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Abstract: This study aims to investigate the geopolymerization reaction of geopolymer foams
produced with three different foaming agents: aluminum powder, zinc powder, and hydrogen
peroxide. The geopolymerization reaction of geopolymer foam was monitored using the 27Al and
29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy technique. 27Al
MAS-NMR was used to monitor the reaction at an early stage, while 29Si and 27Al MAS-NMR
analyses were employed at specific time intervals of 3, 6, 10, 15, and 28 days to examine the changes
that occurred in the formed gel over time. We discussed in detail how the type of foaming agent
used and the duration of the reaction both influence the quantity of gel formed and the amount of
remnant fly ash. Our findings indicate that the type of foaming agent used affects the formation and
structure of the gel, with aluminum powder leading to the highest gel formation. Additionally, the
duration of the reaction plays a significant role in determining the quantity of remnant fly ash, with
longer reaction times resulting in decreased fly ash content. This study sheds light on the relevance
of understanding the role of foaming agents in the geopolymerization reactions of geopolymer foams
and the influence of reaction time on the formed gel properties.

Keywords: geopolymer foam; 29Si and 27Al MAS NMR; foaming agent; geopolymerization reaction

1. Introduction

Alkaline activation of aluminosilicates leads to polymerization of silicon, oxygen, and
aluminum species to form an inorganic material with an amorphous three-dimensional
framework called a geopolymer [1,2]. The structural units of geopolymers consist of tetrahe-
drally coordinated aluminum and silicon atoms linked to bridging (BO) and non-bridging
(NBO) oxygen atoms [3–5]. Magic angle spinning nuclear magnetic resonance (MAS-NMR)
is a powerful tool for studying the structure of silicates [5,6] and aluminosilicates [7,8],
including geopolymers [9,10]. This technique provides detailed information on the coor-
dination of aluminum and silicon atoms with bridging and non-bridging oxygen atoms,
which is critical in understanding the formation process of these materials [11–13]. Addi-
tionally, MAS-NMR can be used to determine the chemical shifts, coupling constants, and
quadrupolar interaction parameters, which provide further insight into the structure and
bonding of the material. The results obtained from MAS-NMR can be compared with other
characterization techniques such as X-ray diffraction and infrared spectroscopy to obtain a
comprehensive understanding of geopolymers’ structure and properties [14,15].

Aluminum is an ideal nucleus for NMR spectroscopy due to its natural abundance
of 100% and fast relaxation times [12]. This means that NMR spectra can be acquired
with good quality in relatively short measurement times, which is a desirable feature
in NMR spectroscopy [16]. The 27A1 spin of I = 5/2 results in a nuclear quadrupolar
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moment, which can interact with the electric field gradients that surround the nucleus [17].
This interaction results in characteristic peaks in the NMR spectrum that can be used to
determine the structure of a molecule and other important information about the sample
being studied. Overall, the combination of 27Al’s natural abundance, fast relaxation times,
and quadrupolar moment makes it a valuable tool for NMR spectroscopy.

29Si has a spin I = 1/2, implying that it is not susceptible to quadrupole peak broaden-
ing and distortion. Although its natural abundance is relatively low (4.7%), the spectral
resolution of 29Si is high because of its relatively narrow resonance lines [6,12,17].

The nearest neighbor modifications generate smaller but measurable variations in
the chemical shift of 29Si in the range of 10 ppm as the connectivity changes from Q2 to
Q3 to Q4 units [12,18]. When the next closest neighboring element is changed, a similar
magnitude of change is caused; the magnitude of this effect depends on the chemical nature
of the substituted element. The substitution of one Si by one Al produces a shift in the
lines to more positive values between 3 and 5 ppm. This feature is well represented in
the chemical shifts of the Q4 units (mAl) in aluminosilicates [19]. Even smaller but still
measurable changes (typically~2ppm) in the chemical shifts of 29Si result from the presence
of crystallographic distortions in the Si polyhedra.

