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Temperature stability of a pure K-geopolymer: Part 2.
Variations in the mesoporous network and its
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Sandrine GOMES,! Elodie PETIT,! Lawrence FREZET,! Jean-Marie NEDELEC,* Ameni
GHARZOUNI 2 Sylvie ROSSIGNOL,? Guillaume RENAUDIN*

1 Université Clermont Auvergne, CNRS, SIGMA Clermont, ICCF, F-63000 Clermont-Ferrand, France.
2 |RCER, Université de Limoges UMR3571, 12 rue Atlantis, 87068 Limoges, France.

Abstract:

The thermal behavior of a model MK based K-geopolymer was investigated between room
temperature and 1400 °C in order to evaluate its potentiality for high-temperature applications.
The purpose of our study was to monitor the behavior of a geopolymer during a temperature
rise in order to better understand its variations with respect to temperature. The works from the
present paper focus only changes in the porous network; it follows a first part devoted to
variations in the mineral matrix. The results obtained here show that the geopolymer material
preserves its porous integrity up to 800 °C, while maintaining the reversibility of water
exchanges corresponding to about 25 weight percent. Together with the results of part 1, the
findings of this study allow us to affirm that geopolymer materials are only very little affected

by temperatures up to 800 °C, or even 900 °C (keeping its mesoporous amorphous structure).

Keywords: Geopolymers; Characterization; Thermal treatment; Densification.

* Contact: Pr Guillaume Renaudin, guillaume.renaudin@sigma-clermont.fr



1- Introduction

Geopolymers, the usual name for the more conventional denomination of alkali aluminosilicate
gels, are inorganic solids obtained by the alkaline activation of an aluminosilicate precursor.
The precursor can be either a calcined clay (usually metakaolin, a dehydroxylated natural
kaolin) or low-calcium aluminosilicate industrial by-products (fly ashes or ground blast furnace
slag). In most cases these precursors are activated with an alkaline aqueous solution based on
sodium or potassium, which induces the dissolution of the precursors followed by the
polymerization of [AlO4]° and [SiO4]* tetrahedra into a three-dimensional network. The solid
obtained is completely amorphous!* and porous,>® and presents interesting mechanical
properties.”® Geopolymers belong to the family of inorganic binders, however their setting
mechanism and setting products — linked to the geopolymerization reaction®%!! — are
fundamentally different from the hydration process of conventional Portland cements.
Geopolymer binders generate a significant improvement in CO2 emissions (compare to Portland
cement production),?*® present unusual thermal and acid resistance,”*%2° as well as the ability
to stabilize various kinds of wastes (including nuclear wastes).?>? Geopolymers are
characterized by high thermal stability, which makes them promising candidates for various
applications. Many authors have investigated the thermal behavior of metakaolin-based
geopolymers. For instance, Duxson et al.?*? studied the structural variations in sodium-based
geopolymers at temperatures up to 1000 °C using DTA, quantitative XRD and FTIR. They
found that phase stability is Si/Al ratio-dependent, with two different densification
mechanisms: viscous flow and the collapse of the pore network. Both are responsible to a large
extent for thermal shrinkage. It has been demonstrated that the beginning of the crystallization
process, corresponding to the loss of the amorphous characteristic of the geopolymer, is also
Si/Al ratio-dependent and alkaline dependent, with the formation of (Na,K)AISiOs above

850°C.2426-28 |n parallel with these physicochemical transformations, mechanical properties are



also affected by the temperature.?® Despite the advanced research concerning the thermal
behavior of metakaolin-based geopolymers, further fundamental knowledge is required in order
to understand the chemical and structural variations in the geoplymer network as a function of
the temperature, and therefore to evaluate their potential for high-temperature applications as
refractories and in fire-retardant or fireproof applications.

