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based geopolymers are quantified for the first time in this work. We studied the
anionic species of the sodium silicate solution with the addition of NaOH made
just before the preparation of the paste, 24 h or 7 days before. These three age-
ing periods cause a significant difference in the Si-bearing species in solution, as
demonstrated by nuclear magnetic resonance on *Si. The effect of these anionic
species on the reticulation/polymerisation of metakaolin at room temperature was
demonstrated by solid-state %Al and °Si MAS-NMR, the chemical stability in
various solutions (deionised water, HCl, HNO;, H,SO,), and X-ray diffraction on
geopolymer powders before and after immersion in acids. Compressive strength
before and after the immersion in acidic media was an additional measurement
to assess the overall structural stability of the 3D polymerised network of the
final dense ceramic-like product. Ageing of the activator solution affected the
chemical stability of the hardened geopolymers accompanied by a slight to severe
reduction in strength after leaching in HNO; or HCI and in H,SO,, respectively.
The quantitative MAS-NMR description of the Si and Al coordination in the geo-
polymers was correlated with the chemical stability where the formulations with
the higher number of Q4(0Al) and Q4(1Al) for the silicon species were more
resistant (lower number of Na* compensating for Al* to be exchanged with H").
The formulations with higher Al content in the structure, i.e. higher number of
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Q4(3Al) silicon species showed higher mechanical stability. These results show
that the timing of the preparation of the alkaline activator is essential for a cor-

rect mix design.

Introduction

In line with recent trends in sustainable binders, the
replacement of clinker with other powders with poz-
zolanic activity sees the use of supplementary cemen-
titious materials, e.g. fly ash from coal-fired power
stations and granulated blast furnace slag from the
metallurgical industry [1]. Up to 50% clinker replace-
ment has been proved in calcined clay cements [2].
Most of these aluminosilicate powders are capable
of setting without the addition of clinker when an
alkali-activated route is adopted, the so-called alkali-
activated binders or geopolymers, the latter term pref-
erably used for low CaO containing materials [3, 4]. A
large number of papers deal with pozzolanic alumi-
nosilicate powders exhibiting alkali reactivity in the
production of ‘alkaline cements’ [5], but the simplest
starting material adopted as a model aluminosili-
cate powder to study the alkali activation process is
metakaolin, MK (Al,05-25i0,), derived from the cal-
cination of kaolin (AlL,5i,05(OH),) at about 700-800 °C
[6]. This calcined mineral presents a disordered poly-
merised silicon/aluminium network in which Al
preferentially occupies four and five-fold structural
positions with some residual octahedral coordination,
while Si** appears in tetrahedral sites as in the ear-
lier kaolinite sheets, but with lower long-range order
[7-9]. In the case of alkali activation of metakaolin, the
definition of “geopolymer” as proposed by Davidovits
is widely accepted [10, 11]. In such model MK-based
geopolymers, the final network has been described as
a poly(sialate) Si-O-Al-O framework structure with
alternating (Si0,)* and (AlO,)° tetrahedra linked
by four bridging oxygen atoms. The substitution of
AIP* (fourfold coordination) for Si*' results in a nega-
tive charge that requires alkali or alkaline earth metal
cations such as Na*, K*, Ca®*" or Mg?* to balance [12].
At room temperature, such a 3D network is easily
found in the amorphous state, which makes its study
very difficult, but similar to the case of aluminosili-
cate glasses. The presence of very small crystalline
domains, not detectable by X-ray diffraction, as in
the case of cryptozeolites, cannot be excluded [13].
In order to obtain a well-balanced 3D aluminosilicate
network the mix design of the geopolymer should take
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into account the most appropriate alkaline activator
solution (in terms of type and concentration of alkali
content and soluble silicate forms) to react with a given
metakaolin [14]. In the alkali activation process, unlike
other activation processes where a simple NaOH
impregnation is often sufficient to obtain a good cata-
lyst [15], the MK must be partially or totally dissolved
in strong alkaline media to obtain a dense and strong
ceramic-like material or geopolymer. After such a dis-
solution step, where tetrahedral monomers of Si(OH),
and Al(OH),'” are leached from the MK particles, the
condensation process at room temperature removes a
water molecule and creates the bridging oxygen of the
3D network. Such a process leads to the formation of
a gel in 40-60 min at room temperature and continues
for a few hours until the reticulation/geopolymerisa-
tion process is completed in 1 or 2 days, depending on
the amorphousness and impurity level of the starting
metakaolin [16].

Over the years of studying 3D aluminosilicate net-
works in geopolymers, nuclear magnetic resonance
(NMR) spectroscopy has emerged as a powerful tool
for describing such amorphous structures with atomic
and short-range-order molecular level information [5,
17]. NMR spectroscopy has been used to study various
aspects of geopolymer behaviour, including the kinet-
ics of the reaction between the alkali activator and the
aluminosilicate source material, the formation of the
geopolymer network, and the mobility of ions in the
network.

Although the alkaline activation of metakaolin has
been the subject of recent research [18], the correct
preparation of the activator solution has not been stud-
ied in detail [19]. While several papers characterise
the sodium silicate solutions, few of them go into the
correlation with the alkali-activated reticulation [20].
However, it is well known that the degree of polymeri-
sation in sodium silicate solutions is a fundamental
process in geopolymerisation technology [21]. In order
to fill this knowledge gap, in this work we have chosen
to go into more detail on the quantitative measure-
ment of soluble silicate species and to correlate them
with the final properties of the geopolymers obtained.

