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Abstract

Geopolymerization is an aqueous based process to produce synthetic alkali-aluminosilicates with porosity that can be tailored from the nano- to
the ultra-macrometric range. In order to fulfill the requirements for many different applications and porous 3D networks (namely alkali-
aluminosilicate foams) were prepared by inducing interconnected ultra-macro-porosity (up to the millimeter range) in the alkali-bonded matrices,
exploiting the ability of silicon powder to generate H, in the aqueous medium. Being H, the product of a water-consuming process which
competes with geopolymerization, the process parameters and the characteristics of the resulting foamed materials are strongly influenced by the
amount of added silicon. Polymerization degree, accessibility of the geopolymer inner volume and the micro-ultra-macro-structure of the foams
were determined and related to the process parameters of the contemporary geopolymerization and foaming.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Porous ceramics have been extensively used because of their
high specific surface area, permeability, sound absorption,
thermal insulating and other properties [1]. Industrial uses
include structural lightened parts, insulator panels, filters and
membranes, radiant burners, gas or chemical sensors, support
materials for catalysis or adsorbents.

For all the mentioned applications, it is absolutely necessary to
control porosity, in terms of the following: pore size dimension
and distribution; amount and pore structure (shape, morphology,
orientation, and surface properties). For example, the required
pore dimension for molecular sieves ranges from 1 A to 1 nm; for
sorbents from 1 A to a few tenths of nanometers; for catalysts and
supports from 1 nm to few tenth of microns; for filtering and
purification systems from few nanometers to a few millimeters;

*Corresponding author. Tel.: +39 0546699751; fax: +39 054646381.
E-mail address: valentina.medri @istec.cnr.it (V. Medri).

and for dust collecting from few micrometers to few millimeters
[1,2]. A porosity amount over 50% and up to 95% is required in
view of a lightweight device [3] and thermal insulation [2];
porous ceramics with three-dimensionally interconnected and
distributed open pores (3D structures) are useful as catalysts,
catalyst supports, filters, and scaffolds, adsorbents, because of the
high accessibility of pores [1,2,4].

Specific porous materials, such as zeolites, meso-porous silica,
gels, ceramic membranes, ceramic foams, etc., are used to fulfill
specific porosity requirements in view of specific applications [1,2].

Synthetic alkali-aluminosilicates, namely alkali-bonded ceramics
or geopolymers [5,6], were produced by reacting an aluminosilicate
powder with an aqueous alkali hydroxide and/or alkali silicate
solution. They could be used to develop porous ceramic materials
and components which cover the pore size range from a few tenths
of nanometers to few millimeters and total porosity amount from
30% up to 90%. They are amorphous to semi-crystalline materials
with three-dimensional aluminosilicate network, formed by con-
densation polymerization. The final microstructure of a fully
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reacted geopolymer matrix consists of nano-particulates ranging
from 5 to 15 nm, separated by pores in the nanometric range [7,8].
On the atomic scale, geopolymer amorphous network is formed by
SiO4 and AlQ, tetrahedra shearing oxygen cormers. Recent results
indicate that these tetrahedrons form in the network rings of various
sizes analogous to those in zeolites. The formation of geopolymer
network from Si—-O-Al-O rings results, in analogy with zeolites, in
ion exchange properties of geopolymer matrix [9,10]. Thus,
geopolymers can be regarded as the amorphous counterpart or
precursor of crystalline zeolites.

Chemical consolidation by geopolymerization and contem-
porary in situ inorganic foaming are suitable to produce ceramic
foams with 3D porous architectures without using high tem-
perature treatments (such as burnout of organics and sintering)
that are indeed necessary for the production of ultramacro-
porous ceramics using conventional techniques [11].

In detail, in situ inorganic foaming can be obtained causing
gas evolution in the geopolymer mixture [12-16]. The Pourbaix
diagram of silicon indicates that in alkaline conditions hydrogen
evolution is always favoured [17], following the reaction:

Si’+4H,0 - 2H,1+Si( OH) 4,  AH’j8x = —314.0 kJ /mol
(1

In a previous study [8] optimal geopolymerization conditions
were determined to develop porous 3D networks by inducing
interconnected ultra-macro-porosity (up to the millimeter range)
in selected alkali-aluminosilicate material, using low amount
(<0.03 wt%) of metallic silicon powder as a foaming agent.
However, the solutions for specific application requirements must
be tailored by a correct mixture and process design to optimize
properties and possibly reduce costs. This work reports on several
aspects of the intrinsic structures and properties of inorganic
polymers, as well as on some of the extrinsic properties that may
be conferred by an appropriate raw material selection, mixture
and process design.