In the first part of this study, the thermal stability of the mineral matrix of a potassium-based
geopolymer was highlighted up to a temperature of 900 °C, before crystalizing into kalsilite
and leucite.®® In order to complete our investigations on the refractory potential of such a
geopolymer, we are focusing in the present paper on the behavior of the porous part of the
material when subjected to a temperature increase: the pore dimensions in volume and radius,
and also its ability for rehydration. It is well accepted that the polycondensation of silicate and
aluminate species, at the origin of the formation mechanism of geopolymers, enables a porous
material to be obtained with an alkaline residual solution contained in the pores. Mercury
intrusion and gas adsorption-desorption isotherm techniques are in favor of a monomodal open
mesoporosity for geopolymers.>3-% Nevertheless, direct observations made by transmission
electronic microscopy are in favor of a poorly-defined — in size and in shape — porous network,
implying the notion of an “ink-bottle” effect. Other studies have also evidenced the presence of
macroporosity in combination with the mesoporous network.2’-*° The purpose of our work is to
determine not so much the fine characteristics of the porous network as its variations with
temperature, always with the aim of probing the potential of geopolymers for high-temperature
applications because the water contained in the pores, of the order of 25 weigh percent,*
provides interesting fire-resistant properties.

The precise characterisation of both geopolymer sub-networks will then be decisive in
understanding the fire-resistant properties of the material. Thus, our fundamental studies aim to

help in the formulation of a thermally resistant geopolymer composition with the aim of



developing a mineral binder with fireproof properties. The targeted material could be used to
protect nuclear waste containers and drifts for the planned construction of a geological disposal
centre for radioactive waste (Cigeo project carried out by The National Agency for the

Management of Radioactive Waste - Andra).

2- Materials and methods

2.1 geopolymer synthesis, thermal treatments and storage conditions

The samples used in this paper were exactly those previously prepared and characterized in Part
1 of this study.® As a summary, the geopolymer was obtained by the potassium silicate
activation of a metakaolin of high purity — non-commercial product — supplied by Imerys (AGS
quarrying, F-17270 Clérac, France). The samples were called TR" with T the heat treatment
temperature after geopolymer preparation (25, 100, 200, 300, 450, 600, 700, 800, 900, 1000,
1100, 1250 or 1400) and RH the storing conditions after heat treatment (‘95 for 95 % RH, ‘30’
for 30 % RH or ‘bak’ for the baked powders), making a total of 37 samples. The interest of
these three series was to have different water filling levels for the porous network; from water-
saturated (T% series) to dry geopolymers (T*% series), with an intermediate water filling level
(T30 series). Figure S1 in the supplemental material superimposes the thirteen heat treatments

used with a thermogravimetric analysis of the geopolymer.

2.2 H solid-state NMR spectroscopy

'H solid-state NMR experiments were performed using a 300 MHz Bruker spectrometer
operating at 7.04 T, the Larmor frequency being 300.1 MHz. *H solid-state NMR experiments
were carried out using MAS at 30 kHz and a 2.5 mm-diameter zirconia rotor. Static

measurements were systematically performed. *H MAS spectra were recorded using one pulse



sequence and a recycling time of 5 s; chemical shifts were calibrated using adamantane at 1.7

ppm.

2.3 DSC measurements and TPM analyses

For thermoporosimetry (TPM) analyses, the water inside the geopolymer was chosen as a probe
solvent. TPM analyses were performed by differential scanning calorimetry (DSC)
measurements using a Mettler-Toledo DSC 823e apparatus, with STARe software. The DSC
apparatus was calibrated (both for temperature and enthalpy) with metallic standards (In, Pb)
and water. About 70 mg of the crushed geopolymer sample was introduced into an aluminium
DSC crucible of 160 ul. The measurement procedure, under compressed air in airtight crucibles
without adding external water, included the four following segments: cooling from room
temperature to -60 °C at a rate of 10 °C/min; heating from -60 °C to -1 °C at a rate of 0.7
°C/min; renewed cooling from -1 °C to -60 °C at a rate of 0.7 °C/min; and finally heating to 25
°C at a rate of 10 °C/min to return to room temperature (Figure 1). This procedure enables the
characterization of only the porous volume saturated with water under the different storage
conditions. A slow rate of 0.7 °C/min was chosen to allow continuous thermal equilibrium
inside the DSC cell. Crystallization curves (segment 3) were mainly used for calculation
purposes, but corresponding events in the melting curve (segment 2) were systematically
checked to avoid artefacts and to determine pore geometry. The calibration of water as a
thermoporosimetric probe has been already published by Brun and co-workers.*? The following
empirical relationships were used:

R, (nm) :—%+0.57 Equation 1

W,(Jg ™) =-5.56.10 °AT® —7.43AT —332  Equation 2



where AT is the shift of the thermal transition temperature, Rp the pore radius and Ws is the
apparent energy of crystallization for water. The application of TPM formalism beyond the
mesoporous domain has been already validated and applied on geopolymer samples,* but for

the first time we used internal water to probe only the saturated porous volume.

