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Abstract

The purpose of the present study is to control the polycondensation reaction of various geopolymer samples based
on six metakaolins and two potassium alkaline solutions with different reactivities. First, metakaolin characterization
revealed three levels of reactivity, which increase essentially with the increase in the degree of purity, amorphous
phase and water demand value. The formation of geopolymer samples was then investigated. In situ thermal analysis
showed that depending on the metakaolin surface reactivity, the availability of dissolved species decreases the energy
required for oligomer formation to approximately 1.8 k]/mol. However, a highly reactive alkaline solution favors
the dissolution and decreases this energy to approximately 0.6 kJ/mol, even in the case of low-reactive metakaolins.
In addition, in situ FTIR spectroscopy revealed that the metakaolin impurities are responsible for the generation
of several networks. However, the geopolymer network is favored in the case of a highly reactive alkaline solution.
Further, structural information was obtained with in situ 27 Al NMR. It was proven that the reactivity of metakaolin
and, more significantly, the reactivity of alkaline solutions ensure higher conversion rates of AIVD and Al(V) species
to AlIV), which may reach 80 %. Better compressive strengths (> 60 MPa) were obtained for high conversion rates.
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I. Introduction

With the increasing necessity to develop new construc-
tion materials that are environmentally friendly, low-en-
ergy-consuming and cost-efficient, geopolymer mate-
rials appear as competitive alternative mineral binders.
Geopolymers can be defined as three-dimensional amor-
phous materials derived from the activation of an alumi-
nosilicate source (metakaolin, clays, fly ash, blast furnace
slag) by an alkaline solution (silicate solution and alka-
li hydroxide). Research concerning these materials has
been diverse, covering the formation mechanism, work-
ing properties and potential applications. Metakaolin was
extensively used as an ideal precursor for fundamental
studies aiming to explore the kinetics, reaction mecha-
nism and properties of geopolymer materials. In this con-
text, Wang et al. 1 summarized the reaction process as first
the dissolution of the metakaolin surface layer by NaOH
solution and then the polymerization of aluminosilicate
species under the effect of monomer, dimer and oligomer
species of the silicate solution 2. Moreover, many authors
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have tried to explore the geopolymer formation mecha-
nism using different characterization techniques. Further-
more, Provis et al. 3 considered that it is difficult to sep-
arate each step of the reaction from the other because the
steps occur simultaneously and rapidly. Despite this fact,
they succeeded in modeling the reaction kinetics using
in situ energy-dispersive x-ray diffraction. Other authors
have used more accurate structural analysis. For instance,
Rahier et al. # studied the reaction kinetics and mecha-
nism using modulated temperature differential scanning
calorimetry and dynamic mechanical analysis. They also
explored the possibility of 27Al and 29Si NMR to follow
the molecular changes during the material synthesis. They
found that geopolymers result from complex combined
reactions. Indeed, the decrease of OH- concentration at
the beginning of the reaction leads to the formation of
an intermediate aluminosilicate species that evolves after-
wards to a geopolymer. Recently, Favier et al. > conducted
a heteronuclear liquid NMR study to observe the chemi-
cal evolution of the interstitial phase during geopolymer-
ization and correlate it with the evolution of the elastic
modulus of the geopolymer paste. A 'H NMR study was
also carried out to characterize the geopolymerization
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process of a metakaolin-based geopolymer. The geopoly-
merization process, in the early stage, was described as a
succession of an induction period, an acceleration peri-
od, a deceleration period and finally, a stabilization pe-
riod 6. Differential thermal analysis (DTA) and thermo-
gravimetric analysis (TGA) during formation have also
been useful in determining the geopolymerization rate 7.
The geopolymer samples were maintained at 70 °C for
two hours. According to the obtained heat flow curve
and associated weight losses, four zones were defined,
denoting different reactions: first, the reorganization of
species; then, the dissolution of metakaolin, followed by
the oligomer formation; and finally, the polycondensation
reaction. Despite the existing background models describ-
ing the geopolymerization reaction, the mechanism is still
the subject of research because it is strongly dependent
on the raw materials used. Thus, it is interesting to assess
the influence of raw precursor reactivity on the structural
evolution of geopolymer materials and their final prop-
erties. For this, elucidation of the structural changes as
the reaction of geopolymerization proceeds as a function
of various metakaolins and alkaline solutions seems to be
expedient.

In this paper, the control of the polycondensation reac-
tion will be investigated. The effect of aluminates species
from different metakaolins will be studied because they
are thermodynamically limiting factors for the polycon-

Table 1: Chemical and physical properties of raw metakaolins.

Vol. 8, No. 3

densation reaction 8. The role of silicate species is also im-
portant and depends on the alkali cation. Two potassium
silicate solutions differing in terms of reactivity were used
to exacerbate the effect of alkaline solution reactivity on
reaction kinetics. The geopolymer formation was probed
by means of differential thermal analysis and thermogravi-
metricanalysis (DTA-TGA), FTIR spectroscopy and 27Al
NMR. The mechanical properties of the strengthened ma-
terials were then evaluated in compression tests.

