N
N

N

HAL

open science

Effect of composition and aging on the porous structure
of metakaolin-based geopolymers

Virginie Benavent, Fabien Frizon, Arnaud Poulesquen

» To cite this version:

Virginie Benavent, Fabien Frizon, Arnaud Poulesquen. Effect of composition and aging on the porous
structure of metakaolin-based geopolymers. Journal of Applied Crystallography, 2016, 49 (6), pp.2116-

2128. 10.1107/51600576716014618 . cea-02389534

HAL Id: cea-02389534
https://cea.hal.science/cea-02389534
Submitted on 2 Dec 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-02389534
https://hal.archives-ouvertes.fr

Effect of composition and aging on the porous structure of metakaolin-based
geopolymers

Virginie Benavent!, Fabien Frizon®, Arnaud Poulesquen™”
1 - CEA, DEN, DTCD, SPDE, LP2C, F-30207 Bagnols-sur-Ceze, France.
*Corresponding author: arnaud.poulesquen@cea.fr

Abstract

A combination of intrusive and small-angle scattering techniques is used to characterize the
porous structure of metakaolin-based geopolymers. The influence of the geopolymer paste
composition and the aging time in a 100% relative humidity environment at 20°C are studied.
The effect of the alkali activator, the water amount and the silica amount were investigated. The
results show a strong “ink-bottle” effect indicating a two-level pore structure: a meso- and
macroporous network. Both alkali activator and water amount have a significant impact on
porosity and microstructure in the studied formulation range. After a period of one month, the
pore structure is stable over a period of one year except for a small closure of porosity, revealed
by nitrogen sorption and small-angle neutron scattering (SANS). These results highlight the
geopolymer stability in the curing conditions. For the first time, SANS combined with the
contrast matching technique was used to determine a fraction of closed porosity in geopolymer
pastes. It was found that the geopolymer porosity is mainly open, the closed porosity
representing less than 5% of the pore volume after six months of aging.
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1. Introduction
Geopolymers are aluminosilicate materials having an amorphous structure, obtained by alkali

activation of an aluminosilicate source (here metakaolin) at room temperature®. The geopolymer
formation takes place according to a well-accepted mechanism of
dissolution/restructuring/polycondensation, called geopolymerization, which leads to a solid
material with water trapped in the pores® *. Many studies highlighted their potential applications in

several fields, such as civil engineering or waste management® .,

According to literature, geopolymers are mesoporous materials®®

, With a wide pore size
distribution and a non-well defined pore form®?. Several authors report a pore volume between
30% and 50%**"°. Moreover, the porous network characteristics are highly dependent on the
alkali activator (NaOH or KOH), on the alkali solution composition and on the aluminosilicate

source. Typically, when potassium is used instead of sodium as the alkali activator, the pore size



decreases and leads to higher specific areas'® *°. It has also been proven that variations in the Si/Al
ratio in the alkali solution has a strong influence on the geopolymer microstructure’® and the
amount of water initially introduced in the mixture has a huge impact on pore volume, which
increases when the amount of water increases'” *. The porosity controls a lot of properties, such
as mechanical and transport properties'® %, directly linked to the material durability. The

evolution of the pore structure has already been investigated at early age®: %

16, 23

while only a few
studies focused on the long-term evolution of geopolymer materials
The aims of this work are to characterize the porous structure of metakaolin-based geopolymer
and study the influence of aging, by the means of a multi-technique approach. Similarly to a
previous study'®, nitrogen sorption, small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) were used. In addition, mercury intrusion porosimetry (MIP) and water
porosimetry were performed in order to determine the pore volume and the geopolymer
microstructure was observed directly by scanning electron microscopy (SEM). Difficulties have
been reported about porosity characterization by intrusive techniques such as nitrogen sorption or
MIP. Large mesopores cannot be probed by nitrogen sorption. Significant errors can be obtained
on materials having random porosity or when large-diameter pores are accessible only via smaller-
diameter pores: this is known as the “ink-bottle effect”. SAXS and SANS are commonly used to