Previous works have studied the geopolymerization reaction using MAS-NMR anal-
ysis. Duxson et al. [9] studied the influence of nominal Na2O/(Na2O + K2O), and Si/Al
ratios on short-range network ordering were assessed using deconvolution analysis of
the 29Si MAS-NMR spectra for Na, NaK, and K geopolymers. They found that higher
Si/Al ratios caused a shift in the Q4(mAl) positions to more negative chemical shifts.
Particularly, K-geopolymers exhibited varying concentrations of Q4(4Al) and Q4(3Al)
centers at low Si/Al ratios, indicating distinct ordering patterns depending on the type
of alkali present. The relatively lower Q4(4Al) fraction and higher Q4(3Al) fraction in
K-geopolymers suggested a comparatively more disordered structure, characterized by the
presence of Al-O-Al linkages within the material. Meanwhile, Singh et al. [20] reported the
formation of transient aluminum species during the reaction of metakaolin with NaOH,
as observed through 27Al MAS-NMR data. Additionally, the interaction between silicate
anions and aluminum sites in metakaolin was evident during the synthesis of geopolymers,
as indicated by the low-field shift in 29Si MAS-NMR resonance lines of silicate centers.
As the reaction progresses, the coordination of aluminum (IV, V, and VI) in metakaolin
undergoes a nearly complete transformation to aluminum (IV). Additionally, when selected
compositions in the ternary system of sodium silicate, metakaolin, and aqueous alkali are
analyzed by 29Si MAS-NMR, geopolymerization is observed in a distinct compositional
region. Buchwald [21] et al. conducted a comprehensive investigation into the variability of
aluminosilicate gels formed from solutions with distinct batch compositions. Their findings
underscore the pivotal influence of two key factors: the Si/Al ratio in the solution and the
concentration of NaOH. These factors emerged as critical determinants in aluminosilicate
gel formation, shedding light on the intricate nature of the gel-forming process.

Geopolymer foam exhibits a different microstructure characterized by a network of
interconnected voids or pores when we compare them to solid geopolymer [22]. This
porous structure contributes to its lightweight nature and can influence properties such
as permeability [23] and moisture absorption [24,25]. The structure of geopolymer foams
has been studied in previous works as well as the influence of foaming agent on the
geopolymerization mechanism. Hajimohammadi et al. [26] delved into the influence of
aluminum reactions on the phase evolution of fly ash-based geopolymers. Their findings
revealed that during the initial stages of geopolymerization, aluminum reactions prompted
the formation of aluminum hydroxide gel, which precipitated on fly ash surfaces, masking
their reactivity. Consequently, the dissolution rate of fly ash decreased, leading to delayed
strength development. However, the increased release of alumina into the solution due
to aluminum reactions resulted in better connectivity among unreacted particles and
improved microstructural development. By adjusting the ratio of alkali activators, a higher
degree of aluminum reaction facilitated faster geopolymer setting, leading to increased
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porosity and altered pore size distribution in geopolymer foams, never with any need for
additional aluminum powder [27]. Our previous work [28] also explored the influence of
foaming agent type and rate, as well as stabilizers, on the thermomechanical behavior of
geopolymer foam, further improving our understanding of these materials.

The main focus in this work is on monitoring the geopolymerization reaction of
geopolymer foam, using 29Si and 27Al MAS-NMR analysis. Our study involved three
different samples, each one aerated with a specific foaming agent: aluminum powder,
zinc powder, and hydrogen peroxide. By employing different foaming agents for each
sample, we aimed to explore how the variations in the aeration process influenced the
geopolymerization reaction and, consequently, the properties of resulting foam materials.
Our findings shed light on the intricate geopolymerization kinetics and provide a deeper
understanding of the foam’s structure–property relationship.

2. Materials and Methods

The materials used in this study include a low calcium content FA classified as Class F
according to ASTM C618 [29]. X-ray fluorescence spectroscopy (XRF) was used to analyze
the composition of the FA, revealing that it is primarily composed of SiO2 (53%), Al2O3
(30%), and Fe2O3 (2.9%). The loss of ignition (LOI) of the FA was found to be 7.1%, as
presented in Table 1. The 29Si and 27Al NMR spectra of the initial fly ash, along with
their deconvolution, are thoroughly presented in Figure 1 and discussed in our preceding
paper [30].
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Figure 1. 29Si and 27Al NMR fly ash spectra and their deconvolutions [30]. Figure 1. 29Si and 27Al NMR fly ash spectra and their deconvolutions [30].

