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Abstract: Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was used
to demonstrate the reaction mechanisms of alkali-activated materials (AAMs) and the early stage
of structure formation in the materials. The effects of different types of alkali activator solutions
on the structure formation and reaction mechanisms of AAMs were studied. The results revealed
that the main peaks of the ATR-FTIR spectra of the AAMs in the 1300–650 cm−1 range shifted to
a low wavenumber with changing patterns, depending on the activator solution used, indicating
that the dissolution and reorientation of metakaolin had occurred. Silica and alumina monomers
were dissolved by the NaOH solution to produce crystalline zeolites. Although the reaction between
metakaolin and Na2SiO3 solution is slow, the condensation between the Al-OH from metakaolin and
the Si-OH from Na2SiO3 solution bonded the chain to be longer. Therefore, the Na2SiO3 solution
acted as a template-bonded monomer, formed long chains of Si–O–Si and Si–O–Al, and produced
an amorphous AAM structure. In the mixed solution, when the NaOH in it dissolved the Si and
Al monomers, the Na2SiO3 in the solution also bonded with monomers and produced a complex
structure. The different reaction that metakaolin had with different alkali activator solutions reflected
the different phases, microstructures, and mechanical properties of the AAMs produced.

Keywords: alkali-activation; alkali-activated materials; attenuated total reflectance; structural forma-
tion; mechanisms

1. Introduction

Alkali-activated materials (AAMs) are becoming increasingly popular due to their
excellent physical and chemical properties and they have become a valuable technology for
recycling waste in the future. AAMs are inorganic polymers created through a chemical
reaction between a solid aluminosilicate precursor and an alkaline activator at 25 ◦C or
at an elevated temperature (40 ◦C–80 ◦C) [1,2]. The raw materials used to synthesize
AAMs contain natural minerals [3], such as metakaolin, and industrial waste, such as fly
ash, slag, rice husk ash, and aluminum hydroxide [4–7]. Metakaolin is a primary raw
material (natural mineral) containing silica and alumina and suitable for AAMs. Moreover,
it is a purer, more easily defined starting material, consistent chemical composition, and
predictable properties. Therefore, metakaolin is widely used for industrial and research
purposes. Sodium hydroxide, sodium silicate, potassium hydroxide, and potassium silicate
solutions are commonly used as alkali activators [8]. The properties of an AAM are related
to its structure, formed of chains of tetrahedral SiO4 and AlO4 bridged with oxygen. The
Si–O–Si and Si–O–Al chains in the AAMs form three-dimensional networks as a result
of the polymerization reaction [9]. While amorphous aluminosilicate is the main product
of the polymerization reaction, crystalline substances, such as calcite and zeolite can also
be found in AAMs [10]. As already mentioned, AAMs are made from different types of
raw materials and alkali activator solutions with different parameters, such as the alkali
solution concentration and the Al/Si ratio, and all the factors are related to the reaction
rate, reaction mechanism, and properties of the product [11–13].
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The reaction that occurs between the alkali activator solution and aluminosilicate raw
material has several stages: dissolution, reorganization, condensation, crystallization, and
hardening [11]. Generally, the two processes of dissolution of silica and alumina to form
a precursor and the rearrangement of the network overlap and occur in parallel [8,14].
To study the structure and bonding of materials, techniques, such as nuclear magnetic
resonance (NMR) [15] and X-ray photoelectron spectroscopy (XPS), can be used [16]. Both
in-situ and ex-situ, NMR and XPS techniques have limitations: sample preparation and
measurement methods are complex. A simple technique that is now being widely used
to observe basic stretching and bending vibration bands in AAMs is attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy [17]. In-situ and ex-situ
ATR-FTIR techniques can provide information on the distinct effects of the alkali activator
solutions on the structure formation in AAM. ATR-FTIR has been used to study the early
stages of structure formation in fly ash AAMs. The reaction processes of two types of AAMs
formulated using fly ash, sodium aluminate or amorphous alumina, and alkali solutions
were investigated [18]. Different rates of alumina release and formation were observed by
the changes caused to the intensity bands of Al–O, Si–O–Si, and Si–O–Al at 710, 1100, and
950–960 cm−1, respectively. However, studies on the early stages of structure formation
in metakaolin-based AAMs are scarce; thus, a thorough understanding of the chemistry
responsible for the structure formation and hardening of alkali-activated metakaolin and
other raw materials is required.