42 ‘including geopolymers? %. Contrary to nitrogen sorption, they

characterize porous materials
present the advantage of being non-intrusive techniques and the sample preparation does not
require any special treatment which could damage the structure. Both techniques can be used to
found the mean pore size. However, the information provided by SAXS and SANS are limited by
the range of the scattering vector. In the present study, a combination of these techniques is used
to get a full description of the geopolymer porous network. The influence of aging time and of the
activation solution chemistry on the porosity is also deeply investigated: nature of the alkali
activator, Si/Al ratio and water H,O/Na,O molar ratio are considered. Finally, the proportions of
open and closed porosity were estimated by SANS using the contrast matching technique, which
consists in exchanging the pore solution by the geopolymer solid network extinction mixture made
of water H,O and heavy water D,O. The pore solution composition was analysed as a function of

time and the porosity evolution was followed for a period of one year by nitrogen sorption.

2. Materials and methods
2.1 Geopolymer synthesis and curing.
Metakaolin-based geopolymers were prepared from the Pieri Premix MK from Grace

Construction, which composition can be found elsewhere'® (dp = 1.8 pm, dsp = 10.3 pm, dgp =

48.2 um), NaOH (Normapur, Prolabo), KOH (Normapur, Prolabo), amourphous silica (Tixosil



331, Rhodia, purity > 98%), and a sodium silicate solution (Betol 52T, Woellner; 30.2 wt % SiO,,
14.7 wt % Na,O and 55.1 wt % H,0).

Nine geopolymer pastes were prepared by mechanically mixing at 800 rpm metakaolin with a
sodium or a potassium silicate solution. A molar ratio Al/M of 1 (M = Na or K) and molar ratios
H,0/M,0 of 10, 11.5, 13, 15 or 20 and SiO,/M,0 of 3.6 or 4 (corresponding to Si/Al of 1.8 and 2,
respectively) were studied. The alkali silicate solution had the nominal composition
xSi0,M,0wH,0, with x equal to 1.2 or 1.4 and w equal to 10, 11.5, 13, 15 or 20. Below, we
denote for example Na-4-13 the sodium geopolymer formulation with a molar ratio SiO,/Na,O of
4 and H,O/Na,0 of 13.

Samples were stored at 298 K and 100% relative humidity during all the curing period to prevent

them from drying.

2.2 Pore solution characterization.

A high-pressure device similar to the one of Cyr et al.?

was used to extract the pore solution. At
different aging times (1, 7, 14, 30, 90, 180 and 365 days), about 200 g of geopolymer paste were
crushed into fragments of 2-5 cm each and were introduced in the extraction device. A loading
rate of 0.6 kN.s™ was applied up to a pressure of 300 MPa. This pressure was maintained for three
minutes. About 5-10 mL of pore solution was collected this way, depending of the water molar
ratio of the geopolymer paste. The pH value was measured with a dedicated high pH electrode
calibrated with buffer solutions between 9 and 13. Part of the pore solution was kept under N,
atmosphere to prevent from further carbonation, while the other part was acidified with nitric acid
(2% vl/v) for cation chemical analysis by Inductively Coupled Plasma (ICP). Chemical analyses of
the anions were performed by anionic chromatography.

2.3 Scanning Electron Microscopy.
SEM imaging was performed on polished sections with a Supra 55 microscope (ZEISS, UK).
Prior to analysis, carbon coating was performed to prevent the accumulation of charge at the

sample surface. The analysis was performed with 15kV acceleration voltage.

2.4 Porous network characterization by intrusive techniques.
Water porosimetry gives an estimation of the pore volume, for pore sizes from 2 nm up to 2 mm.

Samples were saturated in water and under vacuum for at least 72 hours. After complete
saturation, the underwater weight and the saturated sample mass were measured. Then, the
samples were dried in an oven at 80°C until equilibrium (mass loss less than 0.05% in 24

consecutive hours) and weighted again. Porosity @ was finally estimated according equation (1):



(1) @ (%) = =2+ 100

sat~Mwat

where mg,, is the mass after saturation, mg,, the mass after drying and m,,,, the underwater
weight.

To determine the pore size distribution, mercury intrusion porosimetry (MIP) and nitrogen
sorption porosimetry were performed, allowing the characterization of pore radius ranging from 3
nm to 400 um and from 2 to 400 nm, respectively. Before the tests, the samples were freeze-dried,
this technique supposing to be less damageable for the microstructure than another drying method
in the case of cementitious materials®’.