In addition, a sodium silicate solution (Na2SiO3) containing 18% Na2O and 63% SiO2
was used. We also employed a 12M solution of sodium hydroxide, which was prepared by
dissolving NaOH pellets (purity 97%–99%) in distilled water.
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In this study, three common foaming agents were used: aluminum powder [26,27,31,32],
zinc powder [28,33,34], and hydrogen peroxide [28,32,35–37]. Aluminum powder is favored
for its ability to release hydrogen gas upon reacting with alkaline solutions, contributing
to lightweight foam with interconnected voids. Zinc powder, though less used, similarly
releases hydrogen gas to aid in foaming. Hydrogen peroxide decomposes releasing oxygen
gas, offering control over foam density and pore size. We applied three foaming agents
alongside the anionic surfactant sodium dodecyl sulfate (SDS) as the stabilizer, sourced
from Sigma-Aldrich with a purity exceeding 90%.

Table 1. Chemical composition of FA.

Oxides SiO2 Al2O3 Fe2O3 CaO K2O Na2O TiO2 SO3 MgO Others

% 52.5 30.2 2.94 0.82 2.08 0.72 1.03 0.79 1.23 0.45

LOI = 7.12

The formulation selection was based on extensive research conducted in our previous
studies. In these studies, we focused on optimizing various parameters, including the
initial ratios of fly ash (FA) to alkaline solution, and the ratio of sodium silicate to sodium
hydroxide [33], as well as the type of alkaline solution and curing conditions [34,35].
Through systematic experimentation and analysis, we identified the optimum formula that
yielded the desired properties for geopolymer foam production, encompassing mechanical,
microstructural, and thermal aspects [36]. This optimized formula, which was validated
in our previous research, serves as the basis of our current study on geopolymer foam
elaboration.

To produce the geopolymer foam samples, we first mixed fly ash, which was classified
as Class F, with an alkaline solution. Next, we added a foaming agent, along with the
surfactant SDS as a stabilizer, to the resulting paste.

Once the mixtures were thoroughly combined, we poured them into molds and placed
them in a ventilated oven at 70 ◦C for 24 h. After the initial heating, the samples were then
left to dry at ambient temperature. Compositions of the samples were presented in Table 2.

Table 2. Compositions of the samples.

FA NaOH Na2SiO4 Water Foaming Agent Stabilizing

GF-Al1 61.05% 6.98% 17.44% 14.53% Al powder (0.1%) 0.1%

GF-Z1 61.05% 6.98% 17.44% 14.53% Zinc Powder (0.1%) 0.1%

GF-H1 61.05% 6.98% 17.44% 14.53% Hydrogen peroxide (1%) 0.1%

3. Results and Discussion

3.1. Monitoring of Geopolymer foam Geopolymerization Using 27Al MAS NMR

The GF-Al1 sample was monitored by 27Al MAS-NMR at an early age (Figure 2) to
follow up the kinetics of the geopolymer foam paste. The GF-Al1 sample was monitored
first over the setting time and afterwards day by day until 28 days. The 27Al MAS-NMR
spectra for the GF-Al1 sample showed the development of the geopolymer structure at the
early stage. During the setting time, NMR signals indicate the presence of both aluminum
species in the amorphous and crystalline regions of the sample. As the sample ages,
NMR signals become more and more intense and well-defined, suggesting that a more
ordered structure is being formed. This indicates that geopolymerization reaction kinetics is
proceeding as expected, and that the sample is undergoing a transformation to a solid state.
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After the elaboration, our pastes present a great amount of liquid that make it difficult
to conduct MAS-NMR analysis. It is important to note that in liquids, it is not necessary
to spin the samples and that NMR spectra obtained in this way with no spinning action
present very well resolved components.

The samples were analyzed without spinning after 10 min, but no NMR signal was
obtained. This could be due to a number of factors, such as the sample being too inhomo-
geneous or the sample being too small to generate a measurable NMR signal. However,
after 1 h of preparation, a broad signal was obtained, where we could not clearly identify
the different environments present at the time; the paste contained many contributions of
aluminum species formation, which we could not identify without spinning the sample.

After 2 h, the analysis was performed with spinning at a frequency of 5000 Hz,
resulting in peaks with low intensity. This low intensity of the peaks after spinning
could have been due to several factors, including poor spinning stability, limited spectral
resolution, or low signal-to-noise ratio.

After 3 h, the sample started to harden, and the NMR analysis was performed with
spinning at a frequency of 10 kHz. The resulting NMR spectrum showed two main peaks
attributed to tetrahedral aluminum (50 ppm) and octahedral aluminum (−1 ppm), as
well as spinning sidebands. The presence of two main peaks in the NMR spectrum, one
assigned to tetrahedral aluminum and the other to octahedral aluminum, suggests that
the sample contains both aluminum species in distinct coordination environments. The
spinning sidebands are also a common feature in Al MAS-NMR spectra and result from
the interaction between the spinning and the magnetic field gradients in the sample.