Similarly, it was found that the effect of different
anionic Si species of the activator solution on the acid
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resistance of the metakaolin-based geopolymers has not
been investigated by Al and °Si NMR characterisa-
tion. In fact, the literature reports that geopolymers have
been extensively studied in sulphuric acid [22-24], while
only a few papers have dealt with nitric acid [25, 26] or
hydrochloric acid on cement mortar [27]. The present
work aims to evaluate the role of the alkaline activator
solution at different ageing times in the 3D network by
NMR characterisation of the liquid activator solution
(*’Si) as well as on the final solid reticulated products
(*¥*Si and #Al). In particular, two liquid activators, i.e.
alkaline sodium silicate solutions, with different con-
tents of silica monomers were used to demonstrate the
effect of the type of the activator on the cross-linking of
the final geopolymer. After 28 days of curing at room
temperature, the final compacted products were tested
as follows. The ionic conductivity of the leachate solu-
tion obtained after immersing the two solid geopoly-
mers in deionised water was determined experimentally
in order to demonstrate the mobility of the unreacted
activator solutions and the excess of Na* ions with
respect to the fourfold Al units generated during the
reticulation process. As a reference material, an MK-
based geopolymer was prepared with the same activator
solutions as received but without any ageing treatment.
The chemical stability was also tested in acidic media:
the three MK-based geopolymers were exposed to sul-
phuric, hydrochloric and nitric acid for 7 days.

Compressive strength and changes in the crystalline/
amorphous fraction of all geopolymers before and after
acid attack were also investigated. The NMR investiga-
tion, extended to both 2°Si and Al nuclei, was carried
out on both the liquid sodium silicate solutions and the
hardened geopolymers.

It should be stressed that the decision to test the
chemical stability/leaching resistance of the final prod-
ucts in acidic media was inspired by the various works
reported in the literature describing the exceptional
strength of alkali-activated materials with respect to
ordinary Portland cement, OPC [5]. With this study, we
intend to provide an additional experimental contribu-
tion to the definition of the dissolution mechanism of
MK-based geopolymers in acidic media, at least for the
corrosive conditions chosen for this work.
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Experimental
Materials

The metakaolin used in this study is a commercially
available one, i.e. ARGICAL™ M1000 (IMERYS,
France). The metakaolin contained SiO, (55%)
and AL,O; (40%), the remaining 5% being Fe,Oj
(1.4%), TiO, (1.5%), Na,O + K,O (0.8%), CaO + MgO
(0.3%) and 1% of minor oxides (Table 1). The
Brunauer—-Emmett-Teller (BET) surface area (Gemini-
V instrument (Micromeritics) with N, as the probe
gas) of the metakaolin was 17.1 m%/g, and the 50%
of the particles had a size smaller than 8.2 um (i.e.
d50=8.2 um).

The sodium silicate solution used has a molar ratio
5i0,/Na,O =3.16; (5i0, = 27.09 wt%, Na,O = 8.85 wt%)
and pH =11.7 with a density of 1.373 g/cm? at 20 °C.
The sodium silicate solution was supplied by Ingessil,
Verona, Italy.

The sodium hydroxide solution was prepared by
dissolving NaOH pellets (96 wt%, Sigma-Aldrich,
Italy) in deionised/Milli-Q® water, keeping all con-
tainers sealed wherever possible to minimise contami-
nation by atmospheric carbonation. The chosen molar-
ity of the sodium hydroxide solution was 8 M.

The activating solution was prepared by add-
ing 38 g of 8 M sodium hydroxide solution to 40 g
of sodium silicate solution in a 1:1 volume ratio. The
other two activating solutions were prepared using
the same procedure but with different ageing times,
i.e. Activating Solution 1 (AS1) was stored for 24 h and
Activating Solution 2 (AS2) was prepared similarly to

Table 1 Chemical composition (wt%) of the starting materials

wt% MK NaOH 8§ M Na-silicate sol
SiO, 55 - 27.0
Al,O4 40 - -

Na,O 0.5 19.5 9,0

CaO 0.2 - -

K,0 0.3 - -

TiO, 1.5 - -

Fe,0; 1.4 - -

MgO 0.1 - -

H,0 Not defined 80.5 64.0

LOI 1 Not defined Not define
Total 100 100 100

Values are those reported by the producers
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AS1 and stored for 7 days before use. Both the acti-
vating solutions were stored in tightly sealed bottles
to prevent absorption of carbon dioxide from the
atmosphere.

The resulting activator solution has a 5i0,:Na,O
ratio of 6.2, corresponding to a weight ratio of 6.0. The
total molar composition of the well mixed solutions
was 1 Na,O:1 Si0,:18 H,O. Such a solution was used
once mixed (in the GP0 formulation), aged for 24 h (in
the GP-AS1 formulation) and 7 days (in the GP-AS2
formulation).

Geopolymer preparation

In order to investigate the ageing effect of the alka-
line precursors, the formulation of the geopolymers
prepared in this study was kept constant in terms of
the total alkaline activators-to-binder ratio (a/b), the
binder being the fresh paste obtained by mixing the
metakaolin and the activator solutions. This ratio is
of particular interest as it can be correlated with the
mechanical performance of the final hardened product
[28].

The reference geopolymer paste, or binder, GP0 was
prepared by adding freshly mixed (not stored) 38 g of
NaOH 8 M solution and 40 g sodium silicate solution
to 100 g of metakaolin (MK), as optimised in a previ-
ous paper [29].

