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The geopolymer binder is a relatively new class of inorganic binding material of elevated mechanical
strength and good chemical properties. This can be produced using clay minerals or byproducts of the
industrial processes, such as metakaolin, fly-ash and blast furnace slag. In this work, geopolymers were
produced by alkaline activation of a Brazilian fly-ash with simple and compound solutions (NaOH
and NaOH + Na_SiO,). The hardened specimens presented values of the mechanical strength close to
48 MPa when the activator used presented SiO,/Na,O ration close to 1.0 after 24 h of curing at 65 °C.
The increase of the temperature to 90 °C favored the reactions of the N-A-S-H gel (geopolymer)
formation and compression strength increased to values close to 90 MPa after 24 h. It has been
found that physical properties, such as density and porosity, varied when different SiO,/Na,O rations
was present in alkaline solutions. Time, temperature of curing and particle size of fly-ash modified
the mechanical and physical proprieties of hardened inorganic binder. Was observed the diffraction
phases related to zeolitic phases and carbonate new bands of absorption were related to reactions of
Na20 in excess with atmospheric CO,. The variation of SiO,/Na,0 modified the microstructural of

the hardened specimens.
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1. Introduction

Worldwide increasing consumption of Ordinary Portland
Cement (OPC) increases energy consumption and causes
environmental problems by the large quantities of greenhouse
gases released during production, mainly CO,"?. According
to Provis and Bernal®, concrete is the second-most-used
commodity, behind only to water. Therefore, alternative
binding materials are being developed which cause less
environmental damage and which may be capabale substituing
OPC in certain applications of civil construction.

The alkaline activated binding materials, also know as
geopolymers or inorganic polymers can be produced by the
polycondensation of the SiO, and AlO, groups present in
aluminosilicate raw materials*®. The alkali-activated materials
(AAM) can be produced with a wide variety of starting
materials rich in silicon and aluminum with short-range
atomic ordering®'2. Theses amorphous or semi-crystalline
compounds are solubilized in an alkaline environment and
release monomers promoting the formation of a polymer
chain by polycondensation reactions. The polymer chains
formed, exhibit three basic structures: the poly (sialate) type,
characterized by a -Si-O-Al-O- sequence of atoms, the poly
(sialate-siloxo) type, with a -Si-O-Al-O-Si-O- sequence and
the poly (sialate - disiloxo) type with a sequence of -Si-O-
Al-0-Si-0-Si-O-*1314 These inorganic compounds can be
produced from metakaolin or industrial waste products such

*e-mail: adrianogalvao26@yahoo.com.br

as blast furnace slag or fly ash. The production of geopolymers
from industrial by-products reduces the final cost and thus
increases their market acceptance'>'°.

Around the world, large quantities of fly-ash are generated
every year due to the use of mineral coal in thermoelectric power
plants'”!®. Fly ash has a high concentration of aluminosilicates
containing the necessary compounds to produce inorganic
binder materials after the geopolymerization reactions.
The alkali activation occurs by adding an alkaline solution
(sodium or potassium hydroxide and silicate) to fly-ash (FA).
The alkaline environment dissolves the amorphous alumina
and silica and allows for the silicon and aluminum tetrahedra
to form an inorganic compound by sharing oxygen atoms
at the vertices®>.

The concentration of the alkaline solution, temperature
and curing time and the particle size and composition of the
fly-ash are parameters that must be controlled in order to
produce high strength inorganic binders'>"-!. The composition
of the fly-ash depends on the initial composition of the coal
used to produce energy in the thermal power plant as well
as the type of the incinerator and collection filter used in
each thermoelectric power plant®.

The aim of this work has been to study the production of
fly-ash based geopolymers using fly-ash originated from the
thermoelectric power plant located at Capivari de Baixo, Santa
Catarina, Brazil, as raw material. Furthermore, the influence
of the Na,0,H,0 and NazSiO3 concentration in the alkaline
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solution, curing temperature and particle size of the fly-ash
were investigated in order to observe how the variation of
these parameters promote the modification of the properties
of the inorganic polymers produced. This investigation is
important to promote understanding about the modification
in mechanical, physical and chemical proprieties hardened
geopolymeric specimens produced by activation of Brasilian
fly-ash. The use of different fly ash samples as raw material
improves the literature about the production of geopolymers
using by products of thermoelectric power station. There
is no deeply investigation about the modification in this
materiails produced with Brasilian fly ash.

2. Materials and Methods

2.1 Starting materials

The geopolymeric specimens were produced using fly-ash
(FA) from de thermoelectric power plant of Jorge Lacerda
located in southern Brazil in Capivari de Baixo, Santa Catarina.
The chemical analysis of the Fly-ash classifies this ash as
type F, according to ASTM C 618.% This classification is
related to the total amount of SiO,, Al,O, and Fe,O, being
higher than 70 % and the CaO amount which is less than
10%. The presence of concentrations higher than 10 % of
CaO in the fly ash sample the formation of C-S-H (calcium
silicate hydrate) can be observed as reaction product. This
is not associated to geopolymeric reaction products. The
original fly-ash presented a specific mass close to 2,21 g/
cm3 with a mean particle size (D50) close to 30.82 um, see
Figure 1. Furthermore, for the investigation of the influence
of particle size on the geopolymerization, the fly ash was dry-
milled during 24h. The average particle size (D50) of the FA
after milling was 19.7 um and the specific mass 2.38 g/cm’.
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Figure 1. Particle size distribution of the fly ash used.