The GF-Zn1 sample (Figure 3) became hard faster than Al one and again, an NMR
analysis was performed at different times and with different conditions. At 1 h, the sample
has a fluid appearance but with inhomogeneities due to the nucleation of different species.
Since it was analyzed without spinning, the resulting NMR spectrum was just a broad peak
with low intensity and poor spectral resolution. After 2 h, the sample was analyzed with
spinning at a frequency of 10 kHz, and the resulting NMR spectrum contained two peaks
attributed to tetrahedral aluminum (50 ppm) and octahedral aluminum (−1 ppm), as well
as spinning sidebands. NMR analysis with spinning could then provide more detailed
information about the Al coordination of the sample. The same behavior was observed for
the GF-Zn1 sample (Figure 3) at an early age, with this analysis having been performed
after one hour and two hours.
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The 27Al MAS-NMR spectra of GF-Al1, GF-H1, and GF-Zn1 at 1 day, 3 days, 6 days,
10 days, 15 days, and 28 days are displayed in Figures 4–6. In order to do a semiquantitative
study of our samples to investigate the percentage of tetrahedral coordinated aluminum
(AlT) and octahedral aluminum (AlO), deconvolution of the 27Al MAS-NMR spectra was
carried out using dmfit v68, taking into account the closest spinning side band. Results are
reported in Figure 7 and data are presented in Table 3.

The 27Al MAS-NMR spectra of the geopolymer foam samples changed with time as
the geopolymerization reaction progressed. It is relevant to note that peaks on the 27Al
MAS-NMR spectra were poorly defined and the resolution did not change significantly
at 1, 3, and 6 days, because the sample was not well hardened and the geopolymerization
reaction was still ongoing [12]. However, after 10, 15, and 28 days, NMR patterns of
the three geopolymer foam samples now contained more defined components. The first
component was centered at +57 ppm and was related to tetrahedral aluminum [37], while
the second one was smaller and centered at +1 ppm, so it was attributed to octahedral
aluminum. This suggests that the structure and distribution of aluminum species in the
samples changes as the geopolymerization reaction progresses.
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The main reaction product of the alkaline activation of fly ash is an Al-rich phase
(Gel1) [15], consisting of an amorphous gel with a cross-linked aluminosilicate polymer
network. Deconvolution of the spectra gives rise to two tetrahedral components (61 and
46 ppm, approximately) and one octahedral component at −3 ppm [37]. The area of the
component at 46 ppm decreases with reaction time, while that at 61 ppm increases. This
suggests that the Al-rich phase (Gel1) gradually turns into a second Si-rich phase (Gel2) as
the reaction continues [38]; there was also an increase in the tetrahedral Al component at
61 ppm.
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Table 3. 27Al MAS-NMR data for the geopolymer foams.