In particular, aim of this study is to check the effect of
increasing Si® additions (>0.03 wt%) on in situ foamed alkali-
aluminosilicates to correlate the effect of heat release,

Table 1

occurring during the redox reaction (1), to the degree of
polymerization (namely the conversion of aluminosilicate raw
powder into geopolymer) and thus to the final micro- and
macrostructure of the obtained foams. For this purpose, the
developed alkali-aluminosilicate foams were fully character-
ized in term of microstructure, intrinsic and induced porosity
size distribution, specific surface area, polymerization degree
and ion exchange capacity.

2. Experimental procedure
2.1. Preparation of geopolymer foams

Metakaolin grade M1200S was purchased from AGS Minéraux,
Clérac, France. For more details on powder characteristics see
Refs. [10,18]. Potassium silicate solutions with molar ratios of
Si0,/K,0=2 and H,O/K,0=13.5 and 23.0 were prepared by
dissolving KOH pellets (purity >98%, Merck, Darmstadt,
Germany) into distilled water and adding fumed silica powder
(99.8%, Sigma-Aldrich, Steinheim, Germany) under magnetic
stirring. Metallic silicon powder (grade AX10, H.C. Stark, purity
99.995%, D50=4.50 pm) was used as a foaming agent.

Geopolymer slurries with Si/Al and K/Si atomic ratios,
respectively, equal to 2.00 and 2.33 were prepared by mechani-
cally mixing the metakaolin with the KOH/K,SiO; aqueous
solutions for 19 min at 100 r.p.m” for clarity, and correct if
necessary. —>. Foams were prepared by adding from 0.03 to
2.60 wt% of Si powder into the geopolymer slurries. The Si/Al
and K/Si nominal atomic ratios of the foam formulations were
consequently higher than those of the starting geopolymeric
slurries; values ranging from 2.01 to 2.36 for Si/Al and from
2.33 to 2.75 for K/Si were experimented.

Then mechanical mixing was performed for another minute
after metallic silicon additions.

The slurries (20 ml) were cast in plastic cylindrical open molds
with a diameter of 40 mm and maturated at room temperature
(RT), 40 °C, 60 °C or 80 °C for 24 h. The foam expansion mainly
occurred in the axial direction of the cylindrical mold. After curing,

Si/Al and Si/K atomic ratios in alkali-aluminosilicate foams compositions, polymerization degree obtained from 2’Al MAS NMR and NHJ exchange capacity,

namely accessibility of the geopolymer inner volume.

Sample Si/Al atomic ratio Si/K atomic ratio Polymerization degree (%)" Accessibility (%)"
F13-0.38%Si-RT 2.05 2.39 56 25
F13-0.38%8i-80°C 2.05 2.39 48 3
F13-1.15%Si-RT 2.14 2.49 56 18
F13-1.15%Si-40°C 2.14 2.49 53 23
F13-1.15%8Si-60 °C 2.14 249 39 16
F13-1.15%8i-80°C 2.14 2.49 51 15
F13-1.90%Si-RT 2.23 2.60 52 16
F13-1.90%Si-40 °C 2.23 2.60 42 11
F13-1.90%Si-60°C 2.23 2.60 30 17
F13-1.90%Si-80 °C 2.23 2.60 50 16
F13-0.04%Si-RT 2.01 233 97 27
F23-0.03%Si-RT 2.01 2.33 97 26

“The data errors for polymerization degree is + 5% and + 1% for polymerization degrees below and above 70%, respectively.

The data error for accessibility of geopolymer network is =+ 5%.
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foams were let at 80 °C for another 24 h to complete the setting
process.

Foams prepared from potassium silicate solutions with
molar ratios H,O:K>,O=13.5 and 23.0 were named F13 and
F23, respectively. Si wt% and the curing temperature were also
reported in the labeling (see Table 1).