Nitrogen sorption measurements were performed on a Micromeritics ASAP 2020 instrument at 77
K in the relative pressure range P/P° of 5.10°-0.99. Because the water in the materials was not
fully eliminated by the freeze-drying, all samples were degassed for 2 hours at 90°C and for 10
hours at 350°C under vacuum prior to analysis in order to eliminate the impurities at the material
surface. The specific area was determined using the Brunauer-Emmet-Teller (BET) method, and
the pore size distribution was calculated on the basis of the desorption branch of the isotherm
using the Barret-Joyner-Halenda (BJH) model, which implies a strong approximation on the pore
form supposed cylindrical. Pore volumes were calculated from the amount of adsorbed nitrogen at
the relative pressure P/P° of 0.99.

A Micromeritics Autopore 1V 9500 was used for the MIP experiments. Pore size distribution was
calculated using the Washburn law with a contact angle of 130° and surface tension of 0.485 N/m.
First, a low pressure test is practiced to evacuate the gases and fill the sample holder with mercury,

and the high pressure test reaches pressures up to 414 MPa.

2.5 Small-angle neutron scattering and Small-angle X-ray scattering.
Porosity was also investigated by the means of scattering techniques, allowing the estimation of

the average pore size, the pore volume and the specific area.

SAXS measurements were carried out at the laboratory LIONS (Laboratoire Interdisciplinaire sur
I’Organisation Nanométrique et Supramoléculaire, CEA Saclay, France) on thin geopolymer
plates of about 500 pum. The X-ray radiation was generated by a Cu rotating anode (Agq-1 = 0.154
nm) and the covered g range was between 0.7 x 10® and 0.4 A™. On some samples,
complementary SAXS experiments were made at the ESRF (European synchrotron facility,
Grenoble, France) using a USAXS instrument in order to extend the covered q range from 2 x 10
to 1 AL, The radiation wavelength was 0.995 A and the sample-detector distance was 0.76 m and
30.7 m for SAXS and USAXS, respectively.



SANS measurements were performed on the PACE spectrometer at the Laboratoire Léon
Brillouin (Orphée Nuclear Reactor, Saclay, France), using two configurations (wavelength A =6 A
and sample-detector distance = 4.7 m, or A = 17 A and sample-detector distance = 3 m) to cover
the q range between 2.4.10° and 1.1.10" A™. Thin geopolymer plates of about 1 mm were placed
between two quartz windows in a sealed cell and the measurements were realized at room
temperature on saturated samples with solvents. The data treatment was carried out using the
software Pasinet developed at the LLB®. Typically, the obtained signal was corrected for the
sample transmission and thickness, the contribution of the empty cell, and normalized by the water
scattering to correct for the inhomogeneity of the detector response. At the higher wave vectors,
incoherent diffusion due to the solvent was observed and a correction was applied to the diffusion
profile in region Il in order to get a g evolution, considering the Porod regime observed in
SAXS experiments, shown in Fig.1. Further details on the data treatment are given in the
Supporting Information in section SI.1.

Corrected SANS and SAXS diffusion profiles can be divided in three regions:

M At low g, the first region where the intensity decreases as a function of q°, and where
the exponent D represents the mass fractal dimension of the solid network structure. D
is close to 2.7 in USAXS. This fractal dimension is actually very similar to the one of
the metakaolin®. Differences in D value obtained with SANS are explained in the
section SI.1 of the supporting information.

(1) A transition region between region | and region Ill, corresponding to the diffusion of
the mesoporous network.

(11) At higher g, the intensity varies as g™ (Porod regime®), which is characteristic of a
smooth interface between the solid network and the pores containing the pore solution.

From SAXS and SANS measurements, a characteristic size of the porous network can be
estimated using a strong approximation on the pore form, i.e. a sphere model convoluted with a

lognormal distribution of radii. The form factor P(q) for a sphere of radius R is given by equation
().

3[sin(qR)—qRcos(qR)]) >
() P(q) = {HmRoaicesatl)

The function f(R, Ro,q) of a lognormal distribution for polydisperse spheres of radius R, with a

median radius R, and a standard deviation a, is given by equation (3).

@ FRRo ) = el "G

Norm

One fit is shown in Figure.2.




