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A coarse mineral with 70% kaolinite and 30% quartz was calcined and chemically activated by alkaline
solutions of Na,SiO; and NaOH. The compressive strength evolution was investigated as a function of
the curing temperature at 20 and 80 °C, and the molar ratios of SiO,/Al,03 (2.64-4.04) and Na,0/Al,03
(0.62-1.54). For curing at 20 °C, the best composition was SiO,/Al;03 = 2.96 and NaO/Al,05 = 0.62, reach-
ing 85 MPa at 28 days. Curing at 80 °C had a positive effect on the strength development only in the first
3 days. X-ray diffraction of the geopolymeric formulations showed the formation of amorphous silicoa-
luminates of similar nature. The microstructure consisted of unreacted quartz and metakaolinite particles
in a matrix of silicoaluminate polymer and condensed silica gel from the unreacted sodium silicate.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Geopolymers materials, from the alkaline activation of silicoalu-
minate raw materials, have recently received wide attention in
view of their advantages over other cementitious materials, like
Portland cement. Some of the advantages are high strength, low
environmental impact, chemical resistance and thermal stability.
They are also called geocements [1], and result from the polymer-
ization of aluminosilicate monomers in an alkaline solution; the
products obtained are considered ceramic-like materials. Two
advantages can be mentioned of geopolymers in relation to tradi-
tional ceramic processing: (a) ceramic-like materials, stable at high
temperatures [2-4], can be processed at room temperature depart-
ing from a plastic moldable paste, and (b) if firing of raw materials
is required, it takes place before any chemical reaction takes place,
for kaolinite the temperatures are lower than 750 °C. Among the
most widely used raw materials to prepare alkali activated silicoa-
luminate cements are coal ash from power stations [1,5,6] and kao-
linite mineral clays, the latter is commonly of fine particle size and
high purity as reported by many authors [2,7-9].

Among the most important factors that influence the properties
of synthesized geopolymers is the chemical composition of the
geopolymeric mixtures, which has been addressed by a limited
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number of authors. Rowles and O’Connor [8], investigated varia-
tions of the chemical compositions for a high purity metakaolin,
the reported molar compositions were: Si:Al at 1.08-3 (equivalent
molar ratios of 2.16 < SiO,/Al,05 < 6) and Na:Al at 0.52-2.0 (equiv-
alent molar ratios of 0.52 < Na,O/Al,05 < 2), the activating solu-
tions were derived from silica fume and sodium hydroxide. Their
samples were cured at 75 °C for 24 h and 7 days at ambient tem-
perature. The highest strength of 64 MPa was for Si:Al of 2.5 and
Na:Al of 1.29 (SiO,/Al;05 = 5 and NaO/Al,03 = 1.5). Fletcher et al.
[10] assessed compositional ranges of 0.5 < SiO,/Al,05 <300 and
0.66 < Na,0/Al,03 < 87 using metakaolin, NaOH and amorphous
silica and alumina. The latter work was addressed towards struc-
tural characterization and reported only relative strength values
for samples cured overnight. In a more recent study [11], the effect
of the molar ratio Na,0/SiO, was reported as an important factor
that influences the mechanical and morphological characteristics
of pastes of fly ash activated with NaOH solutions. The results re-
vealed that Na,O/SiO,=0.40 pastes had a denser appearance,
which was in agreement with results of compression strength
tests.

The temperature of curing, or that at which the initial reactions
take place, is also an important factor that influences the strength
development. Curing at temperatures above ambient are normally
reported to favor the development of high compressive strength
[2,4,8,11]. Nonetheless, the effect of temperature on the compres-
sive strength is not completely clear and it has not been systemat-
ically addressed in the literature. One report data [12] indicated
that curing at 50-80 °C improved the strength when compared
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with curing at room temperature, while results from another re-
port [13] showed that curing at 65°C promoted higher early
strength values compared to 25 °C, nevertheless after 28 days the
strengths of two geopolymers were fairly similar.

Kaolin minerals are an abundant natural resource readily com-
mercially available, as an additive to portland cement concretes or
to produce geopolymers, with a fine particle size and high purity;
nonetheless, not all the resources are of high purity. The objective
of this work is to determine if a relatively coarse and low purity
kaolin mineral can be successfully used to produce alkali-activated
cementitious geopolymeric materials of low cost and environmen-
tal impact. The investigation addressed the effects of the chemical
composition, curing temperature and age on the compressive
strength, as well as the kind of reaction products and microstruc-
tural features. The chemical composition, in terms of the molar ra-
tios SiO,/Al,03 and Na,O/Al,05, was varied by using different
concentrations of SiO, and Na,O in the formulations by means of
the addition of sodium silicate and NaOH solutions.