II. Experimental

(1) Raw materials and sample preparation

Geopolymer samples were synthesized using six
metakaolins (named M1 through Mé6) (Table 1) and two
commercial potassium silicate solutions denoted as S1 and
S3 with Si/K molar ratios of 1.75 and 0.65. The total solids
(K,O + Si0,) are equal to 20.7 wt% and 40.6 wt% for S1
and S3 solutions, respectively.

Potassium hydroxide pellets (VWR, 85.2 % pure) were
dissolved into the two starting silicate solutions to main-
tain the Si/K molar ratio at 0.5 during 5 min under magnet-
ic stirring. Then, metakaolins were added. The obtained
mixtures were placed ina closed sealable polystyrene mold
at room temperature (25 °C). The nomenclature and the
composition of the prepared mixtures are reported in
Table 2.

Metakaolins M1 M2 M3 M4 M5 Meé
Si/Al 1.17 1.19 1.00 0.98 1.44 1.33
dsy (um) 10 6 8 6 20 26
BET value (m?2/g) 17 22 8 17 18 6
Wettability (uL/g) 760 1250 1010 1186 530 670
Amorphous phase (%) 63 87 98 98 64 59
Heating process Rotary Flash Oven Flash Flash Flash
Table 2: Nomenclature and composition of the studied samples.
Mixtures Si/Al
S1M1 1.56
S1M2 1.60
S1M3 1.34
S1M4 1.33
S1M5 1.67
S1M6 1.63
S3M1 1.68
S3M2 1.73
S3M3 1.45
S3M4 1.44
S3M5 1.76
S3M6 1.74
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(2) Sample characterization

The chemical composition of the raw materials was deter-
mined using x-ray fluorescence (ARL 8400, XRF 386 soft-
ware).

X-ray diffraction patterns were acquired in x-ray diffrac-
tion (XRD) experiments on a Bruker-AXS D 5005 powder
diffractometer using CuKo radiation (\Ka=0.154186 nm).
The analytical range is between 5° and 55° (20), with a step
of 0.04° and an acquisition time of 2 s for raw metakaolin
powder. JCPDS (Joint Committee Powder Diffraction
Standard) files were used for phase identification. The
amorphous phase for each metakaolin was determined
with the Rietveld method ? using Topas software (Briick-
er). For that, the metakaolins were milled and ground to
obtain a particle size smaller than 40 um. A standard phase
(30 % ZnO) was added to the samples.

The particle size distributions of the clays were measured
usingalaser particle size analyzer (Mastersizer 2000). With
this analyzer, powder is suspended by an air current flow-
ing through a glass cell with parallel faces illuminated by a
beam of laser light. The measurement is made at a pressure
of 3 bars.

Powder BET surface areas were determined by means of
N, adsorption at -195.85 °C using Micrometrics Tristar IT
3020 volumetric adsorption/desorption apparatus. Prior
to the measurement, the samples were degassed at 200 °C
under vacuum for 4 h.

The water demand value (UL/g) corresponds to the vol-
ume of water that can be adsorbed by one gram of powder
before saturation. For this, water was added progressively
(microliter by microliter) to one gram of metakaolin un-
til saturation, which can be determined when the wetting
angle exceeds 90°.

Fourier-transforminfrared (FTIR) spectroscopy in ATR
mode was used to investigate the structural evolution of
the geopolymer mixtures. The FTIR spectra were ob-
tained using a ThermoFisher Scientific Nicolet 380 in-
frared spectrometer. The IR spectra were acquired over
a range of 400 to 4000 cm-! with a resolution of 4 cm-1.
The atmospheric CO, contribution was removed with a
straight line between 2400 and 2280 cm-1. To monitor the
geopolymer formation, software was used to acquire a
spectrum (64 scans) every 10 min for 13 h. For comparison,
the spectra were baseline-corrected and normalized 10.

Differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) were performed on SDT Q600 ap-
paratus from TA Instruments in an atmosphere of flow-
ingdry air (100 mL/min) in platinum crucibles. The signals
were measured with Pt/Pt-10%Rh thermocouples. Ther-
mal analysis was conducted during the formation of the
consolidated materials using the thermal cycle previous-
ly established by Autef et al. 7. The fresh reactive mixtures
were maintained at 50 °C for two hours.

