cm-1 that is enveloped by the increase of 510 

the main peak by 1 hour in both the 5M and 10M Na2SiO3 + 90MK pastes. This small peak is not 511 

as readily apparent in the 5M and 10M Na2SiO3 + 100MK pastes at 15 minutes after mixing (Figure 512 

9), indicating that this peak is associated with a calcium-containing phase. Comparison of the peak 513 

location (~925 cm-1) with literature data reveals that this peak is likely associated with the Q2 514 

asymmetric Si-O-Si stretching mode (usually located between ~950 and ~970 cm-1 for synthetic 515 

C-S-H-type gels) [65,73], but with a sizable alumina incorporated into the gel (i.e., C-A-S-H gel), 516 

which is known to cause a decrease of the wavenumber [74].  517 

 518 

 519 

Figure 9: Early age FTIR spectra of (a) 10M Na2SiO3 + 100MK and 10M Na2SiO3 + 90MK, and 520 

(b) 5M Na2SiO3 + 100MK and 5M Na2SiO3 + 90MK, extracted from the false color plots in 521 

Supplementary Material (Figures S2, S3, S5 and S6) and converted from transmission to 522 

absorption to aid data analysis. Although the 10M Na2SiO3 + 100MK data sets are relatively coarse 523 

this does not affect the conclusions drawn from analysis of these data. 524 
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 525 

In addition to this C-A-S-H gel peak, the FTIR data reveal that more metakaolin dissolution is 526 

occurring in the 5M Na2SiO3 + 90MK compared with its 100MK counterpart (see Figure 10). 527 

These data in Figure 10 have been obtained by quantification of the FTIR spectra, specifically the 528 

amount of unreacted metakaolin relative to the entire paste contributions over a wavenumber range 529 

of 880 to 1300 cm-1. The quantification has been carried out using Gaussian peak fitting and a 530 

least-squares refinement (implemented in the Fityk software) [75], where first the neat metakaolin 531 

FTIR data set was used to obtain the specific Gaussian contributions for subsequent refinement of 532 

the unreacted metakaolin component. Second, for the paste at a given age a single scale factor for 533 

these metakaolin contributions was refined along with contributions (modeled as Gaussians) from 534 

the gel (C-A-S-H and N-(C)-A-S-(H)) and solution. Note that two to four Gaussians were needed 535 

for the gel/solution contributions depending on the sample age and composition. The relative area 536 

obtained from the Gaussians gave a fractional value for the relative amount of unreacted 537 

metakaolin. Prior to this curve fitting procedure, a spline background was refined and subtracted 538 

from the FTIR data sets. For the 5 and 10M Na2SiO3 + 100MK pastes, along with the 5 and 10M 539 

Na2SiO3 + 90MK pastes, it was found that the relative amount of metakaolin varied over time from 540 

0.40-0.57 at 5 minutes after mixing to 0.00-0.22 after 7 days. It is known that there is unreacted 541 

metakaolin present in similar pastes at 7 days, and therefore the final amounts obtained from FTIR 542 

at 7 days (0.00-0.22) are unrealistically low [76]. This necessitated the use XRD data (from Figures 543 

2b and 6b) to determine the final amount of unreacted metakaolin. After background subtraction, 544 

four Gaussians were refined against the neat metakaolin XRD data (using least-squares refinement 545 

and Fityk) and the overall scale factor associated with the fitted curve was set at 1.0. For each 546 

paste, the metakaolin fitted curve and one to two additional Gaussians (used to represent the gel) 547 
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were refined against the XRD data. The resulting scale factors associated with the unreacted 548 

metakaolin contributions were used as the 7 day values for the FTIR fractional amounts. 549 