2. Experimental

The mineral used in this study was obtained from a deposit lo-
cated in Zacatecas, Mexico. The chemical composition of the kaolin,
determined using X-ray fluorescence spectrometry, was of (wt.%)
57.89 Si0,, 30.04 Al,03, 0.8 TiO,, 0.14 Fe,03, and other minor con-
stituents, loss on ignition at 900 °C was of 10.3% due to dehydrox-
ilation of the kaolinite fraction. X-ray diffraction (XRD) indicated
that quartz was the main impurity in the mineral, which reduced
the grindability. The mineral was ball milled and in the resulting
material 50%, 75% and 90% passed the 14.5, 98 and 212 pum, respec-
tively. This is, coarser than commercially available high purity kao-
lin which normally passes the 45 pm sieve. The ground mineral
was fired 3 h at 750 °C to induce the formation of reactive Metaka-
olin (MK). The MK was chemically activated with solutions of so-
dium silicate (SiO,=62.3%, Na,0=19.2% and H,0=18.5%:
modulus M =3.24) and sodium hydroxide pellets blended in pro-
portions intended to cover a relatively wide range of variation.

The following considerations were taken into account for the
preparation of the formulations. MK is known to be reactive and
quartz to be inert in alkaline environments at those temperatures
normally used for curing of cementitious materials [14]. Taking
into account the losses on ignition and assuming that all Al,O3
was present as MK (based on XRD data analysis), the mineral
was estimated to contain ~70% of MK. On this basis a “reactive”
fraction was considered, which excluded the quartz, and its chem-
ical composition was defined and used as the base for the prepara-
tion of the analyzed formulations.

The variables considered to investigate the alkaline activation
process were: SiO,/Al,03 (S/A) molar ratios of: 2.64, 2.96, 3.27
and 4.04; Na,O/Al,03 (N/A) molar ratios of: 0.62, 0.93, 1.24 and
1.54. A total of 16 pastes were formulated in which the water/
MK weight ratio was kept fixed at 0.5 to obtain a consistency able
to be molded in cubes of 2.5 cm. The specimens were cured for the
first 24 h in two routes: (a) in the molds at 20 + 2 °C and (b) in the
molds at 80 x4 °C. The subsequent curing for up to 28 days, for
both regimens, was at dry storage at 20 + 2 °C. The molded samples
were cured covered with plastic film to avoid water evaporation
which is necessary for the reactions of gepolymerization [11]. As
pointed in the introduction, curing at 80 °C was chosen as some re-
ports have concluded that curing at temperatures above ambient
normally favor the development of high compressive strengths,
and also it has also been reported that curing at 80 °C results in
better strength compared to curing at 50 and 65 °C [11].

For the characterization of the specimens, the compressive
strength was measured (Controls, 50-c7024, Italy) from four cubes

Table 1
Factors and levels considered.

Levels

2.64; 2.96; 3.27; 4.04
0.62; 0.93; 1.24; 1.54
1;7;14; 28
20°C; 80°C

Factors

A = Si0,/Al,05 ratio

B = Na,0/Al,03 ratio

C = Curing time (days)
D = Curing temperature

at 1, 7, 14 and 28 days. These results were statistically analyzed
through a fully factorial experimental design (4> x 21) in order to
have a better understanding about of the influence of the studied
variables and their interactions on the compressive strength.

The statistical significance of the variables was quantitatively
determined by means of an analysis of variance (F-ANOVA test)
with a confidence level of 95% using the next mathematical model
[15,16].

yijkl =u +A,‘ —+ Bj + Ck —+ D[ —+ ABU =+ ACik =+ AD,‘I =+ BCjk —+ BDj[
+ CDy + €ijkl (1)

where yj is the value of response variable estimated at i, j, k and |
factor levels; u is the general mean of the estimated value of the
treatment; A; B;, Gy, D; represent the single effects of the factors con-
sidered; ABj;, ACy, ADj, BCiy, BDj, CDy represent the effect of the
combined interactions among the factors; and ey, represents the
random error associated with the combination of the mathematical
treatments. The used methodology was the same explained in detail
in a previous work [17], and Table 1 summarizes the nomenclature
employed in the variables and levels definition.