High-resolution NMR experiments were performed
at room temperature on a Bruker AVANCE-400 spec-
trometer, operating at 104.26 MHz (27Al signal). MAS
experiments were carried out for metakaolin powder sam-
ples, which were spun at 10 KHz. The number of scans
was 400 9. For fresh geopolymer reactive mixtures, 27Al
NMR in static mode was used. It is well known that 27Al
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is a quadrupolar nuclei (spin I1>1/2). The difficulty of
quadrupolar nuclei involves a quick relaxation in the lig-
uid state and a broadening at the first and second order in
a solid state, which may limit the quantitative determina-
tion of the populations 11: 12. However, in the liquid state,
quadrupolar interaction can be neglected, as previously
reported by Favier 13. The synthesized mixtures were de-
posited ina zirconiarotor (& =4 mm). A solution of AICl;
was used as a reference. The 27Al (I = 5/2) NMR spectra
were recorded after n/8 pulse irradiation (1.5 ps) using a 1-
MHez filter to improve the signal/noise ratio. In each case,
400 scans were collected. The time between acquisitions
was setat 10s.

The compressive strengths were tested using a LLOYD
EZ20 universal testing machine with a crosshead speed
of 0.1 mm/min. The compressive strength tests were per-
formed on ten samples for every composition. The sam-
ples were cylindrical in shape, with a diameter of 15 mm
and a height of approximately 30 mm, and were aged for
7 days in a closed mold at room temperature. Before the
tests, the weight and the dimensions of the samples were
measured in order to determine the density (p) and there-
fore the specific compressive strength (6,=0/0).

III. Results and Discussion

(1) Raw metakaolin characterization

To elucidate the main differences between the six
metakaolins used, the mineralogical compositions were
determined with x-ray diffraction. The resulting XRD
patterns are reported in Fig. 1. Whatever the metakaolin,
a broad reflection in the 20 = 20° range is observed, char-
acteristic of the typical metakaolin amorphous structure.
M1 and M2 show the presence of peaks relative to crys-
talline phases, such as quartz, residual kaolinite, muscovite
and anatase. In the case of M3 and M4, the dome is more
pronounced, denoting high structural disorder and a large
quantity of amorphous phases. Only traces of quartz were
identified in M4. For M5 and M6, the impurity content is
higher. Quartz, anatase, calcite and hematite were detected
in M5 metakaolin. The presence of hematite was expected
from the pinkish color of this metakaolin. M6 is charac-
terized by the presence of mullite in addition to quartz,
muscovite, kaolinite and anatase. The presence of mullite
can be explained by the over-calcination of particles when
these pass near the flame in the case of the flash calcina-
tion process as previously detailed by San Nicolas ez al. 14
and Cyr et al. 15. Thus, the studied metakaolins present
different mineralogical phases denoting different purity
degrees. Furthermore, the main physical and chemical
characteristics of the six metakaolins are reported in Ta-
ble 1. M1 and M2 have Si/Al molar ratios of approximately
1.17 and 1.19, respectively. M3 and M4 exhibit Si/Al ratios
close to 1 (1 and 0.98, respectively), revealing high puri-
ty (pure theoretical metakaolin having a Si/Al ratio = 1).
However, M5 and M6 have the highest Si/Al ratios (1.44
and 1.33, respectively). This fact is in accordance with the
previously discussed mineralogical data. The grain size
of each metakaolin was also determined. The dsg varies
from 6 wm in the case of M4 to 26 wm for Mé6. The dif-

ference in the median diameter from one metakaolin to
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another can be explained by the different heating process
and pre-treatment 1. Indeed, all metakaolins were heated
at 750 °C but with various processes, as detailed in Ta-
ble 1. It was demonstrated that the rotary process leads to
massive aggregates of particles (the case of M1, for exam-
ple). However, the flash process produces finer particles
with lower agglomeration 17 (the case of M2, for exam-
ple). The high dsq observed in the cases of M5 and M6,
despite being heated with the flash process, may be due to
the high amounts of accessory minerals, such as quartz.
The specific surface area (SggT) is also an important pa-
rameter to study because it controls the dissolution rate of
metakaolin 18. Regardless of the metakaolin, the specific
surface area values are between 6 and 22 m?/g, which is in
accordance with the literature 1920, M1 and M4 present
similar SggT values of approximately 17 m2/g. M2 and M5
exhibit higher SggT values (22 and 18 m?2/g, respective-
ly), whereas M3 and M6 have lower values (8 and 6 m2/g,
respectively). The differences in the specific surface area
between the six studied metakaolins indicate the different
structures of the particles 16. It should also be mentioned
that a high specific surface is not always an indicator of
high reactivity. Fabri et al. 16 mentioned that the dehy-
droxylation leads to the formation of porous grains. The
very small pores can be entered by nitrogen but not by
water molecules. Thus, even if the specific surface area is
high in this case, the reactive surface is low. That is why the
research of another parameter controlling the reactivity is
necessary. Recently, Autef et al. 9 demonstrated that the
water demand value may be a good indicator of reactivi-
ty. Thus, it was interesting to compare the water demand
values of the studied metakaolins. M1, M6 and M5 show
lower water demand values (760, 670 and 530 uL/g, re-
spectively), whereas, M2, M4 and M3 exhibit high water
demand values (1250, 1186 and 1091 puL/g, respectively).
These differences are linked to different crystallinity of
the parent kaolins and various dehydroxylation process-
es 11, Finally, the amorphous phase content differs for each
metakaolin. As expected, the purest metakaolins (M2, M3
and M4) present the highest amorphous phase content
(>87 %) compared to the others.