AlT AlO

GF-Al1-6 days
d (ppm) 62.20 57.25 −3

% 38.55 58.51 2.93

GF-Al1-10 days
d (ppm) 60.93 47.0 −3.0

% 61.68 33.62 4.70

GF-Al1-15 days
d (ppm) 61.02 50.00 −3.0

% 66.40 30.03 3.57

GF-Al1-28 days
d (ppm) 60.04 46.01 −3.0

% 74.05 20.41 5.55

GF-H1-6 days
d (ppm) 60.00 42.75 −2.64

% 56.58 36.43 6.99

GF-H1-10 days
d (ppm) 60.51 43.94 −2.45

% 65.18 29.40 5.42

GF-H1-15 days
d (ppm) 60.62 43.00 −2.61

% 77.08 15.50 7.42

GF-H1-28 days
d (ppm) 59.73 43.80 −3.00

% 72.19 20.59 7.22

GF-Z1-6days
d (ppm) 63.32 48.00 −3.00

% 55.77 36.27 7.96

GF-Z1-10 days
d (ppm) 62.81 46.19 −3.00

% 56.74 36.39 6.87

GF-Z1-15 days
d (ppm) 60.74 44.37 −3.00

% 60.37 31.02 8.61

GF-Z1-28 days
d (ppm) 60.16 45.58 −3.00

% 65.93 29.09 4.97

3.2. Monitoring of the Geopolymerization Process of Geopolymer Foam Using 29Si MAS-NMR

The 29Si MAS-NMR spectra of GF-Al1, GF-H1, and GF-Zn1 geopolymer foam samples
are presented in Figures 8 and 9, and results are summarized in Table 4. The spectra
of the three samples show broad and poorly resolved bands at the early stages of the
reaction, due to short reaction times and unreacted FA, indicating a high degree of disorder.
The broad peak observed was in the chemical shift range of −70 to −120 ppm, which
is a characteristic feature of both aluminosilicates and silica gels [39]. However, as the
reaction time increases, the intense peaks shift towards higher chemical shifts, indicating
the ongoing geopolymerization reaction of the geopolymeric foams [40]. The principal
reaction product in all analyzed geopolymer foam samples is an alkali aluminosilicate
gel [41]. The spectra have been deconvoluted to identify the various Qn species, which
provide information about the degree of polymerization and the ordering of the geopolymer
foam [12].

The 29Si MAS-NMR spectra for the geopolymer foam cured at different reaction times
exhibited three overlapping areas. The spectra contained a large profile including several
peaks shown after deconvolution. The one on the left could be fitted to the components
in the −66 ppm to −72 ppm range, given the presence of Q0 monomers attributable to
depolymerization products. The peaks detected in the middle zone at ~−80.00 ppm and
−86 ppm were attributed to the Q1 and Q2 units, indicating the presence of a N-A-S-H-like
gel [42]. The band at around −91 ppm was associated with Q3(1Al) units. In the third zone,
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peaks at approximately −95, −99, −104, and −109 ppm were associated with Q3/Q4(3Al),
Q4(2Al), Q4(1Al), and Q4(0Al), respectively [15,40,43]; Q4(4Al) overlaps with the Q3(1Al)
signal. The presence of these components is indicative of a N-(C)-A-S-H-like gels [44],
characterized by a highly polymerized aluminosilicate structure in which Si and Al were
tetrahedrally coordinated. Signal width decreases as reaction time increases; this effect may
be associated with a higher ordering of the gels formed. In addition, the peaks detected
around −115 and −122 ppm were attributed to the silica crystalline phase of the starting
material and to the unreacted glassy phase Si-O-Si of the unreacted FA [45–47]. Considering
the overlap between FA and N-A-S-H gel signals and the high noise level, components
in this right-hand area of the spectrum are difficult to assign with any accuracy. The size
of this area declined over time (from 10 to 28 days), probably attributed to FA, although
possible N-A-S-H formation cannot be ruled out. The middle zone associated with C-A-S-H
and (N, C)-A-S-H gels, in contrast, was observed to grow with reaction time.

The 29Si NMR spectrum can provide information about the condensation reactions
in geopolymer foam synthesis, and the peak shifts observed can be used to estimate the
extent of Si-O-Al link formation [9].

After 15 days of reaction, the peak assigned to Q2 at −86 ppm was more intense in
GF-Al1 and GF-H1 compared to GF-Z1, suggesting a higher degree of polymerization and
ordering in GF-Al1 [26] and GF-H1 samples. The continuous change over 28 days found
suggests that the time for the completion of silicate condensation may be very long.

Condensation reactions usually involve both aluminate and silicate species, as well as
silicate species alone [48]. However, since alkaline sodium silicates are used as activators,
the apparent Si content in the gel phase is usually higher than the Al content. Consequently,
most of the condensation reactions in the geopolymer foam synthesis process involve
silicate species. The higher degree of condensation of geopolymer foam corresponds to a
higher proportion of Q2 and Q3 species and a lower proportion of Q0 and Q1 species [37].
The sample GF-Al1 has the highest degree of condensation with 24% Q2 species and 9% Q3
species, while GF-H1 has a slightly lower degree of condensation with 19.6% Q2 species
and 12% Q3 species. The sample GF-Z1 has the lowest degree of condensation with 17%
Q2 species and 8% Q3 species. The higher degree of condensation observed in the sample
GF-Al1 is due to the higher content of Al species in the gel phase, which has a positive
effect on the rate of condensation [48].

