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Abstract Precursors are critical parameters in geopoly-
merization mechanisms because they govern the reaction
kinetics as well as the working properties of the final
materials. This study focuses on the effect of alkaline
solutions on geopolymer formation. Toward this end,
several geopolymer samples were synthesized from the
same metakaolin and various alkaline solutions. First, the
solutions were characterized by thermogravimetric analysis
as well as DTA-TGA, infrared spectroscopy, and MAS-
NMR spectrometry. The structural evolution of the formed
geopolymers was investigated using infrared spectroscopy.
The measurement of mechanical strength was tested by
compression. The results provide evidence of relationships
between the chemical composition, the extent of depoly-
merization of the alkaline solutions, the kinetics of Si—O-Si
bond substitution by Si—O-Al and the compressive
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strength. For a given aluminosilicate source, the nature and
the quantity of siliceous species in the activation solution
appear to lead to variation in the reactivity and, conse-
quently, to the formation of various networks that control
the kinetics of formation of geopolymers and their
mechanical properties.

Keywords Si/K ratio - Alkaline solution -
Depolymerization - Siliceous species - *°Si MAS-NMR -
TEM

1 Introduction

The development of new economical construction materi-
als with low energy consumption and good environmental
compatibility remains a current global challenge. Geo-
polymer materials have garnered increasing interest
because of their synthesis methods, high working perfor-
mance [1], wide range of applications [2] and low envi-
ronmental impact [3]. Their properties make them a
promising alternative to ordinary Portland cement. Geo-
polymer binders are amorphous, three-dimensional mate-
rials that result from the activation of an aluminosilicate
source, such as metakaolin, calcined clay or industrial
waste activated by an alkaline solution at a temperature
less than 100 °C [4]. The choice of precursors is a critical
parameter in geopolymerization mechanisms because it
governs the properties of the final materials.

The role of aluminosilicate precursors has been exten-
sively studied. Previous studies have focused on the nature
of the raw materials, the influence of the impurities [5] and
the effect of the calcination temperature [6]. Metakaolin is
the most commonly used raw material because of its high
reactivity and purity [7]. Recently, Autef et al. [8] studied
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different Metakaolin in terms of reactivity, dehydroxyla-
tion process, amount of imputities have proposed a model
of material formation based on the properties of the me-
takaolin used. Their model highlights the role of metaka-
olin reactivity in the presence of an alkaline solution,
where this activity leads to the formation of one or more
networks. These nanostructure variations influence the
mechanical properties of the obtained materials.

The activating solution has been the subject of several
studies. The nature of the alkali cation affects the geopo-
lymerization reaction and the working properties of the
consolidated materials. Geopolymers based on potassium
exhibit better thermal and mechanical properties because of
the larger size of the potassium ion compared to that of the
sodium ion [9]. The concentration of silicon in the acti-
vating solution (the Si/M™ ratio, where M* = Na™, K™,
...) plays an important role in the incorporation of alumina
into the matrix [10].

Elucidation of the interaction of the alkaline solution
with the aluminosilicate source requires that the structure
of the silicate solution be defined. These products are
manufactured by fusing silica with an alkali carbonate or
sulfate at high temperatures. They have been widely
studied; however, their chemistry has remained complex
because of the variety of oligomeric silicate anion forms
(monomer, linear, cyclic, prismatic, etc.) [11]. Infrared and
29Si nuclear magnetic resonance spectroscopies (MAS
NMR) contribute to the elucidation of the structure of sil-
icate solutions. The structure is traditionally described with
the notation Q" [12] where Q represents the silicon atom
coordinated to n bridging oxygen atoms and (4-n) non-
bridging oxygen atoms in a tetrahedral environment.

Previous reports have demonstrated the existence of cor-
relations between infrared wavenumber values and the Q"
units. Numerous infrared studies [13, 14] on silicate solutions
have shown that bands located at approximately 1,060, 1080
and 1,165 cm™" are attributable to the Si—O—-Si asymmetric
stretching generated by Q, Q® and Q* units, respectively.

Even if the aluminosilicate structure is understood, data
concerning the role and reactivity of the silica alkaline
solution in geopolymer synthesis is lacking. The aim of this
work was to analyze five alkaline compositions based on
different commercial silicate solutions with different initial
Si/K molar ratios and to investigate their influence on the
properties of the synthesized geopolymers.

