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Geopolymers are inorganic binders obtained by alkali activation of aluminosilicates. While the structure of
geopolymers is now well understood, the details of the geopolymerisation reaction and their impact on the
rheology of the paste remain uncertain. In this work, we follow the elastic properties of a paste made with
metakaolin and sodium silicate solution. After the first sharp increase of elastic modulus occurring a few
hundred of seconds after mixing and related to the heterogeneous formation of an alumina–silicate gel
with a molar ratio Si/Al b4 located at the grains boundaries, we focus on the progressive increase in elastic
modulus on a period of few hours during the setting of the geopolymer. In this study, we combine the study
of rheological properties of the paste with 23Na, 27Al and 29Si static NMRmeasurement in order to better un-
derstand the origin of this second increase in elastic modulus. Our results show that, after a few hours, Al
and Na evolution in the liquid phase are concomitant. This suggests the precipitation of an aluminosilicate
phase where Al is in tetrahedral position and Na compensates the charge. Furthermore, Si speciation con-
firms this result and allows us to identify the precipitation of a product, which has a chemical composition
close to the final composition of geopolymer. This study provides strong evidence for a heterogeneous for-
mation of an aluminosilicate glass directly from the first gel and the silicate solution without the need for a
reorganisation of Gel 1 into Gel 2.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It is expected that the demand for concrete continues to grow
especially in developing countries [1]. These forecasts shall result in in-
creased emissions of greenhouse gases generated during the manufac-
ture of Portland cement. To reduce the environmental footprint of
construction industries, the development of sustainable building mate-
rials is essential. Several solutions have emerged in recent years such as
the blended cements, in which parts of clinker is substituted by Supple-
mentary Cementitious Materials (SCMs0) [2,3]. Other Non-Portland
based cements such as calcium aluminate cements [4–6], magnesia
cements [7,8] or alkali activated binders including geopolymers attract
a lot of scientific attention. Indeed, for the last decades, aluminosilicate
materials, also known as geopolymers [9], have been largely studied
due to their promising potential applications as environmentally friend-
ly alternatives to Portland cement [10–13]. The interest they could pro-
vide for waste remediation and in particular nuclear waste or heavy
metals containment have also motivated intensive research on this
field since the last 20 years [14,15]. These amorphous aluminosilicate
materials are typically synthesised under highly alkaline conditions
from a solid aluminosilicate such as fly ash, slag or some calcined clay
such as metakaolin (MK). The resulting geopolymers consist of an X-
ray amorphous three-dimensional structure with a tetrahedral coordi-
nation of AlO4 and SiO4 units [16,17].

Extensive research has helped to consolidate knowledge on
geopolymerisation. Currently, geopolymerisation is described in litera-
ture by three main concurrent and partially reversible steps:

(1) A dissolution step, in which the aluminosilicate source is
dissolved in order to form reactive precursors such as
Si(OH)−4 and Al(OH)−4. This step is crucial for the future
geopolymerisation reaction and previous works have shown
that this is the limiting step of the overall reaction. There
may appear differences in dissolution rate according to the
Al coordination [18].

(2) A reorganisation step, where aluminosilicate precursors rear-
range towards amore stable state. This step is either described
as an instantaneous step or as a long process with various
types of temporary gels formed [11].

(3) A polycondensation/gelification phase during which polymer-
isation and precipitation of the system occur. It involves the
condensation between mono aluminate and mono silicate to

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2015.03.003&domain=pdf
http://dx.doi.org/10.1016/j.cemconres.2015.03.003
mailto:aurelie.favier@epfl.ch
http://dx.doi.org/10.1016/j.cemconres.2015.03.003
http://www.sciencedirect.com/science/journal/00088846


Table 1
Chemical composition of geopolymer pastes expressed in molar ratios.

Sample SiO2/Na2O in
silicate solution

H2O/Na2O Na2O/Al2O3 Si/Al in the
final product

SiO2/Na2O = 1.06 1.06 20 0.67 1.71
SiO2/Na2O = 1.6 1.6 20 0.63 1.86
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form Si\\O\\Si and Si\\O\\Al bonds since the formation of
Al\\O\\Al is not favoured (Loewenstein's Rule) even if it is
not strictly impossible [19,20].