The other two geopolymers were prepared by add-
ing Activating Solution 1 (AS1) and Activating Solu-
tion 2 (AS2) to MK and were labelled GP-AS1 and
GP-AS2, respectively, so that to maintain the total
alkaline activators-to-binder ratio.

The water content in all the sample preparations
was kept constant with a nominal molar ratio of
H,0/Na,O =20.6. The same consideration could be
extended to the Al,05/Na,O molar ratio, which was
about 5.9, while Si0,/Na,O was 16.2, and Si/Al was
1.36. The calculations took into account the total
number of moles of silica contained in the metakao-
lin, including the a-quartz, SiO,, phase (see the XRD
section). The water content used in the calculations
took into account the amount of water contained in
the alkaline activators, i.e. it was the sum of the water
from the NaOH solution and the water from the
sodium silicate solution.

Different batches of fresh paste were carefully
prepared by mixing powders and liquids in a plan-
etary mixer (Aucma 1400W, China). The fresh paste
was then delicately poured into precise cubic silicone
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moulds, each measuring 25 mm x 25 mm x 25 mm. Any
trapped air bubbles were expertly removed using a
vibrating table, a process that took 5 min. Once this
crucial step had been completed, the moulds were
carefully sealed and left to cure naturally at room
temperature with 100% relative humidity. At the end
of the one day curing period, the moulds were opened
to allow the samples to acclimatise to the ambient con-
ditions of the laboratory atmosphere until the time of
testing. Each formulation resulted in a set of twelve
samples.

Sample characterisation techniques

We have selected a number of characterisation tech-
niques that have proven their success in identifying
the information at the atomic and short-range order
molecular level information (MAS-NMR, [5, 17]) to
have a direct information on the anionic species of Si
in the solutions as well as in the hardened geopoly-
mer product. The evaluation of the chemical resistance
in different solutions, including water, is an indirect
investigation technique to measure the reticulation/
polymerization of the aluminosilicate structure by
measuring the ions weakly bound to the 3D alumi-
nosilicate network [30]. Measurements of the ionic
conductivity of the water after the immersion of the
hardened geopolymers give a good indication of the
amount of ions released. If the leach solution is a
strong acid, the optimum measurement is the weight
loss of a bulky sample after immersion. Again, in the
case of acid tests, we have added an assessment of
the mineralogical phases remaining in the geopoly-
mer after immersion. To conclude, the measurement
of compressive strength should be considered as an
additional, albeit less precise, and indirect evaluation
of the three-dimensional nature of the aluminosili-
cate network [31]. The retention of such mechanical
strength after acid attack is a measure of the chemical
stability of the newly formed S5i-O-Al bonds in the
geopolymer binder.

NMR characterisation

For liquid-state NMR, all samples (0.75 mL) were
transferred into 5-mm tubes together with a capillary
filled with deuterium oxide (D,0O) in order to lock
the field frequency. Spectra were recorded at 300 K
using a Bruker Avance II 400 spectrometer operating
at 400.15 and 79.49 MHz for the 'H and *’Si nuclides,
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respectively, and equipped with an inverse broadband
(BBI) probe. *Si spectra were acquired using a 7.5 us
pulse, 10 s delay time and 8000 scans.

Solid-state NMR experiments were performed with
the spectrometer described above using a 2.5 mm
F/H-X CPMAS probe at 79.49 and 104.26 MHz for the
nuclides *Si and Al respectively. 2Si MAS spectra
were acquired with a MAS spin rate of 15 kHz, 2048
scans, a delay time of 60 s and a pulse of 4.5 ps. %Al
MAS spectra were acquired with a MAS spinning
speed of 15 kHz, 128 scans, a delay time of 2 s and a
pulse of 1 ps.

Leaching resistance in deionised water

The chemical resistance of the hardened pastes was
firstly tested by leaching resistance in water, i.e.
hydrolytic stability. After 28 days of ageing, which
corresponds to the typical period adopted for ordi-
nary Portland cement, all three geopolymers were
immersed in deionised water (0.29 mS/m at 25 °C),
used as a leachant, with a ratio of liquid volume to
geopolymer sample surface area (L/S) of 10. The mon-
olithic geopolymer sample was completely submerged
in water, and the solution was not stirred. Measure-
ments of the ionic conductivity, IC, of the leachate
were made every 2 h for the first 10 h, then at 24 h.

Leaching resistance in acidic media

The performance of the consolidated geopolymers
in inorganic acids was investigated in terms of: (1)
change in specimen weight, (2) change in specimen
appearance, (3) change in the test medium appear-
ance, and (4) change in specimen compressive strength
(detailed in the next paragraph) according to the pro-
cedures of ASTM C267 [32] with a modification in
specimen conditioning. Conditioning prior to immer-
sion of the specimen in acidic media was carried out
at the prescribed temperature (23 +2 °C) for 28 days
instead of 7 days, plus chemical dehydration with
acetone to remove physisorbed water from its intrin-
sic mesoporosity [33, 34]. After 28 days of curing, the
samples were immersed in an acid solution for 7 days,
at room temperature in a static condition [35]. The
choice of the three acids, H,SO,, HCl and HNO;, was
inspired by a number of previous published works
[22-27, 36], and in particular we kept the concentration
medium to high but we reduced to 7 days the immer-
sion time. Our objective was to measure the chemical
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stability in an acidic environment to compare the geo-
polymerisation degree of the three hardened products,
rather than to test their durability [30].