2 Experimental

2.1 Sample preparation

Five commercial potassium silicate solutions supplied by
Woellner® were denoted as S0, S1, S2, S3 and S4 and were

Table 1 Nomenclature and
characteristics of raw materials

Potassium silicate solutions

Nomenclacture Si/K  Si/H,O
SO 1.56 0.05
S1 1.75 0.05
S2 1.52 0.09
S3 0.67 0.09
S4 045 0.10

used as starting solutions. Table 1 details the Si/K and Si/
H,0 molar ratios of each solution.

Because a comparison of solutions with different
parameters is difficult, the Si/K molar ratio of the five
solutions was maintained at Si/K = 0.5. To maintain the
Si/K ratios, we dissolved different amounts of potassium
hydroxide pellets (VWR, 85.2 % pure) into the SO, S1, S2
and S3 solutions. For S4 solution, very fine and highly
reactive amorphous silica (Aldrich, 99.9 % pure) was dis-
solved into the solution to increase the concentration of Si
because of its low Si/K ratio (Si/K = 0.45). The obtained
modified alkaline solutions were denoted S,,0, S,1, S;,2,
Sm3 and S,4. Metakaolin M-1000, supplied by Imerys®
and composed of 55 wt% SiO,, 40 wt% Al,O;, 0.8 wt%
(Kzo + NazO), 1.4 wt% F3203, 1.5 wt% T102 and
0.3 wt% (CaO + MgO), was used as aluminosilicate
source. Syntheses were performed by mixing the metaka-
olin and the five modified alkaline solutions until obtaining
homogenous geopolymer reactive mixtures. The composi-
tions of the different mixtures are reported in Table 2.
Then, samples were placed in cylindrical closed sealable
polystyrene molds at room temperature (25 °C) for 7 days.
The synthesized geopolymer materials were denoted as GO,
Gl, G2, G3 and G4.

2.2 Characterization

To characterize the starting and modified silicate solutions,
differential thermal analyses (DTA) and thermogravimetric
analyses (TGA) were performed in platinum crucibles
using an SDT Q600 apparatus from TA Instruments in an
atmosphere of flowing dry air (100 mL/min). The signals
were measured with Pt/Pt-10 % Rh thermocouples. The
different solutions were heated to 350 °C at a rate of 5 °C/
min.

FTIR spectra were obtained on a Thermo Fisher Sci-
entific 380 infrared spectrometer (Nicolet) using the
attenuated total reflection (ATR) method. The IR spectra
were recorded over a range of 400-4,000 cm~! with a
resolution of 4 cm™'. The atmospheric CO, contribution
was removed via a straight-line fit between 2,400 and
2,280 cm™'. To monitor the geopolymer formation (G
samples), software was used to acquire a spectrum (64
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Table 2 Nomenclature and composition of the different prepared mixtures

Mixtures Silicate solutions KOH (wt%) Si0, (wt%) MK (wt%) (Si*H,0)/(K + Al)
GO SO 50.7 10.3 - 39.0 0.81
Gl S1 50.7 10.3 - 39.0 0.83
G2 S2 48.4 144 - 37.2 0.71
G3 S3 53.7 5.1 - 41.3 0.68
G4 S4 55.6 - 1.6 42.8 0.64

scans) every 10 min for 13 h. For comparison, spectra were
baseline corrected and normalized [15].

High-resolution MAS-NMR experiments were per-
formed at room temperature on a Bruker AVANCE-400
spectrometer operating at 79.49 MHz (**si signal). The
2si (I = 1/2) MAS-NMR spectra were recorded after a 1/
2-pulse irradiation (4 ps) using a 500 kHz filter to improve
the signal/noise ratio. In each case, 400 scans were col-
lected. The time between acquisitions was set to 10 s to
minimize saturation effects.

Compressive strengths were tested using a LLOYD
EZ20 universal testing machine with a crosshead speed of
0.1 mm/min. The compressive tests were performed on ten
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with single filled circle) S4 starting solutions and (B) (solid line) S0,
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samples for each composition. The values of compressive
strength represent the average of the ten obtained values and
are expressed in MPa. Test tubes used for the compression
tests were cylindrical in shape with a diameter (®) of
15 mm and a height (h) of approximately 35 mm [16] and
were aged for 7 days in a closed mold at room temperature.