Pore volume and specific area were estimated only from SANS data because it was not possible to
control the sample saturation in the SAXS experiments. This can induce errors in the intensity
level and false the data analysis. The quantity of interface = (m™) is given by the Porod limit (4):

(4) Zpores =

where Ap? is the contrast between the scattering length densities of the solid network and of the

limg o0 1(q)q*
2mAp?

pore fluid. The specific area was obtained from the quantity of interface by dividing by the volume
fraction of solid &, and by the solid density d, which has been measured with the helium
pycnometer Micromeritics AccuPyc Il 1340 (dna-geo = 2.3 + 0.05 g.cm™ and dk-geo = 2.4 + 0.05
g.cm™). &, have been calculated from the water porosimetry measurement by:

G) D, =1—@
SANS experiments were also realised to found out the proportions of closed and open porosity in
the geopolymer pastes, using the contrast matching method. The principle of the experiment is
illustrated in Fig.3 and explained below.
Prior to analysis, the pore solution of the samples have been exchanged by immersing the
geopolymer plates for at least 72h in pure water (Fig.3a) or in the extinction mixture (Fig.3b),
which is an isotopic mixture of H,O and D,O corresponding to the extinction in terms of the
contrast of the geopolymer solid network. The volumetric composition of the extinction mix
H,0/D,0 was found in a previous study'®: 29.3/70.7 (v/v) and 34.8/65.2 (v/v) for sodium and
potassium geopolymers, respectively. After the geopolymer synthesis, both open and closed
porosities are filled with an aqueous solution, and the contrast Ap? between the solid network and
the solvent inside the porosity leads to the diffusion signal, as described by equation (6):

(6) I(q) = VAp*P(9)S(q)
where ¢ is the volume fraction of the solute, V the volume fraction of the diffusing entities, 4p the
difference in scattering length densities, P(q) is the form factor describing the size and shape of
the diffusing entities, and S(q) is the structure factor describing the interactions between entities.
The extinction mixture penetrates only in the open porosity, the closed porosity remaining
inaccessible. Since it has the same scattering length density as the geopolymer solid network, there
is no contrast between the open porosity and the solid. As a consequence, the diffusion profile

results only from the contrast between the solid network and the closed porosity.

3. Results and discussion
3.1 Effect of the alkali activator.
Nitrogen sorption isotherms obtained on different geopolymer pastes are shown in Fig.4. The

isotherms of the geopolymer pastes Na-3.6-11.5 and K-3.6-11.5 are type IV isotherms according



to the IUPAC classification®®, attributed to mesoporous materials and characterized by: an
inflexion point at low P/P° corresponding to the completion of the first adsorbed layer and the
beginning of multi-layer sorption, and a rapid increase of nitrogen sorption, attributed to capillary
condensation in the mesopores at higher P/P°.

The pore volume and the specific area of the potassium geopolymer are higher than the ones of the
sodium geopolymer with the same nominal composition, whatever the experimental technique
employed as reported in Table 1 and Table 2. These results are in agreement with Steins et al.™°,
who showed that the use of the potassium activator leads to higher porosity and smaller pore sizes,
when the alkali silicate solution is prepared with the same silicate source, i.e. in both cases with
precipitated silica or with a commercial silicate solution.

In our case, Fig.5a shows that the sodium and the potassium geopolymer have about the same pore
size distribution. The very first peak between 30 and 40 A is an artifact™. However, the potassium
activating solution have been prepared from amorphous silica and KOH pellets, while the sodium
geopolymer have been prepared from a ready-to-use commercial sodium silicate solution, in
which NaOH pellets and water were added to obtain the desired composition. This demonstrates
that bigger pore sizes are obtained by making the silicate solution from amorphous silica, probably
because the dissolution of silica particles was not complete, leading to a lower condensation
degree in the aluminosilicate network of the final material. This result highlights the importance of
the raw materials in the composition of the alkali silicate solution to control the pore sizes.

3.2 Effect of the formulation molar ratios.
The formulation molar ratios of the geopolymer pastes have an impact on pore volume, pore size

distribution, and specific area. The effect of the H,O/M,0 ratio is significant on both pore volume
and pore size, while the impact of the SiO,/M,0 ratio is less important.