2.4 Gas absorption isotherms

Nitrogen adsorption-desorption isotherms were obtained using a Micromeritics ASAP 2020
instrument at 77 K. The geopolymer degassing process was carried out under two vacuum
stages at different temperatures depending on the temperature of the heat treatment applied to
the geopolymers. The first step was performed under primary vacuum during at least 24 hours
at room temperature for the as-synthesized geopolymer (25% sample), 100 °C for the 100
sample, and 200 °C for all the other T3° samples (with T > 200). Then a secondary vacuum was
applied without modifying the temperature. The second degassing process was controlled by
checking the back pressure increase rate after 5 min and 10 min of equilibration. This controlled
back pressure was judged satisfactory for values below 10 um Hg/min. The second degassing
duration was sample-dependent to achieve this condition. The average pore size was calculated
using the Barrett, Joyner and Halenda (BJH) method*® and the specific area was determined

using the Brunauer, Emmet and Teller (BET) theory.*

3- Results
3.1 'H NMR spectroscopy
3.1.1 'H NMR static spectra on samples stored at 95% RH
First, 'H NMR static measurements were performed on samples stored at 95% RH in order to
evidence the liquid nature of the water present in the geopolymer. As-prepared samples

presented a well-defined signal with a single component close to 4.5 ppm, corresponding to



free water molecules located in the porous network. For heat-treated samples (stored at 95%
RH) the same signal was still observed. This signal became finer when the temperature
increased to 700 °C, then decreased in intensity toward 900 °C before disappearing at 1000 °C.
Above 900 °C, the recorded signal corresponded to that of the rotor only (Figure 2a). These
results clearly evidence the liquid nature of the water located in the pores of the geopolymer,
its reversible departure indicating the open feature of the porous network. The modeling of
these signals by a Lorentzian component indicated the sharpening of the signal without
modification of its chemical shift (Figure 3b). The Full Width at Half Maximum (FWHM,;
Figure 3c) of this signal, centred at about 4.5 ppm, is divided by two between room temperature
(FWHM = 5.0 ppm) and 600 °C (FWHM = 2.5 ppm), indicating an increase in the ‘liquid
nature’ of the pore water — i.e. an increase in the water dynamic parameters — which could be
due either to a decrease in its containment (increase in pore diameter), to a change in the nature
of the interface (wall between the mineral and porous networks), or to a decrease in water

salinity (i.e. decrease in its alkalinity).*>3

3.1.2 'H NMR MAS spectra for samples stored at 95% RH
The results from *H MAS NMR measurements were very close to the previous ones, again with
a single Lorentzian component centered around 4.5 ppm (more precisely around 4.6 ppm for
static measurements, slightly shifted to around 4.4 ppm for dynamic measurements; Figures 2b
and 3b). The 30 MHz rotation speed enabled an increase in the ‘aqueous nature’ of the probed
hydrogen atoms, leading to a general refinement of the signals, which still presented a decrease
in their FWHM as the heat treatment temperature rose (from FWHM = 4.0 ppm at room
temperature to FWHM = 1.0 ppm at 600 °C; Figure 3c). The same general trends observed
simultaneously in static and dynamic measurements indicated that overall the hydrogen atoms

from geopolymers belong exclusively to free water molecules located in the porous network.



Similar results have been observed for liquid water molecules filling the mesopores in silica
glass.>* The relatively weak value of our *H MAS NMR chemical shift (4.5 ppm compared to
a value of 5.5 ppm in the case of the Vyalikh study®*) could be explained by the strong
confinement in a porous network of diameter of the order of 4 nm, which decreases the average

number of hydrogen bonds compared to free water.>>>°

3.1.3 'H NMR spectra for samples stored at 30% RH and for baked samples

Similar measurements were performed on samples stored at 30% RH (Figures 2c and 2d), and
also on baked samples (spectra not shown here). These last spectra show a significant decrease
in the intensity of the signal centred at 4.5 ppm for samples stored at 30% HR, and its
disappearance for baked samples. Additional sharp and weak signals were observed at 1 ppm
and 0 ppm, which can be attributed to small numbers of hydrogen atoms belonging to hydroxyl
groups from silanol and/or Al-OH.>” Baked samples (at 200 °C for samples previously heat
treated at and above 200 °C) showed almost nothing but the fine components from silanols.

