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ARTICLE INFO ABSTRACT

Handling editor: P Colombo The impact of metakaolin mixtures on geopolymer formation and corresponding properties was evaluated by

synthesizing geopolymers from mixtures of different metakaolins and 5 M potassium silicate. Mixture reactivity

Keywords: was investigated by viscosity, thermogravimetric (DTA-TGA), and in situ infrared spectroscopy (FTIR) mea-

Geop(?lyn‘fe'r ) surements. Furthermore, mechanical strength and porosity measurements were undertaken on consolidated

yumIiOSIIICElte mixture materials. The results have shown that the aluminum molar concentration governs the setting time and oligomer
1 1 . . . . . . . .

FTslifs v formation energy. Indeed, the high aluminum content associated with the high purity of the metakaolins lead to a

Network low formation energy of oligomer, whereas for the metakaolins containing more impurities, the energy required

for oligomer formation was higher. Regardless of the formulation, the mechanical strength and porosity trends
were similar. Network characteristics were assessed by amorphous material content and in situ infrared spec-
troscopy (FTIR) analysis. It was demonstrated that (i) for Si/Al < 1.5, an amorphous network is formed with a
constant Si/Al ratio, and for (ii) Si/Al > 1.5, different networks are formed. The zeta potential values of the
different metakaolin mixtures corroborated these findings. Zeta potential values of metakaolins are governed by
the impurities present in the metakaolins, which limit the release of aluminous species from the metakaolins in
solution, emphasizing that knowledge of raw materials is essential to understand the local networks formation.

Oligomer formation

1. Introduction

Geopolymers are three-dimensional amorphous Si-O-Al materials
obtained by the activation of an alkali silicate solution or an acid solu-
tion (orthophosphoric acid) with an aluminosilicate source (clays,
metakaolins and industrial byproducts, etc.) at room temperature [1-3].
Geopolymers can develop interesting properties depending on the
reactivity of the raw materials [4]. Reactivity studies of aluminosilicate
sources have shown that metakaolins with a Si/Al ratio of 1 remain the
most promising for the formation of geopolymer networks [5].

Different geological origins, thermal treatment processes (flash
calcination, rotary furnace calcination) and impurity contents can
modify the reactivity of metakaolins [6,7] and consequently impact
geopolymer properties [8-11]. With so many different sources of met-
akaolins containing different impurities, few works have focused on the
monitoring of geopolymerization mechanisms (from the fresh state to
consolidation), in particular by considering the different stages of the
reaction (dissolution of metakaolins, oligomer formation and poly-
condensation). To elucidate the role of metakaolin impurities in reaction
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mixtures, particularly their role in controlling the nature of formed
networks, geopolymer properties were evaluated.

For commercial metakaolins, most of the work carried out on geo-
polymers has focused on an evaluation of fresh state properties, which
have been highlighted by viscosity measurements, particularly in the
presence of additives to regulate setting times for various applications
(coatings, waste immobilization, grout formulations) [12-15].
Furthermore, differential calorimetry, infrared spectroscopy (FTIR) and
in situ thermal analysis measurements were performed to monitor the
kinetics of geopolymerization reactions and to evaluate network for-
mation [4,10,16]. Moreover, the high reactivity of metakaolin has led to
a particular interest in the evaluation of geopolymer working properties
(mechanical strength) as well as microstructure [9,17,18]. In fact, it has
been demonstrated that impurities such as quartz or anatase are not
altered in alkaline medium and consequently they play a role as reinfort
leading to different mechanical properties [19]. M. Nodehi et al. [20]
suggested that quartz sand smaller than 1.18 mm, used as an inert filler,
can be added to metakaolin-based geopolymers for the production of
ultrahigh-performance geopolymer concrete with improved mechanical
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properties. Similar conclusions were reached by P. Kathirvel et al. [21].
At the same time, it has been shown that the nature of the (Si/Al) net-
works of geopolymers is governed by the high reactivity of the alkaline
solution [22]. Stevenson et al. [17] showed that the concentration of
alkali ions and silicon led to lower porosity and a denser microstructure
linked to better metakaolin dissolution. Moreover, an alkaline potassium
solution leads to geopolymers with nanopore sizes and higher pore
numbers compared to geopolymers based on sodium solution [23-25].
These results have led to a special interest in the geopolymerization
mechanisms of different metakaolin mixtures, which is necessary to
understand the role of metakaolin impurities in the reaction mixtures as
well as their impact on geopolymer properties.