For better comprehension of the structural differences
between the raw metakaolins, 27Al MAS-NMR experi-
ments were performed. The obtained spectra are present-
edinFig.2.A. All samples exhibit typical 27 AIMAS-NMR
spectra of metakaolin, showing three main types of com-
ponents, at approximately 60, 31 and 1 ppm, which are
assigned to tetrahedral (AI(IV)), pentahedral (Al(V)) and
octahedral aluminum (Al(VD), respectively 21, 22,23, 24, To
facilitate the utilization of these data, the obtained spec-
tra were deconvoluted. For example, Fig. 2.B shows three
deconvoluted spectra corresponding to M4, M5 and Mé.
The obtained data concerning the chemical shifts and the
percentages of the curve area of the various contribu-
tions (AIIV), Al(Y) and AI(VD) relative to the different
metakaolins are given in Table 4 A. Broad signals (bands
1, 2, 3 and 4 in Fig. 2.B) with a full-width at half maxi-
mum (FWHM) varying between 25 and 40 are associated
with metakaolin and reflect the disorder of the structure.
However, narrower peaks (band 5, 6, 7 and 8 in Fig. 2.B.b,
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c) indicate the presence of more crystallized phases. In-
deed, a contribution at approximately 2 ppm (FWHM =
10) relative to six coordinated aluminums of muscovite
can be detected in all samples (Fig. 2.B.b and c) except M4
(Fig.2.B.a) and M3 (data not shown). Furthermore, the
deconvolution of the M6 spectrum (Fig. 2.B.c) shows the
presence of three additional contributions: two peaks at
53.94 and 66.67 ppm (FWHM = 15) that can be assigned to
Al(Y) and a peak for AI(VD at 1.52 ppm (FWHM = 9) re-
vealing the presence of mullite 25 in this metakaolin. This
finding is in a good agreement with the XRD data. It also
permits a distinction to be made between tetrahedral alu-
minum coming from impurities (muscovite and mullite)
and tetrahedral aluminum relative to metakaolin, which
will be the more reactive phase for geopolymerization ap-
plications.
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Fig. 1: XRD patterns of the raw metakaolins. The main diffrac-
tion peaks are indexed according to the JCPDS files (Q: Quartz
(01-083-2465), K: Kaolinite (00—012-0447), M: Muscovite
(00-003-0849), A: Anatase (01-071-1166), H: Hematite
(01-079-1741), Ca: Calcite (00-005-0586), Mu: Mullite
(01-089—2814)). .

In the light of the metakaolin characterization results, it
appears that M2 and M4, followed by M1, have higher wa-
ter demand values, specific surface areas and reactive tetra-
hedral aluminum phases, which make them more reactive
than the other metakaolins. M3 is very pure and shows
interesting properties, but the low specific surface area
may likely decrease its reactivity in an alkaline medium.
M5 and M6 are the more impure metakaolins and show
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Fig. 2: (A) 27 Al NMR spectra of the raw metakaolins (* AIIV) of mullite) and (B) examples of deconvoluted spectra relative to (a) M4, (b) M5
and (c) M6 (Bands 1, 2, 3, 4 are attributed to AIIV),; AIV), AI(VD of metakaolin, respectively, band 5 is associated with Al(VD) of muscovite, and

bands 6, 7 and 8 correspond to AIIV) and AI(VD of mullite).

similar properties. Nevertheless, M5 seems to be more re-
active than M6 because it has a higher specific surface area.
In summary, the reactivity of metakaolins, which means
the ability to release aluminates and silicates species in the
alkaline solution, decreases in the order: M2 > M4 > M1 >
M3 > M5 > Mé.

These hypotheses need to be confirmed in the next sec-
tions. Moreover, the effect of the reactivity of metakaolins
in the presence of two alkaline solutions, differing in terms
of reactivity, on the geopolymer formation and final prop-
erties will be exacerbated.