2.2. Characterization

Geopolymer slurries with H,O/K,O=13.5 and 23.0 and
without metallic silicon addition were characterized with a
controlled-stress rotational rheometer (Bohlin C-VOR 120, Mal-
vern, UK) equipped with parallel plate sensor with diameter
20 mm (PP20) and forcing the gap to 1 mm. Flow curves were
and

determined by increasing the shear rate from 0 to 100s™'

then by decreasing from 100 to 0s™".
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The increase of the temperature in the geopolymer slurries
related to metallic silicon addition was monitored by inserting
a thermometer (range 0—100 °C with an accuracy of + 0.5 °C)
in the reaction mixtures at different times.

The morphological and microstructural features of foams
were examined by SEM-EDS (SEM, Cambridge S360; EDS,
INCA Energy 300, Oxford Instruments, Oxford, UK) samples
were coated using a gold sputter coater.

The bulk density of the foams was determined by weight-to-
volume ratio. The volume was geometrically measured using a
calliper (accuracy =+ 0.05mm). The per cent values of total
porosity of the foams were calculated according to the following
equation:

Total porosity (%) = [1—(bulk density /true density)]x 100  (2)

where true density measured by Helium pycnometer (Multi-
volume pycnometer 1305 by Micrometrics) is 2.188 + 0.002 g/
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Fig. 1. Logarithmic plots of viscosity vs. shear rate of the geopolymer slurries with H,O/K,O=13.5 and 23.0 and no metallic silicon addition. The data error is
+ 5%. The fitting equations were calculated on the data recorded by decreasing the shear rate from 100 to 0s™".
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em® and 2.246 + 0.008 g/em® for geopolymer matrices, respec-
tively, in F13 and F23 foams [8].

Ultra-macro-porosity (> 100 pm) was investigated by
image analysis (Image Pro Plus 6.0., Media Cybernetics, Inc.
Bethesda, MD, USA) of high resolution photos (scanner Sharp
JX330, Japan) and of scanning electron micrographs of the
Ccross sections.

Pore size distribution in the range 0.0058-100 pm was
analyzed by mercury porosimetry (Thermo Finnigan Pascal 140
and Thermo Finnigan Pascal 240). Measurements of specific
surface area, pore volume and pore size distributions in the 1000—
2 nm range were carried out in a Micromeritics ASAP 2020
instrument by N, adsorption/desorption at —196 °C. Samples
were previously degassed under vacuum, heated up to 250 °C
and maintained for 60 min at a pressure below 30 pmHg. Specific
surface area was calculated by the Brunauer—-Emmet-Teller
(BET) method. The total pore volume was obtained at
plp®=0.995. Pore size distributions were obtained by the BJH
method using the desorption branch. The analyses were made on
blended powders belonging to at least three grounds and 600 um
sieved samples of the same compositions. The error in the
measures is related to the accuracy of Hg intrusion porosimetry
(4%) and N, adsorption/desorption technique (1%).

The degree of sample polymerization, i.e. the transformation
of metakaolin to geopolymers was monitored by *’Al MAS
NMR spectroscopy. >’ Al MAS NMR single pulse spectra were
recorded using a Bruker Avance 500 MHz (11.7 T) Wide Bore

spectrometer with 4 mm o.d. ZrO, rotors with a rotation speed
of 12 kHz and high-power decoupling pulse sequences with mt/
12 (0.7 ps) excitation pulse. The >’ Al NMR observed chemical
shift was referred to an aqueous solution of AI(NOs)3. Spectra
of geopolymer samples and parent metakaolin were simulated
using Dmfit software.

The accessibility of the inner volume of geopolymers was
determined employing the ion exchange capacity of geopoly-
mer for NHJ ions. The replacement of Na* and K* ions in
geopolymers by NHZ ions during ion exchange was reported
[9,19]. Ton exchange capacity of geopolymer for small cations
(Co** and NHY) was suggested as a measure of geopolymer-
ization degree of geopolymer and accessibility of the inner
volume of geopolymer network [9]. The maximum NHZ
exchanged form of geopolymers was obtained by repeated
equilibration of the sample with a 0.5 M aqueous solution of
NH4NO; at RT (100 ml of solution per 1 g of geopolymer
applied thrice over 36 h). After the ion exchange procedure,
the geopolymers were carefully washed with distilled water to
remove all the excess NHJ ions. The obtained NH4-geopoly-
mers were dried at room temperature in the open air to receive
fully hydrated NH,-geopolymers. The concentration of NHZ
ions in the sample was determined by the FTIR spectroscopy
of N-H vibration.