The NaOH used to produce the alkaline solutions
(activator solutions (AS)) was commercial NaOH pellets
with 98 % purity. The NaOH was dissolved in deionized
water to obtain alkaline solutions with concentrations of
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10, 12 and 16 mol.L"!, respectively. The solutions were
prepared 24h prior to the production of the pastes to ensure
cooling of the solutions to room temperature before the FA
activation process. Compound solutions were prepared by
replacing 10, 20 and 30 wt% of NaOH by Na,SiO; solutions
with a water content of 51.4 wt% and a SiO,/Na,O molar
ratio close to 2.4.

2.2 Experimental procedure

The activation of FA with the alkaline solutions was
made using a liquid/solid ratio close to 0.5. The amount
of liquid added to the mixture consists of water present
in the Na SiO, and NaOH solutions and the FA represents
the amount of solid material. Table 1 and 2 present the
compositions of the mixtures prepared in the different
geopolymer materials prepared. To identify the different
compositions used to produce the geopolymers the following
nomenclature was used. For example, sample H12S20 - 28
represents a specimen produced with a 12 mol.L! sodium
hydroxide solution (H12) with 20 wt % of sodium silicate
and cured for 28 days.

Table 1. Composition of mixtures prepared for the production of
geopolymers

. NaOH Na,SiO,Solution
Mixture Fly ash (g) Solution (g) 2 (‘g)
H10S0 100 50 0
H12S0 100 50 0
H16S0 100 50 0
H10S10 100 40 10
H12S10 100 40 10
H16S10 100 40 10
H10S20 100 30 20
H12820 100 30 20
H16S20 100 30 20
H10S30 100 20 30
H12S30 100 20 30
H16S30 100 20 30

The paste was prpared by mixing the fly-ash and the
alkali activator solution in a mechanical mixer. The raw
material and the solutions were mixed for 3 minutes at low
rotational speed and 2 min at maximum speed. The obtained
paste was poured in cylindrical molds with a height and
diameter of the 50 and 25 mm, respectively. The specimens
were vibrated to ensure compaction and to remove air
which may be entrapped. A plastic film was used to cover
the cylindrical molds to avoid water loss due to the curing
process. After 24 hours at laboratory temperature (close to
25 °C), the plastic film was removed and the specimens were
cured in an oven for 24 hours at 65 and 90 °C. Thereafter,
the specimens were further cured for 1, 7 and 28 days at
room temperature until the mechanical and microstructural
analysis. For each geopolymeric mixture and curing time,
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Table 2. Composition of activator solutions used to produce the alkali-activated specimens

Sample [NaOH] Na,SiO, SiO, Na,0 SiO,/Na,O H,O/FA
mol.L"! [wt-%] [wt-%] [wt-%] [wt-%] [wt-%]
H10S0 10 0 11.70 0 0.35
H12S0 12 0 13.51 0 0.33
H16S0 16 0 17.00 0 0.28
H10S10 10 10 3.36 10.80 0.31 0.33
H12S10 12 10 3.36 12.31 0.27 0.31
H16S10 16 10 3.36 15.00 0.22 0.28
H10S20 10 20 6.71 10.00 0.67 0.31
H12S820 12 20 6.71 11.11 0.60 0.30
H16S20 16 20 6.71 13.20 0.51 0.27
H10S30 10 30 10.07 9.20 1.10 0.29
H12830 12 30 10.07 9.90 1.02 0.28
H16S30 16 30 10.07 11.30 0.89 0.26

10 specimens were prepared. To produce the mechanical
activated fly-ash based geopolymers the same procedure
was adopted.

The mechanical strength of the hardened specimens was
determined using an universal testing machine, Shimadzu
model AG-X plus. The crosshead speed during testing
was maintained constant at 2 mm/min for all samples,
according to ASTM C109"". The surface composition
and the morphology of the specimens were observed by
scanning electron microscopy, SEM. The equipment utilized
was a SEM Hitachi model TM 300 with a Spectroscope of
Energy Dispersive (EDS), Bruker, model X-Flash SVE. The
physical analysis of the hardened specimens were obtained
according to the EN ISO 10545-3% standard (ISO EN, 1998).
X-ray diffraction (Shimadzu model XRD 6000), using Cu,
radiation (A= 1,04059 A) in the 20 range of 5 to 65° and 30
Kv and 30 mA, was used to identify the crystalline phases
presents in the raw material and the geopolymer materials.
Infrared spectroscopy was carried out using a Perkin Elmer
Spectrometer, model Spectrum 1000. The analysis was done
mixing the milled powder of FA and hardened geopolymers
samples with KBr (1:300) and compacting pellets thereof
in a press (10 ton/60 seconds). The pellets were analyzed
in the range of 400 to 4000 cm™! with a resolution of 4 cm'.

3. Results and Discussion

3.1 Compressive Strength

The compressive strength of the fly-ash based geopolymers
produced after curing for 1 and 28 days and curing temperatures
of 65 and 90 °C in the first 24h are listed in Tables 3 and
4, respectively.