A simplified in-situ ATR-FTIR method was used to observe the early stage of the
reaction mechanism of metakaolin AAM paste. A set of samples were used to display in
detail the potential of the technique and obtain an insight into the processes that occur
when metakaolin reacts with alkali solutions. The effect of the SiO2/Al2O3 ratio of the
alkali solution on the reaction mechanism of AAMs was studied by using in-situ and ex-situ
ATR-FTIR methods. The alkali-activated products obtained were examined using X-ray
diffraction (XRD) and Rietveld analyses. The microstructures of the products were observed
using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy.
The mechanical properties of the products were analyzed by testing their compressive
strength, and calculating their bulk densities. The in-situ and ex-situ ATR-FTIR techniques
could be extended to analyze complex AAM forming systems.

2. Materials and Methods
2.1. Raw Materials

Metakaolin (MetaMax®) with a Si/Al molar ratio of 1.00, obtained from BASF Japan
Ltd., Tokyo, Japan, was used as the starting material in the preparation of the AAM samples.
Its composition was determined using X-ray fluorescence analysis. It contained 52.52 wt%
SiO2, 44.34 wt% Al2O3, 1.36 wt% TiO2, 0.25 wt% Fe2O3, 0.05 wt% CaO, 0.20 wt% Na2O,
and 1.28 wt% others. For alkali activation, solutions of sodium hydroxide (NaOH), sodium
silicate (Na2SiO3), and a mixed solution of NaOH and Na2SiO3 were used. The Si/Al ratio
of the alkali solutions was between 1.77 and 2.26. The mole and liquid/solid ratios of
the mixed solution-based, NaOH solution-based, and Na2SiO3 solution-based AAMs are
presented in Table 1.

Table 1. Mol ratios of alkali-activated materials (AAMs) obtained using different alkali activators.

Mix Code
Mol Ratio Mass Ratio (wt%)

Si/Al Na/Al H2O/Na2O Liquid/Solid

Mixed solution-based AAM 1.77 1.17 13 1.90
NaOH solution-based AAM 1.00 1.17 13 1.50

Na2SiO3 solution-based AAM 2.26 1.17 13 2.16
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2.2. Sample Preparation

Reagent-grade sodium hydroxide pellets (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) and a sodium silicate solution (Nippon Chemicals Industrial, Tokyo, Japan)
with 36.81 wt% SiO2 and 17.60 wt% Na2O were two of the alkali activators used. The two
solutions were stored for 24 h at a controlled room temperature of 20 ± 2 ◦C and then
mixed to obtain a mixed solution for use as the third activator solution. Metakaolin and
each of the alkali activators were mixed in a mechanical mixing machine for 10 min at 20 ◦C.
The prepared AAM pastes were then poured into a silicone cubic mold and stored in an
incubator at 20 ± 2 ◦C until they were ready for testing.

2.3. Characterizations

An ATR-FTIR instrument (FTIR−4200; Jasco Inc., Tokyo, Japan, 2016) was used to
analyze the bonding transformation that occurred during AAM paste polymerization.
The AAM paste to be tested was placed on the diamond ATR cell. The cell was covered
with Teflon tape to prevent water in the paste from leaving and control the temperature
of the paste. Spectra at room temperature were first obtained at 5 min intervals within
5 to 160 min after the reaction, and then at 30 min intervals, up to 24 h of reaction. All
spectra were obtained in the wavenumber range of 4000 to 400 cm−1 with 128 scans and a
spectral resolution of 4 cm−1. The obtained spectra were deconvoluted using OriginPro
2021 (OriginLab Corporation, Northampton, MA, USA), and the multiple peak fit tool with
the Gaussian fitting function was used (no parameters were fixed and R-square > 0.999).