The FTIR spectra were recorded on a NICOLET 6700 spectro-
meter using a DTGS KBr detector following the procedure
described elsewhere [19]. For a single spectrum, 128 scans at
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Fig. 2. Plots of temperature vs. time registered at RT in geopolymer slurries upon metallic Si addition: F13 (a) and F23 (b) geopolymeric based foams.
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Fig. 3. Foam expansion, bulk density and total porosity of F13 and F23 foams.
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Fig. 4. High resolution photos of the cross section of F13 and F23 foams obtained with different metallic silicon additions and curing temperatures.

2 cm™! resolution were collected. The samples were prepared in  the open air. Quantitative analysis of the intensity of the IR band of
the form of thin self-supporting pellets with a thickness of about ~ N-H deformation vibration of NH} ions yields the concentration of
10 mg cm™ mounted in a sample holder and directly measured in NHj ions. Spectra intensities were normalized on the standard
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sample thickness of 10 mg cm™, the extinction coefficient for the ~ viscosity vs. shear rate (Fig. 1a and b) followed a power law
IR band of the N-H vibration at 1445 cm™" was exy=13.0 + 0.6 with exponent close to —1 [20] for both the compositions. The

cm pmol . viscosity was greatly dependent on the molar ratio H,O/K,O,
being the viscosity of slurry with H,O/K,0=13.5 five order of

3. Results magnitude higher than that of the slurry with H,O/K,0=23.0.
The addition of the metal silicon to the geopolymer slurries

3.1. Slurries characterization produces the exothermic reaction (1), with consequent increase

of temperature related to the amount of silicon added. The
Before metallic silicon addition, the starting geopolymer  temperature increase in the various mixtures as a function of
slurries exhibited a plastic behavior. The logarithmic plots of  the added silicon is reported in Fig.2a and b. The higher the

Fig. 5. SEM micrographs of F13-1.15%Si-80 °C (a, b), F13-1.15%Si-RT (c, d), F13-0.38%Si-RT (e, f) and F13-0.04%Si-RT (g, h).
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Fig. 6. EDS analyses on residual potassium silicate in F13-1.15%Si-80 °C (a) and needles formed on the surface of F13-0.38%Si-RT (b).

water dilution (such as in foams F23) the lower the tempera-
ture increase and longer the time to warm the suspension.

3.2. Foams formation and macro- and micro-structures

Foams expansion, as well as geometric density and total
porosity values are reported in Fig. 3. The above properties were
all dependent on Si’ amount, curing temperature and H,O/K,0
(=13.5 and 23.0) molar ratios, i.e. water amount of the slurry.
Si additions of 2.60 wt% gave rise to destroyed architectures
and thus the corresponding samples are not included in Fig. 3.

High resolution photos after expansion and curing of the
geopolymer foams F13 and F23 are reported in Fig. 4. Ultra-
macro-pores are observable in all samples.

Foams F13 showed a nonuniform distribution of the
ultra-macro pores in terms of dimension and shape; in
particular some prolate pores with an aspect ratio ranging
from 2 to 5 were aligned perpendicularly to the expansion
direction. As expected, foams expansion increased with
curing temperature (Figs. 3 and 4). A quite low quantity of
silicon (sample F13-0.38%Si) led to little expanded struc-
tures. Ultra-macro-pores ranged from 250 um to 3 mm,
while the center of the samples showed cracks, attributable
to thermal stresses occurring during water evaporation. In
the samples F13-1.15%Si and F13-1.90%Si, the expansion
increased, with ultra-macro-pores in the range between
250 pm and 8 mm. In F13-1.15%Si-80 °C and F13-1.90%
Si-80 °C coalescence of gas bubble occurred leading to
internal voids up to 20 mm.

Foams F23 with Si addition higher than ~0.3 wt% collapsed
in relation to the higher water content of the starting mixture
with respect to that of the samples F13. Conversely, F23-0.03%
Si-RT (Figs. 3 and 4) had a regular distribution of rounded ultra-
macro-pores that ranged from 200 um to 1 mm in diameter [8].