Finally, the morphology and chemical composition of
each phase of two representative geopolymer samples were
characterized by transmission electron microscopy (TEM)
using a TEM/STEM JEOL 2100 UHR microscope operated
at 200 kV. The elementary particle composition was
determined by energy-dispersive X-ray analysis (EDX).
Samples were deposited onto a Cu grid.
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3 Results and discussion
3.1 Characterization of alkaline silicate solutions
3.1.1 Starting solutions

A preliminary characterization was performed using ther-
mal analyses, infrared spectroscopy and 2°Si MAS-NMR to
compare the starting silicate solutions used. Figure 1A (a,
b) present the heat flow and the weight loss of the five
solutions (S0-S4) as a function of temperature from 25 to
325 °C. The perturbations of the heat-flow signal observed
at approximately 125 °C do not indicate that the obtained
signals are not representative of the samples because they
are characteristic of phenomena caused by the ebullition of
the solution [17].

Irrespective of the solution, several endothermic peaks
at varying temperatures less than 200 °C are observed. In
the case of SO, the first two peaks at approximately 40 °C
(I) and 95 °C (II) correspond to a relatively high weight
loss (56.7 %), which is attributed to the elimination of free
and physically adsorbed water [18]. The third peak at
114 °C (III), which is associated with a smaller weight loss
(14.9 %), is related primarily to the release of constitu-
tional water. The fourth peak at 175 °C (IV) corresponds to
a weight loss of 3.4 %, which may be due to reactions in
the ionic liquid between the oligomers [19]. The S1 solu-
tion exhibited similar heat-flow and weight-loss profiles,
which indicates that SO and S1 have similar structures. This
result was expected because the two solutions have the
same Si/K molar ratio.

In the case of the S2 solution, the same phenomena are
observed. The main difference is that the third endothermic
peak is more pronounced and is accompanied by a greater
weight loss (18.3 %). This greater weight loss can be
explained by the size of the anions present in the solution,
which is intimately linked to the concentration of Si, as
previously demonstrated in the literature [20]. Indeed, S2
has a lower Si/K ratio and a higher concentration of Si
compared to S1 and SO, which results in a greater average
colloidal species. Thus, water can be easily trapped in the
structure. This phenomenon is observed less often for S3
and S4 solutions, revealing that these solutions contain
smaller species than the SO, S1 and S2 solutions. This
hypothesis remains to be confirmed by 2°Si NMR.

Furthermore, differences were detected in the amount of
water in the starting solutions. The water content, as eval-
uated from TGA curves, decreases in the order SO
(75 %) = S1(74.9 %) > S2 (63.1 %) > S3 (52.1 %) > S4
(43.9 %). These differences can be explained by the Si/K
molar ratios, which decrease in the same order (Table 1). In
fact, the increase in the amount of K,O in the silicate
solution promotes the formation of non-bridging oxygen.
Consequently, the amount of water required during the
manufacture of the corresponding geopolymers decreases.

Infrared spectroscopy was utilized to investigate the
structure of each silicate solution. The infrared spectra
recorded in the 4,000-1,400 cm™! range are presented in
Fig. 2Aa. Irrespective of the solution, the —OH and water
bending vibrations are observed at approximately 3,300
and 1,650 cm™", respectively. The decrease in the inten-
sities of these bands from SO to S4 is in agreement with the
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Table 3 Main vibration bands of SO, S1, S2, S3, S4 starting silicate
solutions

Band positions on silicate solutions spectra Attribution

(em™

SO S1 S2 S3 S4

1,160 1,160 1,160 - - Vas Si—O-Si (Q%

1,105 1,105 1,105 - - Vas Si—O-Si (Q*)

1,010 1,010 1,008 976 962 Vas Si0-Si (Q?)
- - - 918 900 Vs Si-0-Si (Q1)
- - - 820 976 Vas Si—=0-Si (Q%)

previously discussed thermal analysis results. These dif-
ferences primarily suggest that the silicate solutions have
variable compositions in terms of siliceous species. Fig-
ure 2Ab presents the infrared spectra of the solutions in the
1,300-700 cm™! range to focus on the Q" contributions of
the siliceous species. The bands and their assignments are
detailed in Table 3. The characteristic vibration bands of
the Si—-O-Si bond are located at approximately
1,200-1,000 cm ™! [21]. A comparison between the spectra
provides evidence of the presence of various silicon envi-
ronments. For the SO and S1 solutions, the bands at 1,160,
1,105 and 1,010 cm ™! are asymmetric stretching vibrations
characteristic of Si—~O-Si (Q%), Si—O-Si (Q%) and Si-O-Si
(Qz), respectively [19]. The S2 spectrum exhibits a similar
trend, with a slight shift to lower wavenumbers. In the case
of the S3 and S4 solutions, only bands with characteristics
of Ve Si—O-Si (Q?), Vs Si—0-Si (Q") and v, Si-0-Si (Q°)
at approximately 976, 916 and 819 cm™", respectively, are
observed. The Q' and Q° contributions appear to be more
intense in the case of the S4 solution. Therefore, a decrease
in the Si/K molar ratio of the silicate solution (Table 1)
induces an increase in the formation of lower-order sili-
ceous species (Q' and QY to the detriment of higher-order
species (Q* Q® and Q%) [22].