Even if these steps are clearly described in the literature and are used
in geopolymerisation models, a lot of uncertainties still remain, espe-
cially in the succession of these phases and their repetition. Does the
last step involve the formation of only one final product or is there a
phase of polycondensation (step 3) followed by a new phase of
reorganisation (step 2) inducing again a new polymerisation phase of
new products. The detailed understanding of these steps, their succes-
sion and their potential repetition is crucial for a proper understanding
of the reaction. In the literature, two fundamentally different models
depending on the number of reorganisation stages have been proposed.
Somemodels describe the geopolymerisation as a linear process imply-
ing one aluminosilicate gel that polymerises from a solution of alumi-
nate and silicate oligomers [9]. Other models favour a reorganisation
of a first gel into a second gel [11,21]. To distinguish between those
two options, studies have used a variety of techniques. In particular,
1H NMR relaxometry [22] provides information about the evolution of
pore structure and multinuclear MAS NMR [21,23–27] gave access to
the structure of short-range order encountered in geopolymers. Also,
in-situ neutron pair distribution function (PDF) analysis [28–30] pro-
vided information on the local gel structure. Thesemethods emphasized
the importance of the local structure formed in the interstitial phase and
the strong heterogeneity of the geopolymer gel. However, all these ex-
periments only allowed for the assessment of the solid phases of mate-
rial and not of the liquid phase.

Few studies have effectively tried to observe the interstitial phases.
Studies such as [31] have mixed directly solutions of silicate and alumi-
nate. Theymeasured the properties of the precipitate aswell as the rem-
nant liquid. This method is however only useful if one considers a first
instantaneous dissolution of the aluminate source to have in the solu-
tion mono aluminate and mono silicate species. In the reality, the
continuous dissolution process of MK might induce a different reaction
mechanism [18]. A second study, used static 27Al solution NMR to
measure only the aluminium present in the solution and probe themo-
lecular changes occurring during the synthesis [32]. This approach
emphasizes the importance of aluminium chemistry during the differ-
ent steps of geopolymerisation's reaction.

Inspired by the methodology proposed by Rahier et al. [32], the ob-
jective of the present study is to monitor the chemical evolution of the
interstitial phase during the formation of geopolymers frommetakaolin
(MK)using static 27Al, 29Si and 23NaNMRmeasurements. In parallel, the
resulting macroscopic mechanical evolution of the system is assessed
using oscillation rheology.
Fig. 1. Speciation of silicon in the sodium silicate activation solution by 29Si NMR. Qn has the usu
2. Experimental procedure

2.1. Raw materials and processing

Geopolymer pastes were prepared by mixing a sodium silicate solu-
tion with MK particles. The chosen MK for this research is Argical M-
1000 from AGS Minéraux (France). Its BET specific surface area is
equal to 17 m2/g and the mass average diameter is approximately
10 μm. The alkaline solutions were prepared from silica gel 60, 0.063–
0.2 mm (Merck KGaA, Germany), sodium hydroxide pellets (Merck
KGaA, Germany) and distilled water. They were obtained by mixing
the appropriate amount of NaOH, silica gel and distilled water in a plas-
tic bottle, which was subsequently closed to avoid evaporation and car-
bonation. The solutions were then allowed to cool for 24 h. The 29Si
NMR characterisation of the sodium silicate solution showed distinct
and diverse coordination state of Silicon atoms (Fig. 1). Highly
depolymerised species (isolated silicon tetrahedron, Q0) could be iden-
tified as well as polymerised silicon oligomers (silicon tetrahedral
linked by sharing one or two oxygens, Q1/Q2).

Finally, as numerous studies have shown that an optimal com-
position of the final geopolymeric phase for structural applications
and the development of mechanical properties correspond to molar
ratios Si/Al close to 2 and Na2O/Al2O3 close to 1 [27,33], geopolymer
pasteswere prepared in order to be close to these values. Notwithstand-
ing its impact on the final mechanical properties, the water contentwas
chosen to keep the initial solid volume fraction constant and equal to 0.3
in order to allow rheological measurements comparable between each
other. As a result, the alkaline solutions had a constant H2O/Na2O
molar ratio but different SiO2/Na2O molar ratio. The chemical composi-
tions expressed in molar ratios are given in Table 1. For each experi-
ment, the suspension was mixed with a mechanical stirrer 5 min
before testing.