An increase in the water ratio H,O/M,0O from 10 to 15 leads to an increase in the geopolymer
paste porosity and in the mean pore size. The pore volume increases whatever the experimental
technique, as reported in Table 1. BJH calculations on nitrogen sorption isotherms presented in
Fig.5a show that the pore size distribution broadened and was centered on higher pore sizes. In the
SANS experiments, the position of the transition region is characteristic of the mean size the
pores. This position is roughly designated in Fig.5 by a dotted line and is shifted towards lower g
values, meaning the mean pore size increases by increasing the amount of water in the geopolymer
pastes. Results obtained from the sphere model are reported in Table 2 together with the results
from the other techniques. All techniques show the same trend, but as expected MIP was less
appropriate to differentiate the geopolymer paste mesoporosity for low water contents, i.e. for



small pore sizes. Although in most cases the specific area was increasing slightly with water
content, this trend was not confirmed by SANS results.

These results show that the water initially introduced in the mixture during the geopolymerization
reactions plays an important role in the formation of the porous network. As water remains
trapped in the final material, it is responsible for the geopolymer pore volume and mean pore size.
Increasing the water ratio H,O/M,0 up to 20 leads to a macroporous geopolymer, as it can be seen
in Fig.5b. This geopolymer nitrogen sorption isotherm was attributed to a type Il isotherm
according to the IUPAC classification (see Fig.4) and the BJH calculation in Fig.5a does not have
any meaning.

The SiO,/Na,0 ratio had only a small influence on pore volume and pore sizes, which decrease
slightly by increasing SiO,/Na,O from 3.6 to 4. The highest impact was observed on the nitrogen

sorption isotherms in Fig.6, when H,O/Na,O was equal to 10.

3.3 Open and closed porosity.
The fractions of closed and open porosity of the solid geopolymer were estimated using the

contrast variation technique on seven formulations.

The scattering patterns of the one-month geopolymer Na-3.6-11.5 in water (H100) and in the
extinction mixture (H30D70) in Fig.7 are an example of results. In the case of the sample in the
isotopic mixture, the scattered intensity is more than one order of magnitude lower, because of the
extinction of the open porosity. The pore volume V3,570 found by fitting with a sphere model the
scattering pattern of the geopolymer paste immersed in the extinction mixture (H30D70) is
attributed to closed porosity, while the pore volume V4, estimated from the scattering pattern of
the same geopolymer paste in water (H100) is attributed to the total pore volume.

The fraction of closed porosity @.;,s.4 iS the ratio between the two pore volumes Vys0p70/Vu100-
D10sea (0) is reported in Table 3 for all the samples. At the age of one month, the porous network
of all the geopolymer pastes is mainly connected, since only a small proportion of closed porosity

was determined, representing less than 5 % of the total pore volume.

3.4 Evidence regarding a two-level pore structure: a meso- and macroporous network.
Contrary to materials with a well-defined pore structure (MCM-41°2>* and SBA-15> mesoporous

silica, etc..), no clear saturation plateau was observed on the nitrogen isotherms in Fig.4, after the
capillary condensation had happened in the mesopores, probably because of the so-called “ink-
bottle effect™® happening when large-diameter pores are accessible via small-diameter pores.
Moreover, the values of total porosity evaluated from neutron scattering were much smaller than

the porosity determined from the other characterization techniques (see Table 1). However, in the



SANS experiments, the probed pore volume is the one whose characteristic pore size is located in
the available wave vector range: that is to say mesoporosity. If the geopolymer pastes had another
characteristic pore size not detectable in this g range, then the pore volume have been
underestimated from the experiments. This “missing” pore volume could be either microporosity
or macroporosity. The hypothesis of microporosity is ruled out in section SI.2 of the Supporting
Information after t-plot calculations. Thus, the difference in pore volume between SANS and the
other technique is attributed to macroporosity.