GF-Z1 also required a longer time for gel production compared to GF-Al and GF-H1.
Analysis of the 29Si MAS-NMR spectra revealed that the most thermodynamically stable
final compound was achieved after 15 days with a minimal difference after 28 days in the
geopolymer foam pastes. The amount of ash remaining at the end of the geopolymerization
reaction is related to the degree of condensation [49,50], which is a measure of the extent
to which the starting materials have reacted to form the geopolymer network. A higher
degree of condensation means that more of the available chemical bonds have been used to
form the geopolymer network, resulting in a more complete reaction and fewer unreacted
materials remaining as ash.

In the case of the sample GF-Z1, the higher amount of ash remaining at the end of the
reaction is likely due to a lower degree of condensation compared to the other samples.
This could be because using of zinc powder as a foaming agent, as mentioned earlier, can
impact the condensation degree of the geopolymerization reaction. On the other hand,
samples GH-Al1 and GF-H1 may have had a higher degree of condensation, and therefore
a lower amount of ash remaining at the end of the reaction. The exact reasons for the
differences in degree of condensation and ash content between the samples would depend
on the specific experimental conditions and starting materials used.

Using aluminum powder and hydrogen peroxide as foaming agents can indeed impact
the geopolymerization reaction [26]. Aluminum powder can react with the alkali solution
used in the geopolymerization process, thus producing hydrogen gas, which results in the
formation of pores and increases the porosity of the final product [31,51,52]. Hydrogen
peroxide can also release oxygen gas during the reaction, which can further contribute to
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the foaming process [53]. The use of these foaming agents can have a positive effect on the
geopolymerization reaction by promoting foaming and increasing the porosity of the final
product. In addition, the foaming process can also lead to a higher degree of condensation
in the geopolymerization reaction. This is because the foaming can help to create a more
open and interconnected pore structure [54], which can facilitate the formation of the
geopolymer network. However, the use of aluminum powder and hydrogen peroxide
as foaming agents in geopolymerization reactions can have positive effects on the final
product by promoting foaming, increasing porosity, and leading to a higher degree of
condensation. In addition, the low amount of ash remaining at the end of the reaction can
further enhance the quality of the final product.
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Table 4. 29Si MAS NMR data for the geopolymer foam samples.

Q0 Q1 Q2 Q3(1Al) and Q4(4Al) Q3 and Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) Remnant SiO2 Remnant FA

GF-Al1-10 days
δ (ppm) −70.63 −78.65 −86.14 −93.34 −98.67 −104.63 −109.24 −114.99 −122.98

% 8.77 12.56 15.13 8.91 9.17 13.79 14.27 10.88 6.52

GF-Al1-15 days
δ (ppm) −71.96 −79.36 −85.81 −91.40 −96.25 −100.80 −105.40 −109.25 −113.52 −117.25

% 5.67 11.16 19.46 8.78 8.52 11.36 11.66 12.99 5.65 4.75

GF-Al1-28 days
δ (ppm) −70.46 −78.99 −85.68 −91.40 −96.86 −100.80 −104.90 −109.25 −113.38 −120.04

% 6.87 11.14 23.98 9.44 9.86 5.99 11.22 9.98 7.84 3.66

GF-H1-10 days
δ (ppm) −72.37 −80.58 −87.67 −93.34 −98.67 −102.87 −109.24 −116.17 −125.86

% 4.61 8.68 14.85 7.66 8.26 16.84 20.60 13.02 5.48

GF-H1-15 days
δ (ppm) −71.16 −79.37 −86.64 −94.02 −99.49 −105.59 −111.75 −118.0 −125.77

% 5.32 12.95 18.34 10.39 12.48 16.43 14.16 6.25 3.69

GF-H1-28 days
δ (ppm) −71.34 −79.34 −85.79 −91.40 −95.26 −100.80 −105.33 −109.25 −112.91 −120.24

% 5.75 11.71 19.62 7.22 11.98 11.98 11.74 8.14 10.13 4.85

GF-Z1-10 days
δ (ppm) −66.83 −77.91 −83.58 −89.52 −94.43 −100.43 −106.08 −111.25 −117.47 −126.72

% 4.44 8.09 8.05 7.26 10.22 17.11 17.65 14.44 9.77 2.97

GF-Z1-15 days
δ (ppm) −71.38 −79.49 −86.64 −92.21 −97.10 −102.51 −107.58 −112.68 −117.91 −123.15

% 5.47 9.96 12.23 8.92 12.19 14.00 19.31 10.39 4.31 3.23

GF-Z1-28 days
δ (ppm) −71.29 −79.04 −85.61 −91.40 −96.46 −100.80 −105.12 −109.25 −113.67 −119.79