2.2. Static NMR measurements

Static NuclearMagnetic Resonance (NMR) 27Al, 29Si and 23Na exper-
imentswere performed on a Bruker Avance500 spectrometer at 11.74 T.
The geopolymer pastewasplaced in an adapted and closed PTFE tube. In
practice, the nuclear spin interactions (principally in diamagnetic solid,
al meaning of the notation commonly used to describe the Si coordination in oxydes [34].
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the chemical shift, the dipolar coupling and the quadruple coupling) are
anisotropic and the oscillation frequency depends on the orientation of
the molecules in the magnetic field. In liquids, Brownian motion natu-
rally averages to zero this anisotropy and high-resolution spectra are
obtained. In solid phases however, motional averaging is inexistent
and the anisotropy of the interactions leads to a large broadening of
the spectra. Therefore, when the bandwidth is adjusted for the observa-
tion of species in solution, the solid phases are virtually invisible.

Consequently, in this study, where our sample is a solid/liquid het-
erogeneous suspension, using static liquid-phase NMR has allowed us
to specifically monitor the chemical speciation of the mobile species in
the suspending liquid (ions, oligomers or small gel particles).

Three isotopes have been studied, 29Si, 27Al and 23Na. The 29Si being
a nucleus of spin½, a simple single-pulse sequenceπ/2was applied. The
recycle time of 10 s was greater than five times the longitudinal relaxa-
tion time (T1) thus allowing a quantitative analysis of the spectra. The
pulse duration was 8 μs and the number of scans 64. The total acquisi-
tion time of a spectrumwas thus 640 s. The chemical shift external ref-
erence was TMS (Tetramethylsilane) at 0 ppm. The diameter of the rf
coil is 10 mm. 27Al is a quadrupolar nucleus (spin 5/2). However, in
the liquid, the quadruple interaction can be neglected and the nutation
frequency is comparable to that of a spin ½. A simple single-pulse se-
quence π/2 is then non-selective and quantitative. The recycle time
was 1 s, the pulse duration π/2 4.9 μs and the number of scans 40
(that is acquisition time of 40 s). The external reference, for chemical
shift and intensity calibration, was an acidic aqueous solution of
0.10MAlCl3. The diameter of the rf coil was 5mm. 23Na is also a quadru-
polar nucleus (spin 3/2). As for aluminium, the pulses are considered
non-selective and quantitative in the liquid phase. For that nucleus,
the longitudinal relaxation timewasmeasured through an inversion re-
covery sequence. The recycle timewas 1 s, pulse duration π/2was 5.5 μS
and that of the pulses π was 11 μs. The number of scans was 8. The
interpulse recovery time was varied between 10 s and 1 s (10 μs,
20 μs, 40 μs, 100 μs, 200 μs, 500 μs, 1.00 ms, 2.00 ms, 4.00 ms, 8.00 ms,
16.00 ms, 32.00 ms, 1 s). The total measurement for a relaxation time
T1 was about 113 s. The external reference for chemical shift and inten-
sity calibration was an acidic aqueous solution of 0.10 M NaCl. The di-
ameter of the rf coil was 5 mm. The samples were weighed and the
intensities compared to the integrated intensity of the reference solu-
tion; in this manner the intensity of the spectra could be calibrated
and expressed in terms of a number ofmoles of aluminium and sodium.
2.3. Rheological measurements