Quantitative analyses can be deduced from *H NMR spectra when the signals come from liquid
water. Thus the spectra were calibrated using the rotor signal (the same rotor having been
systematically used for each measurement) and quantitative analyses were performed using the
data. The 100 % value was attributed to the amount of water in the as-prepared sample stored
at 95% RH, and the results are shown in Figure 3a. Variations observed from static and MAS
measurements gave similar results. At 95% RH the amount of water is quite unchanged from
room temperature up to a heat treatment temperature of 600 °C, and then decreases continuously
to reach about 10 weight percent (wt %) at 900 °C and 0 wt % at 1000 °C, indicating the collapse
of the porous structure. The water content in the as-prepared sample decreases to about 45 wt
% when stored at 30 % RH, and this amount linearly decreases with temperature. Finally, we

can note that 200 °C baked samples contained only a few wt % of water, whatever the



temperature of the heat treatment. The FWHM of signals measured from samples stored at 30
% RH, although larger, still decreased with temperature (from FWHM = 9 ppm at room
temperature to FWHM = 4 ppm at 600 °C; Figure 3c). At the same time, the chemical shift for
these samples was now temperature-dependent, with a decrease in the iso value from 4.8 ppm
to 4.0 ppm for both the samples stored at 30 % RH and the baked samples (Figure 3b). Similar
results have been observed by Vyalikh et al., with a *H MAS NMR chemical shift decreasing
from 5.5 ppm to 3.5 ppm when emptying the water from the porous network of silica glass.>*%®

This decrease in chemical shift is attributed to the fact that free water molecules become

hydrogen-bonded to surface hydroxyls.

3.2 DSC analyses
3.2.1 Thermoporosimetry

DSC measurements were performed on samples taken from their wet storage chamber, without
adding water. Only the water-filled pores were probed, which can be far from the total porosity
of the sample. Several measurements were performed on the as-synthesized sample stored in
wet conditions with a relative humidity of between 90% RH and 98% RH (Figure 4a). Three
distinct signals were observed; two of them — labelled 1 and 2 in Figure 4 and corresponding to
mesoporosity — were not humidity-dependent, whereas a third, temperature-dependent signal
(observed for higher crystallization temperatures and labelled 3 in Figure 4) was attributed to
incompletely-filled macropores. Analysis of the invariant signals at around -25 °C and -40 °C
indicates that they correspond to an apparent pore radius of 2.7 nm and 1.9 nm respectively
(Figure 4b). At the same time, comparison with the fusion temperature observed for the third
measurement ramp indicated an almost perfect cylindrical feature for the 2.7 nm mesopores
(Figure 4c), explaining the large hysteresis observed between fusion and crystallisation signals

for confined water.®* The signal corresponding to the 1.9 nm mesopores was not observed on



the crystallisation ramp. The interpretation of this signal close to -40 °C had already been
discussed in the literature, and attributed to water homogenous nucleation, which is observed

for cylindrical pores below a critical radius.%*®°

The variations in DSC signals for thermally treated geopolymer are shown on Figure 5. Both
temperature-independent signals (N°1 and 2) evolved only very partially. The signal close to -
40 °C split into two components at 200 °C and 300 °C before coming back to a single
component up to 800 °C (Figure 5a). The modification of this signal with the temperature of
the heat treatment was not in favour of a homogeneous nucleation origin (which excludes any
interference from the porous surface); however, the differences observed had no significant
repercussions in terms of water containment (the pore radius varying between 1.85 and 2.00
nm; Figure 5b). The second mesopore signal varied between -20 °C and -25 °C, and the
corresponding calculated pore radii were a little impacted, with variations between 2.4 nm and
2.9 nm (Figure 5¢). And finally, the variation in the third, humidity-dependant signal has no
interest here because it corresponds to macroporosity. The collapse of the porous network was
evidenced for thermal treatments above 900 °C, then its complete closure above 1000 °C,
illustrated by the absence of any signal on the DSC curve, reflecting the impossibility for the
heat-treated material to exchange water with the environment.