Specifically, rescaling of the FTIR-derived unreacted metakaolin fractional amounts was carried 550 

out using the 7 day XRD values as the end point, and 1.0 and 0.9 for the start point (5 minutes after 551 

mixing) for the 100MK pastes and the 90MK pastes, respectively. 552 

 553 

Figure 10 shows that the relative amount of unreacted metakaolin in the 5M Na2SiO3 + 100MK 554 

paste decreases from 1.0 to ~0.9 during the first hour while for 5M Na2SiO3 + 90MK the amount 555 

of metakaolin remains constant at 0.9. However, following the initial first hour, metakaolin 556 

dissolution in the 90MK paste occurs at a faster rate than in the 100MK paste, as demonstrated by 557 

the steeper slope seen in Figure 10 (-0.234 for 90MK compared with -0.202 for 100MK). At 7 558 

days (176 hours) the 5M Na2SiO3 + 90MK paste is seen to have undergone more extensive 559 

metakaolin dissolution compared with the 5M Na2SiO3 + 100MK paste. Interestingly, comparison 560 

of the ICC data in Figure 6c and 6d with Figure 10 shows that the main period of metakaolin 561 

dissolution (from ~3 hours onwards) identified in Figure 10 does not coincide with the location of 562 

maximum heat flow curve in Figure 6d for the 5M pastes. For 5M Na2SiO3 + 100MK paste the 563 

heat flow maximum is located at ~3 hours but only approximately 15% of metakaolin has reacted 564 

(compared to 45% at 7 days). Similarly, the maximum in the heat flow for the 5M Na2SiO3 + 565 

90MK paste is located at ~7 hours at which stage only approximately 13% of the original 566 

metakaolin in the 90MK paste has reacted (compared to 50% at 7 days). This shows that the rate 567 

of metakaolin dissolution cannot be directly assessed from ICC heat flow curves for alkali-568 

activated metakaolin pastes.  569 
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 570 

Figure 10. Relative amount of unreacted metakaolin in 5M Na2SiO3 + 100MK and 5M Na2SiO3 + 571 

90MK as a function of reaction time, obtained from quantification of FTIR and XRD data. Data 572 

points between 3 and 168 hours (7 days) have been fitted using a log10(time) function. Note that 573 

the time axis is logarithmic.  574 

 575 

The rate of metakaolin dissolution for the 10M Na2SiO3 pastes (100MK and 90MK) is shown in 576 

Figure 11, where clear differences are seen in comparison with the 5M Na2SiO3 pastes (shown in 577 

Figure 10). In contrast with the 5M samples where metakaolin dissolution occurs faster for the 578 

90MK paste, it is the 100MK paste that undergoes more rapid metakaolin dissolution in the 10M 579 

Na2SiO3 system (compared with the 90MK paste). This is most apparent via comparison of the 580 

rate constants obtained in Figure 11 (-0.398 hour-1 for 100MK and -0.109 hour-1 for 90MK). This 581 

finding for the 10M Na2SiO3 pastes disagrees with the results presented by Chen et al. where it 582 
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was reported that the addition of calcium hydroxide leads to a faster rate of metakaolin dissolution 583 

and more extensive dissolution overall. However, there are clear differences between the Chen et 584 

al. investigation and our work, specifically regarding the amount of calcium hydroxide used (~15 585 

% by weight of metakaolin compared with 10 % in this investigation) as well as the silicate 586 

modulus of the activating solution (2 for Chen et al. compared to 1 used in this investigation). 587 

Furthermore, in this investigation the metakaolin amount was reduced to accommodate the 588 

incorporation of calcium hydroxide (since calcium hydroxide is added as a powder) whereas for 589 

Chen et al. the calcium hydroxide amount was in addition to the original amount of metakaolin. It 590 

can be postulated that with a higher level of calcium addition, the dissolution of metakaolin will 591 

proportionally increase. However, further investigation is necessary to investigate if this is the 592 

case.   593 
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 594 

Figure 11. Relative amount of unreacted metakaolin in 10M Na2SiO3 + 100MK and 10M Na2SiO3 595 