The results show that the mechanical strength of the
geopolymers produced varied widely depending on the

Table 3. Compressive strength of the fly ash based geopolymers
cured at 65 °C.

Compressive Strength (MPa)

Sample
1 Day 28 Days

H10S0 4,95+ 1,48 9,69 £ 0,64
H12S0 9,77 £ 1,56 19,13 £ 1,06
H16S0 10,17 + 1,50 8,77+ 1,57
H10S10 32,31+2,77 34,87+ 1,92
H12810 38,51+ 1,49 33,75+ 1,19
H16S10 28,05+ 0,77 31,96 2,00
H10820 23,42+ 1,88 33,02 £2,26
H12820 28,27 +2,67 39,24 £ 1,55
H16S20 24,60 + 1,00 28,96 + 0,80
H10S30 19,77 +£5,21 28,11 £ 4,00
H12S30 27,78 + 3,65 47,60 + 4,50
H16S30 38,87+ 3,34 44,25+ 1,87

Table 4. Compressive strength of the fly ash based geopolymers
cured at 90° C.

Compressive Strength (MPa)

Sample
1 Day 28 Days

H10S0 13.8+2.59 18.12+£6.28
H12S0 334+9.21 60.97 +12.69
H16S0 88.5+8.07 71.07 £9.08
H10S10 31.7+3.42 27.38+3.33
H12S10 33.9+6.24 22.26+3.72
H16S10 38.8+3.19 24.63 +4.36
H10S20 355+8.34 40.91 +1.82
H12820 46.2 +£5.05 46.87 £ 4.65
H16S20 30.2+5.24 50.88 £5.90
H10S30 46.5+5.52 58.30+£3.96
H12S30 52.8+15.07 60.55+5.22
H16S30 38.6+11.29 39.65 +10.00
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composition of the activator solutions and the curing temperature.
The specimens made using simple activator solutions only with
NaOH present lower mechanical strength for a curing temperature
0f 65 °C. Samples activated using the 12 mol.L"' NaOH solution
exhibited an increase of mechanical strength after 28 days curing
from initially 9.8 to 19.1 MPa, indicating that polymerization
reactions continue to occur after the thermal cure. The sample
H16S0 showed a compressive strength close to 10 MPa after 24 h
of curing at 65 °C. However, strength decreased to 8.8 MPa after
28 days which is related to an excessive alkali concentration in
the system in the higher concentrated NaOH solution. The excess
of alkali may decrease the mechanical strength of the specimens
by the deterioration of the aluminosilicate gel, N-A-S-H (N=
Na,0O, A:Alzoy S:SiOZ, H:Hzo), that confers compressive
strength to the material®.

Samples produced using compound solutions (NaOH +
Na,SiO,) showed an increase in the compression strength during
curing between 1 and 28 days. The specimens produced with
10 wt-% of Na,SiO, presented an increase of the mechanical
strength near to 500 % when a 10 M NaOH solution was
used and the temperature of thermal cure was 65 °C. This
increase in the mechanical strength of the geopolymers can be
observed in all specimens produced with compound solutions.
The mechanical strength is higher when 12 or 16 M of NaOH
solutions and 20 or 30wt-% of sodium silicate were used to
activate the FA. The specimens H12S30 and H16S30 exhibited
a mechanical resistance of 47.6 and 44.2 MPa, respectively.
These results are associated to an increase of SiO, groups
able to react and form the polymer chain. Concomitantly, the
increasing NaOH concentration promotes a better dissolution
of the aluminosilicate present in the FA. This in turn provides
higher quantities of species to form the N-A-S-H gel structure
by polycondensation and increases the mechanical strength of
the specimens. However, it is clear that the increase of NaOH
concentrations is not the only factor responsible for the increase
of compressive strength. The Na,0/SiO, ratio, as presented in
Table 2, is another important variable to be controlled during the
activation of FA. The highest compression strength was obtained
for samples with a Na,O/SiO, ratio close to 1.0 (H12530-28),
as presented in Figure 2.

When the simple activator was used to produce the pastes
and curing at 90 °C, the specimens presented an increase in
the compression strength. The samples H10S0, H12S0 and
H16S0 showed values of compression strength close to 18.1,
61.0, and 71.0 MPa, after 28 days, respectively. A decrease
in the mechanical strength was observed in the samples
activated with the 16 mol.L! NaOH solution after 28 days.
This may be associated with an excess of OH ions during
the geopolymerization. It has observed that the increase of
the curing temperature in the first 24 h promoted an increase
in strength close to 700 %, for the H16S0 samples. The
increase of the mechanical strength can be related, according
to Atis, et al. (2015), to the modification of the boiling point
of the NaOH solution. The boiling point increases with the
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Figure 2. Influence of the Na,O and SiO, concentrations of the
alkaline activator solutions on the mechanical strength of the inorganic
polymers specimens cured at 65 °C after 28 days.