After the analysis of compressive strength, fragments of chosen
samples were afterwards dried in acetone for characterization by
X-ray diffraction (XRD, Philips D-Expert, Netherlands) and scan-
ning electron microscopy (SEM, Philips ESEM-XL, The Netherlands)
equipped with Energy dispersive spectroscopy (EDS).

3. Results and discussion
3.1. Mechanical properties

This section presents contour graphs which were produced
using the statistical software package Minitab 15, such graphs pro-
vide a two dimensional view of the compressive strength develop-
ment of the analyzed formulations. Fig. 1 shows the influence of
the molar ratios S/A vs. N/A on the strength development for all
compositions cured at 20 °C as a function of time for 1, 7, 14 and
28 days. The black points on the interjections of the dotted lines
represent the chemical compositions of the elaborated formula-
tions. After 1day, is noteworthy that samples with S/A<2.96
showed values of compressive strength of up to 12 MPa. The N/A
ratio also influenced the development of strength, as increasing
this ratio from 0.62 to 0.93 favored the strength; nonetheless fur-
ther increases up to 1.54 had a negative effect. It was also notice-
able that those formulations with S/A > 3.27 did not develop
strength regardless of the N/A ratio. The setting time of the latter
was of 1-3 days and showed high viscosity, which reduced their
workability. Fletcher et al. [10] reported setting times of 24 h at
65 °C for geopolymers with S/A=3.3 and twice as much water;
strengths up to 3 days were reported also as low. This finding sug-
gests that with the increase of the S/A ratio the alkaline solution
becomes less chemically active towards the structure of the silicoa-
luminate promoting slower reaction processes during the early
ages of curing.

After 7 days of curing, the formulations with S/A > 3.27 rapidly
increased their strength reaching up to 50 MPa for N/A of 0.93
and 1.24. On the other hand, for S/A=2.96 the N/A of 0.62 and
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Fig. 1. Influence of the S/A vs. N/A ratio on the compressive strength development for all geopolymeric compositions cured at all times at 20 °C.

0.93 resulted more favorable for strengths above 50 MPa, whereas
for N/A > 1.24 the strength was lower than 30 MPa. After 14 and
28 days it was evident that the reaction processes continued as
all formulations showed noticeable strength gains. After 28 days,
the formulations with S/A = 4.04 and N/A = 0.93 reached strengths
>75 MPa, the binder with the highest strength (85 MPa) was that of
S/A=2.96 and N/A=0.62. On the other hand those geopolymers
with S/A =2.64 and N/A = 1.24 and 1.54 developed strengths lower
than 15 MPa.

From the results it is clear that for all of the formulations inves-
tigated, the curing time influences the strength development as the
reactions gradually proceed over time. However, it is noteworthy
that at any given curing age, those formulations of N/A =0.93 al-
ways developed the highest strength regardless of the S/A ratio.
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Fig. 2 presents the influence of the molar ratios S/A vs. N/A on the
strength development for the same compositions from Fig. 1 but
after initial curing for 24 h at 80 °C. It was clear that after 1 day of
curing the higher temperature accelerated the reactions and
induced higher early strengths relative to the curing at 20 °C for
24 h. After 1day, the formulations with ratios (S/A-N/A) of
2.96-0.62, 2.96-0.93 and 3.27-0.93 developed strengths of around
30-40 MPa, but during the subsequent curing at 7 days, the
strength gain was not considerable, and the values reached were
lower than those samples cured at 20 °C. After 14 days the areas be-
tween the iso-response lines within the graphs increased and the
strength values similarly increased, this indicates that all formula-
tions developed mechanical resistance to similar levels. The
relatively small change observed in the area patterns from 14 to
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Fig. 2. Influence of the S/A vs. N/A ratio on the compressive strength development for all geopolymeric compositions cured 24 h at 80 °C and up to 28 days at 20 °C.
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Table 2
F-ANOVA results obtained to evaluate the effect of the considered factors on the
compressive strength with a confidence level of the 95%.

Factors DF SC QM Fea. Feab Significance?®
A 3 5485.77 1828.59 27.00 2.73 S
B 3 7691.75 2563.92 37.86 2.73 S
C 1 2927.08 2927.08 43.23 3.97 S
D 3 7494.76 2498.25 36.89 2.73 S
AB 9 5696.25 632.92 9.35 2.01 N
AC 3 674.02 224.67 332 2.73 S
AD 9 1164.00 129.33 1.91 2.01 NS
BC 3 4404.23 1468.08 21.68 2.73 S
BD 9 1110.05 123.34 1.82 2.01 NS
CcD 3 7153.64 2384.55 35.22 2.73 S
e’ 81 5484.80 67.71

DF = Freedom degrees, SC = Sum of squares, QM = Quadratic mean, F.,; = Calculated
value of F, F,, = Table value for F at a level of significance of 95%, S = Significant,
NS = Not significant.