In a previous work [26], an evaluation of the reactivity of different
metakaolin mixtures revealed that the physicochemical properties
(specific surface, particle size) depended on the different initial meta-
kaolins. Similarly, the structural properties (reactive aluminum and
amorphous content determined by NMR spectroscopy and X-ray
diffraction, respectively) were linked to the reference metakaolins.
However, the zeta potential values did not seem to be related to the
mixture ratios. The mineralogy, particularly the amount of silica-based
impurities present, limited the zeta potential values to the lowest ab-
solute value. The purpose of this study is to evaluate the influence of
these different characteristics of metakaolin blends on geopolymer
properties. The geopolymerization reactions were followed from the
fresh state to the consolidated state by different physicochemical (vis-
cosity measurements, thermal analysis) and structural (FTIR spectros-
copy, amorphous content) characterization techniques. After
consolidation, working properties such as compressive strength were
evaluated, and porosity measurements were conducted. These steps
were taken to predict the properties of the metakaolin mixtures.

2. Experimental part
2.1. Raw materials and sample preparation

Three aluminosilicate sources were chosen for this work and are
listed in Table 1. Metakaolin M5 was supplied by Argeco (Fumel,
France), while metakaolin M1 and kaolinite KI were provided by Imerys
(Clerac, France). Before use, KI was calcined in a rotary furnace at
750 °C for 1 h 30 min with a heating and cooling rate of 5 °C.min"?,
resulting in the metakaolin denoted MI [26]. Potassium silicate solution
S1 Geosil® 32,434 ([K] = 5 M, Si/M = 0.8) provided by Woellner was
used [27]. The three metakaolins were mixed from an equimolar
aluminum ternary diagram and mixed for 30 min at 45 tr/min using a
Turbula® mixer. Finally, geopolymer samples were synthetized using
the silicate solution and were consolidated at room temperature under
endogenous conditions. To simplify the sample description, the different
geopolymers were named Gi, G1, G5 for the pastes from the basic
metakaolins MI, M1 and M5 respectively and Gil, G15, Gi5, Gil5 for the
samples based on the mixture of metakaolins MIM1, M1M5 MIM5 and
MIM1MS5 respectively.

2.2. Characterization

Viscosity measurements were carried out on fresh pastes cylindrical
polystyrene vessels (@ = 28.00 mm) with a rotational Brookfield
Viscometer DV2T coupled with a low shear, low viscosity cylindrical
spindle LV-04 (64) while varying the rotational speed, starting at 100

Table 1
Nomenclature and composition of the different raw materials.

Name Provider Weight composition (%) Heating process/Concentration

M5 ARGECO  Si03:59.9  Aly03: 35.3  Flash
M1 IMERYS Si0,: 55.0 Al,03: 40.0 Rotary furnace
KI Si0y: 54 AlyO3: 46
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rpm (for viscosity up to 6 Pa s) and ending at 1 rpm (up to 1000 Pa s).
Data were obtained by performing a test every 30 min. Between tests,
pastes were kept sealed in cylindrical vessels and continuously stirred
with a roller mixer to keep the pastes homogenized. Viscosity analysis
allowed us to determine the initial viscosity n0 and the time of setting,
which is the duration of time from paste reaction to consolidation [14].

Infrared spectroscopy measurements were performed on a Thermo-
Fisher Scientific Nicolet 380 in ATR (Attenuated Total Reflectance)
mode. Acquisitions were made between 4000 and 500 cm™! every 10
min for 12 h with 64 scans with a resolution of 4 cm ™. OMNIC software
(Nicolet Instrument) was used to acquire and process the data. The
evolution of bonds within the material is described by the superposition
of the 72 spectra obtained. Thus, it is possible to plot the evolution of the
Si-O-M band position (M = Si or Al), translating the substitution of
Si-O-Si bonds by Si-O-Al bonds in the geopolymer matrix [28].

Differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) were performed on an SDTQ600 apparatus from TA Instruments
in an atmosphere of dry flowing air (100 mL/min) in platinum crucibles.
The signals were measured with Pt/Pt-10 %Rh thermocouples. Thermal
analysis was conducted during the formation of the consolidated ma-
terials using a thermal cycle previously established by Autef et al. [29].
The fresh reactive mixtures were maintained at 70 °C for 2 h. Analysis of
the heat flux and its derivative allowed for the identification of all the
samples properties and the delineation of four zones during the
consolidation that could be attributed to the different stages of the
geopolymerization process. Additionally, the mass losses of the consol-
idated geopolymer materials were measured to identify and quantify
water loss or decomposition in the samples.

Mercury intrusion porosimetry tests (MIP) were carried out using a
Micromeritics Autopore IV 9510 porosimeter capable of detecting pore
diameters between 3 nm and 360 pm at a mercury intrusion and
extrusion volume of 0.1 pL. The mercury pressure was gradually
increased from 0.0007 to 413.6854 MPa. The geopolymer sample was
first placed in an oven at 50 °C for 12 h to eliminate any water that could
prevent the intrusion of mercury into the porous network [30]. Then, the
tests were performed in two steps. First, a low-pressure step was used to
remove gases, fill the samples with mercury and perform the test with a
pressure of 345 KPa. Then, a high-pressure step was performed with a
pressure as high as 414 MPa [31].

Uniaxial compression tests were performed on cylindrical samples
with an aspect ratio of 2 (@ = 15 mm, h = 30 mm) after 7 days at room
temperature. Instron 5969, with a load cell of 50 kN and a crosshead
speed of 0.5 mm/min, was used. The reported maximum compressive
strength omax represents the average of seven samples.

The acquisition of diffractograms was performed on powder geo-
polymer samples with a Brucker-AXS D8 equipped with a copper anode
(CuKa = 1.5418 A) from 5° to 60° (20) with a step size of 0.02° and an
equivalent acquisition time of 57 s. The crystalline phases were identi-
fied by comparison to ICDD (International Center for Diffraction)
reference PDF (Powder Diffraction File).

3. Results
3.1. Fresh state of geopolymers

3.1.1. Viscosity

The evolution of the different geopolymer paste viscosities over time
is presented in Fig. 1. The initial viscosities and setting time values are
reported in Table 2. The initial viscosities (n0) vary from 4 to 25 Pa s.
The Gi, G1 and G5 samples display viscosity values of 4.2, 6.9 and 4.9 Pa
s depending on the metakaolin used. Gi5 has a viscosity of 4.6 Pa s, a
value between those of the Gi and G5 geopolymers. The other paste
mixtures show higher viscosity values, especially Gil and Gil5, with
values of 13.7 and 24.6 Pa s, respectively. The initial viscosity values of
the geopolymer pastes from the metakaolin blends are independent of
the geopolymers but linked to the metakaolin bases [27]. Regardless of
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Fig. 1. (A) Initial viscosity and (B) viscosity value as a function of time for (@) Gi, (a) G1, (M) G5, ((J) G15, (o) Gi5, (A) Gil, and () Gil5) fresh mixture.

Table 2

Values of geopolymers in the fresh state: viscosity (no, setting time), Fourier
transform infrared spectroscopy in situ (shift, slope), and thermal analysis
(formation of oligomer energy).