increasing NaOH concentration of the solution. The H16S0
samples were prepared with the solution of highest NaOH
concentration (close to 17 % wt of Na,O). This increase in
the boiling point suppresses the evaporation of water present
and allows more time to dissolve silica of the fly-ash and
promotes a higher amount of N-A-S-H gel formed, that is
responsible for the mechanical strength of the geopolymers?’.
The cured samples produced with compound solutions and
cured at 90 °C presented an increase in the compression strength as
also observed in samples cured at 65 °C. Similarly to the samples
cured at 65 °C, higher mechanical strength was obtained when the
Na,0/Si0, ratio of the mixtures was close to 1.0. This results shows
that the geopolymerization reactions were accelerated by a higher
curing temperature. These results are presented in Figure 3. These
results show that higher mechanical strength of the geopolymers
may be obtained by using additional SiO, (Na,0/SiO, = 1.0) at
lower curing temperatures or by the use of compound solutions
and highly concentrated Na,O solutions which promotes changes
in the boiling point of the alkaline solution and accelerates the
geopolymerization reactions at a higher temperature of 90 °C.
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Figure 3. Influence of the Na,0 and SiO, concentrations of the
alkaline activator solutions on the mechanical strength of the inorganic
polymers specimens cured at 90 °C after 28 days.
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3.2 Water absorption, apparent porosity and
density

The results of water absorption, apparent porosity and
density of the cured specimens after 28 days are presented
in Table 5 and 6. As can be seen from Table 6, the specimens
cured at 65 °C exhibited a higher apparent porosity when
simple activator solutions were used to produce the
geopolymers. The increase of Na,O concentration promoted
a decrease of water absorption and porosity. Employing
solutions composed of NaOH and Na,SiO,, water absorption
diminished in comparison to specimens prepared with16M
NaOH solutions. These results are related to a more effective
dissolution of the vitreous phases with increasing Na,O-
Na,SiO, concentrations forming an aluminosilicate gel that
promotes the formation of denser structures, consistent with
the microstructures observed by SEM analysis.

When the temperature of curing was increased to
90°C, the samples presented lower water absorption and

a decrease in the apparent porosity. The density of fly ash
based geopolymers cured at 90 °C was more homogeneous
thanthat of specimens cured at 65°C. This can be related to
a more effective formation of the N-A-S-H gel promoting
a structure with less porosity and lower water absorption.
The apparent porosity of the specimens made using the
simple activator solutions increased with increasing NaOH
concentration in the activator solutions. This can be related
to a decrease in the water amount present in the different
alkaline solutions. When NaZSi03was used in the activation,
the total porosity presented a decrease for the H10S10 and
H10S20 samples. However, samples prepared with 11.3
of Na,0 and 30wt-% of Na,SiO,, H16S30-28, showed a
porosity decrease of nearly 97 % when compared to samples
produced with H16S20 activator solution. Increasing the
water content of the system results in higher porosity after
curing. In this way, substituting 30% of the NaOH solution
by Na,SiO, leads to a decrease of the overall water content
of the system and, thus, results in lower porosity.

Table 5. Water absorption, apparent porosity and density of the alkali-activated samples cured at 65 °C after 28 days.

Na,O Water absorption Apparent porosity Density
Sample/65 °C
(wt-%t ) (%) (%) (g/em’)
H10S0-28 11.69 20.51 30.97 1.51
H12S0-28 13.51 15.36 24.03 2.06
H16S0-28 16.98 10.86 17.80 1.64
H10S10-28 10.85 20.42 30.05 1.47
H12S10-28 12.31 18.03 27.21 2.07
H16S10-28 15.08 11.37 18.87 1.66
H10S20-28 10.01 12.23 19.60 1.60
H12S820-28 11.11 16.08 25.56 2.14
H16S20-28 13.18 11.81 13.41 1.88
H10S30-28 9.17 26.93 39.20 1.46
H12S30-28 9.90 12.28 20.05 2.04
H16S30-28 11.29 6.40 11.93 1.86
Table 6. Water absorption, apparent porosity and density of the alkali-activated samples cured at 90 °C after 28 days.
Na20 Water absorption Apparently porosity Density
Sample/90 °C
(% wt)’ (%) (%) (g/em)
H10S0-28 11.69 10,22 16,40 1,61
H12S0-28 13.51 11,49 18,60 1,62
H16S0-28 16.98 12,38 20,01 1,62
H10S10-28 10.85 7,49 12,28 1,64
H12S10-28 12.31 10,38 16,74 1,61
H16S10-28 15.08 9,13 15,29 1,67
H10S20-28 10.01 9,15 13,98 1,53
H12S20-28 11.11 10,48 15,93 1,52
H16S20-28 13.18 11,02 18,03 1,64
H10S30-28 9.17 15,92 24,99 1,57
H12S30-28 9.90 11,64 19,03 1,64
H16S30-28 11.29 4,95 9,11 1,84
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3.3 Phase analysis