The XRD and FTIR analysis of the AAM samples were performed after they were
cured at 20 ◦C for 28 days. The samples were first crushed and sieved to obtain a powder
with particle sizes less than 106 µm. The powder was then immersed in acetone to stop
any reactions and placed in a vacuum desiccator for drying [19]. The powder obtained
from each AAM sample was then placed in the diamond ATR-FTIR cell, and 128 scans
were performed within the test range 4000–400 cm−1 at a spectral resolution of 4 cm−1. To
characterize the phase of the AAM samples, XRD was performed at a scanning step of 0.02◦,
in the 2θ = 5–80 range using CuKα radiation at a 40-kV tube voltage and a 20-mA tube
current (Ultima IV; Rigaku, Japan, 2007). The weight fraction of the phases was determined
by adding 10 wt% corundum (Alfa Aesar, Karlsruhe, Germany) to the AAM powder
and performing a Rietveld analysis (SiroQuant XRD software). The microstructures and
morphologies of the AAM samples were observed using SEM (JSM-6010LA; JEOL, Japan,
2011). The elemental compositions of the samples were characterized using EDX analysis.
The samples were first crushed and then placed on the SEM sample stubs using carbon tape.
Following the desired curing time of the samples, the compressive strength of each sample
was measured and its bulk density calculated to determine its mechanical properties. For
the compressive strength test, an automatic compression testing apparatus (Hi-ACTIS-200L;
MARUI & Co., Ltd., Osaka, Japan, 2011) was used with a compression loading speed of
0.6 MPa/s. The bulk densities of the samples were determined by calculating their mass to
volume ratios.

3. Results
3.1. ATR-FTIR Analysis
3.1.1. AAM Paste

The ATR-FTIR method is a simple analytical method that can be used to study material
reactions. The influence of different kinds of alkali activators on the reaction mechanisms
and chemical structure of the AAMs were analyzed using ATR-FTIR spectroscopy. The
ATR-FTIR spectra of the mixed solution-based AAM, NaOH solution-based AAM, and
Na2SiO3 solution-based AAM, for different time points, are shown in Figures 1–4, which
have used the same scale for the intensity. Spectra were first recorded at 5 min intervals for
180 min; after that, they were recorded at 30 min intervals for the remainder of the 24-h
period. The observation had to be stopped when the AAM pastes hardened because the
spectra could no longer be detected. The main band observed in the 1300–650 cm−1 region
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could be attributed to the asymmetric stretching vibration of Si–O–M (M=Si, Al, or alkali
ions) linkages [20]. Thus, this band in the 1300–650 cm−1 region was studied to explore
how the linkages in the AAM pastes change during the reactions.

Figure 1. Three-dimensional waterfall attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectra of (a) mixed solution-based alkali activated material (AAM), (b) NaOH solution-based
AAM and (c) Na2SiO3 solution-based AAM, at different time points.

Figure 2. Shifting of the position of the peak of the Si–O–M position as a function of time (M = Si, Al,
or Na).
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Figure 3. ATR-FTIR spectra of (a) the mixed solution-based AAM, (b) the NaOH solution-based
AAM, and (c) the Na2SiO3 solution-based AAM, at different time points.

The three-dimensional waterfall ATR-FTIR spectra of the mixed solution-based, NaOH
solution-based, and Na2SiO3 solution-based AAM pastes are presented in Figure 1. The
spectra show the changes that occurred in the overall and main peak intensities due to the
polymerization reaction of the AAM paste that occurred over a period of 24 h. As can be
seen in Figure 1a, the peak slightly shifts to a lower wavenumber and increases in height
with the increase in the reaction time. The height of the peak shoulder at approximately
800 cm−1 has slightly decreased. Figure 1b shows that the height of the peak of the NaOH
solution-based paste at 1100 cm−1 decreases until 3 h, after which it starts to increase
again. The heights of the peak and the peak shoulder of the Na2SiO3 solution-based AAM
paste at 1000 cm−1 and 850 cm−1, respectively, increase with the increasing reaction time
(Figure 1c).
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Figure 4. Deconvolution of the ATR-FTIR peaks of (a–c) the mixed solution-based AAM, (d–f) the
NaOH solution-based AAM, and (g–i) the Na2SiO3 solution-based AAM, at different time points.