The most efficient technique for providing additional
details about the molecular structure is 2°Si MAS-NMR.
The *°Si NMR spectra of the starting solutions are plot-
ted in Fig. 3a. The shifts at —72, —80, —88, —97 and
—106 ppm are assigned to Q% QY Q% Q® and Q%
respectively [23]. Broad bands associated with Q*, Q* and
Q7 species are observed in the spectra of the SO, S1 and S2
solutions. The broad peaks are mainly due to a continuous
range in the number of bridging oxygen atoms, with dis-
torted sites having bonding characteristics between those of
the well-defined tetrahedra in a silicate crystal [24]. In the
S3 and S4 solutions, Q2, Q1 and Q0 predominate, whereas
Q" is totally absent. Furthermore, the appearance of Q* and
Q' cyclic species are observed [25]. Thus, the **Si NMR
results indicate that the SO, S1 and S2 solutions are similar
in structure and contain condensed siliceous species.
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Fig. 3 Spectra of 2°Si MAS-NMR of (A) SO, S1, S2, S3 and S4
starting solutions and (B) S,,0, Si,1, S22, Si3 and S;4 modified
solutions

However, the S3 and S4 solutions appear to be more de-
polymerized in comparison with the other solutions.

To confirm the thermal data, the amount of water in each
solution, as estimated from the TGA analyses, is plotted as
a function of the intensity ratio of the Q*Q? contributions
determined by NMR and the number of non-bridging
oxygen per tetrahedra (i.e., the NBO/T ratio), as calculated
from the chemical composition of the starting solutions
(NBO/T = (2 x K,0)/Si0,) [26] (Fig. 4). As expected,
the amount of water in the silicate solution decreases with
an increase in depolymerized species (i.e., at a high Q*/Q’
ratio) following an increase of non-bridging oxygen.

In summary, the existence of several contributions to the
Si—O-Si band in the silicate solutions can be linked to the
Si/K molar ratio of the solution. In fact, as the Si/K ratio
decreases, the solution becomes more depolymerized.
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These results are in agreement with those obtained by
Autef et al. [21], who studied different solutions prepared
with various Si/K ratios by dissolution of amorphous silica
in an alkali solution (water + KOH). The differences in
terms of siliceous species and the degree of depolymer-
ization between silicate solutions will induce different
reactivities.

3.2 Modified solutions

A similar characterization was performed on the modified
solutions (S,,0 — S,4). The DTA-TGA curves, plotted in
Fig. 1b, show similar profiles and highlight few changes
compared to the curves of the starting solutions. The same
endothermic phenomena (I, II, IV) previously discussed are
distinguished, except for the third peak at 115 °C (IID),
which is very weak and close to nonexistent. The intensi-
ties of the peaks and the weight loss were accompanied by
decreases [S;,0 (66.2 %), Si,1 (67.0 %), Si2 (53.4 %), Si3
(52.1 %)]. These changes reveal that the addition of KOH
in SO, S1, S2 and S3 causes dissociation of colloids that
were initially present in the solution, which induces water
consumption [27]. Hence, a smaller amount of water is
released from the solutions. The trends in the heat-flow and
weight-loss curves of S 4 are the same as those observed
for S4 because KOH was not added to the S4 solution.
Solution S, 4 is already depolymerized because of its large
amount of K,0O.

The infrared spectra of the modified solutions (Fig. 2B)
show similar profiles. The relative absorbance of the vVOH
(3,300 cm™ ") and 8H,O (1,650 cm™ ") bands in the spectra
of the S,,0 and S,,1 samples are slightly more intense than
those in the spectra of the other solutions (Fig. 2Bc). This
fact can be explained by the large amount of water in the

S0 and S1 starting solutions. Furthermore, the decrease in
the absorbance intensities relative to those observed in the
spectra of the starting solutions (Fig. 2Bc) confirms the
results obtained from thermal analysis (see below). At the
same time, for the S0, S;,1 and S,,2 modified solutions,
the band characteristic of asymmetric stretching vibrations
of Si—~O-Si (Q*) disappeared, the band characteristic of
Si—0O-Si (Q?) shifted from 1,015 to 980 cm™' and new
bands related to Si—O-Si (Q') and Si—O-Si (Q°) appeared.
In the case of the spectrum of S,,3, the band intensities of
Si—0-Si (Q") and Si-O-Si (Q% increased compared to
those in the spectrum of S3. Finally, the IR spectrum
profile of S,4 was the same as that of S4. Therefore, the
nucleophilic attack by KOH breaks the Si—O-Si bonds to form
Si—O-K bonds, which leads to the formation of non-bridging
oxygen atoms and depolymerizes the solution [28].