@ Significance = Fey > Fap = S, Fear < Fab = NS.

b e = Experimental error.

28 days suggests small strength gains of the analyzed geopolymers.
At these ages the highest values (>40 MPa) were for formulations of
S/A =2.96 and N/A = 0.62, similar to the case of Fig. 1; moreover, the
pattern of the effect of the N/A ratio was the same as described for
curing at 20 °C. Compositions with (S/A-N/A) of 2.96-0.62 were the
more benefited from curing at high temperature. For compositions
of S/A > 3.27, curing at 80 °C eliminated the long setting times pre-
viously noted at 20 °C, the higher curing temperature probably en-
hanced the reactions of dissolution and condensation of products.

3.2. Statistical analysis of strength

Table 2 summarizes the results of FF-ANOVA to evaluate the ef-
fect of considerer variables and their interactions on the results of
compressive strength of alkali-activated samples. After the statisti-
cal analysis, the order of statistical importance of the factors on
strength development was: Curing time-Curing temperature < N/
A molar ratio < S/A molar ratio, which are discussed below.

From Fig. 3a it is clear that the temperature and time of curing
had a strong influence on the strength development after 28 days.
After 1day of curing at 80°C the mean strength was of about
17 MPa; whereas at 20 °C the mean was lower than 5 MPa. How-
ever, after 7 days the specimens cured at 20 °C increased notably
their strength reaching values greater than those of specimens
cured at 80 °C. The trend of increasing strength on time was main-
tained for 28 days at 20 °C for all formulations reaching a mean va-
lue of about 40 MPa. In contrast, those samples cured at 80 °C the
mean strength value remained practically unchanged.

The above could be explained by considering that on the early
ages, the higher temperature promoted an intense dissolution of

the MK and condensation of geopolymeric products with a hetero-
geneous distribution in the matrix, probably with a relatively high
porosity. Moreover, the higher temperature also promotes rapid
water evaporation which, together with the relatively fast paste
densification, made the diffusion of species more difficult and thus
limited the advance of the reaction processes and the increase of
the compressive strength. In contrast, the specimens cured at low-
er temperature experimented an opposite effect in which the dis-
solution of the reactive species occurred slowly and the
condensation of reaction products took place more homogeneously
due to the longer retention of water within the microstructure, as a
consequence the diffusion processes and formation of products
continued on time up to a point in which the consumption of reac-
tants and the densification of the matrix of reaction products be-
came in the limiting factors.

According to Fig. 3b the mean value of compressive strength in-
creased as the N/A ratio augmented from 0.63 to 0.93 and then de-
creased with the further increases of N/A up to 1.54. Although the
molar ratio Na,0/SiO, (N/S) was not a variable of study in this
work, it was included in the upper part of Fig. 3b, its effect on
the compressive strength is similar to that of the Na,0O/Al,0s. It
is well know that when the alkaline solution comes into contact
with the silicoaluminate mineral, a strong dissolution of the Si-
0-Al and Al-0-Al species is promoted, Si and Al are released out
of the mineral towards the alkaline medium [18,19]. The increase
of the Si and Al concentration in the aqueous medium promote
the process of formation of oligomers such as Si-OH and Al-OH
and improve the effectiveness in the condensation of geopolymeric
products with high mechanical properties. In this case is possible
that higher amounts of NaOH, manifested by the higher N/A ratios
from 0.62 to 0.93 or N/S from 0.24 to 0.36, favored the formation of
geopolymers. However, N/A and N/S ratios above 0.93 and 0.36,
respectively, limited the processes of geopolymerization mani-
fested by lower mean strength values. The latter is in agreement
with Panias et al. [18], who concluded that the formation of oligo-
meric precursors, necessary for the formation of geopolymers, is
inhibited under extremely high NaOH concentrations. This means
that the species at equilibrium at highly alkaline conditions shifts
towards the formation of mononuclear species minimizing the
concentration of oligomeric silicate species in the aqueous phase
and thus, limiting the process of polycondensation of geopolymeric
species mechanically strong. Moreover, also is probable that under
such conditions, some of the Na present in high concentration did
not participate in the reaction processes promoting carbonation
and cracking of the binders. This was observed mainly in samples
cured at 80 °C.