Samples ot Setting Shift+ 4 Slope+ Energy+ Time
0.5 time+ 20 (cm’l) 0.002 0.02(KJ. +0.1
(Pa.s)  (min) (em™l/ mol 1) (min)
min)
Gi 4.2 620 10 0.018 1.56 7.60
G1 6.9 430 14 0.026 1.8 7.60
G5 4.9 260 17 0.04 2.05 7.33
G15 12.7 380 16 0.027 1.91 7.58
Gi5 4.6 440 15 0.023 1.78 7.46
Gil 13.7 510 8 0.022 1.95 7.60
Gil5 24.6 430 13 0.025 1.77 7.48

the geopolymer paste, the viscosity curves show two steps: first a sta-
bilization step and then an exponential increase in viscosity character-
izing the setting time [14]. Gi has the longest setting time (620 min). The
other formulations from the mixtures involving metakaolin M5 and MI
show fairly similar setting times of approximately 430 min. G5 (260
min) has a much shorter setting time. The long setting time of the Gi
paste is related to the large amount of aluminous species dissolved for
polycondensation. In fact, it has been shown in previous works that an
increase in setting time is directly related to the amount of aluminum
species present [32]. For pastes involving M5 metakaolin, the effect of
M5 metakaolin is more pronounced due to impurities such as high
quantities of quartz [26]. The setting time of the Gil paste (510 min) is
higher than that of the other pastes involving metakaolin mixtures due
to the small amount of impurities present in metakaolin M1. Thus, the
effect of M1 metakaolin is low in the Gil paste. Finally, the setting time
is mainly controlled by the raw materials. The behavior of the different
geopolymer pastes over time allowed us to highlight the impact of the
purity of the metakaolins, especially the concentration of aluminum in
the mixtures. A correlation was established between the setting times of
the geopolymers and the aluminum concentration of the different mix-
tures (Fig. 2). Regardless of the geopolymer paste, the setting times in-
crease with the aluminum concentration of the geopolymers. The Gi
geopolymer, which contains more aluminum ([Al] = 2.5 M) results in a
longer setting time. In fact, Gi is sourced from a high-purity metakaolin,
which increases the dissolution kinetics of reactive metakaolin species
(aluminous and siliceous species) in the presence of alkali silicate so-
lution. Thus, a high concentration of aluminum favors the trapping of
water within the structure during polycondensation, increasing the
setting time. In contrast to Gi, G5 (containing impurities such as quartz)
has a shorter setting time and a low an aluminum concentration, which
results in the slow formation of oligomers and facilitates the removal of
water from the structure. Furthermore, it seems that the presence of
impurities partially inhibits the release of aluminous species for the
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Fig. 2. Trends in setting times for (@) Gi, (a) G1, (l) G5, () G15, (o) Gi5, (4)
Gil, and () Gil5) fresh mixtures as a function of aluminum concentration.

formation of oligomers [33].

3.1.2. Oligomer formation

To understand all these differences, Fourier transform infrared
(FTIR) spectroscopy and in situ thermogravimetric analysis (DTA-TGA)
were carried out to follow geopolymerization. The evolution of the Si-O-
M (QZ) bond position around 1000 cm~! [34] in the spectra of the Gi, G5
and Gi5 pastes at t = 0 and t = 12 h is given in Fig. 3. The Gi sample
shows a large peak at 3400 cm ™! at the beginning (t = 0 h), which is
associated with the stretching of —~OH, and a peak centered at 1630 cm ™!
related to the bending of OH in water molecules [35]. Additionally, the
weak vibrational band intensities at approximately 1425 cm™! are
characteristic of the stretching of O—C-O bonds [36]. Furthermore, an
intense and large peak at approximately 1000 cm™! corresponds to
Si-O-M (Qz) bonds (M = Si, Al) [34]. However, there is a noticeable
transformation in these vibrational bands over time (t = 12 h). All the
other geopolymer pastes show the same vibrational bands with identical
behavior over time (provided in the supplementary file). Fig. 3B presents
the evolution of the main peak linked to Si-O-M (Qz) in Gi, G5 and Gi5.
For the Gi sample, the initial position of Si-O-M (Qz) is located at
approximately 991 em ™}, and the wavenumber decreases as a function
of time. This variation indicates the substitution of Si-O-Si by Si-O-Al
due to the polycondensation reaction [37]. The different shifts are 10,
15, and 17 ecm ™! for the Gi, Gi5 and G5 samples with slopes of 0.018,
0.023 and 0.04 cm’l, respectively (Table 2). Gi shows a small shift value
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Fig. 3. (A) FTIR spectra of (A) Gi(a), G5(b), and Gi5(c) fresh mixture (t = 0, t = 12 h) and (B) evolution of the Si-O-M @ position over time for the (@) Gi, (l) G5),

and (o) Gi5 geopolymer pastes.