X-ray diffraction patterns of the fly-ash and some of
the geopolymers samples produced with different alkaline
solutions and cured at 65 and 90 °C are showed in Figure
4 and 5, respectively. The crystalline phases identified in
the fly-ash are quartz (SiO,) (JPDS 01-085-0798), mullite
(A1Si,0,,) JPDS 01-079-1276) and hematite (Fe,0,) (JPDS
01-086-0550). Furthermore, a broad halo observed between
18 and 35° indicates the presence of amorphous material
that is solubilized after contact with AS and promotes the
production of the N-A-S-H gel. This new amorphous structure
formed can be observed by the slightly shifted broad halo to
higher 20 angles, between 22 and 40°. This displacement is
characteristic for the geopolymerization process and occurred
in all samples cured at 65 or 90 °C 23,
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Figure 4. XRD patterns of the original fly ash and alkali activated
materials using different activators solutions and cured at 65 °C after
28 days. Q - Quartz (Si0,),M- Mullite (AlSi,0,,), H - Hematite
(Fe,0,), C - Na Chabazite (NaAlSi,0,.3H,0) and S - Sodalite
(Na,ALSi,O,,OH).
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Figure 5. XRD patterns of the original fly ash and alkali activated
materials using different activators solutions and cured at 90 °C after 28
days. Q - Quartz (SiO,),M- Mullite (ASi,O,,), H - Hematite (Fe,0,),
C-Na Chabazite (NaAlSi,0,.3H,0) and S - Sodalite (Na,ALSi,O ,OH).
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The crystal phases found in the original fly-ash are
also observed in the geopolymers samples. The presence
of these phases is due to the lower dissolution rate of these
compounds and therefore do not participate in the reactions
forming the inorganic polymer binder. The diffraction patterns
of the geopolymers cured at 65 and 90 °C presented some
new phases that are related to zeolite phases found in the
artificial synthesis of zeolites. These diffraction peaks of
zeolite precursor phases are observed in the fly-ash based
binder samples, such as Na-Chabazite (NaAlSi,0,.3H,0)
(JPDS 19-1178) and Sodalite, (Na,Al,Si,O ,OH) (JPDS 11-
0401). Similar observations were reported by Criado et al.
¥ The increase in the curing temperature does not promote
a decrease in the crystalline phases and in the formation of
zeolite precursors. The Na-Chabazites were observed in all
samples produced with different alkaline activator solutions.
However, Sodalite is observed only in the samples produced
with high Na,O concentrations, see Table 2, H16S0 - 17
wt-% Na,O and H16S10 - 15 wt-% of Na,O. This can be
related to the excess Na,O present in these mixtures that
can promote the Sodalite crystallization as observed in the
hardened fly-ash based geopolymers after 28 days.

3.4 Infrared spectroscopy

The infrared spectra of the FA and some hardened
geopolymeric samples cured at 65 and 90 °C after 28 days
are presented in Figure 6 and Figure. 7, respectively. The
bands at wavenumbers close to 3600 and 1640 cm™ are due
to the stretching and deformation of H-O-H and O-H groups,
respectively. These bands are related to water molecules
weakly bounded at the surface of geopolymer samples or
trapped in the cavities of the hardened inorganic polymers
31 The bands near to 550 and 770 cm™! are also observed,
which correspond to Mullite, 2Al203.Si02, and Quartz, SiOz,
as confirmed by XRD analysis, see Figure 4 and 5. Bands
at 1090 and 458 cm'! are associated with the stretching and
bending of Si-O or Al-O bands, respectively 2!
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Figure 6. FTIR spectra of geopolimeric samples cured at 65 °C
after 28 days prepared with different activators solutions.
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Figure 7. FTIR spectra of geopolimeric samples cured at 90 °C and
after 28 days prepared with different activators solutions.

The band present in the original fly ash at wavenumber
close to 1089 cm is shifted to lower frequencies, 1000 - 980
cm’!, after the contact of the FA with the activator solutions. This
shift is attributed to the formation of an aluminosilicate gel and
the formation of a tridimensional framework involving silicon
and aluminum tetrahedra. During the geopolymeric reactions,
the glassy component present in the fly-ash reacts with the
alkaline solutions and forms N-A-S-H, an aluminosilicate gel.
The amount of SiO, and Na,O present in the system during
the reactions promotes the shift of the band to higher or lower
wavenumbers, due to the effectiveness of each activator solution
to dissolve and to form the polymeric chains. The shift of the
band corresponding to asymmetric vibrations generated by T-O-T
(T is Si or Al) to lower wavenumber can be associated to the
replacement of Si* by AP** that occurs during the geopolymer
production. The formation of Al-O bonds in the inorganic
polymer product modifies the signal to lower frequencies
because the Al-O bond is longer than the Si-O bond. In other
words, the observation of T-O-T at a lower wavenumber can
be used to prove the formation of the new structure. This newly
formed structure (N-A-S-H gel) is responsible for an increase
in the mechanical strength and the formation of a material with
cementitious proprieties’*2.

The increase of curing temperature promoted some
changes in the infrared spectrum of the inorganic binder
after 28 days, see Figure 7. Is possible to verify the presence
of an intense band at 1450 cm™! in the spectrum of H16S0
cured at 65 °C, which is attributed to the reaction of Na,O
in excess with atmospheric CO,, according to Eq. 1.