To further assess the effect of the addition of KOH to the
starting solutions, 2°Si NMR analysis was performed
(Fig. 3b). The data highlight similarities between the sili-
ceous species present in the modified solutions. Compared
with the spectra of the initial solutions, those of the mod-
ified solutions exhibit narrower peaks, reflecting less dis-
torted networks. The disappearance of the Q* species was
also observed, as well as a strong decrease in the amount of
Q’ species and the appearance of Q* and Q' cyclic species,
especially in the cases of S,,0, S,,1 and S,,,2.

In conclusion, the type of siliceous species present in a
potassium silicate solution depends on the Si/K ratio. Upon
the addition of KOH, the bonds between the condensed
silicon species in the initial silicate solution are destroyed.
Hence, the amounts of potassium ions and free silicate
species increase, leading to the formation of lower-order
species, which are more reactive, as previously reported by
Liabau [29].

3.3 Mixtures of alkaline solutions and metakaolin

To exacerbate the reactivity of the siliceous species present
in the different alkaline solutions, five reactive mixtures
were prepared using the same metakaolin M-1000. The
structural evolution of the mixtures was followed by FTIR
in ATR mode. Figure 5 shows the Q shift as a function of
time for the different mixtures. The evolution of the posi-
tion of this band, located at approximately 980 cm™',
indicates the substitution of Si—-O-Si by Si—O-Al bonds
and thereby reflects the reorganization of the network due
to a geopolymerization reaction [8]. In addition, the slope
of the curve in the beginning of the reaction is character-
istic of the kinetics of this substitution [8]. For all samples,
the position of the Q” band shifted toward lower wave-
numbers over time. The initial band positions were similar
for GO (983 cm™ ') and G1 (984 cm™!) and lower for G2
(972 cm™"), G3 (970 cm™") and G4 (964 cm™"). This fact
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Fig. 5 Shift of Q” position from IR spectra versus the time (dashed
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circle) G3 and (line with single filled circle) G4 reactive mixtures

can be explained by the presence of different amounts of
non-bridging oxygen, which results in different extents of
depolymerization between the alkali solutions despite the
solutions having the same Si/K molar ratio.

The shift and the slope values for the five samples are
reported in Table 4. These values are characteristic of
aluminosilicate network formation. According to previous
work [30], M-1000 is not pure metakaolin because of the
presence of silicates such as quartz and mica. Moreover,
the presence of these phases induces the combination of
Si-O-M (M = Si, Al or K) from dissolved species and
from the impurities of metakaolin. The IR spectra of the GO
and G1 geopolymer samples exhibit the greatest shift and
slope values (shifts of 46 and 49 cm™', respectively; see
Table 4). However, G2, G3 and G4 exhibit smaller slope
and shift values, indicating differences between the net-
works formed in each sample. These differences may
influence the working properties of the materials. To verify
this hypothesis, the mechanical properties of the five con-
solidated materials were evaluated by subjecting the sam-
ples to compression for 7 days. The results are presented in
Fig. 6. The materials exhibited compressive strength values
greater than 32 MPa. The G3 sample exhibited the highest
mechanical strength (approximately 60 MPa), followed by
G4 (56 MPa) and G2 (50 MPa), whereas GO and Gl
exhibited the lowest compressive strengths (32 and

Table 4 Values of the shift and the slope obtained by infrared
spectroscopy for each sample

Sample Shift (cm™1) Slope (cm™ !/min)
GO 46 —0.21
Gl 49 —0.21
G2 38 —0.14
G3 29 —0.09
G4 26 —0.09
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34 MPa, respectively). These results confirm the trends
observed in the FTIR spectra.