associated with a small slope compared to sample G5, which has the
highest shift value and a high slope. These observations reveal that the
formation of a geopolymer network is more favored in Gi, which has
faster substitution kinetics for the Si—-O-Si bond with the Si-O-Al bond,
while G5 shows the formation of different networks associated with
slower substitution kinetics. The Gi5 mixture exhibits shift and slope
values between those of the reference geopolymers; however, the shift
value is closer to that of G5, which reveals the formation of a different
network. In fact, Gi has the ability to more rapidly release the aluminum
species necessary for the polycondensation reaction [33,38]. For G5 and
Gi5, the release of metakaolin reactive species is low. The values ob-
tained for the mixtures of metakaolins are between those of the basic
metakaolins.

The geopolymerization reaction of the different pastes was also fol-
lowed by thermal analysis at 70 °C. Fig. 4 shows a typical example of the
heat flux and mass loss curves obtained for the Gi sample. According to
previous work [29], zone I is associated with the reorganization of
species, zone II is characteristic of the dissolution of metakaolin, zone III
is attributed to the formation of oligomers, and zone IV is attributed to
polycondensation. The same observations were made for the other
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Fig. 4. In situ geopolymer Gi formation based on thermal analysis at 70 °C as a
function of time.

geopolymers, as shown in the supplementary file. From the heat flow
curves, the values of the energies and formation times of the oligomers
were determined and reported in Table 2. Regardless of the geopolymer,
the values of the energies of formation of oligomers vary between 1.56
and 2.05 kJ mol ™}, which is associated with a polycondensation time
from 7.60 to 7.33 min as a function of the geopolymer paste type. Gi
sample has the lowest energy (1.56 kJ mol™!) and longer formation
times (7.60 min), reflecting the availability of a large quantity of dis-
solved reactive alumina species necessary for the formation of oligomers
[25]. The G5 geopolymer has the highest energy (2.05 kJ mol™!) and a
shorter formation time (7.33 min), suggesting a limited quantity of
dissolved species and the presence of impurities in the metakaolin. For
the geopolymers from the metakaolin mixtures, the energy values are
between those of the basic metakaolins, especially the pastes from
metakaolins involving metakaolin M5, G15 (1.91 kJ mol™Y), Gi5 (1.78
kJ mol’l), Gil5(1.77kJ mol’l), which have shorter oligomer formation
times of 7.58, 7.46, and 7.48 min, respectively. In the case of pure
metakaolin, the aluminous species react rapidly. However, with impu-
rities the dissolution is delayed due to impurities. These differences in
energies are related to the behavior of metakaolins to react in presence
of impurities in alkaline medium, as a result, more energy is required for
oligomer formation [39].

All these data evidence that two behaviors can be distinguished.
Metakaolins without impurities show small shifts (more substitution of
Al for Si), low energies of oligomer formation and longer setting times.
In contrast, metakaolins containing impurities have larger shifts, require
more energy to form oligomers and have shorter setting times. The
values characterizing the different geopolymer pastes from the meta-
kaolin mixtures are between those of the reference geopolymers.

3.2. Consolidated state

The different behaviors of the geopolymer pastes were highlighted,
mechanical properties (porosity, compressive strength) were analyzed,
and structural analysis was conducted to ascertain the amorphous ma-
terial content of the consolidated geopolymers and their water content.