Measurements performed on samples stored at 30% RH and on samples baked at 200°C
demonstrated the absence of free water in the mesopores: the absence of any signal on the DSC
curves for all samples from both series (an example from geopolymer heat-treated at 300°C is

shown in Figure 5d) indicating the absence, or a very small amount, of water in closed pores.

3.2.2 Thermal weight loss
The airtight aluminum crucibles used for the DSC measurements were then used to

quantitatively determine the free water amount contained in the pores as a function of the heat

10



treatment temperature and the storage conditions. All crucibles were pierced before making fire
loss measurements at 400 °C. The water weight amount variations determined in samples stored
at 95% RH, at 30% RH and in baked samples were in perfect agreement with the previously-
mentioned variations in *H NMR intensities (Figure 6). To compare both sets of results on the
same scale, *H NMR intensities (from Figure 3a) were normalized by considering the amount
of 26 wt % of water for sample 25% (i.e. its determined weight loss). The absence of signal on
DSC curves for both the 30% RH and baked series was surely due to the emptying of the
mesopores only, with water still present in the macropores for the 30% RH samples. The 200
°C baked samples should be considered as anhydrous, or more precisely as dry. The few weight
percent of observed water were certainly only physisorbed water molecules inherent to the
manipulations outside the storage chamber required for the preparation of the samples before

NMR or DSC experiments.

3.3 Nitrogen adsorption—desorption isotherms

Figure 7 shows nitrogen adsorption—desorption isotherms at 77 K for selected samples. The
general shape of the isotherms changed drastically between 800 °C and 900 °C. As-prepared
geopolymer (i.e. the measured 25% sample) and samples heat-treated up to 800 °C showed
an adsorption isotherm of type 1V related to mesoporous materials (according to the [IUPAC
classification®®). The renewal of adsorption at capillary condensation (for P/Po > 0.95), is
characteristic of either a combined macroporous network or the presence of an ink-bottle
effect in the mesoporous network. During heating, the hysteresis loop changed from type
IVb to type IVa, with adsorption and desorption branches that became more and more
parallel. The IVb type for the as-prepared geopolymer is certainly due to the presence of
ink-bottle mesopores® in which desorption is controlled by the narrow necks. Thermal

treatments tend to homogenize the cylindrical shape and size of the mesopores.52%3
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However, this variation in the mesoporous network did not affect the calculated pore radius,
which stayed close to ~4 nm (see Rgsx in Table 1). On the other hand, the shape of the
adsorption branch remained almost unchanged up to 800 °C, with a gentle slope due to
capillary condensation into the cylindrical mesoporous channels. Finally, from 900 °C
upward, we observed a type Il isotherm corresponding to non-porous solids and indicating
the complete collapse of the geopolymer porous network.

Table 1 summarizes the main physicochemical parameters of the samples used in the
present study and compares results extracted from gas adsorption isotherms, 400 °C weight
losses and thermoporismetry. As previously observed for the Reiq average pore size, there
is only very little change in the specific surface area up to 800 °C, with a value of around
Seer = 80 m?/g. The only significate variation is observed between the 25% and 100%
samples (Sser = 112 m?/g), with potentially erroneous calculated values for the as-prepared
25% geopolymer due to an incomplete evacuation of water from the porous network. Indeed,
in order not to misrepresent the porous characteristics of this untreated sample, degassing
was performed at room temperature. Concerning the V, pore volume (calculated by using
the BJH theory, and corresponding to mesopores), we can notice a gradual decrease in the

value, from 0.28 cm?/g for the 25% sample to 0.18 cm?®/g for the 800%° sample.

4- Discussion

In this study we focused our investigation on mesopore-type porosity because it is the type that
is likely to rehydrate easily by capillary condensation, depending on the surrounding humidity,
and therefore likely to provide interest in terms of fire resistance. According to the classification
by the International Union of Pure and Applied Chemistry** mesoporosity concerns pore widths

ranging from 2 nm to 50 nm; with pore widths corresponding to their diameter in the case of
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cylindrical pores. Results obtained by thermoporosimetry and nitrogen adsorption — desorption
isotherms for our geopolymer (Table 1), in agreement with previously published values, enable
us to characterize the geopolymer as a mesoporous material. Furthermore, the observation of
our material in different ambient humidity conditions makes it possible to highlight the ability

for geopolymers to rehydrate easily.