% 6.90 13.01 17.39 8.96 8.45 9.76 10.06 11.64 9.27 4.56
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The use of zinc powder as a foaming agent can indeed impact the geopolymerization
reaction. Zinc powder can act as a reducing agent, which can reduce the oxidation state
of some of the cations present in the starting materials used to make the geopolymer.
This reduction can affect the condensation degree of the geopolymerization reaction [55],
meaning that fewer of the available chemical bonds will be used to form the geopolymer
network. As a result, the resulting geopolymer may have a lower degree of polymerization,
which can lead to weaker mechanical properties. In addition to affecting the condensation
degree, the use of zinc powder can also result in a high amount of ash remaining at the end
of the reaction. This is because the reduction of cations can lead to the formation of excess
unreacted materials that do not contribute to the geopolymer network. These unreacted
materials can be found in the final product as ash, which can affect the properties of the
geopolymer. Overall, the use of zinc powder as a foaming agent in geopolymerization
reactions can have both positive and negative effects. While it can promote foaming and
improve the porosity of the resulting material, it can also impact the condensation degree
and result in a high amount of ash remaining at the end of the reaction. These effects should
be carefully considered when using zinc powder as a foaming agent in geopolymerization
reactions.

3.3. Scanning Electron Microscopy

In Figure 10, SEM images of FA and geopolymer foam samples GF-Al1-28 days, GF-
H1-28days, and GF-Z1-28 days are presented. We noted the presence of unreacted fly ash
particles, which were more pronounced in the samples aerated with Al powder and zinc
powder compared to those aerated with H2O2. This discrepancy can be attributed to the
rapid reaction kinetics between Al powder and the alkaline activator, leading to a faster
consumption of reactive components and a higher content of unreacted fly ash particles.
In contrast, H2O2, as a foaming agent, may not induce such rapid reactions, resulting in a
more complete consumption of fly ash particles during the geopolymerization process.
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3.4. Foaming Mechanism

The foaming mechanism in geopolymerization involves generating and stabilizing
bubbles within the geopolymer matrix. This process typically incorporates foaming agents
into the geopolymer mixture. Here is an overview of the foaming mechanism in the
geopolymerization process system: When the foaming agent is introduced into the geopoly-
mer mixture, it undergoes a reaction or decomposition that releases gas. For instance,
hydrogen peroxide decomposes into water (H2O) and oxygen gas (O2), while aluminum
powder/zinc powder reacts with alkaline solutions to produce hydrogen gas (H2). These
gases create bubbles within the mixture. Stabilizing these bubbles is crucial to prevent
coalescence and collapse. We utilized SDS surfactant in our samples, which adsorbs onto
bubble surfaces, reducing surface tension and stabilizing them. The foamed geopolymer
mixture is then cast or molded into the desired shape and allowed to cure. During cur-
ing, the geopolymer precursor materials undergo polycondensation reactions, forming a
three-dimensional network of bonded molecules. The stabilized bubbles become trapped
within this network, creating a cellular structure in the final geopolymer material. In our
study, we noted that the foaming agent influenced the geopolymerization process; we
observed that the gel produced in samples aerated using zinc powder exhibited a slower
geopolymerization reaction compared to other foaming agents utilized. This observation
suggests that the choice of foaming agent can significantly impact both the rate and stability
of the geopolymerization steps, thereby influencing the properties of the final geopolymer
material.

4. Conclusions

This study aimed to investigate the impact of various foaming agents on the geopoly-
merization reaction in order to produce geopolymer foam. To accomplish this, 27Al and
29Si magic angle spinning NMR techniques were employed to monitor the reaction’s de-
velopment over time. However, detecting changes at the early stage of the reaction was
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challenging, since the 27Al MAS-NMR analysis requires 30 min, and the 29Si MAS-NMR
requires more than 2 h to complete the acquisition of the spectra.

This study discovered that using zinc powder as the foaming agent slowed down the
geopolymerization reaction of the geopolymer foam. The 29Si MAS-NMR results indicate
that peaks attributed to the gel’s production appeared later than in samples produced
using aluminum powder and hydrogen peroxide. Overall, these findings provide valuable
insights for using different foaming agents in geopolymerization reactions to produce
geopolymer foam. Further research could focus on optimizing the reaction conditions and
exploring other potential foaming agents to improve the foam quality and properties.
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