3.2.1. Porosity

Porosity measurements conducted by mercury intrusion on selected
geopolymer (Gi, G5 and Gi5) samples allowed for the determination of
the open porosity rate and the pore size distribution (Fig. 5). Information
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on the other geopolymers can be seen in the supplementary file.
Regardless of the geopolymer, the porosity values vary between 30 and
40%, with nanopores centered mainly at approximately 5 nm. These
behaviors are in agreement with the works of Scanferla et al., [27]. Gi
exhibits a unimodal pore size distribution with a total porosity of 40%.
G5 displays a total porosity of 30% with a bimodal distribution with
small pore sizes of 5 nm and large pore sizes of approximately 0.015 pm
based on the different networks formed, which is related to the amount
of quartz present in the M5 metakaolin [26]. The same behavior is
observed for Gi5, which is centered around two pore sizes (approxi-
mately 5 nm and 0.015 pm) and has a total porosity of 33%. The same
observations were made for the other geopolymers involving mixtures of
metakaolins, which present heterogeneous networks due to the presence
of impurities. The different porosity values of the G15, Gil and Gil5
geopolymers are 32, 34 and 31%, respectively. These values are between
those of the reference geopolymers. Furthermore, the porosity of the
different geopolymers varies little, except for Gi, which is more porous
and homogeneous due to the high purity of the MI metakaolin.

3.2.2. Mechanical performance

Mechanical tests were performed on the different consolidated geo-
polymer materials after 7 days of storage under endogenous conditions.
All values of the geopolymer samples are reported in Table 3. Regardless
of the geopolymer, the results of the mechanical tests vary little (be-
tween 55 and 65 MPa), as presented in Table 3. The Gi geopolymer

Table 3
Values of geopolymers in the consolidated state: porosity measurements,
compressive strength, water content (DTA-TGA), amorphous rate (XRD).

Samples  Porosity +1 I+ 3 Water content+ 1 Amorphous+ 1
(%) (MPa) (%) (%)
Gi 40 55 28 99
G1 33 60 24 70
G5 30 65 20 58
G15 32 58 21 64
Gi5 33 57 23 79
Gil 34 60 27 85
Gil5 31 58 22 75

shows a mechanical strength of 55 MPa. However, G5 yields a slightly
higher value of 65 MPa due to the presence of silica in the M5 meta-
kaolin, which favors granular stacking that acts as reinforcement [40,
41]. Samples G15, Gi5, Gil and Gil5 display the same value of
approximately 58 MPa based on the solution used regardless of the
metakaolin source. The water contents deduced from thermal analysis
are reported in Table 3. The values vary between 20 and 28% depending
on the geopolymer. The GI geopolymer shows the highest amount of
28%, and the sample G5 geopolymer displays the lowest value of 20%,
in agreement with the mechanical resistance values obtained. Addi-
tionally, Gi5 exhibits a value of 23% between the Gi and G5 values.
These differences can be explained by the oligomer formation energies.
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In fact, geopolymers with pure metakaolin display fast oligomer for-
mation, and some water is trapped in the nanopores [33]. In contrast,
geopolymers involving metakaolins with impurities show different
oligomers, resulting in less water being trapped in the network [33].

3.2.3. Mineralogical characterization

The structural data of the consolidated geopolymers highlighted by
X-ray diffraction confirm these results. In fact, the diffractogram of Gi
shows the presence of a large amorphous dome, whereas the diffracto-
grams of the G5 and Gi5 mixtures are mainly composed of crystallized
phases from undissolved impurities and several small amorphous domes
(Fig. 6). The same observations were made for the other geopolymers
involving metakaolins M1 and M5, as shown in the supplementary file.
Furthermore, the amorphous content of the different geopolymers was
evaluated. The results are reported in Table 3. The amorphous material
content values vary between 58 and 99%. The Gi geopolymers have the
highest amorphous material content (99%) within a geopolymer
network, and the G5 geopolymers present the lowest amorphous mate-
rial content (58%), which explains the formation of different networks.
The values obtained for the Gi5 geopolymers (79%) are between those of
Gi and G5. The same observation was made for the other geopolymers
involving metakaolin mixtures.

