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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.

Introduction

Geopolymers are aluminosilicate materials having an amorphous structure, obtained by alkali activation of an aluminosilicate source (here metakaolin) at room temperature [START_REF] Duxson | Geopolymer technology: the current state of the art[END_REF] . 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 [START_REF] Xu | The geopolymerisation of alumino-silicate minerals[END_REF][START_REF] Dimas | Polymerization in sodium silicate solutions: a fundamental process in geopolymerization technology[END_REF] . Many studies highlighted their potential applications in several fields, such as civil engineering or waste management [START_REF] Duxson | Geopolymer technology: the current state of the art[END_REF][START_REF] Provis | Geopolymers: structures, processing, properties and industrial applications[END_REF][START_REF] Palomo | Alkali-activated cementitous materials: Alternative matrices for the immobilisation of hazardous wastes: Part I. Stabilisation of boron[END_REF][START_REF] Palomo | Alkali-activated cementitious materials: Alternative matrices for the immobilisation of hazardous wastes: Part II. Stabilisation of chromium and lead[END_REF][START_REF] Rooses | Encapsulation of Mg-Zr alloy in metakaolin-based geopolymer[END_REF][START_REF] Roy | Alkali-activated cements Opportunities and challenges[END_REF][START_REF] Cantarel | Solidification/stabilisation of liquid oil waste in metakaolin-based geopolymer[END_REF] .

According to literature, geopolymers are mesoporous materials [START_REF] Duxson | Understanding the relationship between geopolymer composition, microstructure and mechanical properties[END_REF][START_REF] Glad | Optimization of Gas Adsorption Porosimetry for Geopolymer Analysis[END_REF] , with a wide pore size distribution and a non-well defined pore form [START_REF] Maitland | Characterization of the pore structure of metakaolin-derived geopolymers by neutron scattering and electron microscopy[END_REF] . Several authors report a pore volume between 30% and 50% [START_REF] Bell | Nanoporosity in Aluminosilicate, Geopolymeric Cements[END_REF][START_REF] Fernandez-Jimenez | Immobilization of cesium in alkaline activated fly ash matrix[END_REF][START_REF] Skvara | Microstructure of geopolymer materials based on fly ash[END_REF] . 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 [START_REF] Bell | Nanoporosity in Aluminosilicate, Geopolymeric Cements[END_REF][START_REF] Steins | Effect of aging and alkali activator on the porous structure of a geopolymer[END_REF] . It has also been proven that variations in the Si/Al ratio in the alkali solution has a strong influence on the geopolymer microstructure [START_REF] Duxson | Understanding the relationship between geopolymer composition, microstructure and mechanical properties[END_REF] 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 [START_REF] Lloyd | Spatial distribution of pores in fly ash-based inorganic polymer gels visualised by Wood's metal intrusion[END_REF][START_REF] Steveson | Relationships between composition, structure and strength of inorganic polymers[END_REF] . The porosity controls a lot of properties, such as mechanical and transport properties [START_REF] Boher | Influence of the pore network on hydrogen diffusion through blended cement pastes[END_REF][START_REF] Boher | Experimental investigation of gas diffusion through monomodal materials. Application to geopolymers and Vycor® glasses[END_REF] , directly linked to the material durability. The evolution of the pore structure has already been investigated at early age [START_REF] Rovnaník | Effect of curing temperature on the development of hard structure of metakaolin-based geopolymer[END_REF][START_REF] Steins | Structural Evolution during Geopolymerization from an Early Age to Consolidated Material[END_REF] while only a few studies focused on the long-term evolution of geopolymer materials [START_REF] Steins | Effect of aging and alkali activator on the porous structure of a geopolymer[END_REF][START_REF] Melar | The Porous Network and its Interface inside Geopolymers as a Function of Alkali Cation and Aging[END_REF] .

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 [START_REF] Steins | Effect of aging and alkali activator on the porous structure of a geopolymer[END_REF] , 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 smallerdiameter pores: this is known as the "ink-bottle effect". SAXS and SANS are commonly used to characterize porous materials [START_REF] Ramsay | Surface and pore structure characterisation by neutron scattering techniques[END_REF][START_REF] Gouze | How hexagonal mesoporous silica evolves in water on short and long term: Role of pore size and silica wall porosity[END_REF] , including geopolymers [START_REF] Steins | Structural Evolution during Geopolymerization from an Early Age to Consolidated Material[END_REF][START_REF] Melar | The Porous Network and its Interface inside Geopolymers as a Function of Alkali Cation and Aging[END_REF] . Contrary to nitrogen sorption, they 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 2 O/Na 2 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 2 O and heavy water D 2 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.

Materials and methods

Geopolymer synthesis and curing.

Metakaolin-based geopolymers were prepared from the Pieri Premix MK from Grace Construction, which composition can be found elsewhere Samples were stored at 298 K and 100% relative humidity during all the curing period to prevent them from drying.