+ 90MK as a function of reaction time, obtained from quantification of FTIR and XRD data. Data 596 

points have been fitted using a pseudo-first order rate expression. Note that the time axis is 597 

logarithmic.  598 

 599 

Although it cannot be definitively stated from these data that the C-A-S-H gel is absent at later 600 

stages of reaction in the 5 and 10M Na2SiO3 + 90MK pastes, there is no evident shoulder intensity 601 

positioned near 920 cm-1 that systematically shifts to higher wavenumbers beyond 3 hours, which 602 

would be an indicator that the initial C-A-S-H gel gradually evolves into a calcium-containing N-603 

A-S-H (N-(C)-A-S-H) gel after several hours of reaction. However, it is known that a synthetic C-604 

A-S-H gel that mimics the final gel formed in alkali-activated slag gives rise to the Si-O-T peak at 605 

~950 cm-1 [65], making it extremely difficult to ascertain from FTIR data if two gels co-exist at 606 
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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)-607 

A-S-H gel. 608 

 609 

Due to the evident delay of metakaolin dissolution seen in Figure 7 for the 5 and 10M NaOH + 610 

90MK pastes compared with their 100MK counterparts in Figure 3, specifically by the more 611 

prominent metakaolin peak at 10 hrs after mixing in the 90MK pastes, quantitative analysis of 612 

unreacted metakaolin has not been carried out in this investigation. This delay is even more evident 613 

in Figure 8, where the abrupt decrease in Si-O-T wavenumber occurs at later times for the 90MK 614 

pastes compared with their 100MK counterparts. These results show that, without the presence of 615 

soluble silica in the activator, the calcium hydroxide cannot cause enhanced metakaolin 616 

dissolution. At the later stages of reaction, the type of gel growth is seen to be independent of the 617 

presence of calcium hydroxide for the 5 and 10M NaOH pastes, as already mentioned in Section 618 

3.3.2.  619 

 620 

 621 

3.5 Role of Calcium Hydroxide in the Alkali-activation Reaction of Aluminosilicates 622 

This investigation shows that the efficacy of calcium hydroxide to accelerate the reaction kinetics 623 

of alkali-activated metakaolin is reliant on the availability of soluble silica (or potentially another 624 

soluble species) at the outset of the reaction. As alluded to in the literature [77], this silica is 625 

necessary for the formation of a C-A-S-H gel during the early stages of reaction, which 626 

subsequently instigates a chain of events starting with the increase of solution pH (via calcium 627 

hydroxide dissolution), increased rate of metakaolin dissolution and associated increase of the rate 628 
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of N-A-S-(H) gel precipitation [34]. Our results show that this enhanced behavior occurs only in 629 

the 5M Na2SiO3 + 90MK paste, and not its 10M equivalent. The statement that dissolution of 630 

calcium hydroxide in the sodium silicate solution leads to an increase of solution pH is supported 631 

by thermodynamic calculations that have been performed using GEMS software on the 5M 632 

Na2SiO3 system. Thermodynamic modeling predicts that the 5M Na2SiO3 activator has an initial 633 

pH of 13.8, and after addition of the calcium hydroxide (assuming no metakaolin dissolution) the 634 

pH is seen to increase to 14.2 (along with the formation of C-S-H gel). The validity of the 635 

calculation of the initial pH (13.8) is supported by experimental data obtained by Svensson et al., 636 

where a pH of 13.62 was measured for a ~4.3M Na2SiO3 solution [78].  Unfortunately, 637 

thermodynamic modeling of the 10M Na2SiO3 activator failed to provide a pH value close to 638 

experimental data (thermodynamic calculation predicted a pH of 13.4 for the 10M Na2SiO3 639 

activator while experimental data for a ~8.8M equivalent solution was measured at a pH of 14.09). 640 