The normality of the three acids used in this study
was N =2.5 (corresponding to: 15 wt% for nitric acid;
8 wt% for hydrochloric acid; 12 wt% for sulphuric
acid), and for all acids, the tests were performed five
times to obtain more reliable results. All the solutions
were prepared by adding concentrated acid to distilled
water. The ratio between the surface’s area of the sam-
ples and mL of solution is equal to 8.

Contrary to what has been suggested in some pub-
lications [37, 38], the shape of the sample was not a
ground geopolymer but a cubic dense monolith, so
that the compression tests could be carried out after
dissolution.

Compressive strength

As mentioned in the “Geopolymer preparation” sec-
tion, the mechanical performance of a hardened geo-
polymer product is somehow dependent on the total
alkaline activators-to-binder ratio. Therefore, expect-
ing different anionic silica forms in the three alkaline
solutions, we decided to check their indirect influence
on the three-dimensional reticulated matrix present in
the hardened geopolymer.

Compression tests (Instron 5567 Universal Testing
Machine, Norwood, MA, USA) were performed to
evaluate the mechanical performance of all geopoly-
mers aged 1, 7 and 28 days prior to acid attack. For
sake of comparison, the test was repeated after the
acid attack on the 28 day aged geopolymers.

Cubic specimens of 25 mm x 25 mm x 25 mm were
used for the tests. A controlled load, with a limit of
30 kN, was applied at a displacement rate of 1 mm/
min. The tests were carried out in displacement control
mode, with a constant loading rate and no preload.
The test procedure was terminated when ten valid
tests had been obtained for each different geopolymer
composition, ensuring thorough and reliable results.
Compressive strength values were calculated as the
arithmetic mean derived from the ten tests, accompa-
nied by the mean absolute deviation.

Mineralogical characterisation
Crystalline phases of all geopolymers cured for

28 days before and after acid attack were identified
on powdered samples by X-ray diffraction (XRD)
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(X’Pert PRO, Malvern Panalyical Ltd., Malvern, UK).
The diffractometer was operated at 40 kV and 40 mA
using Cu-Ka radiation (Ni-filtered). Diffraction pat-
terns were collected by the X’Celerator detector from
5 to 70° 20 with a step size of 0.02° 20 and a counting
time of 3 s.

The powdered samples (average grain size less than
20 m) were loaded laterally on the Al sample holder
to reduce the likelihood of preferential orientation
and ensure the accuracy and reliability of the XRD
analysis.

Results

No apparent aesthetic or mechanical difference among
the three hardened geopolymers obtained from the
three different activators could be detected by han-
dling the samples. The three materials are cohesive
and hard solids of the same colour.

The study of the materials prepared for this investi-
gation started with the characterisation of the species
in the three activator solutions by liquid-phase NMR;
then, the three geopolymers were identified by direct
determination of the 3D aluminosilicate structure by
MAS-NMR, followed by indirect characterisation
by chemical resistance in water and acids and XRD
analysis.

NMR characterisation of alkaline activators

The activator solution was prepared by mixing NaOH
8 M with sodium silicate solution and used once
mixed (in formulation GP0), aged for 24 h (in formu-
lation GP-AS1) and 7 days (in formulation GP-AS2).
The NMR speciation of the silica soluble forms present
in the solutions was performed shortly after the age-
ing period (24 h and 7 days). The ?Si NMR spectra of
the as-received commercial sodium silicate solution
(R3) and of the two mixed activator solutions (AS1 and
AS2) are shown in Fig. 1.

The spectrum of the sodium silicate starting solu-
tion (R3 silicate) shows four broad signals. The very
small peak at about — 72 ppm is due to the silicate ion
(QO0 units) (Fig. 1). The other three peaks at around
- 80, - 88 and — 97 ppm are due to the silicon units Q1,
Q2 and Q3, respectively. The broadness of these sig-
nals indicates the presence of large aggregates.

In solutions AS1 and AS2, as reported in the experi-
mental part, the modulus R (i.e. the 5i0,/Na,O ratio)
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Figure 1 2Si NMR of the alkaline solutions. 1=R3 silicate,
2=AS1; 3=AS3 solutions.

is reduced by the addition of NaOH. The decrease
in modulus R causes the broad signals to be split
into sharper signals due to the formation of smaller
aggregates as a result of the depolymerisation process
(Fig. 1). In particular, in both AS1 and AS2 spectra,
an intense signal at —71 ppm is to silicate species,
Si(OH), QO [39]. It is worth noting that all the sig-
nals are shifted lowfield due to the deprotonation of
the Si-OH groups, while the Q2 and Q3 signals are
split into groups of resonances (- 81, —87 and -89,
- 95 ppm, respectively) which are due to the presence
of different species including monomers, dimers, trim-
ers and cyclic species containing up to eight silicon
atoms [40, 41].

NMR characterisation of hardened
geopolymers

Al MAS-NMR spectra of the as-received metakao-
lin and the GP0, GP-AS1 and GP-AS2 materials aged
28 days are shown in Fig. 2. All spectra show two well-
defined resonances at 7.5 and 63 ppm which are due
to Al species in octahedral and tetrahedral coordina-
tion, respectively. No signals from five-coordinated Al
are present in the spectra of the alkali-activated geo-
polymers. From the analysis of the signal integrals,
the amount of Al in tetrahedral coordination is 82,
84 and 78% for GPO, GP-AS1 and GP-AS2 samples,
respectively (Fig. 2). This is consistent with the occur-
rence of polymerisation to a degree which is typical
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Figure 2 ?’Al MAS-NMR of 1=MK, 2=GP0; 3=GP-ASI;
4 =GP-AS2 hardened samples.

of amorphous geopolymers. It is worth noting that
the GP-AS2 sample shows the lowest amount of tet-
rahedral coordinated aluminium. This may indicate a
lower degree of polymerisation [42].