In Figure 2, the position of the main peak of the Si–O–M band is displayed as a
function of time. The figure shows that the peaks of the Si–O–M bands in the AAM pastes
have shifted to a lower wavenumber, which could be attributed to the replacement of
Si–O–Si bonds by Si–O–Al and/or Si–O–Na bonds [21]. The kinetics of this reaction could
be estimated using the slope of the curve; a low slope indicates slow kinetics [22]. The
behaviors of the mixed solution-based AAM and the Na2SiO3 solution-based AAM were
similar; however, the mixed solution-based AAM reacted more quickly than the Na2SiO3
solution-based AAM. The Si–O–M bond signals of the mixed solution-based AAM shifted
to a lower wavenumber (from approximately 980 to 950 cm−1) after 780 min (13 h). The
peak of the Na2SiO3 solution-based AAM also shifted to a lower position (from 985 to
970 cm−1) after 1140 min (24 h). In the spectra of the NaOH solution-based AAM, the peak
in the Si–O–M band has shifted two times. First, the peak shifted from 1060 to 1050 cm−1

115 min after the reaction. Thereafter, it suddenly shifted to 980 cm−1 and continued to
move toward lower wavenumbers. This result indicates that the NaOH solution has had a
strong reaction with metakaolin at approximately 2 h after the reaction.
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To understand the reaction mechanisms of the AAMs using ATR-FTIR spectra, the
spectra are presented in two stages, as shown in Figure 3. The deconvolution of the
main band using the Gaussian function is presented Figure 4. The main FTIR stretching
vibrational bands of metakaolin-based AAMs are presented in Table 2 [20,23]. In the
first stage of the analysis of the mixed solution-based AAM paste from 5 min to 3 h
(Figures 3a and 4a,b), after the reaction started, the height of the peak at 978 cm−1 is found
to increase with a slight shift toward the lower wavenumber 970 cm−1. The deconvoluted
FTIR peaks of the Si–O–Si and Al–O–Si bonds at 1200 cm−1 continue to appear after 5 min
and 3 h of the reaction. In the second stage, between 3 and 24 h (Figure 4c), the peak shoulder
at 1200 cm−1 decreases in height and disappears after 3 h of the reaction. The peaks at 1067,
970, and 850 cm−1 shift to lower wavenumbers and their heights continue to increase. This
result indicates that Si–O stretching with alkali ions and OH increased as the reaction time
increased. In the case of the NaOH solution-based AAM paste (Figure 3b), the decrease in
the peak and the shifting of the peak to lower wavenumbers between 1200 and 1000 cm−1,
occurred after 5 min to 3 h of the reaction. Then, the peak at approximately 960 cm−1

started to increase until the reaction occurred over a period of 24 h. The deconvoluted
peaks of the NaOH solution-based AAM paste at 5 min, 3 h, and 24 h of the reaction are
presented in Figure 4d–f. Then, after 5 min of the reaction, peaks at 1175 and 1063 cm−1 can
be observed with the asymmetric stretching of Si–O–Si and Al–O–Si. Then, both peaks at
1175 and 1063 cm−1 disappear and a single peak at 963 cm−1, which is caused by Si–O–Na
bonding, can be seen after 3 h of the reaction. Then, at 24 h, the deconvoluted peaks at 951
and 995 cm−1, which are due to Si–O–Na, Si–O–Si, and Al–O–Si, increase. Thus, the NaOH
solution would have separated silica and alumina from metakaolin, after which Na ions
would have reacted and organized with silica and alumina precursors. The bands of the
Na2SiO3 solution-based AAM paste (Figure 3c) did not change during the first 5 min–3 h
after the reaction. Three hours later, the bands at 985 and 871 cm−1 increase with the
increase in the reaction time. The peaks can be confirmed by the deconvoluted peak of the
Na2SiO3 solution-based AAM paste, as shown in Figure 4g–i. Between 5 min and 3 h, the
peaks at 1052, 985, and 871 cm−1 do not shift, and the peaks at 985 and 871 cm−1 increase
from 3 h to 24 h. The findings indicate that the Na2SiO3 solution does not efficiently
dissolve the raw materials used to prepare AAMs. However, the Na2SiO3 solution can
bond and react with the precursors to form long chains.