Pore solution characterization.

A high-pressure device similar to the one of Cyr et al. [START_REF] Cyr | High Pressure Device for Fluid Extraction from Porous Materials: Application to Cement Based Materials[END_REF] 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 -1 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 2 atmosphere to prevent from further carbonation, while the other part was acidified with nitric acid (2% v/v) for cation chemical analysis by Inductively Coupled Plasma (ICP). Chemical analyses of the anions were performed by anionic chromatography.

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.

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 𝛷 was finally estimated according equation ( 1):

(1) 𝛷 (%) = 𝑚 𝑠𝑎𝑡 -𝑚 𝑑𝑟𝑦 𝑚 𝑠𝑎𝑡 -𝑚 𝑤𝑎𝑡 * 100

where 𝑚 𝑠𝑎𝑡 is the mass after saturation, 𝑚 𝑑𝑟𝑦 the mass after drying and 𝑚 𝑤𝑎𝑡 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 µm 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 [START_REF] Gallé | Effect of drying on cement-based materials pore structure as identified by mercury intrusion porosimetry: A comparative study between oven-, vacuum-, and freeze-drying[END_REF] .

Nitrogen sorption measurements were performed on a Micromeritics ASAP 2020 instrument at 77 K in the relative pressure range P/P 0 of 5.10 -6 -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 0 of 0.99.

A Micromeritics Autopore IV 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.

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 l'Organisation Nanométrique et Supramoléculaire, CEA Saclay, France) on thin geopolymer plates of about 500 µm. The X-ray radiation was generated by a Cu rotating anode (λ Kα-1 = 0.154 nm) and the covered q range was between 0.7 × 10 -3 and 0.4 Å -1 . 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 × 10 -4 to 1 Å -1 . The radiation wavelength was 0.995 Å 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 λ = 6 Å and sample-detector distance = 4.7 m, or λ = 17 Å and sample-detector distance = 3 m) to cover the q range between 2.4.10 -3 and 1.1.10 -1 Å -1 . 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 [START_REF] Brûlet | Improvement of data treatment in smallangle neutron scattering[END_REF] . 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 III in order to get a q -4 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:

(I) At low q, the first region where the intensity decreases as a function of q -D , 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 [START_REF] Steins | Effect of aging and alkali activator on the porous structure of a geopolymer[END_REF] . Differences in D value obtained with SANS are explained in the section SI.1 of the supporting information.

(II) A transition region between region I and region III, corresponding to the diffusion of the mesoporous network.

(III) At higher q, the intensity varies as q -4 (Porod regime 29 ), 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 ( 2).

(

) 𝑃(𝑞) = { 3[sin(𝑞𝑅)-𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)] (𝑞𝑅) 3 } 2 2 
The function 𝑓(𝑅, 𝑅 0, 𝑞) of a lognormal distribution for polydisperse spheres of radius 𝑅, with a median radius 𝑅 0 , and a standard deviation 𝜎, is given by equation ( 3).

(

) 𝑓(𝑅, 𝑅 0 , 𝑞) = 1 𝑁𝑜𝑟𝑚 𝑒 {- 1 2𝜎 2 [ln ( 𝑅 𝑅 0 )] 2 } 3 
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 Σ (m -1 ) is given by the Porod limit (4):

(4) 𝛴 𝑝𝑜𝑟𝑒𝑠 = lim 𝑞 →∞ 𝐼(𝑞)𝑞 4 2𝜋𝛥𝜌 2
where 𝛥𝜌 2 is the contrast between the scattering length densities of the solid network and of the pore fluid. The specific area was obtained from the quantity of interface by dividing by the volume fraction of solid 𝛷 𝑠 and by the solid density d, which has been measured with the helium pycnometer Micromeritics AccuPyc II 1340 (d Na-geo = 2.3 ± 0.05 g.cm -3 and d K-geo = 2.4 ± 0.05 g.cm -3 ). 𝛷 𝑠 have been calculated from the water porosimetry measurement by:

(5) 𝛷 𝑠 = 1 -𝛷 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 porosities are filled with an aqueous solution, and the contrast 𝛥𝜌 2 between the solid network and the solvent inside the porosity leads to the diffusion signal, as described by equation ( 6):

(6) 𝐼(𝑞) = 𝜑𝑉𝛥𝜌 2 𝑃(𝑞)𝑆(𝑞)
where 𝜑 is the volume fraction of the solute, 𝑉 the volume fraction of the diffusing entities, 𝛥𝜌 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.

Results and discussion

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 [START_REF] Rouquerol | Recommendations for the characterization of porous solids (Technical Report)[END_REF] , attributed to mesoporous materials and characterized by: an inflexion point at low P/P 0 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 0 .