The rheological measurements were carried out with a C-VOR
Bohlin® rheometer equipped with a Vane geometry for geopolymer
Fig. 2. Elastic shear modulus as a function of time for a geopolymer paste with H2O/Na2O=
20, SiO2/Na2O= 1.06 and ϕ= 0.3.
mixes. The Vane geometry was chosen to minimise the disturbance of
the material during the introduction of the geometry as well as to
avoid wall slip [35,36]. For the test on geopolymer mixes, the paste
was mixed with a mechanical stirrer for 5 min before immediate trans-
fer into the rheometer's cup. An initial pre-shear at 100 s−1 was applied
during 60 s prior to each test to ensure that all sampleswere in the same
reference state of stress and strain. The elastic shearmodulus of the sys-
tem was then measured by applying strain oscillations of amplitude of
5 × 10−4 and a frequency of 1 Hz. These parameters were shown to
allow for non-destructive measurements of the system in the elastic
regime in [37]

3. Results

3.1. Macroscopic observations

While following the evolution of the elastic shear modulus (G’) of a
MK based geopolymermix through strain oscillations on the rheometer,
a fast increase of the elastic modulus was observed during the first hun-
dreds of seconds and defined as Stage I in Fig. 2. Then, after several
hours, another abrupt increase of the modulus was observed defined
as Stage II in Fig. 2. A previous study [37] focussed on Stage I and showed
that the colloidal interactions between grains are not the main drivers
for the early age mechanical properties and first increase of the elastic
modulus. This increasewas suggested to find its origin in the immediate
formation of an aluminosilicate gel “Gel 1”with a rich Al content at the
MK grain boundaries.

Mechanically, stage II represented the transition between the liquid
and the solid state. The time since mixing associated to this second in-
crease of themodulus could be seen as the beginning of physical setting.

In the following study, we focused on the chemical evolution of the
species in the interstitial liquid monitored by static NMR monitoring
during stage II.

3.2. Monitoring of species by static NMR

3.2.1. 27Al static NMR measurements
Fig. 3 shows the evolution of the aluminium concentration for two

compositions. As previously stated in the experimental section,working
under static liquid-state NMR, the solid phases provided a 27Al reso-
nance spectrum too large to be detected and we could consider that
most of the detected signal came from the aluminium in the interstitial
phase. In practice, the signal was observed in the range of the chemical
shift of tetrahedral coordination species (whichwas expected in view of
Fig. 3. Evolution of the Al concentration by 27Al NMR (with nAl total = nAl available in
MK) for two formulations.



Fig. 5. Evolution of T1 by 23Na NMR in the interstitial liquid for different mixes.
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the alkaline conditions of the study). It was then integrated and the cor-
responding value compared to that of a solution reference of known
concentration. Knowing the weight of the sample in the rf coil, we ob-
tained the concentration of aluminium. This concentration is ultimately
expressed as a proportion of the mass concentration of aluminium in
the formulation (namely the one introduced as metakaolin). Two
steps were clearly identified. In a first step, the aluminium concentra-
tion increases rapidly from zero to about 3% at ~5000 s for the mix
with SiO2/Na2O = 1.06 and ~7000 s for the mix with SiO2/Na2O = 1.6
whichwas prepared from awater glass solution with a higher chemical
modulus. Then, a second step occurredwith a slow decay of the alumin-
ium concentration in solution which occurred with an apparent rate
similar for both mixes. The decay in Al concentration in the liquid
occured slightly later in the mixes with the lowest alkalinity.

3.2.2. 23Na static NMR measurements
Using the same NMRmethodology, we followed the evolution of the

amount of sodium in the interstitial fluid relatively to the total amount
of sodium in the sample. Contrarily to aluminium, sodium is initially ex-
clusively present as a solvated ion and absent from the solid phase.
There was a first phase in which the NMR-observable sodium concen-
tration decreased very slowly. After this pseudo-plateau, we observed
a sharp drop in the Na concentration in the interstitial fluid. This de-
crease occurs at a time around 7000 s for the mix with SiO2/Na2O =
1.06 and around 10,000 s for the mix with SiO2/Na2O = 1.6 (Fig. 4).
The observation is remarkably concomitant to the one made by 27Al
NMR with a slight delay for the Na diminution.

During the geopolymerisation, the sodium speciation does not radi-
cally change: it is always present as a solvated cation, even in the final
geopolymer solid where the sodium is the compensating cation of the
negative charge associated with the presence of Al in tetrahedral coor-
dination in the solid network. So, we can suppose that the sodium mo-
bility is strongly conditioned by the integration of Al in a network. Then,
when Al is integrated in the geopolymer network, the Na mobility is
probably synchronously educed.