3.4 Relationship between working properties
of geopolymers and reactivity of the alkaline
solutions

To correlate the mechanical properties of the geopolymers
with the reactivity of the different solution compositions,
the compressive strength values of the geopolymers were
plotted as functions of the slopes obtained from the FTIR
spectra (Fig. 7). The results show a relationship
(R*> = 0.97) between these two parameters. In fact, the
smaller slopes observed in the spectra of the G3 and G4
samples indicate the slow kinetics of the Si—O-Si bond
substitution by Si~O—Al, and these samples exhibit the best
mechanical properties among the investigated samples. We
obtained similar results in our previous work [30] on the
role of metakaolin precursors, where we used highly
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Fig. 7 Relation between the compressive strength and the slope for
each sample. The dash point (dashed line) represents the linear
regression line with R* = 0.97
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reactive metakaolin. In the amorphous phase, Si and Al
react easily in an alkaline medium, resulting in a smaller
shift and slope; however, this configuration exhibits the
highest compressive strength. The quickly released sili-
ceous species reach speciation equilibrium and then react
with the aluminous species because of their high reactivity.
This reaction leads to the formation of a perfect geopoly-
mer network, which enhances the mechanical properties of
the final materials.

To more thoroughly evaluate this evolution, the compressive
strength as well as the slope were plotted as functions of the

ratio of intensities |:(Q2/ Q13110diﬁedsolutions)/ (Qz/ QStaningsolutions)}
determined by °Si MAS-NMR. These plots reveal the influence
of the extent of depolymerization of the starting solutions
(Fig. 8). Two linear relationships are shown. For the lower

[(Qz/ Q?nodiﬁedsolulions)/ (Qz/ taaningsolutions)} ratios, better
mechanical strengths and smaller slopes were observed, espe-
cially in the case of G2, G3 and G4. Indeed, the abundance of
low-order species (Q” in this case) and, consequently, more
extensively depolymerized starting solutions increases the
reactivity of the mixture and leads to the rapid formation of small
colloids that aggregate more rapidly to form the network [23].
The data suggest that correlation of the working prop-
erties and the reactivity of the mixtures to the chemical
composition of the different synthesized materials is useful.
Figure 9 presents the evolution of the compressive strength
and the shift in the ratio (nSi*n H,O)/(nK + nAl). Typi-
cally, the compressive strength decreased with increasing
(nSi*n H,0)/(nK + nAl), whereas the shift increased. The
silicon and potassium availabilities differ between the five
mixtures, which led to the variation in reactivity and,
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consequently, to the formation of various networks [31].
The GO and Gl compositions are silicon-rich, which
explains the amount of gel phase observed during the
synthesis. In fact, an excess of siliceous species leads to
polymerization and thus to the formation of a gel [32].
Competition between a Si-rich phase (gel) and a geopoly-
mer phase weakened the structure. According to the liter-
ature [33], the mechanical properties of geopolymers
depends on their water content. The large amounts of water
in GO and G1, which resulted from the high water content
in the starting silicate solutions (SO and S1, see Table 1),
results in a greater amount of trapped water, which may
also explain the comparatively worse compressive
strengths of these samples. In the case of G2, G3 and G4,
the larger amount of potassium and the accentuated pre-
sence of depolymerized species in the alkaline solution
(Tables 1, 2) led to the formation of small, very reactive
entities that quickly bridge Si and/or Al. This fact explains
their relatively weak shift values and reveals the presence
of two imbricated networks, which lead to an improvement
in the mechanical strength of these samples. These expla-
nations were validated by TEM investigations to provide
additional structural information. The TEM micrographs of
both compositions are presented in Fig. 10. They clearly
highlight the differences in morphology between the Gl
and G3 samples. Sample G3 contains smaller entities than
sample G1, which confirms the previously discussed
hypothesis. In summary, the extent of depolymerization of
the activation solution and the chemical composition of the
mixture are critical parameters that lead to nanostructural
variations and govern the mechanical properties of the
resulting geopolymers.
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Fig. 10 TEM micrographs of (A) G1 and (B) G3 samples

4 Conclusion

Our elucidation of the geopolymerization reaction involved
a comprehensive study of the precursors used. In the
present work, the influence of the activating solution was
demonstrated. Indeed, the Si/K ratio was observed to
control the degree of depolymerization of the silicate
solutions as well as the type and the amount of the siliceous
species. Moreover, a relationship between the compressive
strengths of geopolymers, the kinetics of Si—-O-Si bond
substitution by Si—O-Al, the chemical composition and the
type of siliceous species in the alkaline solutions was
demonstrated. In conclusion, depolymerized species are
small and highly reactive, which enables the fast formation
of oligomers and leads to better mechanical properties of
the resulting geopolymers.
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