2NaOH + CO, - Na,CO;+ H,O 08

The bands at 1450 and 1410 cm! can be attributed to sodium
carbonate, and the crystallization of Na,H(CO,),.2H,0 may
occur as efflorescence in fly-ash based inorganic polymers.
These compounds observed in the FTIR analysis are not
observed by the XRD analysis because their concentration

is below the detection limit of the XRD apparatus or the
amorphous aluminosilicate gel formed on the surface may
prevent the detection of such phases The band at 2900 cm! is
attributed to the C-H vibration present in the Na,H(CO,),.2H,O
compound.The samples H16S0 cured at 90 °C did not present
aband close to 1450 cm related to Na,CO,”**?3. This can be
associated with a higher effectiveness to form the gel N-A-
S-H gel of this system when the high Na O concentration is
used and the specimens are cured at 90 °C in the first 24h, as
previously discussed. The bands related to carbonated products
present a lower intensity when Na,SiO, is used in the alkaline
solution. This can be associated with a higher effectiveness
of dissolving and forming the tridimensional framework gel
(N-A-S-H) consuming the alkaline species present in the
solution and preventing the formation of carbonation products.

3.5 Microstructural analysis

SEM images of the fly-ash and the inorganic polymers
samples produced are presented in Figure 8. The FA is composed
of spherical particles of different sizes. This result is consistent
with the analysis of the particle size presented in Figure. 1. The
contact of the FA with different alkaline solutions promotes
the dissolution of the fly-ash particles and the formation of a
Si and Al rich aluminosilicate gel that presents a morphology
more densified and compacted. The presence of surface cracks
can be observed in samples produced with a low amount of

water and high sodium silicate percentages. This can be related
to the low workability of this mixture and the difficulty to
accommodate the paste in the cylindrical molds.

4 Fly-ashas received)
) & \
) ,n‘:p X

o A
aFhoso2s

»J‘(r

H16S30-28-65 °C|
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o DR T e e e T
Figure 8. SEM images of the fly-ash and fly-ash based geopolymers
produced with different activator alkaline solutions, cured at 65 °C

after 28 days.
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Furthermore, it is possible to observe that some spherical
particles of the original fly-ash powder are still intact after
the contact with the alkaline solutions, which is associated
to the lower effectiveness of these solutions to dissolve
all particles. This result can be associated with the lower
effective dissolution by the alkaline activators. An increase
of the dissolution rate can be obtained by increasing Na,O-
Na,SiO, concentrations that promote the formation of a higher
amount of N-A-S-H gel, increasing the mechanical strength.
The surfaces of cured samples prepared with compound
solutions present a lower concentration of fly-ash particles
without reacting. This corroborates with results about the
increase of dissolution and N-A-S-H gel formation when
Na,SiO, is used during the geopolymerization reactions.

‘When the specimens were cured at 90 °C, the morphology
of the inorganic polymers presented few FA particles on the
surface. The images are showed in Figure 9. The sample
H16S0 presented the highest mechanical strength of samples
cured at 90 °C. The surface morphology of this material did
not present unreacted fly-ash particles. This can be associated
with the high Na,O amount present in this activator solution
promoting the release of Si and Al rich specimens to the
system and contributing to the formation of a high amount
of N-A-S-H gel 2.

H16S0-28- 90 °C

H1280-28-90 °C

" H16530 - 28 - 90°C"

N 095 a0k 30um

Figure 9. SEM images of the fly-ash and fly-ash based geopolymers
produced with different activator alkaline solutions, cured at 90 °C
after 28 days.

The sample H16S30 cured at 90 °C presents more cracks
on the surface when compared to the samples cured at 65
°C. Their presence may cause the decrease in the mechanical
strength as observed previously.

3.6 Mechanical activation of the Brazilian fly-ash

The mechanical activation of fly-ash by milling was
conducted in order to promote a decrease in particle size.
According to Hounsi et al.**%, the decrease of particle size
is related to an increase of the surface and, consequently,
an increase of the contact area of the FA particles with the

Materials Research

activator solutions. This promotes particle dissolution and
the release of Si and Al rich species to the system, increasing
the formation of the N-A-S-H gel. The specimens were
produced following the steps described in the production
of geopolymers synthesized with fly ash as-received. Some
of the conditions were studied in the mechanical activation,
as presented in Table 7.

3.7 Mechanical proprieties

The mechanical strength of the geopolymers produced
after milling of the FA and cured for 1, 7 and 28 days are
listed in Table 8.

The mechanical activation of the fly-ash by dry milling
promoted an increase of the mechanical strength of samples
cured at 65 °C. On the other hand, samples cured at 90 °C,
which showed the highest compression resistance when
produced with as received fly-ash, exhibited inferior resistance
after milling of the FA original powder. The samples H12S0
and H16S0 cured at 65 °C and produced with the original FA
showed an increase in resistance close to 50 and 200 % after
28 days of cure when mechanical activation by milling was
used. This can be related to the increase of surface area by
milling, promoting an increased contact area of the alkaline
solution with the raw material and promoting the dissolution
and the release of more Si and Al rich specimens able to form
N-A-S-H gel. However, the decrease of particle size of the
FA was not beneficial for specimens cured at 90 °C in the
firsts 24 hours. The mechanical activation of FA resulted in
a decrease of almost all geopolymers samples cured at 90
°C and for all curing times. A decrease in the mechanical
strength of the samples produced with simple solutions was
associated with OH" ion excess present in these systems after
28 days of cure. This result was observed in the samples
produced with the original fly-ash and cured at 65 and 90 °C.
Samples produced with H12S20 and H12S30 solutions
presented an increase close to 15 and 5.5 %, respectively.
These results show that the mechanical activation promoted
an improvement of the resistance in samples produced without
the presence of Na,SiO, solutions.