(2) Monitoring geopolymer formation

(@) Insitu thermal analysis

In the interest of understanding the influence of the re-
activity of the starting precursors on the geopolymeriza-
tion reaction, twelve reactive mixtures, based on the pre-
viously characterized metakaolins (from M1 to Mé6) and
two alkaline solutions (S1 and S3), were prepared and
studied by means of thermal analysis at 50 °C for two
hours. Fig.3.A presents a typical example of obtained
heat flow and weight loss curves for the SIM4 sample
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during 120 min of formation. An endothermic peak, as-
sociated with a weight loss of 33 %, indicates the oc-
currence of the different stages of the various reactions.
Based on the work of Autef et al. 7, four zones can be dis-
tinguished according to the inflexion points of the first
derivate of the heat flow as schematized in Fig.3.B. (a, b,
¢, d for SIM1, S3M1, SIM2 and S3M2, respectively). The
first zone corresponds to the reorganization of species to
reach speciation equilibrium. The second zone is repre-
sentative of metakaolin dissolution. Zone 3 is attributed
to oligomer formation, and finally, Zone 4 is associat-
ed with the polycondensation reaction. In this study, we
have focused on the effect of the reactivity of the precur-
sors used on oligomer formation (Zone 3). Extra informa-
tion can be deduced from thermal analysis curves, such as
the time of the beginning of the oligomer formation stage
(Fig. 3.B.a) and the energy required for this stage as deter-
mined from the heat flow peak area in Zone 3. Examples
of the obtained heat flow and first derivate of heat flow
profiles during the first 50 min of the reaction are given in
Fig. 4 for SIM1, S3M1, SIM2 and S3M2 mixtures. Similar
trends are observed, permitting delimitation of the four
zones as detailed above. Table 3 summarizes the obtained
times and energy values deduced from heat flow curves
for each studied sample. Differences are visible depending
on the metakaolin and/or the alkaline solution. To com-
pare the different samples, the evolution of the energy as
a function of the nAl/t ratio was plotted in Fig. 4, where
nAl represents the number of moles of aluminum released
from the metakaolin which will be reactive in alkaline
media and form oligomers. Regardless of the sample, the
energy seems to decrease with a decrease of nAl/t. For
S1, a less reactive solution, differences between samples
can be considered as a function of the metakaolin used.
Indeed, the energy decreases as the nAl/t ratio decreases
and as the reactivity of the metakaolin increases. More-
over, the oligomer formation seems to begin earlier (at t
= 6.4 min) for less reactive metakaolins (M1, M3, M5 and
M6) compared to M2 and M4 (at 7.8 min and 8.6 min for
S1M#4 and S1M2, respectively). This fact can be explained
by the incomplete dissolution of these metakaolins (Zone
2) owing to their lower ability to release aluminates and
silicates species and higher stability of impurities, such
as mullite, for example, in M6, in an alkaline medium 26.
As a consequence, despite oligomer formation beginning
earlier, the lower availability of reactive aluminate and
silicate species limits the oligomerization, and more en-
ergy is necessary in this stage of formation. However, in
the case of more reactive metakaolins, better dissolution
is ensured, and the oligomer formation is favored by the
high availability and reactivity of the released aluminate
and silicate species. This finding is in accordance with the
study of Weng ez al. 18, which highlights the role played
by aluminate speciation and [AI(OH),]~ ion distribution
in promoting geopolymer formation.
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Table 3: Beginning time of oligomer formation (t) and en-
ergy required for this stage of the reaction (E) determined
from heat flow curves of studied samples.

Mixtures t (min) E (kJ/Mol)
S1M1 6.4 2.6
S1M2 8.6 1.8
S1M3 6.5 2.5
S1M4 7.8 2.0
S1M5 6.4 31
S1Meé6 6.5 2.5
S3M1 8.3 0.8
S3M2 8.7 0.6
S3M3 8.7 0.8
S3M4 7.9 0.5
S3M5 7.2 0.3
S3Mé6 8.8 0.8

For S3, a more reactive solution, no significant differ-
ence can be detected between the samples. Indeed, the time
varies between 7.2 min and 8.8 min, while the energy is be-
tween 0.3 k]/mol and 0.8 kJ/mol. These values are low-
er than those of the samples based on S1. The role of the
high reactivity of the S3 solution is evident. The small de-
polymerized siliceous species released from this solution
are able to enhance oligomer formation and counterbal-
ance the low reactivity of the metakaolins 27.

As aresult, it appears that the different stages of the re-
action, particularly the oligomer formation, directly de-
pend on the reactivity of the metakaolin as well as the al-
kaline solution. The surface reactivity of the metakaolin
controls the dissolution rate. Thus, the availability of dis-
solved species influences the kinetics and the energy re-
quired for oligomer formation. A highly reactive alkaline
solution is able to ensure better dissolution even for low-
reactivity metakaolins, which, consequently, favors the
oligomer formation. More structural data are required to
comprehend the effect of precursors on the reaction rate
and the formed networks.