Themobility in themagnetic field being themain cause of relaxation
for species in solution, measuring the relaxation time T1 of sodium
allowed us to appreciate the evolution of mobility. In Fig. 5, we observe
a steady decrease of the relaxation time right from the start of the prep-
aration of the geopolymer paste. The T1 of pure silicate solution is close
to 5ms; this allowed us to argue that, sodiumwas associated to dissolv-
ing Al species thus losing mobility. The fact that the evolution of T1
showednoplateau contrarily to the observedmobile sodium concentra-
tionmeant that the loss of mobility of sodium is progressive and that an
early polymerisation of Al and Si in a first Al rich gel reduces Namobility
even before the solid dense geopolymer phase forms.
Fig. 4. Evolution of the Na concentration by 23Na NMR (with nNa total = nNa total in the
silicate solution) for two formulations.
3.2.3. 29 Si static NMR measurements
The same experimental procedure could be followed for the 29Si.

However, while all the aluminium was initially in the MK solid phase,
the initial silicon concentration in the activating solution (sodium sili-
cate) is very high and, relatively, the expected concentration changes
in the interstitial phase, due toMK dissolution or geopolymer precipita-
tion, are expected to remainmarginal in the early stage of development.
This aspect, when combined with the poor sensitivity of the 29Si NMR
(low natural abundance of this isotope), prevents us from quantifying
the evolution of silicate concentrations in the solution. However, a sig-
nificant observation is possible: the 29Si chemical shift changed abruptly
with time (Fig. 6). There is a reduction of the resonance around
−80/−90 ppm and an increase of the peak to −100/−105 ppm over
time (dotted curves in Fig. 6). This shift appeared between 3000 s and
7000 s for the mix with SiO2/Na2O = 1.06 and between 13,000 s and
28,000 s for the mix with SiO2/Na2O = 1.6. Therefore, despite the fact
that no significant silicon concentration changes can be measured,
from the point of view of the silicon speciation, two well separated
phases in the geopolymerisation process could nevertheless also be
clearly identified.

The speciation of silicon during those two phases can be appreciated
by comparison with the large literature on 29Si NMR studies [34,38,39]
on aluminosilicate systems including geopolymer [18,21]. It must be
further emphasized that in our experimental conditions (no magic
angle spinning MAS), we observe only the species in solution and sub-
micron particles animated by a Brownian motion in suspension. The
large metakaolin particles were not visible.

This could be understood in terms of the presence of aluminium in
the second coordination sphere of silicon, as expected from the rapid
Fig. 6. Evolution of 27Si NMR spectra for a geopolymer paste with a composition such as
SiO2/Na2O= 1.6; H2O/Na2O= 20 and ϕ= 0.3. The dotted curves represent the chemical
shift for the two main peaks over time.



Fig. 8. Comparison between the evolution of Al concentration by 27Al NMR and the evolu-
tion of elastic modulus by rheology of geopolymer with a composition SiO2/Na2O= 1.06;
H2O/Na2O = 20 and ϕ = 0.3.
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mobilization of aluminium observed by 27Al NMR. This observationwas
also in line with the early formation of an Al-rich silica gel observed by
Favier et al. [37]. Consequently, we now have, a priori, several types of
silicon centres depending on the number of possible aluminium neigh-
bours Qn(mAl) (with 0≤ n≤ 4 and 0≤m≤ n). Themultiplicity of (n,m)
values in a gel with no local order and the multiplicity of resulting
chemical shifts results in a broad unresolved spectrum. Nevertheless,
in the first stage, the 29Si resonance was clearly centred at −80 ppm
and signed a low connectivity associated with the occurrence of small
size oligomers (Q1–Q2). Furthermore, a shoulder around −105 ppm
showed that species of higher connectivity (Q4(1Al) on average) were
also already present. This higher connectivity is usually associated
with the formation of a gel and thus corresponded to thepolymerisation
products of the silica–alumina oligomers. Those polymerisation prod-
ucts were small enough to have the sufficient mobility permitting
NMR observation without MAS (Magic angle Spinning). Finally, we
note that no peak below−80 ppm relative to the presence of Si mono-
mers (Q0) or very small oligomers could be identified in the Si spectra of
the interstitial fluid. This is explained by the fact that these species,
which were initially present in the solution (see Fig. 1) are the most re-
active ones and react rapidly with the Al in solution to form the first Al
rich gel reported in the literature [37,40].