SEM micrographs of the surfaces of pore walls of the F13
foams are shown in Fig. 5. The surface of all samples was very
different from the typical microstructure of an un-foamed meso-
porous geopolymer matrix mainly formed by nano-precipitates
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Fig. 7. ?Al MAS NMR single pulse spectra of geopolymer foams (a),
27Al MAS NMR single pulse spectrum of parent metakaolin and its simulation
(b), and *’Al MAS NMR single pulse spectrum of sample F13-0.38%Si-RT
and its simulation (c).

[5,7,8]. In particular particles packing, surface cracking, enrich-
ment in potassium silicate and needle like phases were observed.

Potassium silicate was present on the surface when both Si
amount and curing temperature were increased (sample F13-1.15%
Si-80 °C, Fig. 5b and EDS spectrum in Fig. 6a). Filaments based
of potassium carbonates were detected when curing was at RT
(F13-1.15%Si-RT and F13-0.38%Si-RT in Fig. 5d and f and EDS
spectrum in Fig. 6b).

3.3. Polymerization degree and accessibility of geopolymer
inner volume

*’Al MAS NMR spectra of foamed samples and of
metakaolin are depicted in Fig. 7.

?7Al resonance around 60 ppm reflecting tetrahedral Al atoms
prevails only in *’Al MAS NMR single pulse spectrum of
samples F13-0.04%Si-RT and F23-0.03%Si-RT. The *’Al MAS
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Table 2
Total porosity and average pore diameter measure by Hg intrusion and specific surface areas calculated through the BET (Sggr) method and pore volume (V)
values of F13 and F23 foams. The error is 4+ 4% and + 1%, respectively for Hg intrusion porosimetry and N, adsorption—desorption measures.

Sample Hg intrusion Sger (M*/g) Vo (cm*/g)
Total porosity (%) Average pore diameter (pm)
F13-1.15%Si-RT 34 98 1 0.005
F13-1.15%Si-80 °C 32 96 1 0.005
F13-0.04%Si-RT 37 0.03 50 0.240
F23-0.03%Si-RT 34 0.03 98 0.480
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Fig. 8. Pore size distribution by Hg intrusion of F13-1.15%Si-RT (a), F13-1.15%Si-80 °C (b), F13-0.04%S:i (c) and F23-0.03%Si (d).

NMR spectra of all other geopolymer foams exhibit significant
intensity of resonances around 0 and 30 ppm reflecting octahedral
and penta-coordinated Al, see Fig. 7a. As Al atoms in
geopolymer network exhibit exclusively tetrahedral coordina-
tion, the presence of octahedral and penta-coordinated Al atoms
clearly evidence the presence of residual un-reacted metakaolin
in samples and thus, their only partial polymerization. 2’ Al MAS
NMR spectrum of parent metakaolin MK1200S and its simula-
tion is given in Fig. 7b. According to the spectrum simulation,
asymmetric resonance with maximum at 3 ppm corresponds to

octahedral, resonance centered around 27 ppm to penta-
coordinated and resonance with maximum between 60 and
65 ppm to tetrahedral Al of metakaolin. Simulation of the *’Al
MAS NMR spectra of geopolymer samples (an example is
illustrated in Fig. 7c) evidence beside resonances corresponding
to Al atoms of metakaolin the presence of new resonance with
maximum between 55 and 58 ppm reflecting tetrahedral Al
atoms of geopolymer network and dominating spectra of all
samples. The presence of resonance around 60 ppm of tetra-
hedral Al of residual metakaolin is reflected in the shoulder of
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F13-0.04%Si and F23-0.03%5i (c, d).

the band of tetrahedral Al. The value of *’Al observed chemical
shift of tetrahedral Al in the geopolymer network is in agreement
with values reported earlier, see e.g. Refs. [10,18]. Thus,
simulations of the 2’Al MAS NMR spectra allows us to estimate
polymerization degree of investigated geopolymer foams using
the following equation:

Polymerization degree = Ig/ItoraL 3)
where Ig is the intensity of the signal of tetrahedral Al in
geopolymer at 55-58 ppm and Iygray is the total intensity of the
*’Al NMR single pulse spectrum. The polymerization degree of
geopolymer foams according to Eq. (3) ranges 30-97% and is
reported in Table 1.

A large amount of silicon influences negatively the polymeriza-
tion which ranges 30-56% with the exception of samples
F13-0.04%Si-RT and F23 0.03%Si-RT that are effectively geopo-
lymers. In F13-1.15%Si, the maximum of polymerization was
observed with curing at 60 °C, while in F13-1.90%Si with curing
at 40 °C.