(b) Insitu FTIR spectroscopy

To obtain more detailed structural information on the
influence of the starting precursors on the reaction rate
and the formed networks, ATR-FTIR spectroscopy ex-
periments were performed on the twelve reactive mix-
tures. This technique has recently shown good potential
for monitoring the geopolymer formation at an early age
of the reaction % 28, Fig. 5.A gives an example of the FTIR
spectral change between t=0and t =400 min for the S3M4
sample. The spectra exhibit two contributions at 3200 and
1640 cm-1, attributed to vopy and 8¢y, respectively. A
broad band is also observed in the 1100-950 cm™! range
and is assigned to the Si-O-M (M = Si, Al) bond. The main
change observed over time is the decrease in the intensi-
ty of the vopy and 8 oy bands and the shift of the Si-O-M
contribution towards lower wavenumbers. This change
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Fig. 3: (A) Typical example of thermal analysis curves and weight loss during 120 min of formation at 50 °C, spectra obtained for S1M4 sample
and (B) definition of different zones of the reaction for (a) SIM1, (b) S3M1, (c) SIM2 and (d) S3M2 (t = time of beginning of Zone 3).

reveals the occurrence of apolycondensation reaction. The
evolution of the Si-O-M band position versus time can be
plotted, and the slope at the beginning of the curve can
be calculated. The shift value denotes the replacement of
Si-O-Si by Si-O-Al bonds during the geopolymerization,
and the slope value gives information about the kinetics of
the reaction % 10.

Fig. 5.B shows the shift values versus (VH,O,)/ VH,O y )
(Am/(% amorphous-Si/Al)), which represents the ratio
of the volume of water supplied by the solution to the
volume necessary to wet the metakaolin (calculated ac-
cording to the water demand values in Table 1) multi-
plied by (Am/(% amorphous-Si/Al)), indicating the reac-
tive properties of the metakaolin. It is well known that
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the Si/Al molar ratio is a crucial parameter in geopoly-
merization reaction. In this case, the Si/Al molar ra-
tio was multiplied by the amorphous phase content of
metakaolins in order to take into account the structural
differences between metakaolins and to consider only the
reactive species. Am is the non-dehydroxylated kaolinite
content determined from thermal analysis of the start-
ing metakaolins 9. Whatever the sample, the shift val-
ue increases with (VH,O,,/VH,0 ye)-(Am/(% amor-
phous-Si/Al)). Different behaviors are observed: higher
(VH,O,,1/VH,0 yor)-(Am/(% amorphous-Si/Al)) corre-
sponds to higher shift values in the case of the SIM1 sam-
ple. A large shift value (45 cm1) denotes the formation of
different networks, as has been demonstrated in previous
work 9 27, Indeed, when the M1 metakaolin is activat-
ed by S1, a less reactive solution, the volume of water
supplied by the solution is much higher than the volume
necessary to wet the metakaolin. This fact enables easier
species diffusion, as previously demonstrated with ther-
mal analysis during formation, and increases the extent
of crosslinking between them. Thus, several networks are
formed. The use of S3, a more reactive solution, with the
same metakaolin decreases the shift value to 29 cm-! for
S3M3. Thus, S3 enhances the formation of a geopolymer
phase to the detriment of the other networks 27. Regard-
less of the solution used, M2, M3 and M4 exhibit sim-
ilar shift values varying from 22 to 30 cm-l. These val-
ues are characteristic of the formation of a geopolymer
phase % 29. These three metakaolins are characterized by
a high initial kaolinite amount, then an amorphous phase
and water demand values and Si/Al ratios close to 1. Fur-
thermore, the volume of water supplied by the solution
seems to be optimal to wet the metakaolin and initiate
the reaction. The water volume is important because it
controls the driving forces for polymerization 3. Conse-
quently, the reactivity of the metakaolin and/or alkaline
solution favors the formation of a geopolymer network.
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Fig. 4: Evolution of the energy as a function of the nAl/t ratio for
each mixture based on various metakaolins and solutions.

In the case of M5 and M6, which are less pure
metakaolins, weaker shift values are obtained, especial-
ly in presence of S1 (18 cm™! and 15cm-! for SIM5 and
S1M6, respectively). S3 increases these values to 21 cm-!
and 22 cm-! for S3M5 and S3M6, respectively. This re-
sult is indicative of the formation of a minor geopolymer
phase blocked with impurities, such as mullite for M6 and
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hematite for M5. In fact, these impurities do not partici-

pate in the polycondensation reaction and are coated by

the alkaline solution *°.
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Fig.5: (A) Example of in situ FTIR spectra obtained at t = 0 and
t = 400 min for sample S3M4 and (B) evolution of the Si-O-M
position band shift as a function of (VH,O4,//VH,O y)-(Am/(%
amorphous-Si/Al)).

Thus, regardless of the solution, the metakaolin proper-
ties control the nature of the formed networks. The impu-
rity content is also an important factor because of the high
resistance of the impurities to alkaline attack. The role of
the alkaline solution consists of favoring the geopolymer
network as against other possible formed networks. To en-
sure full comprehension of the reaction rate, NMR analy-
sis 1s necessary.