So, 29Si just as 27Al and 23Na showed that at least two successive
stages could be distinguished during the geopolymerisation reaction.
The passage from one stage to the other did not exactly coincide from
the perspective of Al or Si speciation in the interstitial phase but this
could reflect issues of repeatability and the lower temporal resolution
of the 29Si experiments.

4. Discussion

4.1. Comparison between the evolution of Al species and Na species

When the temporal evolutions of Na and Al in the interstitial phase
are plotted together, it is clear that both elements share the same chem-
ical fate. In Fig. 7, we observe a near perfect match between the evolu-
tion of the aluminium concentration and the evolution of the sodium
concentration during the second stage occurring after the peak in
static-NMR-visible aluminium. This suggested that, in both cases, a sim-
ilar phenomenon with comparable kinetics occurred. From a practical
point of view, sodium is already in the liquid and comes from the
activating solution (i.e. not from the dissolved phase). During the
geopolymerisation reaction, it is progressively incorporated as a com-
pensating cation in a gel and then in a solid geopolymer network that
Fig. 7. Comparison between the evolution of Na concentration and Al concentration by
23Na NMR and 27Al NMR respectively for a geopolymer paste with a composition such
as SiO2/Na2O = 1.06; H2O/Na2O = 20 and ϕ = 0.3.
becomes progressively less visible in NMR as it grows and densifies.
Similarly, the Al is incorporated in the new geopolymer in a tetrahedral
form and is then associated with a Na compensating ion. However, the
Al is not present in the liquid in the beginning of the reaction but is
steadily released through the dissolution of the metakaolin. Following
sodium concentration allows then to focus only on the incorporation
of the Na in a gel with a lower mobility during the second stage. The
fact that Al and Na evolved at the same pace is a strong argument in fa-
vour of the fact that this second stage of the reaction is linked with the
formation of a gel where Al and Na have similar function as in the final
geopolymer. Furthermore, no other major changes in the trend of the
Na or Al concentration was observed afterward. This showed that the
transformation that might occur once the gel is formed after 1 h and
30 min (5000 s) did not occur in the liquid phase.
4.2. Comparison with macroscopic observations

Fig. 8 shows the correlation between the two stages identified by
NMR and the different periods corresponding to changes in the me-
chanical properties of the geopolymer paste. After the first increase
in elastic modulus and a latent period during which the elastic mod-
ulus remained constant, a third period started with a second increase
in the elastic modulus which takes place between 5000 s and 7000 s
for a geopolymer paste with SiO2/Na2O = 1.06, H2O/Na2O = 20 and
ϕ= 0.3. It can be expected that this increase finds its origin in an in-
crease in the magnitude of the solid particles interactions. As it was
shown in [37] that a geopolymeric gel located at the grain bound-
aries is responsible for the elastic modulus of the geopolymer mix-
ture, an increase in elastic modulus can therefore be attributed to
an increase in the elastic modulus of the interstitial gel due to local
changes in its chemical composition. Fig. 8 shows that the maximum
observed in the concentration of static-NMR-visible aluminium, de-
fining, as described above, the beginning of the second reaction
stage, coincides with the second modulus increase. As aluminium
and sodium evolution were correlated, this increase in elastic modu-
lus was therefore also correlated with the abrupt decrease of sodium
concentration in the liquid. The above results and analysis suggest
the precipitation of a denser gel than “Gel 1”, as observed by 29Si
NMR. As a consequence, it seems clear that the formation of this
dense gel with high Si connectivity and that incorporates tetrahedral
Aluminium linkedwith a Na compensating cation was linkedwith an
increase of the elastic modulus and was characteristic of the begin-
ning of what can be called the setting of the geopolymer.
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4.3. Proposition of a phenomenological model for geopolymerisation