Another statistically important variable for the geopolymeriza-
tion process was the overall S/A molar ratio. Fig. 3c shows that the
strength increased with the S/A ratio from 2.64 to 2.96 and
reduced for S/A > 2.96. Theoretically, Si-O-Si bonds are stronger
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(a) & 40 Curing at 20°C (b) £ (C) £
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Fig. 3. Influence of the factors Curing time—Curing temperature (a); Na,O/Al,03 molar ratio (b); and SiO,/Al,03 molar ratio on the compressive strength (c).
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Fig. 4. X-ray diffraction patterns for various geopolymeric compositions.

than Si-O-Al and AI-0O-Al linkages, meaning that the strength of
geopolymers should increase with S/A ratio since the density of
Si-O-Si bonds increases with S/A ratio [20-22]. By considering

Matrix of reaction

Nominal ratio | Measured ratio
products

Si0,/ALO, Si0,/ALLO, Si

2.96 6.34

Al

Nominal rati i
ominal ratio | Measured ratio © na
Si0,/Al,0, SiO./Al,O,

404 3. 100 2.00

this, it could be expected that the continuous increase of the S/A
ratio would positively affect the mechanical properties of the
obtained cements. However, the experimental results showed that
this only occurs within a certain range of composition, this is
possibly because an alkaline solution with relatively high amounts
of soluble silicate species is chemically less aggressive and more
prone to condensation which limits the dissolution of the alumino-
silicate mineral [17,19,23].

3.3. Microstructural characterization

Fig. 4 shows the XRD patterns of selected compositions that
showed high and low strengths; the kaolin and MK are included
for reference, showing prominent reflections of quartz. After firing
the reflections of kaolinite disappeared and an amorphous hump
showed at 15-30° 20. After the alkaline activation, the quartz peaks
remained, confirming that it did not take part in the reactions, also
there was no formation of new crystalline products. The amor-
phous hump of the MK shifted to the right to a range of 20-35°
20 indicating the formation of aluminosilicate products of amor-
phous character. Although the strengths of the various formula-
tions were different, XRD indicated that the products formed
were of similar nature.

Fig. 5 presents backscattered electron images of microstruc-
tures for various formulations cured at 20 °C and 80 °C. A total of
10 EDS spot analyses were taken on the matrix of geopolymeric
products for each analyzed cement. The results, together with
those from XRD, indicated that the reaction products are formed

Particles of quartz

Nominal ratio | Measured ratio
Si Si0,/ALO, Si0,/ALO,
2.96 6.5
© Nominal ratio [ Measured ratio
Al Si0,/ALO, SiO,/ALLO,
4.04 7.6

———— 100pm
4 2

Fig. 5. Microstructures and chemical composition of some geopolymers, scanning electron microscopy microstructures (backscattered electron images).
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by an amorphous gel composed of Si, Al and Na commonly called
N-A-S-H [5,17]. The measured S/A ratios were above those ini-
tially targeted (that would be attained after complete reactions),
which suggest incomplete metakaolin reaction and an excess of
SiO,. The matrix appears to be a mixture of amorphous silicoalumi-
nate reaction products finely intermixed with silica gel that con-
densed from the unreacted sodium silicate. For samples cured at
20 °C, the reaction products had molar ratios SiO,/Al,05 < 6.34
(calculated from EDS measurements), however for samples cured
at 80°C the ratio was greater than 6.5. This increase of SiO,/
Al,03 suggests that a major condensation of silica gel was pro-
moted by the increase of the temperature.

At 20 °C the condensed silica gel and geopolymeric gel (from
reaction of MK) promoted the densification of the matrix, enhanc-
ing the compressive strength. For samples cured at 80 °C the silica
condensation was not enough to increase the strength due to the
low quantity of geopolymeric gel (N-A-S-H) formed and the rapid
evaporation of water, which resulted in a significant amount of
unreacted particles and in the formation of microcracks as ob-
served more markedly in the micrograph corresponding to a molar
ratio S/A = 4.04.

The microstructures showed large composite mineral particles
partially reacted and bonded by the described reaction products,
these particles were constituted of quartz (brighter gray due to
higher average atomic number) intermixed with metakaolinite
(darker gray), some particles of pure quartz were also noted. The
large particles of quartz observed performed well as a filler in
the material and perhaps trapped some metakaolin impeding its
reaction.