1737 provis et al.*’ conducted X-ray

These observations are in agreement with literature
microtomography with a resolution of 0.75 um on alkali activated binders and reported a pore
volume between 25% and 35%. Such big porosity should be observable by SEM and two zones
are clearly identified on the micrographs of a polished section of the geopolymer paste Na-3.6-13
in Fig.8. The microcracks are probably due to the under vacuum drying during the carbon coating
phase. The first smooth-looking zone is the dense amorphous and mesoporous geopolymer paste,
while the second one is attributed to a porous region resulting from the partial dissolution of
metakaolin, which leaves the print of metakaolin grains in the microstructure. The size of these
pores can reach several tenths of micrometers, similarly to metakaolin grains. Fig.8c is a picture of
the inside of a pore, which shows the irregular pore surface. Macropores are not connected
together, which could explain that the MIP data did not show any macroporosity. They would be
connected by the means of the mesoporous network. A similar conclusion was drawn by Lloyd et
al.'” on observations made on alkali activated fly ashes. They suggested that a large part of the
pore volume exists in the cavities left by the dissolution of fly ash particles. Contrary to all the
other formulations, SEM observations on the geopolymer paste Na-3.6-20 in Fig.9 show a porous
microstructure fully made of agglomerated entities, and the two different zones cannot be

identified anymore. Some carbonation was observed on the sample surface.

3.5 Geopolymer paste evolution.
Both nitrogen sorption and SANS highlighted the great stability of the geopolymer pastes kept at

20°C in a 100% relative humidity environment for a period of one year.

Nitrogen sorption was performed at different aging time (7, 30, 90, 180 and 365 days) and the
isotherms obtained on four formulations are shown in Fig.10. A significant evolution is observed
between 7 and 30 days, showing that the porous network formation was not completed even 7
days after the macroscopic setting time of the material. After 30 days of aging time, there is only a
slow evolution of the geopolymer pastes. For some samples, like K-3.6-11.5 in Fig.10a, there is
almost no evolution. For other samples, in Fig.10b and Fig.10c, the pore volume becomes slightly



lower and the capillary condensation phenomenon shifts towards higher P/P°. As a consequence,
the pore size distribution calculated with BJH method moves towards bigger pore sizes. These
small evolutions are attributed to the partial closure of porosity over time. The strongest evolution
is observed for the geopolymer Na-4-10 in Fig.10d.

To confirm the closure of the porosity and to quantify it, SANS experiments were performed again
on the geopolymer pastes aged of six months, and the results were compared with the ones
previously obtained at one month. The results, reported in Table 3, show a slight increase in
closed porosity after six months, for all the sodium geopolymers, but not for the potassium
geopolymer. Still, it is important to notice that in the nitrogen sorption experiments, the variation
in the pore volume was sometimes visible only after a period of one year, and that there was no
evolution for the potassium geopolymer. This can explain there is no difference for the potassium
geopolymer in the SANS experiments either. In all cases, the closure phenomenon is small and the
geopolymer paste porosity remains mainly opened after a period of six months.

The mechanism responsible for the closure of porosity is still unknown but four assumptions can
be formulated:

(1) The geopolymerization reactions are still ongoing after 30 days and there is consumption

of ionic species in the pore solution.

(2) There is a phase precipitation in the pore solution at the pore surface.

(3) There is a densification of the solid network.

(4) A dissolution-reprecipitation mechanism occurs at the pore wall/pore solution interface.
The two first assumptions could explain the closure of the smallest pores but not the enlargement
of the biggest pores observed by nitrogen sorption. Moreover, the extraction and the chemical
analysis of the pore solution at different times have been realized. The results are shown in Fig.11
for the geopolymer pastes Na-3.6-11.5 and K-3.6-11.5 and no significant change in the pore
solution composition or in the pH value is observed after 7 days. The pore solution composition
evolves clearly only between 1 and 7 days. No densification of the solid network has been
highlighted. However, porosity evolution due to a dissolution-reprecipitation process has been
previously observed in porous silica MCM-41% filled with water, causing similar consequences
on nitrogen sorption results: decrease in pore volume and modification of the pore size
distribution. Although confirmation is needed, it is possible that this kind of mechanism happens
in the geopolymer porosity. Dissolution would happen in the larger part of the pores and
precipitation in the smaller pores, causing pore clogging.

4. Conclusion



This study concerns the impact of the geopolymer paste chemistry on porosity and on their
evolution at 20°C in a 100% relative humidity environment.