The static NMRmeasurements of Si showed thedisappearance in the
very early stage after mixing of all Q0 species in favour of Si species
coordinated as Q2s. The broadening of the measured peaks indicates
Al incorporation in the coordination sphere of the silicon for the silica
oligomers in the interstitial phase. We also observe a steady increase
in Al concentration in the interstitial phase and a relatively stable con-
centration of Na (slightly decreasing slope) but an immediate change
in the Namobility indicating the stronger interaction with Al. These ob-
servations can be interpreted as the immediate modification of the
interstitial liquid activating solution as soon as the metakaolin started
to dissolve. The resulting interstitial solution has a higher Si connectivity
with Aluminium incorporated in the interstitial phase. As shown previ-
ously in [37], this process is strongly heterogeneous and locate at the
pseudo contact points between MK grains.

After a period lasting a few thousands of seconds, we observed, in
the interstitial phase, a decrease in the Al concentration correlated
with a decrease in Na concentration. These evolutions correlate with
an increase in the shear elastic modulus of the paste as well as with a
higher coordination of Si (Q2 ➔ Q4). All these results suggest a massive
precipitation/polycondensation of aluminosilicate specie leading to a
solid phase, where Na is incorporated to compensate charges due to Si
by Al substitution in a tetrahedral framework. Eventually, all the phases
constitutive of the heterogeneous interstitial phase including, but not
restricted to the first Al rich gel “Gel 1” and oligomers in solution
evolved into a denser “Gel 2” which was static-NMR-invisible.

After this abrupt event, we did not observe other phenomenon in-
volving Al, Na, or Si in the liquid phase. We can therefore suggest
that the event occurring around 5000 s was the last major event to ex-
plain geopolymerisation. However, it is important to note that
reorganisation in “the solid state” remains possible and probably
occured as it has been shown by Fernandez et al. [20] (new gel after
7 days) and explicitly observed by White et al. [30]. Such a
reorganisation would not have been observable by the liquid-state
NMR methodology followed here.

5. Conclusions

Heteronuclear liquid-state NMR allowed a selective observation of
the time evolution of Si, Al and Na concentrations and speciations in
the interstitial phase, in situ during the geopolymerisation reaction.
The results obtained showed a strong correlation between the evolution
of Si, Al and Na on the one hand, and the evolution of the mechanical
properties on the other hand. This sheds light on some important
steps of the geopolymerisation reaction and nicely complemented
previous results and models from the literature.

The following phenomenology can be suggested. First, because of
MK grains dissolution and Al diffusion in the interstitial phase, an Al
rich gel is formed at the grain pseudo-contact points and is at the origin
of the first increase in macroscopic elastic modulus [37]. This corre-
sponds to the initial increase in Al in the interstitial phase measurable
by static 27Al NMR and leads to a heterogeneous composition of the in-
terstitial phase.

Then, a massive precipitation/polycondensation of aluminosilicate
specie occurs, during which Na is incorporated to compensate the
charges of the Al in the tetrahedral framework. Eventually, all the
phases constitutive of the heterogeneous interstitial phase including,
but not restricted to, the first Al rich gel and oligomers evolves into a
denser “Gel 2” which is static-NMR-invisible and the strength
increases.

After this abrupt event, we do not observe other any other signifi-
cant events concerning Al, Na, or Si speciation in the liquid phase. We
can therefore suggest that the event occurring around 5000 s is the
lastmajor event occurring in the liquid (or gel) interstitial phase and re-
lated to geopolymerisation.
Finally, it must be stressed that, given its heterogeneous nature, the
system remains highly dependent on all disturbances (i.e. the initial con-
centrations, duration and energy of mixing, flow history…) [41–43]
which could alter the spatial distribution of species. It is therefore partic-
ularly difficult to clearly assess the potential number of reorganisations
taking place between the first Al rich “Gel 1” and the denser “Gel 2”.

It is therefore particularly difficult to clearly assess the potential
number of reorganizations taking place between the first Al rich
“Gel 1” and the denser “Gel 2”.
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