4. Discussion

The best molar ratios reported by Rowles and O’Connor [8], in
terms of strength, were for pastes with S/A=5.0 and N/A=1.29
which after curing at 75°C 24 h and 7 days at 20°C reached
64 MPa. Their EDS measured ratios were S/A =5.72, higher than
the target ratios (as also noted in our results), however N/
A =0.86 was lower than the target value. The authors used a wet
sample preparation to leach out unreacted Na from the samples
to ensure that only reacted Na was measured, but some Si could
have also been removed. These results evidenced that part of the
activating solution remained unreacted. From our work, the closest
composition to that quoted was of S/A =4.04 and N/A = 1.24, with
lower strengths under 20 and 10 MPa after curing at 20 and 80 °C,
respectively. In contrast to the commonly reported recommenda-
tions and advantages of an initial curing at 60-80 °C, the best
strengths reported by our investigations were systematically ob-
tained after curing at 20 °C. The geopolymer of S/A =2.96 and N/
A=0.62 reached 58.5MPa after 7days, which increased to
85 MPa after 28 days. However, the measured S/A ratios were of
6.3 and N/A = 0.75, which evidenced the incomplete reactions.

After curing at 80 °C, the measured ratio N/A in the microstruc-
tures was higher than in samples cured at 20 °C. This demonstrates
that the dissolution of the Al from the MK was limited by the in-
crease of the temperature. On the other hand an excess of Na could
not take place in the reaction processes which also limited the fur-
ther production of geopolymeric gel giving place to the formation
of microstructures mechanically weak as previously discussed.

The resulting properties are interesting considering that the
starting mineral is cheap based on the coarse particle size and its
low content of kaolinite (~70%). The discrepancies in behavior rel-
ative to other authors [8] could derive from differences in the min-
eral and the nature of the activating solution preparation.

The very slow setting for geopolymers based on metakaolin
with high Na,O/H,0 =25 was attributed to incomplete reactions

as indicated by NMR [10]. Our compositions of S/A > 3.27 dis-
played very slow setting for Na,O/H,0 of 7-13, slow reactions
could also be the cause and a possible explanation could be as fol-
lows. For S/A > 3.27 the contents of colloidal SiO, in the activating
solution (higher sodium silicate amounts) were higher than in
compositions of S/A=2.96 (highest strength). According to [19],
the degree of silicate ion polymerization in the alkaline solution
climbs with the rise in the silica concentration, so as the concentra-
tion of silicon in the alkaline solution increases, the number and
structural complexity of larger oligomers increases [20,21]. When
a solution with these characteristics comes into contact with the
silicoaluminate mineral in order to produce a geopolymer, the olig-
omers react relatively slow with the Al. The phases formed are
nonetheless moderately stable and may retard the subsequent
reaction of the material as the dissolution of acidic components
from the MK is insufficient to saturate the solution. The silica gel
begins to harden slowly while a substantial portion of mineral
has yet to react and only small amounts of geopolymeric gel have
formed [19]. However, such hardening is favored by the increase in
the temperature, water losses or a reduction of pH. Based on the
above mentioned, the lack of strength development after curing
at 80 °C could be attributed to slow chemical reactions after a rapid
engulfing of unreacted mineral grains by dense layers of the reac-
tion products formed quickly in the first hours, limiting further dis-
solution of MK. That could explain why the measured S/A ratios
after cured at 80 °C were higher than in samples cured at 20 °C.

5. Conclusions

1. A calcined mineral with a relatively high average of particle size
and low content of metakaolinite (70%MK-30% Quartz) can be
used to produce geopolymeric materials of high compressive
strength. The costs are reduced as less grinding is required
and the presence of quartz reduces the amounts of alkaline
agents required, with no detriment on the mechanical
properties.

2. This study has also shown that the SiO,/Al,03 and Na,0/Al,03
molar ratios have a strong effect on the strength development.
The optimal ratios that yielded the greatest compressive
strength were SiO,/Al,03=2.96 and Na,O/Al,03 = 0.62, 0.93.
For greater SiO,/Al;03 ratios, good final compressive strengths
were registered, but the setting time was very long.

3. Curing at 80 °C for 24 h was favorable for a rapid strength gain
only at early ages for any given SiO,/Al,O5 ratio; however, at
later ages, the highest compressive strengths were obtained
after curing at 20 °C.

4, The matrix of reaction products was constituted of amorphous
silicoaluminate products intermixed with silica gel that con-
densed from the unreacted sodium silicate. Many unreacted
mineral particles remained, which consisted of large quartz
crystals intermixed with metakaolinite.
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