The %Si MAS-NMR spectra of the materials GPO,
GP-AS1 and GP-AS2 are shown in Fig. 3. All spectra
show a very broad signal which is due to the convo-
lution of resonances belonging to all the tetrahedral
coordinated silicon species Q4(nAl) where n ranges
from 0 to 4. This notation was first used by Engel-
hardt et al. [43] to indicate the number of O-Al groups
bonded to silicon atoms in tetrahedral coordination in
many aluminosilicate materials. This broad signal is
centred at around 90 ppm, which is typical of sodium-
based geopolymers [5] (Fig. 3). In order to quantify all
the Q4(nAl) species, a deconvolution process was per-
formed using five Gaussian-shaped component bands.

The results of the deconvolution are shown in
Table 2. The chemical shift values of the five Gauss-
ians were taken from the literature [12, 44, 45] together
with the variable parameter used in the fitting proce-
dure. The comparison of the data for the three sam-
ples shows that those obtained with the AS1 and AS2
activating solutions have a lower amount of Q4(2Al)
species and a higher amount of Q4(1Al) and Q4(4Al)
(Table 2). In particular, the GP-AS2 sample shows a
dramatic decrease in Q4(2Al) species, thus confirming
the Al results describing a geopolymer with a lower
degree of polymerisation.

In order to check the reliability of the deconvolution
process, Eq. 1 is used to calculate the Si/Al ratios, as
reported by Duxon et al. [12]:
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. 4 4 m
Si/Al = Zmzolsi(mAl)/ Zm=OZISi(mAl) @

In this equation, g4 is the intensity of the sig-
nals obtained by deconvolution of each species in the
2Si spectra. The Si/Al ratio (mol/mol) values obtained
for the GPO, GP-AS1 and GP-AS2 samples were 1.76,
1.75 and 1.78, respectively. These values, which are
slightly higher than the nominal values (1.37), can be
explained by taking into account the Al-O-Al species
that may be present and are not involved in the geo-
polymer structure. The presence of these units there-
fore leads to an overestimation of the Si/Al ratio as
obtained by the deconvolution procedure.

The Al and #°Si MAS-NMR spectra of the geo-
polymers after three months of ageing are shown in
Figs. 4 and 5, where no differences in either the chemi-
cal shifts or the shape of the signals can be seen with
respect to those collected after 28 days. Also in this
case, the integration of the two signals [Al(IV) and
AL(VID)] in the #Al spectrum was performed, and
the amounts of Al in tetrahedral coordination were
83, 85 and 85% for the GP0, GP0-AS1 and GP0-AS2
aged samples, respectively (Fig. 4). It is interesting to
note that the GP0-AS2 sample shows an increase in
4-coordinated Al with the ageing process, whereas the
other two formulations reached this level in shorter
times. The absence of an increase in the Al(VI) signal,
at around — 8 ppm, can be interpreted as a low avail-
ability of Na™-OH species in the pore solution [46].

The results of the deconvolution of the ?Si MAS-
NMR spectra are shown in Fig. 5 and are compared
with the results obtained after 28 days of ageing. It
is noticeable the absence of Q0, Q1, Q2, Q3 signals,
indicating a well reticulated aluminosilicate network
[47]. Over time, the environment around the Si atoms
remains almost unchanged, with a slight increase in
the Q4(3Al) species for the GP0-AS1 and Q4(1Al) spe-
cies for the GP0-AS2 after 3 months of ageing. When
looking to the small differences among the three sam-
ples, the signal Q4(2Al) of GP0 seems to transform
toward higher interconnected species, Q4(1Al) and
Q4(0Al), where purer SiO, regions are present. These
results, in agreement with literature data [10, 11], indi-
cate that the geopolymerisation in metakaolin is very
rapid and stable during the first 28 days of ageing,
with very limited modification during the following
3 months.

For the GP0, GP0-AS1 and GP0-AS2 aged samples,
the Si/Al values obtained from the deconvolution
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Figure 3 *’Si MAS-
NMR deconvoluted sig-
nal of 1 =MK, 2=GPO0;
3=GP-AS1; 4=GP-AS2
hardened samples.
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Table 2 Distribution of the Q4 species as derived from the
deconvolution of the 2Si MAS-NMR spectra of Fig. 3

Q4(4Al) Q4(3AD Q4(2A1) Q4(1AD) Q4(0AlD)
Q4(mAl) (%=+0.5)
GPO 15.6 30.0 28.2 17.1 8.8
GP-AS1 17.2 29.3 26.5 18.7 83

GP-AS2 17.2 29.1 23.6 21.6 8.5

AI(IV) 4 AL(Y) Al(VD)
r/ ‘\
85%
3 _‘,,/ .\\‘ oA~
85%
2
e (S — e
83%
1 s // N o
150 100 50 0 -50
ppm

Figure 4 27Al MAS-NMR of 1=GP0; 2=GP-AS1; 3=GP-AS2
hardened samples after 3 months of ageing.

process are 1.84, 1.76 and 1.77, respectively. These val-
ues indicate a small increase in reactive Si with respect
to AL

Figure 5 Distribution of
Q4 species (wt%) as derived

from the deconvolution of e
the 2°Si MAS-NMR spectra
30.00
of the three samples after
28 days and 3 months of
. . 25.00
ageing. The error bar is
not clearly visible, but it is 20.00
around % +0.5. '
ES a
15.00
10.00
5.00
0.00

Qa(4aAl)
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Leaching resistance in water

In order to measure the influence of the type of the
alkali silicate solution on the cross-linking of the geo-
polymer network, the consolidated samples GPO,
GP-AS1 and GP-AS2 were leached in water, and the
resulting eluates were characterised by ionic conduc-
tivity, IC, measurements.