4.1 Thermal variations in the porous network

The determined physicochemical characteristics of pores having a cylindrical shape, a pore
radius of about 5 nm and a specific surface area of around 100 m?/g agree with previously
published characteristics for K-based geopolymers.®®%° The difference between pore radius
values provided by DSC measurements (thermoporosimetry treatment) and nitrogen sorption
isotherms, although in a proportion of one to two (Table 1 and Figure 8a), is in fact not aberrant.
The strong ink-bottle effect mentioned by Benavant®® affects the two techniques differently.
For DSC measurements, the presence of narrow necks in the mesoporous network separates the
zones of water crystallisation, which is no longer continuous. This can also be at the origin of
the phenomenon of homogenous nucleation, toward -40 °C, already mentioned in the
literature.>®%° At the same time, such narrow necks impact the hysteresis loop on N2 adsorption
— desorption isotherms, and potentially also affect the renewal of adsorption for P/Pg > 0.95.
We have also to indicate that thermoporosimetry was conducted considering water as a probing
solvent. It is known that interstitial liquid in geopolymers is far from being pure water,
containing in particular large amounts of solvated alkaline cations (potentially 1 mol/L).%* We
have shown that the presence of ions in the solvent (unpublished results using a simulated
cementitious interstitial solution for TPM analyses) resulted in a smaller apparent pore radius.
It seems, therefore, that the pore size values determined by the BJH method are more accurate.

The TPM results remain, however, interesting for the characterization of the morphology of the
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mesoporous network, with a clearly marked cylindrical aspect (Figure 4c). Both techniques
show a limited variation in the mesoporous characteristics from ambient temperature to 800 °C.
We simply note a slight decrease in the apparent porous radius, as well as in the specific surface
area (from about 100 m?/g at room temperature to about 80 m?/g at 800 °C). By contrast, at a
temperature of 900 °C these characteristics change significantly and reflect the collapse of the
porous network (with Sget less than 5 m?/g and the impossibility to evidence porosity) resulting
in a condensate ceramic. These findings complete our previously reported results concerning
the mineral matrix of this geopolymer, which preserves its intrinsic characteristics up to 900
°C.% In the light of these latest results, considering the two porous and mineral sub-networks,

we can now say that the geopolymer material is preserved up to a temperature of 800 °C.

The pore volume was determined using three techniques: weight losses at 400 °C on samples
hermetically enclosed in DSC crucibles, intensities of the *H NMR signal and BJH treatment
of the nitrogen adsorption branch. Results from weight losses and *H NMR are very close
(Figure 6) and illustrate the ability of the geopolymer to rehydrate when stored at 95% RH,
even after substantial thermal treatments. The different water amounts determined in samples
stored at 30% RH and 95% RH led us to attribute the difference between the two series to
capillary condensation, only possible in high humidity conditions. Therefore, the difference
between 30% and 95 % RH in Figure 6 corresponds to mesoporosity, and consequently water
already present in the samples stored at 30% RH partially fills the macropores. The porous
volumes Vp and Vimes in Table 1 thus express approximately the same value, corresponding to
the mesopore volume. In Figure 8b, their averages were fitted and a constant mesoporous
volume of 0.23 cm®/g emerges from room temperature to 600 °C, followed by a slight drop to
0.17 cm®/g at 800 °C, before the collapse at 900 °C. Still in Figure 8b, the difference between

the merged fitted line for mesopores and the hollow symbols for the total probed pores remains
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approximately constant up to 600 °C with a volume of about 0.10 cm®/g, corresponding to

macroporosity.