(c) Insitu?’Alstatic NMR

For more detailed structural information about the
geopolymer formation depending on the starting precur-
sors’ reactivity, the twelve reactive mixtures were studied
with 27Al static NMR at different times of the formation
(0, 2, 6 and 24 h). Examples of the spectra obtained for
the S1M4, S3M4, SIM5 and S3M5 samples are present-
ed in Fig. 6. The obtained data concerning the chemical
shifts and the percentages of the curve area of the different
contributions are detailed in Table 4B.
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Table 4: 27A1 NMR data of the various species for (A) raw metakaolins obtained with MAS NMR and (B) geopolymer
reactive mixtures at different times of the reaction obtained with static NMR.

A)
Percentage of the area curve of contribution (%)
Metakaolins AlAV) AlV) Al(VD
=60 ppm =31 ppm =1 ppm
M1 18.6 43.4 38.0
M2 21.1 35.7 43.2
M3 24.3 31.3 44 .4
M4 24.9 323 42.8
M5 18.4 28.6 53.0
Mé6 24.3 22.8 52.9
B)
. S1M4 S3M4
Mixtures R
Percentage of the area curve of contribution (%)
. AlAV) Al(VD AlAV) Al(VD
Time (h)
=70 ppm ~60 ppm ~10 ppm ~70 ppm ~60 ppm ~10 ppm
0 11.3 24.0 64.7 14.0 19.6 66.5
2 12.2 31.5 56.4 15.1 33.2 51.7
6 2.6 71.9 25.5 2.2 72.8 25.0
24 0.0 81.1 18.9 6.1 83.9 10.0
. S1M5 S3M5
Mixtures T
Percentage of the area curve of contribution (%)
. AlAV) Al(VD AlAV) Al(VD
Time (h)
=70 ppm =60 ppm =10 ppm =70 ppm =60 ppm =10 ppm
0 17.8 26.8 55.4 6.9 27.0 66.1
2 4.6 43.4 52.0 7.5 48.4 44.1
6 6.0 71.6 22.4 0.0 92.3 7.7
24 8.9 76.3 14.8 0.0 93.2 6.8

Irrespective of the mixture, it was noticed that the spec-
tra are immediately different from those of the starting
metakaolins when there is contact with the alkaline solu-
tion (from t = 0 h). Indeed, metakaolins show very broad
peaks owing to the disorder of the structure. However,
for geopolymer reactive mixtures, the peaks become no-
ticeably narrower, indicating a higher degree of structural
order 31. Moreover, the spectra show a dominant phase at
approximately 60 ppm, which is characteristic of AIIV),
and a minor broad peak at approximately 17 ppm, cor-
responding to AI(VD 32, In fact, when the metakaolin is
mixed with the alkaline solution, an increase of the contri-
bution’s area relative to AI1V) with the disappearance of
Al(V) and a remarkable decrease of AI(VD initially present
in the metakaolin are observed. These changes indicate the
rapid and strong interaction between the two precursors.
As time progresses, the peak relative to AIIV) broadens,
denoting the formation of a geopolymer network, and the
intensity of the peak relative to Al(VD decreases, reveal-
ing the dissolution of metakaolin. However, Al(Y), which
is initially present in the metakaolin, was not observed
in any spectra. This fact may be explained by its highly
distorted coordination polyhedron or its rapid consump-
tion owing to its high reactivity linked to its strained co-

ordination, as has been previously demonstrated in the
literature 22, 33.

The amount of Al(VD that is still observed in the 27Al
spectra of geopolymers even after 24 hours is due to un-
reacted metakaolin, especially as AI(VD is more stable and

more difficult to dissolve than Al(V) and A1(AV) 31, 22, 34,

Moreover, differences can be distinguished between the
percentages of the area curves of the different contribu-
tions (Table 4B) as a function of the metakaolins and alka-
line solutions used. For example, the use of S3 instead of
the S1 solution increases the percentage of AlIV) species
at 24h from 81.1 to 83.9 % for the M4 metakaolin and
from 76.3 to 93.2 % for the M5 metakaolin and at the
same time decreases the percentage of Al(VD species from
18.9 to 10.0 % and from 14.8 to 6.8 % in the case of M4
and M5, respectively. Thus, S3 seems to ensure an easier
and more rapid conversion of AIIV); AI(V) and AI(VD) of
metakaolins into AlIV) in the geopolymer mixture than
S1. This fact is more prominent when S3 is combined with
a poor-reactivity metakaolin (M5 in this case). These re-
sults are in agreement with DTA and FTIR data and con-
firm that the structural evolution of the geopolymer reac-
tive mixture is strongly dependent on the reactivity of the
starting precursors. The role of the aluminosilicate source
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is related to the availability of reactive aluminate species
(especially AlIV) and Al(V)) initially present in the starting
metakaolins, while the influence of the reactivity of the al-
kaline solution is more important because reactive species
released from a highly reactive alkaline solution are more
able to attack even poor-reactivity aluminosilicate species
to form a geopolymer phase.
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Fig. 6: Recorded 27 Al NMR spectra in static mode at (a) 0, (b) 2, (c)
6 and (d) 24 hours of formation for (A) SIM4, (B) S3M4, (C) SIM5
and (C) S3MS5 studied samples.