In agreement with previous literature data, the alkali activator choice has an impact on pore
volume and specific area, but the raw materials have an impact on the pore size distribution. The
effect of the molar ratio H,O/M,0 is significant on both pore volume and pore size, while the
SiO,/M,0 ratio has almost no impact in the studied range. Increasing the water ratio up to a
certain point can lead to a macroporous geopolymer. Besides, a significant part of the pore volume
is due to cavities of several micrometers left by the partial dissolution of metakaolin particles.
From SEM observations, these macropores do not seem connected together, which implies a
strong “ink-bottle effect” on the nitrogen sorption isotherms and on MIP results.

Between seven days and one month of aging, the nitrogen sorption results show a strong evolution
of the porous network. It was clear that the geopolymer network is not completely formed even
one week after the macroscopic setting time. After a period of one month, the evolution is much
lower. The results highlight the durability of the geopolymer pastes in terms of their evolution in a
100% relative humidity environment for a period of one year. In most cases, the pore size
distribution remains unchanged or is slightly shifted towards bigger pore size. In addition, a slight
decrease in the open pore volume is observed, attributed to a small closure of the porosity with
time. SANS results confirmed those results but showed that the geopolymer porosity is widely
open at 1 month and remains mainly open after a period of six months. At this stage of the study, a
dissolution-reprecipipation mechanism occurring at the pore wall interface is supposed to explain

theses evolutions.
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Figure 1 — Ultra Small-angle X-ray scattering and Small-angle X-ray scattering intensity
versus scattering vector modulus for the geopolymer formulation Na-3.6-11.5 aged of one

month.
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Figure 2 - Small-angle neutron scattering profile of the geopolymer paste Na-3.6-11.5
saturated in water (H100) fitted by a sphere model.
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Figure 3 —Schematic diagram illustrating the measurement of closed porosity by small-
angle neutron scattering with the contrast matching method.
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Figure 4- Effect of the water ratio H,O/M,O and alkali activator on the nitrogen
sorption isotherms of geopolymer pastes.
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Figure 8 — SEM mlcrographs of the one-month aged geopolymer paste Na-3.6-13 at

different scales.
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Figure 9 — SEM micrographs of the one-month aged geopolymer paste Na-3.6-20.
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Figure 10 - Effect of aging time on the nitrogen sorption isotherms and pore size
distribution of the geopolymer pastes (a) K-3.6-11.5, (b) Na-4-13, (c) Na-3.6-13 and (d)
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Figure 11 — Evolution of the pore solution chemical composition and pH value of the
geopolymer paste (a) Na-3.6-11.5 and (b) K-3.6-11.5.



Tables

Table 1 — Volumic percent porosity of one-month aged geopolymers obtained with
different techniques.

sy ) | e, | S T sans o
Na-3.6-20 - 54 - -
Na-3.6-15 - 45 36 3
Na-3.6-13 46 43 32 6.2
Na-3.6-11.5 43 37 28 5.9
Na-3.6-10 41 24 23 5.3
Na-4-13 45 40 30 6.1
Na-4-11.5 42 32 28 5.4
Na-4-10 39 18 17 4.3
K-3.6-11.5 46 43 41 7.0

Table 2 - Average pore diameter and specific area of one-month geopolymer pastes
determined by different techniques.

Average pore diameter (A) Specific area (m°/g)

Mercury Nitrogen Mercury Nitrogen

intrusion sorption SAXS SANS intrusion sorption SANS
Na-3.6-20 355 - - - 59 - -
Na-3.6-15 154 120 - - 96 67 -
Na-3.6-13 132 111 88 81 102 58 23
Na-3.6-11.5 117 88 78 72 92 53 28
Na-3.6-10 121 53 74 68 50 46 24
Na-4-13 160 88 79 76 78 64 31
Na-4-11.5 95 71 61 52 93 57 29
Na-4-10 98 51 62 50 51 40 26
K-3.6-11.5 208 85 57 60 64 101 63

Table 3 - Volumetric percent of closed porosity found by small-angle neutron scattering.

(pclosed (%) q)closed (%)

1 month 6 months
Na-3.6-13 2.7 4.1
Na-3.6-11.5 1.5 2.5
Na-3.6-10 2.0 3.2
Na-4-13 1.8 2.8
Na-4-11.5 1.9 2.5
Na-4-10 1.5 2.8
K-3.6-11.5 0.7 0.5
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