4.2 Thermal variation in water status

Static and MAS *H NMR experiments were carried out in order to discriminate between
hydrogen atoms belonging to ‘free’ liquid water and bonded hydroxyls or water molecules. The
comparison of spectra from samples stored at 95% RH (Figures 2a and 2b) simply shows a
sharpening of the signal, with the 30 kHz rotor spin indicating that the vast majority of the
protons present in the geopolymer correspond to liquid water molecules filling the porous
network. Again, the intensity of the signals from the heat-treated samples shows the ability of
the material to rehydrate when stored in a humid atmosphere, and therefore illustrates the fact
that the porous network is open and traversing. Figure 3a highlights that this is particularly true
up to a temperature of 700 °C. At 800 °C the signal intensity is approximately halved, then
almost nonexistent beyond this temperature, in agreement with previous results on pore volume
determination and its variation with temperature. Spectra recorded for samples stored at 30%
RH complete these observations (Figure 2c and 2d) with additional signals (close to 0 ppm) of
low intensity in MAS spectra. These additional signals, related to non-mobile hydrogen atoms,
were attributed to silanol Si—OH (or aluminol Al-OH) entities present in limited quantity. The
low number of —OH entities in the geopolymer agrees with the TGA curve,* showing a weak
dehydroxylation around 400 °C. In addition to the sharpening of the signal with magic angle
spinning, there is also a sharpening associated with the temperature of the heat treatment for
both series: FWHM varies from 5.5 to 2.5 ppm for the static series and from 4 to 1 ppm for the
MAS series (Figure 3c). Moreover, we can observe that this FWHM sharpening is performed
without any variation in the isotropic chemical shift when the material is saturated with water

(figure 3b). This allows us to conclude that the status of the water has not changed as a result
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of heat treatments. In high humidity, we are always in the presence of liquid water which fills
the pores. It appears more and more ‘free’ during the increase in temperature, which can be
explained either by a decrease in its confinement (i.e. an increase in the size of the mesopore),
or by a decrease in its salinity (i.e. a decrease in its alkalinity). Findings from the previous
paragraph indicate a minimal variation in mesopore size, which would not explain a variation
in the FWHM. On the other hand, a reduction in interstitial water alkalinity would mean that
following the heat treatments the pore-filling liquid would be increasingly pure water. This is
then in agreement with the observations made on the variations in the mineral matrix in the
previous study,*® which concluded that the potassium cations in the pore solution pass through
the mineral sub-network during the rise in temperature. There would be a variation in the pore
surface chemistry that could explain the variation in the chemical shift for the 30% RH and
baked series. For the samples from these two series the pores are not filled; water molecules are
physisorbed to the porous interface, which evolves with the fixation of potassium. This non-
liquid water status explains the absence of a DSC signal for these two series of samples (Figure

5d).

5- Conclusion

The combination of several complementary techniques for the characterisation of the porous
network (*H static and MAS NMR, DSC with TPM treatment, thermal weight loss, nitrogen
adsorption—desorption isotherms) led to a precise description of the mesoporosity of a
geopolymer. The porosity of our investigated K-based geopolymer agrees very well with the
porous structure of metakaolin-based geopolymers detailed by Benavent,*® including the strong
‘ink-bottle’ effect due to a two-level pore structure composed of interlinked meso- and

macroporous networks. Almost the entire porous network is accessible to water, thus translating
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the fact that the closed pore volume is very low. Water from the porous network can easily and
without damage leave the geopolymer during a rise in temperature. This water flow is totally
reversible (for heat treatments up to 700 °C) in the presence of significant relative humidity.
For heat treatment at 800 °C, half of the pore volume has disappeared, and at 900 °C the material
is no longer porous. By combining the results from parts 1 and 2 on the temperature stability of
our K-based geopolymer we can confirm, without any ambiguity, that the geopolymer retains
its whole mineral and porous characteristics up to a temperature of 700 °C. At 800 °C we are
still in the presence of a geopolymer-type material, with half the original pore volume. At 900
°C the mineral network is still amorphous with a 3D connection of the aluminate and silicate
tetrahedra, but with the disappearance of the porous nature specificity of geopolymers which is
becoming a dense ceramic. Finally, at 1000 °C, there is the beginning of crystallization, and the
disappearance of any characteristics of a geopolymer.

Thus it can be concluded that a high-temperature application (refractory, up to 700-800 °C for
a potassium geopolymer) is absolutely conceivable. Furthermore, the rehydration ability of the
material gives it interesting fireproof properties, with about 25 weight percent of easily

available liquid water.
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Hollow and solid symbols denote adsorption and desorption points, respectively.
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techniques. a: pore radius (measurements and linear fits), b: pore volume (measurements and

linear fit on averaged mesoporous part).
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