Therefore, the impact of calcium hydroxide on the pH for the 10M Na2SiO3 activator is not 641 

reported in this investigation. For 5 and 10M NaOH + 90MK this favorable chain of events does 642 

not occur due to the absence of soluble silica at the beginning of the reaction, and, instead, the 643 

calcium hydroxide remains inert due to the common ion effect. 644 

 645 

In addition to the favorable influence of calcium hydroxide for increasing the reaction kinetics of 646 

the 5M Na2SiO3-activated metakaolin system, it has been shown by Chen et al. that a calcium 647 

hydroxide leads to a shortening of setting time [34]. However, the impact of calcium hydroxide on 648 

compressive strength is still to be elucidated, particularly for the 5M paste (preliminary 649 

unpublished results indicate some strength increase). It should be noted that mechanical strength 650 

of a cementitious material is largely influenced by the water content of the paste [79,80], and 651 
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therefore the strength of alkali-activated metakaolin will be strongly dependent on the metakaolin 652 

source (rotary kiln or flash calcination) and associated water demand (water-to-metakaolin wt. 653 

ratio of 0.9 and <0.5, respectively).  654 

 655 

3.6 Impact of calcium hydroxide on CO2 emissions of AAM 656 

The use of calcium hydroxide may seem counterintuitive to the overall goal of sustainability that 657 

is implicit to the design of alkali-activated materials. Specifically, calcium hydroxide is produced 658 

by the decomposition of calcium carbonate (at ~800 °C, forming calcium oxide) followed by 659 

hydration (i.e., exposure to water). Life-cycle assessment of calcium hydroxide manufacturing has 660 

shown that 850 kg of CO2 is generated per tonne of calcium hydroxide [81] (compared with 890 661 

kg CO2/tonne for OPC) [82]. The production of metakaolin creates ~300 kg CO2 per tonne [83], 662 

with additional CO2 reductions if flash calcined metakaolin is sourced [82] (~200 kg CO2 per 663 

tonne). The main source of CO2 emissions associated with alkali-activated materials is the alkalis, 664 

since the manufacture of one tonne of sodium silicate solution (assuming 37 wt. % sodium silicate 665 

solid) has a CO2 equivalent of 400 kg [83]. Therefore, altering the precursor composition from 666 

metakaolin (300 kg CO2 per tonne [83]) to 90 wt. % metakaolin and 10 wt. % calcium hydroxide 667 

(355 kg CO2 per tonne [83]) leads to a slight increase in emissions (18%), but these are offset by 668 

the significant reductions in alkali concentration (halving the alkali concentration from 10 to 5M 669 

leads to a 50% reduction in emissions), making calcium hydroxide-containing alkali-activated 670 

metakaolin a sustainable cement option (~70% lower CO2 emissions compared with OPC/fly ash 671 

paste). 672 

  673 
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4. Conclusions 674 

In this study, the influence of calcium hydroxide on the formation mechanisms of alkali-activated 675 

metakaolin pastes was elucidated using Fourier transform infrared spectroscopy, X-ray diffraction 676 

and isothermal conduction calorimetry. It was found that calcium hydroxide minimally impacts 677 

NaOH-activated metakaolin systems, in contrast to the significant effects on Na2SiO3-activated 678 

metakaolin mixtures and particularly the 5M system. The common ion effect dominates the 679 

behavior in the NaOH-activated pastes, causing the added calcium hydroxide to remain relatively 680 

inert, leading to a reduced rate of metakaolin dissolution and a delay in N-A-S-(H) gel formation. 681 

In contrast, accelerated formation of N-A-S-(H) gel occurs when calcium hydroxide is added to 682 

5M Na2SiO3-activated metakaolin, attributed to the initial formation of C-A-S-H gel that promotes 683 

metakaolin dissolution and subsequent N-A-S-(H) gel precipitation. Specifically, as calcium is 684 

incorporated into the C-A-S-H gel, an increase in overall pH in the 5M Na2SiO3 system due to 685 

calcium hydroxide dissolution encourages more rapid precursor dissolution. Overall, it is clear that 686 

the addition of calcium hydroxide to Na2SiO3-activated metakaolin is a promising approach for 687 

reducing activator concentration and warrants further investigation.   688 
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