Table 2. Characteristic infrared stretching vibrational bands of a metakaolin-based AAM.

Wavenumber (cm−1) Bonding

1250–1200 Asymmetric stretching (Si–O–Si and Al–O–Si)
1160–1105 Asymmetric stretching (Si–O–Si)
1060–1000 Asymmetric stretching (Si–O–Si and Al–O–Si)

980–950 Si-O stretching (Si–O–Na, K or Li)
880–850 Si-O stretching and OH bending (Si-OH)
810–800 Al–O bending vibrations

700 Asymmetric stretching (Si–O–Si and Al–O–Si)

3.1.2. AAM Powder

Once the AAM samples were cured at 20 ◦C for 28 days, they were crushed and sieved,
and the reaction was stopped. As Figure 5 shows, the obtained AAM powders were tested
using ATR-FTIR spectroscopy to observe their bonding after 28 days. The O–H bending
and stretching vibrations were observed at 3450 and 1650 cm−1 [24,25]. The Si–O–Si and
Si–O–Al bonds of metakaolin were detected at approximately 1100 cm−1. Al–O was present
in metakaolin at approximately 800 cm−1 [20]. Once metakaolin was mixed with an alkali
solution, the main peaks of the Si–O–Si and Si–O–Al bonds shifted to shorter wavenumbers
between 1000 and 950 cm−1 and the Al–O peak disappeared. This result indicates that
Si–O–Si changed to Si–O–Al because Si–O–Si bridges generate a band at approximately
1100 cm−1, while Si–O–Al bridges generate a band at approximately 1000 cm−1 [26]. In



Materials 2023, 16, 985 8 of 15

addition, in all of the AAM samples, a new peak attributed to the Si–O–Al bonding was
detected at approximately 700 cm−1. A new peak, corresponding to a sodium carbonate
band, was detected in the NaOH-based AAM powder at approximately 1460 cm−1 [24].
Figure 6 shows the deconvoluted peaks of the main band (1300–600 cm−1) of metakaolin
and the samples. The bands at 1156, 1060, 878, and 808 cm−1 are associated with the
stretching and bending vibration modes of metakaolin. Once the metakaolin was mixed
with an alkali-activated solution, the peaks at 1156 and 808 cm−1 disappeared, and the peak
at 1060 cm−1 was reduced. The weak band at 1200–1156 cm−1 in the metakaolin spectrum
indicated the presence of a small amount of uncalcined kaolin in the raw material [27].
Nevertheless, the peak in the 852–878 cm−1 wavenumber range increased, and new peaks
appeared at 970–950 cm−1 and 700 cm−1. These results confirm that metakaolin can be
dissolved in alkali activator solutions and that the reorientation of its bonding would occur
after 24 h to 28 days.

Figure 5. FTIR peaks of metakaolin and AAMs with different alkali activator powders.