The ionic conductivity of the eluate from geopoly-
mers immersed in deionised water is influenced by a
number of factors [48]. These include the composition
of the aluminosilicate network, the presence of mobile
ions originating from the unreacted solution, and the
arrangement of the aluminosilicate structure in terms
of the number of the fourfold Al and corresponding
balancing ions. Within geopolymer networks, the pri-
mary source of ionic conductivity is in the presence of
alkali ions such as Na" or K. These ions are generated
during the reaction between the alkali activator solu-
tion and the aluminosilicate powder and are ionically
bonded to Al in fourfold coordination. Upon immer-
sion in water, the H" or H;O" is exchanged with the
monovalent sodium/potassium ions of the geopoly-
mer network [23] while the unreacted activator solu-
tion is released, resulting in an overall increase in the
alkalinity of the eluate. A high interconnectivity of the
pores where the unreacted solution has been depos-
ited increases the mobility of soluble species. In the
case studied, Fig. 6 shows that after 28 days of ageing,
the ionic conductivity of the eluates after immersion
of samples GP0 and GP-AS1 appear comparable, with

m GPO 28d mGPO3m
® GPO-AS1 28d ® GP0-AS13m
» GPO-AS2 28d W GPO-AS2 3m

Q4(3Al1) Q4a(2AI) Q4(1Al) Q4(0Al)
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Figure 6 Ionic conductivity (mS/m) of the eluates obtained for the 3 samples (aged 28 days) after immersing in water for 24 h.

a rapid increase in the first two hours, followed by
a slight increase over the next 20 h or so. The aque-
ous eluate after immersion of sample GP-AS2 shows
a much higher conductivity (Fig. 6). This discrepancy
is probably due to differences in the reactivity of the
activating solutions with the MK powder, demonstrat-
ing the profound effect of solution composition on the
resulting reticulation of the geopolymer. In the case of
the AS2 solution, its lower reactivity is measured as
an increased ionic conductivity of the eluate, which
appears to be a very sensitive and quantitative tech-
nique, at least when used as a comparison [48, 49].

Leaching resistance in acids

The performance of cements and binders is adversely
affected by acid corrosion caused by contact with
acid rain or acidic groundwater. The resistance of the
hardened binders to chemical attack by acids such as
sulphuric, nitric and hydrochloric can also be used

Figure 7 Weight loss of the 10
3 samples cured 28 days after
the immersion in the three
different acid solutions.

Weight Loss (wt %)
o [l N w =y w ()] ~ o<} [(e)

Hydrochloric Acid
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as an indirect structural analysis to assess the degree
of reticulation of the 3D geopolymer network, as
this chemical attack dissolves the aluminosilicate gel
formed during alkaline activation of the metakaolin
[50]. However, acid attack has little effect on the unre-
acted MK particles.

To study the chemical modifications of the alu-
minosilicate framework during the corrosion pro-
cess, the weight loss of the three geopolymers cured
28 days after the acid attack was determined on sam-
ples exposed to highly concentrated acids for 7 days
(Fig. 7). As can be seen, the reference geopolymer GP0
always shows a greater loss than GP-AS1 and GP-AS2,
followed by GP-AS2 and then GP-ASI.

Comparing the weight loss data with the chemical
stability (Fig. 6), it can be concluded that sample GP0
has the highest proportion of weight loss due to newly
formed gel. For sample GP-AS2, it cannot be said that
the weight loss corresponds entirely to gels formed as
a result of geopolymerisation, but since the release in

Nitric Acid Sulfuric Acid

B GPO MmGP-AS1 mGP-AS2
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deionised water is high, it can be assumed that some
of the sodium silicate has remained unreacted.

Compressive strength

The mechanical integrity of the cured cubes used for
the compression test was initially assessed by visual
inspection. The specimens were removed from the
mould after only 24 h of ageing and placed directly
into unrestrained shrinkage conditions (20 °C—50%
relative humidity). These conditions are harsh for
early age samples, especially as there is no aggregate
to limit shrinkage. Initially, all samples contained
exactly the same amount of water, approximately
18% by weight, from the alkaline activator solution.
The water was partially evaporated during the ageing
period without leaving any defects or cracks.

%0 28 days

7 days I

1 day

> N
w o

Compressive Strength (MPa)
)

w

GPO

1 day
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Figure 8 shows the increase in compressive strength
with time, from 1 to 28 days of ageing for the three
samples. Sample GP-AS1 shows the highest values of
compressive strength, indicating a 3D resistant alumi-
nosilicate network. Sample GPO0 follows with slightly
lower values. The lowest values of sample GP-AS2
confirm that the weight loss in acidic media (Fig. 7)
is not entirely related to the dissolution of the newly
formed 3D geopolymer network, but to partially retic-
ulated aluminosilicate chains.

Figure 9 compares the compressive strength val-
ues of the three geopolymers aged 28 days before and
after immersion in acids. Before acid attack, it can be
seen that the GP-AS1 sample has a better compressive
strength. The difference with the GP0 reference sample
is due to the difference in the Si/Al ratio, as demon-
strated in other studies [51, 52].