(3) Impactof the metakaolin and alkaline solution on the
mechanical properties of the geopolymer

The different behavior of the samples detected by means
of thermal analysis, FTIR and NMR experiments dur-
ing their formation translates into different polyconden-
sation rates depending on the reactivity of the raw mate-
rials used and suggest different mechanical properties. To
elucidate this effect, the mechanical strengths were eval-
uated in compression tests. Then, a correlation was es-
tablished between the AIIV) formation rate (the differ-
ence between the amount of AlIV) formed after 24 hours
in the geopolymer samples and the amount of AI(V) ini-
tially present in the starting metakaolin) and compressive
strength data as shown in Fig. 7. Regardless of the sample,
it is noted that better compressive strengths correspond
to higher AIIV) formation rates. Moreover, three differ-
ent behaviors, depending on the reactivity of the used pre-
cursors, can be distinguished, as schematized in Fig. 7. For
the SIM6 sample, the AIIV) formation rate did not exceed
62 %, leading to the weakest specific compressive strength
value (18 MPa-g-1-cm3). This fact can be explained by, on
one hand, the low surface reactivity of metakaolin. Indeed,
M6 has low metakaolin content, reactive AI(IV) and surface
area, as detailed previously. On the other hand, the low at-
tack reactivity of the alkaline solution S127 may prevent
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the formation of AIIV) species and consequently notallow
total alteration of the metakaolin. All of these factors in-
hibit the formation of a homogeneous geopolymer phase
and therefore decrease the mechanical strength.

45
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Fig.7: Evolution of the compressive strength values in function of
the AIIV) formation rate.

The M1, M2, M3, M4 and M5 metakaolins in the pres-
ence of the same solution, S1, lead to a higher forma-
tion rate of AlIV), which rises from 67 to 76 %, and in-
crease the specific compressive strength values from 20
to 30 MPa-g-l-cm3. Thus, the high metakaolin reactivi-
ty favors the geopolymer phase and allows the improve-
ment of mechanical strengths. Nevertheless, the SIM5
sample exhibits higher compressive strength despite the
low reactivity of the metakaolin. This result can be ex-
plained by the high amount of quartz in this metakaolin,
which is known to reinforce the geopolymer matrix and
increase the strength by providing additional silicon to
form Si-O-Si bonds 7> 35.

Finally, for samples using the S3 solution, high for-
mation rates (between 70 and 80 %) were associated
with high specific compressive strength values (between
36 and 41 MPa-g-l-cm3), except for the S3M6 sample
(25 MPa-g-1-cm?3). This is due to reactive siliceous species
released from the S3 solution being able to ensure a higher
metakaolinattack degree induced in this case by the greater
formation rate of Al(IV). The contribution of quartz as a
reinforcement is evident in the case of S3M5. Neverthe-
less, the weak compressive strength observed in the case
of S3M6 is due to the low reactivity of this metakaolin in
addition to the presence of mullite. In contrast to quartz,
crystalline phases such as mullite are known to have higher
stability in alkaline media, which may hinder the polycon-
densation reaction, increase the heterogeneity of the sam-
ple and consequently decrease the mechanical strength.

IV. Conclusions

The study of the effect of precursors with different reac-
tivity may contribute to better control of the quite com-
plex geopolymerization mechanism. That is why a study
was conducted to compare the formation of various sam-
ples based on six different metakaolins and two potas-
sium alkaline solutions with different reactivity. First,
metakaolin characterization permits the classification of
the metakaolins into three groups: most, medium and least
reactive depending on the impurity content, amorphous
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phase and water demand value. This result was later veri-
fied by monitoring the formation of geopolymer samples
by means of several techniques. Iz situ thermal analysis
reveals that the energy required for oligomer formation in
the case of a highly reactive alkaline solution is approxi-
mately 0.6 kJ/mol regardless of the metakaolin, while the
energy is approximately 1.8 kJ/mol for a highly reactive
metakaolin in the presence of a low-reactivity alkaline
solution. These results were confirmed by i sitw FTIR
spectroscopy. The metakaolin properties are responsible
for the generation of one or several networks. A highly
reactive alkaline solution favors the geopolymer network
rather than other possible formed networks. In situ 27Al
NMR measurements supply detailed structural informa-
tion about the reaction rate of the different mixtures. The
role of the aluminosilicate source is related to the avail-
ability of AIIV) and AI(Y) in the starting metakaolins,
while the role of the reactivity of the alkaline solution is
to ensure an easier and more rapid conversion of species,
and therefore, the reaction rate can reach 80 %. Finally, a
correlation was demonstrated between NMR data during
formation and the compressive strength of consolidated
materials.

Finally, the obtained results indicated the effect of the
reactivity of the precursors on the kinetics and rate of the
polycondensation reaction, which is a powerful tool to
control the formation and final properties of geopolymers
and adapt these to potential applications.
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