It should be noted that the low degree of NHJ exchange
capacity (ca. 25%, Table 1) of F13-0.04%Si-RT and F23-0.03%
Si-RT samples, which are almost completely polymerized (97%).

3.4. Porosimetric and specific surface characterizations

In F13-1.15%Si (RT and 80 °C) foams the average pore
diameters measured by Hg intrusion were similar (Table 2).
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Both samples presented bimodal pore size distributions (Fig. 8a
and b): the relative pore volume percentage in the ranges 0.1—
1 pm and 10-100 pm were respectively ~40% and ~60% for
F13-1.15%Si-RT, 50% and 50% for F13-1.15%Si-80 °C. The
samples with a smaller quantity of silicon, F13-0.04%Si-RT
and F23-0.03%Si-RT, had pores mainly ranging between 0.01
and 0.1 um (Fig. 8c and d) with dimensions comparable to those
of un-foamed matrices [8].

N, adsorption/desorption measurements were performed on
ground foams to obtain information about the pores that are out
of the detection range of Hg porosimetry. The results are reported
in Table 2 and Fig. 9. It was evidenced that the measured specific
surface areas decreased by increasing the silicon content in the
starting mixtures.

The samples F13-1.15%Si-RT and F13-1.15%Si-80 °C have
very similar textural properties, with rather low values of the
BET surface area and total pore volume (Table 2). Both
isotherms (Fig. 9a and b) belong to Type II from the [UPAC
classification [21], and are characteristic of non-porous or
macro-porous materials. The isotherms are almost superimpo-
sable, with a very narrow hysteresis loop. The differential
distribution of the pore dimensions, calculated by the BJH
method, confirms the absence of meso-pores, as the peak at
about 36 A can be considered as an artifact of the method
itself.

The isotherms of F13-0.04%Si-RT and F23-0.03%Si-RT are
very similar in form and are of Type IV with H, hysteresis
(Fig. 9¢ and d). BJH pore size distributions show two maxima
at about 130 and 220 A, the amount of the smaller pores being
larger.

4. Discussion

4.1. Effect of metallic silicon addition on foaming and
macrostructure

Foams formation and the related macro- and micro-
structures are influenced both by rheological (viscosity) and
thermal parameters. Volume expansion, macropores dimension
and prolate shape belong to the balance of the thermodynamics
of reaction (1), viscosity and geopolymerization or hardening.

Foam expansion and increase of pore dimension are favoured
by increasing the addition of Si and the curing temperature as
shown in Figs. 3 and 4. The developed ultramacro porosity
ranging from a few hundreds of microns to a few tenths of
millimeters are consistent with the data previously obtained by
inorganic in situ foaming of SiC based foams, where the foaming
agent was the metallic Si impurities in the raw powders [15,16],
and with results reported by other authors [14,22].

Obviously the use of higher quantity of silicon produces more
H, gas, while the increase in curing temperature induces higher
and faster formation of hydrogen bubbles; in fact reaction (1) is
favoured by temperature increase as all gas forming reaction,
considering that AG® changes from —359.4 kJ/mol at 25 °C to
—366.6 kJ/mol at 80 °C [15]). From this point of view the
viscosity of the starting slurries plays an important role in foam
formation.

This general trend faces with the viscosity of the starting
slurries (Fig. 1) and the thermal effects related to reaction (1)
(Fig. 2).

The low viscosity of the F23 slurry (Fig. 1b) allows to obtain
well foamed materials only if very low amounts of silicon is added,
since the hydrogen spreads easily through the reaction mixture.
Furthermore, low viscosity facilitates the coalescence of bubbles of
hydrogen, which lead to the collapse of the structure when the gas
pressure exceeds the surface tension in the pore. In the case of the
more viscous F13 slurries, the contemporary use of 80 °C as curing
temperature and high amount of Si as in samples F13-1.15%Si-
80 °C and F13-1.90%$i-80 °C lead to coalescence of voids up to
20 mm (Fig. 4) because of enhanced gas evolution but also of fast
consolidation. The warming of the slurries (Fig. 2) by increasing
Si’ addition decreases the time of consolidation due to the
reduction of available water. In detail, water evaporation is favored
by temperature increase and consequently hardening occurred.
Moreover, consumption of water is proportional to metallic silicon
addition because of the reduction of water concerning di-hydrogen
formation [15]

4H,0 + 4~ —2H, + 40H"~ (4)

The exothermal reaction (1) affects also microstructure and
properties directly acting on the degree of polymerization as
explained in Section 4.2.