3.8 Water absorption, apparent porosity and density

The values of physical analysis of the fly-ash base
geopolymers prepared with milled powders after 28 days of
curing are presented in Table 9. The mechanical activation
promoted a decrease of density of specimens cured at 65°C.
For example, samples H12S0 and H12S20 prepared with
as-received fly ash powder, presented a density of 2.02 and
2.06 g/cm?, respectively, the corresponding samples prepared
with milled powders exhibited a decrease of the density to
1.59 and 1.67 g/cm?®, respectively. The samples cured at 90 °C
did not present major changes related to density, showing
that curing at a higher temperature promoted the formation
of a more homogenous aluminosilicate matrix after of the
28 days of curing.
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Table 7. Temperature of cure and composition of alkaline solutions used to produce the geopolymers specimens by mechanical activation.

Temperature of

Sample %Na,0 %Si0, SiO,/Na,0 H,0/CV cure (°C)
H12S0 - 65 13,51 0 0 0,33 65
H16S0 - 65 16,98 0 0 0,28 65
H12820 - 65 11,11 6,71 0,60 0,30 65
H12S30 - 65 9,90 10,07 1,02 0,28 65
H12S0 - 90 13,51 0 0 0,33 90
H16S0 - 90 16,98 0 0 0,28 90
H12S20 - 90 11,11 6,71 0,60 0,30 90
H12S30 - 90 9,90 10,07 1,02 0,28 90

Table 8. Compressive strength of the fly ash based geopolymers produced with milled powders, cured at 65 and 90 °C.

Compressive Strength (MPa)

Sample 1 Day 7 Days 28 Days
H12S0 - 65 28.31+1.59 23.97+2.23 28.81 +2.39
H16S0 - 65 30.55+2.52 33.61 £2.68 27.09 +£2.75
H12S20 - 65 46.00 +3.77 45.43 £2.80 45.17+3.26
H12S30 - 65 39.45 +8.89 44.03 +8.90 50.25 + 8.84
H12S0 - 90 29.20 +3.04 46.57 +7.40 43.68 +2.24
H16S0 - 90 27.58 £2.28 61.31+9.50 32.84 +4.64
H12S20 - 90 55.04+7.76 36.85+7.90 40.38 +10.83
H12S30 - 90 32.55+4.98 38.10+1.30 42.71 £8.04

Table 9. Water absorption, apparent porosity and density of the alkali-activated samples produced using milled powders and cured at 65

and 90 °C after 28 days.
Sample Na,O (% wt) Water absorption (%)  Apparently porosity (%) Density (g/cm®)
H12S0 - 65 13.51 14,04 22,42 1,59
H16S0 - 65 16.98 8,60 14,46 1,68
H12S20 - 65 11.11 8,87 14,67 1,67
H12S30 - 65 9.90 8,90 15,02 1,68
H12S0 - 90 13.51 14,69 23,49 1,59
H16S0 - 90 16.98 9,22 15,40 1,67
H12S20 - 90 11.11 12,97 21,06 1,62
H12S30 - 90 9.90 11,57 19,47 1,68

The samples H12520-90 and H12S30-90 (after 28 days)
exhibited porosity close to 15.8 and 19.0 %, respectively.
After mechanical activation, these values increased to
21.12 and 19.65 %, respectively, representing an increase
close to 25 and 3 %. The samples produced with the milled
powders, compound solutions and cured at 65 °C, H12S20
and H12S30, presented a decrease of the porosity close to 43
and 21 %, respectively, after 28 days of cure. These results
can be related to the amount of water present in the mixtures.
The mechanical activation of the FA destroys the spherical
morphology of raw material particles resulting in a decreased
workability of the fresh paste and, consequently, difficulting
the accommodation into the molds. This may promote the
appearance of defect regions related to voids present in the

cured specimens. In contrast, the higher curing temperature
may promote the acceleration of water evaporation from the
system, thus favoring the lower dissolution of the starting
material, which can be observed by the decrease in the
mechanical properties of geopolymers cured at 90 °C after
mechanical activation.

3.9 Phase analysis

X-ray diffraction patterns of some samples produced
using milled fly-ash powders are shown in Figure 10. The
mechanical activation does not promote an increase of the
dissolution of highly ordered phases. This can be confirmed
by the presence of diffraction peaks of quartz, mullite and
hematite that are observed in the all samples after 28 days
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of cure. The shift of the amorphous halo (18 - 35° 20)
present in the original fly-ash and related to be N-A-S-H
gel formation is also observed in the samples produced with
milled powders. Zeolitie precursors were also identified in
the samples produced with simple and compound alkaline
solutions. Furthermore, diffraction peaks related to Na -
Chabazite, and sodalite were observed in the cured samples.
The Sodalite peaks were more intense in the samples produced
after mechanical activation and solutions with high Na,O
concentration (H16S0). This can be related to the effectiveness
of alkaline solutions when the surface area was increased
by the FA particle size decrease after milling. A new phase
related to Zeolite P (Na, Al Si, O,,.12H,0 - JCPDS 40-
1464) was observed in the samples H16S0 and H12S30
solutions after curing at 90 °C in the first 24 h. According to
Criado et. al., (2007), the formation of this kind of precursor
is related to the higher stability of zeolites, that tend to turn
into chabazite and sodalite with increasing curing time .