3.2. XRD Analysis

Figure 7 shows the XRD patterns of metakaolin, the mixed solution-based AAM, NaOH
solution-based AAM, and Na2SiO3 solution-based AAM. Metakaolin contained an amorphous
phase, as indicated by the broad peak in the 2θ range from 15◦ to 30◦ and crystalline phases
of quartz and titanium dioxide (anatase phase). Once metakaolin was activated with a
mixed solution of NaOH and Na2SiO3 or a solution of Na2SiO3, the amorphous phase of the
metakaolin started to dissolve to form a new amorphous alkali silicate network, as indicated
by the shift of the peak in the 2θ range from 23◦ to 30◦. The XRD pattern of the NaOH
solution-based AAM showed that its amorphous phase had shifted to 30◦ and that a new
peak representing the zeolite-A phase was present. The results of the Rietveld analysis of
metakaolin and the AAM samples are listed in Table 3. The amorphous phase represented
98.20% of metakaolin accompanied by small amounts of quartz and anatase phase. Following
the polymerization reaction, the amorphous phases of the mixed solution-based AAM and
Na2SiO3 solution-based AAM reached 99.6% with a small amount of quartz and anatase
crystalline phase. In the NaOH solution-based AAM, the metakaolin also was dissolved,
and a new zeolite phase appeared (approximately 3.8%) after 28 days of reaction. Moreover,
quartz and anatase phase still appeared in the AAM but could not be observed in the XRD
pattern (Figure 7) due to the overlapping of the peaks.
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Figure 6. Deconvolution of the main band (1300–600 cm−1) of metakaolin and AAM powders with
different alkali activators.

Figure 7. X-ray diffraction patterns of metakaolin and AAM samples produced using different
alkali activators.
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Table 3. Results of the Rietveld analysis of metakaolin and AAM samples produced using different
alkali activators.

Phase
Raw Material AAM Sample

Metakaolin (Metamax) Mixed Solution NaOH Solution Na2SiO3 Solution

Quartz 0.30 ± 0.43 <0.1 0.20 ± 0.43 <0.1
Anatase 1.60 ± 0.29 0.4 ± 0.12 0.50 ± 0.36 0.4 ± 0.12

Zeolite-A - - 3.8 ± 0.29 -
Amorphous 98.20 ± 0.48 99.6 ± 0.05 95.5 ± 0.11 99.6 ± 0.28

3.3. SEM-EDX Analysis

Information about the morphology and elemental composition of the AAMs was
obtained using SEM and EDX. The significantly different morphology of AAMs at curing
times of 28–180 days was not observed. Figure 8 displays the SEM images of the AAM
samples at 84 days and the EDX results, confirming the elemental compositions at the
locations marked. The morphology of the fracture surface of the mixed solution-based
AAM (Figure 8a) shows unreacted metakaolin particles with a sheet structure and a Si/Al
ratio of 1.79 (Location 2), and a homogenous surface structure with a Si/Al ratio of 1.80
(Location 1). As shown in Figure 8c, when a Na2SiO3 solution was used as the activator,
a homogenous and dense structure (Si/Al = 1.85, Location 5) could be observed with a
few unreacted metakaolin particles (Si/Al = 1.36, Location 6). Figure 8b shows zeolite-A
crystals in the sample, which was previously confirmed by XRD. The Si/Al ratios of the
zeolite phase is in the 1.02–1.11 range (Locations 3 and 4), which is consistent with the
zeolite-A formula (Na2O· Al2O3· 2SiO2· 4-5H2O, Si/Al = 1) [28].

Figure 8. Scanning electron microscopy images of (a) the mixed solution-based AAM, (b) the
NaOH solution-based AAM, (c) the Na2SiO3 solution-based AAM, and (d) energy dispersive X-ray
analysis results.
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3.4. Compressive Strength and Bulk Density

The mechanical properties of the AAM samples were investigated by studying their
compressive strength and bulk density, as shown in Figure 9. The compressive strength of
the mixed solution-based AAM was in the 41–45 MPa range for curing times of 28–180 days;
it slightly increased when the sample was cured for a longer time. The bulk density of the
mixed solution-based AAM ranged from 1.62 to 1.64 g/cm3. The compressive strength and
bulk density of the NaOH solution-based AAM were the lowest at approximately 7–8 MPa
and 1.47–1.54 g/cm3, respectively. These results indicate that the NaOH solution-based
AAM samples had transformed into the zeolite phase, which was broken into a three-
dimensional network of aluminosilicate chains. The compressive strength of the Na2SiO3
solution-based AAM sample for any curing age was higher than the compressive strength of
the other two AAM samples. The Na2SiO3 solution-based AAM sample cured at 20 ◦C for
84 days had the highest compressive strength and bulk density of 59.60 MPa and 1.69 g/cm3,
respectively. The SEM image of the Na2SiO3 solution-based AAM reveals few cracks and
a dense structure, illustrating the reason for the highest bulk density and compressive
strength of the Na2SiO3 solution-based AAM. Following 84 days of curing, the compressive
strength of the Na2SiO3 solution-based AAM began to decrease slightly, reaching 56.16 MPa
and 55.67 MPa after 112 and 180 days of curing, respectively. The compressive strength
of the Na2SiO3 solution-based AAM decreased because water evaporation and structure
formation were obstructed by the Na2SiO3 solution [10,29].