4.2. Effect of metallic silicon addition on polymerization
degree and correlation with microstructure

Metallic Si addition affects the polymerization degree and
consequently the final microstructure and meso-porosities by
favouring water removal from the reacting slurries and fast
consolidation because of the exothermic and water consuming
reaction (1).

In closed systems, geopolymerization is generally favored
by the increase in temperature, as setting time is faster at high
temperature [23] because it is favored in hydrothermal condi-
tions [24]. Moreover, water is the reaction medium during
geopolymerization.

The geopolymerization mechanism is quite complex [5], but
may be simplified into a few steps [25]: water-consuming
dissolution of the aluminosilicate powder by alkaline hydrolysis,
condensation, gelation, reorganization, polymerization and hard-
ening. When the main reaction changes from hydrolysis (con-
suming water) to polycondensation (releasing water), too much
water can hinder the polycondensation kinetically [26], since
water is a product of the reaction itself, and setting stage should
be prolonged. Since water entrance into the geopolymer frame-
work is limited, it gives rise to a steric hindrance and acts
as a pore-forming agent upon its removal during setting at
80 °C [26-28].

The morphologies and compositions of external surfaces of
F13 foamed samples (Fig. 5) are caused by surface tension and
faster consolidation of the surface than of the bulk. This two
phenomena cause particles packing, surface cracking, enrich-
ment in potassium silicate and needle like phase formation.
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As stated before, the redox reaction (1) removes water from the
system to form hydrogen (reduction reaction of water). Contem-
porary water evaporation occurs due to the rising of temperature,
consequent to this exothermic reaction. By moving the reaction
medium (water) quickly away, metakaolin lamellae reacts only
superficially and unreacted potassium silicate covers them, thus
preventing any further metakaolin dissolution. Potassium silicate
was observed on the surface of samples cured at 80 °C (sample
F13-1.15%Si-80 °C, Fig. 5b). The EDS analysis (Fig. 6a) detected
an atomic ratio Si/K slightly higher than the nominal one of the
starting potassium silicate aqueous solution. This is probably due to
the partial incorporation of reacted metallic silicon in the form of Si
(OH),. However a reliable exact evaluation of the phase composi-
tion in terms of atomic ratio was however impossible due to the
intrinsic limits of the analysis.

In the F13-0.38%Si foams the increase of temperature
(Fig. 2a) and water subtractions by reaction (1) are quite
modest. The formation of needles based of potassium carbo-
nates (Fig. 6b) could be attributed to carbonate impurities in
KOH and to absorbed CO, in starting SiO, or to atmospheric
CO, reacting with the alkali system [29].

In foams F13-0.04%Si-RT, apart for a surface particle packing
due to surface tension caused by gas evolution, no presence of
alkali rich phases were detected, as well in foam F23-0.03%Si-
RT [8]. The final microstructure of a fully reacted geopolymer
consists of nano-particles separated by nano-pores. Vice versa,
with high amounts of silicon added to produce foams, this
characteristic disappears, then the reaction of geopolymerization
is influenced by the exothermic reaction of silicon in the alkali
aqueous solution, which hinders its completion. A kinetic balance
between geopolymerization and redox reaction is needed to
produce fully reacted foams.

The porosimetric and specific surface area data (Table 2) are
in agreement with those of MAS-NMR analysis indicating the
polymerization degree and reflecting in ion exchange capacity
(Table 1), since F13-0.04%Si-RT and F23-0.03%Si-RT with
97% of polymerization degree shows the higher specific
surface areas and the smaller pore dimension.