28 days

7days I

GP-AS1

28 days

7 days

GP-AS2

1 day

Figure 8 Mechanical performance in terms of compressive strength (MPa) for all the 3 geopolymers vs ageing time.
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Figure 9 Mechanical performance in terms of compressive strength (MPa) for all the 3 geopolymers after immersion in acid.
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The low value of GP-AS2 compared to the other
two samples reflects what is measured with the ionic
conductivity (compare Fig. 9 with Fig. 6). In fact, the
ionic conductivity of GP-AS2 is much higher than that
of GP0 and GP-AS1 conductivity (Fig. 6). On the other
hand, after immersion in acids instead the GP0 values
are better than those of GP-AS1, although the differ-
ence is small. The resistance of GP-AS2 drops dra-
matically after immersion in acids compared to before
immersion. Compared to GP0 and GP-AS1, GP-AS2
values are very low after each acid attack.

Mineralogical characterisation

As can be seen from the X-ray diffraction patterns
of the three geopolymers after 28 days of ageing in
Fig. 10, only the crystalline phases of the as-received
metakaolin are visible: alpha-quartz (5iO,, JCPDS no.
46-1045; RRUFF ID R040031), anatase (TiO,, JCPDS
no. 21-1272; RRUFF ID R060277), together with some
traces of kaolinite planes unaffected by dihydroxyla-
tion at about 20° in 260 (Al,05-25i0,, JCPDS file no.
06-0221; RRUFF ID R140004). The three patterns are
very similar (Fig. 10). The presence of quartz justifies
the presence of the NMR signal Q4(0Al) correspond-
ing to the pure SiO, regions around 8% present in all
the geopolymers (Table 2).

For the pure MK, the characteristic broad hump in
the 26 range from 15 to 30° indicates the presence of
the typical lack of long-range order of the amorphous

: ] Mater Sci (2024) 59:16963-16980

silicates obtained by the dihydroxylation process of
kaolinite [53]. Such an XRD feature of MK varies with
NaOH solution decreasing its intensity towards the
high 26 values. Nevertheless, the XRD traces of the
samples GP0, GP-AS1 and GP-AS2 show a slight shift
of the amorphous hump towards higher values (from
~23° to ~ 28° in 2) typical of the geopolymers with an
X-ray amorphous network richer in Al [54].

The multiple peaks around 20° in 26 typical of MK
disappear in the geopolymer XRD patterns leaving a
single anatase peak. It has recently been proved that
crystalline TiO, is not soluble in alkaline media and
therefore does not participate in the geopolymerisa-
tion reaction [53].

After the immersion in acid, all the geopolymer
series show a decrease in the intensity of the amor-
phous hump around 20°-30° in 20, indicating the
destruction of the newly formed disordered lattice,
regardless of the type of acid tested.

Discussion

The structure of sodium silicate solutions at pH > 11
(in our case pH is 11.7 for the commercial solution
R =3) depends on the SiO,:Na,O ratio, presenting
small colloidal particles in the tens of nm range above
the ratio of 2.0-2.5 [55]. For values below 2.0-2.5 it is
proposed that the silicate solutions mainly contain low

‘ MK
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QA @ @ a Q Q
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Figure 10 XRD patterns of the 3 geopolymers after 28 days of curing compared with the starting MK. Enlarged area shows the amor-