4. Discussion

The formation of the different networks can be demonstrated by the
magnitude and direction of shifts and by slope values deduced from FTIR
analysis as a function of the amorphous geopolymer material content
(Fig. 7). The shifts (values of QZ) and slope show different behaviors as a
function of the amorphous material content. The shifts show a linear and
decreasing trend from low amorphous material content (presence of
impurities) to the highest corresponding to the pure metakaolins (Si/Al
= 1). The slope variation displays an exponential decrease and tends to
plateau for amorphous content values > 70% for pure metakaolin (Si/Al
= 1). These observations show that the presence of impurities in the
metakaolins induces high slope values and leads to the formation of
different networks. All these observations agree with the work of
Gharzouni et al. [11] and Autef et al. [42] which revealed that impu-
rities in metakaolins are responsible for the formation of several
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Fig. 6. Diffractograms of (a) Gi, (b) G5, and (c) Gi5 geopolymers (PDF file: Q:
quartz (01-083-2465), M: muscovite (00-003-0849), K: kaolinite (00-012-
0447), A: anatase (01-071-1166), Ca: calcite (00-005-0586), H: hematite (01-
079-1741)).
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networks.

Fig. 8 shows the geopolymer mechanical data, water content,
amorphous material content and zeta potential values of metakaolins
[26] as a function of the geopolymer Si/Al molar ratio to establish
correlations between the reactivity of the raw materials and the features
of the geopolymer binders. These data underline that the mechanical
values in this case are strongly dependent on the silicate solution used.
Indeed, in previous work, it has been demonstrated the reactivity of
alkaline solution governs the geopolymers mechanical properties [25].
Furthermore, as mentioned by Gunasekara et al. a slow increase in the
compressive strength value with the zeta potential value can be noticed
[43]. For the data related to the networks resulting from poly-
condensation reactions, the variations show two behaviors. For a value
of Si/Al < 1.5, there is a dissolution of the species in the alkaline solution
and therefore the formation of the same kind of oligomer, leading to a
network of the same chemical composition [11,42] and an amorphous
material content of almost 100%. For Si/Al ratios >1.5, particularly high
Si/Al values (1.7), the water content and amorphous material content
are lower due to the formation of different oligomer types, leading to
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different polycondensation reactions and therefore to different networks
linked to the metakaolin impurities. This behavior is similar to the
variation in the zeta potential of metakaolins as a function of the Si/Al
ratio. Indeed, in previous works [26], it was demonstrated that the
reactivity of different metakaolin mixtures involves different zeta po-
tential values depending on the mineralogy of the metakaolin used. In
fact, at pH = 11, the zeta potential value was lower for pure metakaolins
(—85 mV) than for metakaolins containing impurities (approximately
—50 mV) [26]. Consequently, these variations observed for both
amorphous and water contents of the same order as the zeta potential
suggest that it is possible to predict geopolymer properties as a function
of zeta potential values.

5. Conclusion

This study was conducted to understand the effects of different
metakaolin mixtures with the same aluminum content on their reactions
with a reactive alkaline solution. The geopolymerization reaction was
followed in the fresh state by several physicochemical and structural
characterization techniques, and then mechanical properties were
evaluated. The viscosity measurements showed that setting times
increased with the purity of the metakaolin and the molar concentration
of aluminum. In situ thermal analysis revealed a low energy requirement
for oligomer formation for geopolymers with pure metakaolins
compared to metakaolins containing impurities. The mechanical prop-
erties of the consolidated materials, as evidenced by compressive
strength and porosity measurements, were almost identical regardless of
the geopolymer. The local order determined by the amorphous material
content based on in situ infrared spectroscopy (FTIR) measurements can
be expressed as follows:

- For Si/Al < 1.5, there is amorphous network formation (constant Si/
Al).
- for Si/Al > 1.5, different networks are formed (different Si/Al).

Finally, the zeta potential values of the different metakaolin mixtures
corroborate these data collected on a local scale, allowing us to predict
some behaviors. Based on the results of this work, the impact of these
different properties on shaping will be studied.
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