—y
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Figure 10. XRD patterns of the original fly ash and alkali activated
materials produced with milled powders, cured at 65 and 90 °C after
28 days. Q - Quartz (SiO,), M- Mullite (Al Si,0,,), H - Hematite
(Fe,0,), C - Na Chabazite (NaAlSi,0,.3H,0) and S - Sodalite
(Na,ALSi,O,,OH).

3.10 Infrared spectroscopy

The infrared spectra of the samples produced with milled
FA powders after 28 days are presented in Figure 11. The
absorption bands observed in the samples are similar to the
bands found in the materials produced with as-received fly-ash.
The bands corresponding to the presence of water molecules
in the system and present inside the pours or weakly bound on
the surface are observed at 3600 and 1650 cm™. This vibration
can be related to the OH groups presents in silanol formed
during the dissolution process **’. The shift in the band at
1080 cm™! to regions close to 1000 cm™ still represents the
formation of the N-A-S-H gel. This shift was observed in
all samples, produced with original and milled FA, showing
that the process of polycondensation occurs in all systems.

Materials Research

In the sample H16S0 - 28 and cured at 65 °C an intense band
in regions close to 1450 cm™! has been observed, which is
related to the reaction of excess alkali with carbon dioxide
from the atmosphere. This increase in the absorption band can
be associated to the increasing efficiency of the dissolution
of the FA by the alkaline solutions when the surface area of
the powder particles was increased by milling. This may
promote an increase of the alkali in excess, which is more
pronounced in solutions with high Na,O concentrations.

H12530-28/90
H16S0-28/90
H1253028/65
S
8 |H1250-28/65  1390-1405
s
E
2]
g
=
/
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Wavenumber (cm™)

Figure 11. FTIR spectra of geopolymer samples produced milled
FA powders, cured at 65 and 90 °C after 28 days using different
activators solutions.

The band near to 2900 cm™ is related to the formation of
carbonated compounds such as NaHCO, and is associated to
C-H stretch vibrations. Another modification promoted by the
milling of the FA was the presence of the carbonated product of
calcium, as verified by the bands at 1400 and 865 cm! which
are associated to bend vibrations present in the CO,” group of
CaCO,. According to Cai et.al. *, the band at 865 cm indicates
the formation of amorphous calcium carbonate on the surface
of the specimens. This band was more intense when the simple
solution, specifically 16 M NaOH, was used to activate the fly-
ash. The same band presents lower intensity when the samples
were prepared with solutions containing Na,SiO,. The presence
of extra SiO, can promote the increase of N-A-S-H gel formation
and, this way, the alkaline metal cations present in the system,
Na* and Ca*, act in neutralizing the negative charges of the
AlO,” groups.

3.11 Microstructural analysis

The SEM analysis of the cured specimens after 28 days is
presented in Figure 12. The mechanical activation promoted
the decrease of particle size of the raw material, the spherical
particle morphology being broken into small fragments.
Samples prepared with as-received FA still present some
unreacted spherical particles. Higher curing temperature and
the use of highly concentrated Na,O solutions increased the
dissolution rate and, in consequence, less intact spherical
fly ash particles were found in these samples.
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Figure 12. SEM images of the fly-ash after 24 h of milling and fly-
ash based geopolymers produced with different alkaline activator
solutions and milled powders, cured at 65 and 90 °C after 28 days.

4. Conclusions

Based on the results obtained by the mechanical and
microstructural analysis of the different fly ash based
geopolymers produced with different alkaline solutions the
following conclusions can be drawn:

It has been shown that the fly-ash provided by the
Brazilian power plant can be used as raw material for the
production of inorganic binding materials and may be an
alternative to reduce the amount of solid waste in landfills.

The Na,O, Na,SiO, and H,0 concentrations of the
alkaline activator solutions were the principal factors that
influence the final proprieties of the geopolymers. The
mechanical strength of the specimens reached values near
the maximum in the first 24 hours of curing. It was observed
that an excess of OH" ions caused a decrease in the values of
mechanical resistance. This excess was controlled by using
solutions containing additional SiO,. The use of Na,SiO, in
the activator solution increases the mechanical strength of
the specimens after curing. The maximum resistance was
obtained for compound solutions with a Na,O/SiO, ratio
close to 1.0.

The curing temperature used in the first 24 hours
influences the geopolymerization reaction and, consequently,
the formation of the N-A-S-H gel. Specimens cured at
90 °C reached higher mechanical strength when compared
to identical specimens cured at 65 °C.

The decrease of the FA particle size by milling promoted
an improvement in the mechanical and physical properties

of the specimens cured at 65 °C. These results showed
that the reduction of particle size is related to an increased
dissolution rate of the amorphous compounds by the alkaline
activator solution. The release of rich Si and Al specimens to
the system is responsible for the higher mechanical strength
observed in these specimens due to the larger amount of
N-A-S-H gel produced during the polymerization reactions.
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