phous halo (Q quartz, A anatase, K kaolinite).
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molecular weight species such as mono- and dimeric
species [56]. In addition, a relevant variable for silica
speciation in sodium silicate solutions is the concen-
tration of the solution. In the case studied, the con-
centration of SiO, is 27 wt% in the commercial silicate
with a 5i0,:Na,O weight ratio of 3.0, similar to those
studied by Marsmann [57]. In particular, for a solu-
tion of 27.2 wt% SiO, and a SiO,:Na,O ratio of 3.3, he
demonstrated that 35% of the silica is fully polymer-
ised. These literature data indicate that the addition
of the NaOH solution to the sodium silicate solution
with R =3 and high concentration, as presented in this
study, induces depolymerisation. The experimental
show polymerised Q2, Q3 and Q4 species in the *Si
spectra of the commercial sodium silicate solution that
was added together with NaOH solution directly to
metakaolin in the GP0 formulation (Fig. 1). Solutions
AS1 and AS2 are depolymerised and show a high
amount of monomeric QO species. The AS2 solution
already at 7 days of ageing presents an increase in Q3
signal indicating an incipient polymerisation. The AS2
solution already shows an increase in the Q3 signal
after 7 days of ageing, indicating the start of polymeri-
sation. These results suggest that in order to have a
solution rich in monomeric, and therefore more reac-
tive, Si species in solution, it is advisable to prepare
the activator mixture no more than 24 h before use.
Once mixed with the MK, these three solutions pro-
duce dense and well-reticulated geopolymers in which
the coordination of Al was found to be predominantly
in the tetrahedral geometry, indicating an almost
complete dissolution of the six and the complete dis-
solution of the five sites typical of the metakaolinite
product (Fig. 2) [8]. The presence of unreacted kaolin
in geopolymers has been reported elsewhere in the
literature and it is statistically acceptable [58]. The
presence of low Q4 species in GP-AS2 (Fig. 2) can
be explained by two concomitant features: the lower
number of monomers in the AS2 solution compared to
the AS1 solution and the absence of the high number
of OH™ groups as in the fresh NaOH solution used in
GPO. The absence of the resonance of %Al at 80 ppm
(Fig. 2), assigned to the signal of aqueous AI(OH), [59],
indicates that the species released during the disso-
lution of the metakaolin react completely during the
geopolymerisation and do not remain in the pores of
the hardened material [47]. Apart from these details,
we can assess from the NMR that the amorphous
MK powder characterised by a disordered polymer-
ised silicon and aluminium network has been almost
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completely reacted to produce a 3D aluminosilicate
network (Fig. 3, Table 2) by dissolution and conden-
sation in all the three activator solutions used for this
study. The fraction of Al atoms in tetrahedral coordi-
nation (Fig. 4) reaches a maximum of about 82-85%
of all the samples after 28 days (GP0 and GP-AS1) or
3 months (GP-AS2), indicating that this value is the
maximum possible. Such a result can be correlated
with a fraction of the as-received kaolinite that was
never disordered by the thermal treatment or, on the
contrary, with a fraction of mullite [60] that was gener-
ated during the thermal treatment. The latter crystal-
line phase was not found in the XRD spectra (Figs. 10,
11, 12, 13), whereas the kaolinite was. For the sake of
comparison, we must report recent evidence of a few
percentage points of non-framework AI(VI) species
acting in a charge-balancing role [61]. The absence
of efflorescence on the surface of the bulky hardened
geopolymer paste indicates that a correct formulation
has been adopted, where Na" ions do not migrate to
the surface to react with the atmospheric CO, to form
carbonated species but remain bound to balance the
missing charge in the Al* in fourfold coordination
replacing Si in the bridging tetrahedra [62]. The chemi-
cal stability of this structure was first investigated
in deionised water (Fig. 6) and then in acid media
(Fig. 7). In deionised water, the stability of GP-AS2 is
poor compared to the other two compositions (Fig. 6),
as the released ions increase the ionic conductivity of
the eluate. Presumably, the OH™ have not fully reacted
with the metakaolin, which is already partially poly-
merised after 7 days in the AS2 solution, as indicated
by the NMR analysis (compare Fig. 2 with Fig. 4).
The higher degree of reticulation of GP0O and GP-AS1
is also reflected in the resistance to acid (Fig. 7) and
to compression (Fig. 8) or a combination of the two
(Fig. 9). The chemical stability and the mechanical
resistance appear to be very sensitive to the degree of
depolymerisation of the Na™ silicate solution, although
the #Si NMR signal does not reflect such a large differ-
ence. A slight preference towards the pure SiO, region
with Q4(1Al) or Q4(0Al) of GPO with respect to the
other two hardened geopolymers was observed with
3 months ageing (Fig. 5), accompanied by a reduced
number of exchangeable Na" ions.

The reduced number of Na*, compensating charg-
ers for tetrahedral Al bound to tetrahedral Si, justi-
fies the chemical stability in acid for the GPO formu-
lation with respect to the other two.
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with the pristine geopolymer. Enlarged area shows the amorphous halo.

The XRD investigation proved to be sensitive
enough to detect the change in the amorphous struc-
ture of the three hardened geopolymers as a shift of
the amorphous halo to higher 26 angles as one moves
from metakaolin to geopolymer (Figs. 10, 11, 12, 13).
The amorphous halo is then shifted to lower 26 val-
ues after the acid attack indicating the loss of Al from
the aluminosilicate geopolymer gel. Very similar
behaviour has been demonstrated by FT-IR analysis
combined with NMR observations by Allahverdi and
Skvara [63]. The ejection of tetrahedral aluminium
from the aluminosilicate framework of the geopoly-
mer in the process of acid corrosion and due to the

@ Springer

electrophilic attack of acid, protons on polymeric
Si-O-Al bonds shift the position of the stretching
modes to a higher frequency.

Conclusions

This paper presents new quantitative NMR results on
the presence of different anionic silicate species in the
activator solution aged for 0, 24 h and 7 days, used for
the preparation of geopolymer pastes.

A commercial metakaolin was reticulated by
the addition of an activator solution based on a
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Figure 13 XRD patterns of the GP-AS2 sample at 28 days curing time after immersion in the three different acidic solutions compared

with the pristine geopolymer. Enlarged area shows the amorphous halo.

commercial sodium silicate. The procedure and timing
adopted for the preparation of the three different acti-
vator solutions starting from NaOH and sodium sili-
cate mixtures, strongly affect the Al and Si species in
the 3D aluminosilicate network of the final products.

The detailed Al and ?°Si NMR investigation of
the alkali activator solutions used to prepare geopol-
ymers starting from disordered metakaolin proved
to be crucial for the interpretation of the chemical
behaviour in deionised water and acid solutions of
the hardened materials.

It has been demonstrated that the synthesis pro-
cedure can be directed towards a preferred chemi-
cal stability, high fraction of Q4(1Al) and Q4(0Al),
or towards a mechanical stability, high number of Al
bound to tetrahedral Si. As a practical indication, the
short ageing time of the NaOH + Na-silicate activator
solution is more suitable for rapid reticulation of the
SiO,-rich regions of the aluminosilicate 3D network
in acid-resistant hardened products. Mixing of the
two solutions with 24 h prior to the paste preparation
seems to result in mechanically resistant geopolymers.

The evolution of the geopolymer 3D aluminosili-
cate network and its improvements with time has
been assessed in terms of the Al signal (tetrahedral
coordination increase) and the 2’Si broad resonance
at — 93 ppm combined with the absence of QO0, Q1,
Q2, Q3 signals.
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