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 andTable 2. These results are in agreement with Steins et al. [START_REF] Steins | Effect of aging and alkali activator on the porous structure of a geopolymer[END_REF] , 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 Å is an artifact [START_REF] Lu | Nanoporous materials: science and engineering[END_REF] . 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.

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 2 O/M 2 O ratio is significant on both pore volume and pore size, while the impact of the SiO 2 /M 2 O ratio is less important.

An increase in the water ratio H 2 O/M 2 O 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 q 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 2 O/M 2 O 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 II isotherm according to the IUPAC classification (see Fig. 4) and the BJH calculation in Fig. 5a does not have any meaning.

The SiO 2 /Na 2 O ratio had only a small influence on pore volume and pore sizes, which decrease slightly by increasing SiO 2 /Na 2 O from 3.6 to 4. The highest impact was observed on the nitrogen sorption isotherms in Fig. 6, when H 2 O/Na 2 O was equal to 10.

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 𝑉 𝐻30𝐷70 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 𝑉 𝐻100 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 𝛷 𝑐𝑙𝑜𝑠𝑒𝑑 is the ratio between the two pore volumes 𝑉 𝐻30𝐷70 /𝑉 𝐻100 .

𝛷 𝑐𝑙𝑜𝑠𝑒𝑑 (%) 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 [START_REF] Naono | Porous Texture and Surface Character of Dehydroxylated and Rehydroxylated MCM-41 Mesoporous Silicas-Analysis of Adsorption Isotherms of Nitrogen Gas and Water Vapor[END_REF][START_REF] Neimark | Pore Size Analysis of MCM-41 Type Adsorbents by Means of Nitrogen and Argon Adsorption[END_REF][START_REF] Kruk | Characterization of Highly Ordered MCM-41 Silicas Using X-ray Diffraction and Nitrogen Adsorption[END_REF] and SBA-15 [START_REF] Ravikovitch | Characterization of Micro-and Mesoporosity in SBA-15 Materials from Adsorption Data by the NLDFT Method[END_REF] 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 "inkbottle effect" [START_REF] León Y León | New perspectives in mercury porosimetry[END_REF] 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 q 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.

These observations are in agreement with literature [START_REF] Lloyd | Spatial distribution of pores in fly ash-based inorganic polymer gels visualised by Wood's metal intrusion[END_REF][START_REF] Provis | X-ray microtomography shows pore structure and tortuosity in alkali-activated binders[END_REF] . Provis et al. [START_REF] Provis | X-ray microtomography shows pore structure and tortuosity in alkali-activated binders[END_REF] conducted X-ray microtomography with a resolution of 0.75 µm 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. [START_REF] Lloyd | Spatial distribution of pores in fly ash-based inorganic polymer gels visualised by Wood's metal intrusion[END_REF] 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.

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 0 . 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 [START_REF] Gouze | How hexagonal mesoporous silica evolves in water on short and long term: Role of pore size and silica wall porosity[END_REF] 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.

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 2 O/M 2 O is significant on both pore volume and pore size, while the SiO 2 /M 2 O 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 
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 3 Figure 3 -Schematic diagram illustrating the measurement of closed porosity by smallangle neutron scattering with the contrast matching method.
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 4 Figure 4-Effect of the water ratio H 2 O/M 2 O and alkali activator on the nitrogen sorption isotherms of geopolymer pastes.
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 5 Figure 5 -Effect of water ratio H 2 O/M 2 O and alkali activator on the pore size distribution of different geopolymer pastes obtained by (a) nitrogen sorption porosimetry, (b) MIP, and (c) SAXS.

Figure 6 -

 6 Figure 6 -Effect of the silica ratio SiO 2 /M 2 O on the nitrogen sorption isotherms of onemonth aged geopolymer pastes and H 2 O/Na 2 O = 13, 11.5 or 10.
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 736115 Figure 7 -Small-Angle Neutron Scattering patterns of the one-month geopolymer paste Na-3.6-11.5. The black points stand for the sample in water (H100), and the grey points stand for the sample in the extinction mix (H30D70).
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 8910 Figure 8 -SEM micrographs of the one-month aged geopolymer paste Na-3.6-13 at different scales.

Figure 11 -

 11 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.

  

  

  Rhodia, purity > 98%), and a sodium silicate solution (Betol 52T, Woellner; 30.2 wt % SiO 2 , 14.7 wt % Na 2 O and 55.1 wt % H 2 O). 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 2 O/M 2 O of 10, 11.5, 13, 15 or 20 and SiO 2 /M 2 O 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 𝑥SiO 2 M 2 O𝑤H 2 O, 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 2 /Na 2 O of 4 and H 2 O/Na 2 O of 13.
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(d 10 = 1.8 µm, d 50 = 10.3 µm, d 90 = 48.2 µm), NaOH (Normapur, Prolabo), KOH (Normapur, Prolabo), amourphous silica (Tixosil 331,
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