Figure 9. (a) Compressive strength and (b) bulk density of the mixed solution-based AAM, NaOH
solution-based AAM, and Na2SiO3 solution-based AAM, for different curing times.
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4. Discussion

The ATR-FTIR results of the AAM pastes and powder indicate that their polymeriza-
tion reactions consist of two processes. In the first process, the aluminosilicate amorphous
phase of the starting material dissolves, as indicated by the disappearance of the peaks of
the mixed solution-based AAM paste and NaOH solution-based AAM paste at 1200 cm−1

and 1175 cm−1, respectively. This result indicates that the NaOH solution breaks the
bridges of Si–O–Si and Si–O–Al. The Al–O bonding is easier to break than the Si-O bonding
because its bonds are weaker than those of the Si-O bonding [27]. Moreover, the peak in the
1100–1000 cm−1 range shifted toward a lower wavenumber. This result can be explained
by the disappearance of polysilicates, in favor of orthosialate [26]. The dissolution pro-
cess consists of Na+ and OH− reacting with metakaolin to form the primary unit of the
orthosialate molecule, which has a Si–O–Na+ terminal bond [30]. The second process of
the polymerization reaction consists of reorganization and condensation. Reorganization
causes an increase in the peak between 980 and 950 cm−1, which can be attributed to the
increase in the Si–O–Na+ dipole moment and the sharing of aluminum in the AAM materi-
als [31]; this change in intensity can be seen in the spectra of all of the AAM pastes. The
peaks between 880 and 850 cm−1 increased, indicating increased Si–O stretching and OH
bending (Si–OH), caused by the condensation of the sialate groups on the aluminosilicate
frameworks. A peak at 700 cm−1 (Al–O vibrations) could be observed in the AAM spectra.
It indicates that sodium aluminate was formed after the AAMs were cured for 28 days [32].

The reaction mechanisms of the AAMs prepared using the NaOH solution, Na2SiO3
solution, and a mixed solution of NaOH and Na2SiO3, identified from the ATR-FTIR
spectra, can be explained as follows:

• Reaction mechanisms of NaOH based AAM; When the NaOH solution reacts with
metakaolin, it acts as an activator that can dissolve the silica and alumina precursors
in the metakaolin to form transient [SiO4]4− and [AlO4]5− nuclei; these nuclei react
and grow in an orderly manner to form zeolite crystals with no change in their
compositions [33,34];

• The reaction mechanism of the Na2SiO3 solution with metakaolin; Sodium silicate functions
as an activator, and a variety of silicate units (Q0, Q1, Q2, and Q3) act as a template for
Al–OH condensation from [AlO4]5, which comes from metakaolin [33,35,36]. The AAM
synthesized from sodium silicate tends to be amorphous. The reaction between
metakaolin and the Na2SiO3 solution occurs slowly and forms large oligomers;

• A unit of Q0, Q1, Q2, and Q3 silicate unit (Figure 10):
• The reaction mechanism of the mixed solution with metakaolin; When NaOH and

Na2SiO3 solutions are used together as activators, their functions become supplemen-
tary. Na2SiO3 solution can dominate the reaction mechanism because Na2SiO3 slowly
reacts. Therefore, the dissolution of [AlO4]5− species is accelerated by the NaOH
solution during the early period of the reaction. Then, Na2SiO3 reacts and forms a
larger network and eventually a 3D network of AAM through a condensation reaction.