Since porosimetric analyses by Hg intrusion were performed on
ground and 600 um sieved foams, the results were representative
of the porosity of the ultramacro-pore walls, i.e. the porosity of the
geopolymer matrices formed at the process condition. Pores below
10 pm belong to the geopolymer intrinsic porosity and water steric
effect, while pores ranging from 10 to 100 pm are due to the
foaming process [8]. As already discussed, the relative pore
volume percentage in the ranges 0.1-1 um and 10-100 pm were
respectively ~40% and ~60% for F13-1.15%Si-RT, 50% and 50%
for F13-1.15%Si-80 °C (Table 2). The samples with a smaller
quantity of silicon, F13-0.04%Si-RT and F23-0.03%S$Si-RT, had
pores mainly ranging between 0.01 and 0.1 pm (Fig. 8c
and d) with dimensions comparable to those of un-foamed matrices
[8].

Concerning N, adsorption/desorption measurements, in ana-
logy with zeolites, the fact that significant fraction of the
geopolymer inner volume is accessible through 8-member or
smaller rings can affect surface area measurement using N,. K*
cations upon dehydration preferentially occupy cationic sites

formed by 8-member rings [30,31] and block N, transport
through these rings [23,32]. Thus, although significant part of
inner volume of geopolymer particulates might be accessed by
solvated cations which migrate through eight rings [9], the
surface area of geopolymer measured using N, adsorption
represents predominantly surface of meso-pores, i.e. outer
surface of nanosized particulates forming geopolymer, as was
already suggested [19].

Low values of specific surface area of samples F13-1.15%Si-
RT and F13-1.15%Si-80 °C can be attributed to the presence of
unreacted potassium silicate which surrounds the precipitates
and particles of non-reacted metakaolin, filling the meso-pores
and determining a decrease of the surface area in partially
polymerized samples.

As previously observed [8], after the foaming process with
very small metallic silicon addition Sggt values increased in
respect with reference “unfoamed” geopolymer matrix, namely
from 40 to 50 m* g~' for the sample prepared with a molar
ratio H,O:K,0=13.5 and from 16 to 98 m> g_1 when H,O:
K,0=23.0 was used. It should be pointed out that monolith
with the hierarchic pore system, meso-pore surface area
ranging 100 m” g~' and high Al content enabling accommoda-
tion of a high concentration of metal ion species with proper-
ties similar as those in zeolites [19] exhibits a high potential for
catalytic applications.

Finally it should be noted the low degree of NH} exchange
capacity which is in the range 11-27% for all samples (Table 1).
The low degree of NHZ exchange capacity (ca. 25%) (Table 1)
of almost completely polymerized samples (F13-0.04%Si-RT
and F23-0.03%Si-RT with 97% of polymerization degree)
indicates that only one quarter of the geopolymer inner volume
is accessible for solvated cations sizing the potassium one
through regular 8-member or larger rings, through which
solvated K™ ions can migrate. The smallest ring (with 3.7 A
diameter) enabling full ion exchange of K" ions was reported
for chabazite [33]. The rest of K* ions, and thus, network Al
atoms, are located in channels/cavities accessible only through
significantly deformed 8 rings or smaller rings. This indicates
that the outer one quarter of nano-particulates ranging from 5 to
15 nm [6] forming geopolymer volume will be accessible for
incorporation of smaller cations as e.g. Co**, Cu®*, Fe’* or
Fe**, which will be accessible through 8-member or larger rings
and can play a role of catalytic centers similarly as in zeolites
[19]. This limited accessibility concerns also geopolymer
fraction of the foams with lower polymerization degree. Also
in these samples the accessible part of geopolymer represents
from one-third to one-half of geopolymer inner space. In
addition, it should be pointed out that the accessibility of the
inner volume of geopolymer network was reduced consequently
to low polymerization degrees.

5. Conclusions

Addition of metallic Si allows to obtain geopolymer foams thanks
to its redox reaction in an alkaline environment causing evolution of
H, gas. However, the silicon addition must be controlled to limit the
water depletion in the geopolymer matrix. High silicon content
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adversely affects the reaction of geopolymerization, in particular
when associated with high temperatures of consolidation (80 °C). In
fact, the Si redox reaction consumes water of the geopolymer matrix
system, thus reducing the amount availablility for geopolymeriza-
tion. In addition, a high curing temperature and the exothermicity of
the Si reaction causes a fast evaporation of water, which reflects in
further decrease of the available reaction medium. High contents of
silicon determine a low geopolymerization degree, as evidenced by
Z’Al MAS-NMR analysis.

A low degree of geopolymerization decreases the accessi-
bility of the matrix determined by ion exchange and the intrinsic
meso-porosity determined by desorption of N,.
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