Figure 10. A unit of Q0, Q1, Q2, and Q3 silicate unit.



Materials 2023, 16, 985 13 of 15

For XRD and SEM images of the NaOH solution-based AAM analyses, the results
showed that zeolite-A was produced in the sample at 28 days. Moreover, the zeolite phase
and structure of zeolite are related to its mechanical properties which had a low strength
and density. In the Na2SiO3 solution and mixed solution-based AAM, only the amorphous
phase and impurity from raw materials were displayed with the shift of the hump peak to
a higher 2θ position. This result indicated that the new amorphous phase occurred after
the alkali activation reaction. The participation of an amorphous phase without a new
phase led to the high strength of the binder. The large oligomer structure of the AAMs
by the Na2SiO3 solution has a significant effect on the density and mechanical strength
development in the sample. However, the strength of the sample could be decreased when
the long chain structure of oligomers was attacked. In addition, the compressive strength
of the mixed solution-based AAM was more stable than the Na2SiO3 solution-based AAM
because of a 3D network, composed of various unit kinds of connected SiO4 and AlO4 in
the sample.

5. Conclusions

ATR-FTIR spectroscopy was successfully used to observe the polymerization kinetics
of AAMs prepared using different alkali activator solutions. Polymerization could be
investigated using a functional group analysis of the intensity and wavenumber changes of
the Si–O–M bonds (M = Si, Al, or Na) because the main networks of the AAMs are formed
by Si–O–M bonds. The results of the analysis indicated that Si and Al from metakaolin
rapidly dissolved in the NaOH solution, resulting in polymerization to form crystalline
zeolite. The Na2SiO3 solution slowly reacted with metakaolin and acted as a template for
the aluminosilicate framework. The mixed solution of NaOH and Na2SiO3 reacted with
metakaolin and simultaneously formed an aluminosilicate network.

Different tests were performed to investigate the effect of alkali activators on the
microstructure and mechanical properties of alkali-activated metakaolin. Sodium silicate
solution-activated metakaolin had the highest structural density and compressive strength
due to the chemical and physical bonding of the solution with aluminosilicate. When
the metakaolin was activated with a NaOH solution, zeolite-A was formed, which had
inferior mechanical properties. The mixed solution-based AAM had more stable mechanical
properties than the Na2SiO3 solution-based AAM when the samples were cured for a long
time. Thus, the alkali activators and silicate and hydroxide ratios used in the preparation
of AAMs play an important role in controlling the reaction mechanisms, which determine
the chemical and physical properties of the prepared AAMs.

Author Contributions: Conceptualization, S.O., T.O. and T.S.; methodology, S.O.; software, S.O.;
validation, S.O., T.O. and T.S.; formal analysis, S.O.; investigation, S.O.; resources, S.O.; data curation,
S.O.; writing—original draft preparation, S.O.; writing—review and editing, T.O.; visualization,
T.S.; supervision, S.O.; project administration, T.O. and T.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to kindly thank colleagues in the Waste Processing
Technology Section, JAEA for their help and technical support; in particular Junya Sato for providing
many useful discussions.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2023, 16, 985 14 of 15

References
1. Wang, A.; Zheng, Y.; Zhang, Z.; Liu, K.L.; Li, Y.; Shi, L.; Sun, D. The Durability of Alkali-Activated Materials in Comparison with

Ordinary Portland Cements and Concretes: A Review. Res. Civil Eng. 2020, 6, 695–706. [CrossRef]
2. Palomo, A.; Grutzeck, M.; Blanco, M. Alkali-activated fly ashes: A cement for the future. Cem. Concr. Res. 1999, 29, 1323–1329.

[CrossRef]
3. Ayeni, O.; Onwualu, A.P.; Boakye, E. Characterization and mechanical performance of metakaolin-based geopolymer for

sustainable building applications. Constr. Build. Mater. 2021, 272, 121938. [CrossRef]
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