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Abstract

The main objective of this study is to examine the possibility of using fresh
basalt powder in the preparation of geopolymer pastes. Four NaOH concen-
trations of 2.5, 5, 7.5 and 10 M were used to alkali activation of basalt. In addi-
tion, effect of curing temperature at ambient, 45°C and 65°C were studied.
The geopolymer pastes were investigated using FTIR, XRD and SEM-EDS
techniques as well as compressive strength up to 90 days. The results were
shown the compressive strength of prepared geopolymer increased with con-
centration of alkali activator up to 90 days. On the other hand, the compres-
sive strength of prepared geopolymer pastes were improved with increased
curing temperature. The results showed that there was a change in the chemi-
cal and mineral structure, due to the reaction of the sodium hydroxide with
the different minerals of the basalt. In addition, the Na/Al and Si/Al ratios
were completely different from that of the raw basalt. The geopolymerization
reactions occurred at the surface basalt and the unreacted basalt particles ac-
tually play a supporting role in the geopolymer properties.
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1. Introduction

Cement clinker industry is one of the largest industries consuming raw materials
and energy in addition to its contribution to many environmental missions [1].
In spite of the pozzolanic materials improve the durability properties of blended

cement, it may be case in long setting times and lower early strengths [2].
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Chemical methods are the most effective and inexpensive methods to increase
the efficiency of the pozzolanic materials.

Davidovits was prepared geopolymer materials in the early 1970s, they are a
class of largely X-ray amorphous aluminosilicate materials. Generally, it is pre-
pared at ambient or a little elevated temperature by reaction of a solid alumino-
silicate material with a concentrated alkali hydroxide solution or alkali metal si-
licate [3]. According to Davidovits, the empirical chemical formula of geopoly-
mers also known as poly(sialates) is as follows: Mn{(SiO,)zAlO,}n wH,O where
M is a cation, n the degree of polycondensation, w the number of water mole-
cules and z equals to 1, 2 or 3. The structure of basic binding matrix in geopoly-
mer is similar to synthetic or natural crystalline zeolites but their microstructure
is amorphous to semi-crystalline [4].

The geopolymerization process depends on many factors including chemical
and mineralogical compositions, particle size distribution and specific surface
area of the raw material, Si/Al molar ratio, the water content, the alkali content
and the curing conditions [5]. The mechanism of geopolymer formation in-
cludes an initial dissolution step, where the alkali solution not only hydrolyzes
the surface of mineral particles, but also dissolves a small amount of Al and Si
species. These dissolved species react with already dissolved silicate ions forming
a gel that is transformed into the final structure trough crystallization or another
dissolution process.

The unique properties of geopolymer such as fire and chemical resistance;
low thermal conductivity and low shrinkage [6], make it suitable for many ap-
plications as in building materials and encapsulation of hazardous waste [7]
(8].

Many previous works have reported the formation of geopolymer materials
from calcined clays [9] [10], granulated blast furnace slag and fly ash as industri-
al by-products or wastes [11] [12], volcanic ashes [13] [14] [15], ground perlite
[16], ground aplite rock [17], granite waste [18], Taftan and esite and Shahindej
[19], alkali-feldspars [20] [21], a pumice-type natural pozzolan [22], basaltic ash
[23].

Basalts are containing intermediate plagioclase feldspars (An 35 - 60) and au-
gitic pyroxene as essential minerals with or without olivine, beside magnetite
and variable amounts of glass. In Egypt, there are large fields of basaltic rocks
that are used as concrete aggregate. In addition, there are a great amount of ba-
salt powder is produced as byproducts of stone crushing. In many studies, it was
found that basalt activity is affected by surface area, volcanic glass content, SiO,
content and alteration minerals [24] [25] [26] [27] [28]. Marfil et al. [29] meas-
ured the reactivity of seventeen basalt samples and concluded that reactivity is
closely related to the dissolved silica contributed by the deleterious mineralogical
components of basaltic rocks.

This work aims to study the potential use of basalt as a raw material for pre-

paring geopolymer materials and study the effect of sodium hydroxide concen-
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tration and curing temperature on the properties of alkali-activated basalt-based

geopolymers up to 90 days.

2. Material and Methods

The materials used in this investigation were basalt powder, sodium hydroxide
(99%) and distilled water was used for preparation of alkali activators. The basalt
powder used for this study conforms to ASTM C 618 as the pozzolana material
Table 1.

The Si/Al ratio was kept constant for all mixtures, also water/solid ratio =
0.35. Table 2 showed the amounts of each material used for synthesis the geo-
polymers. Different amounts of solid sodium hydroxide were dissolved in dis-
tilled water to obtain concentrations 2.5, 5, 7.5 and 10 M/ to be used as an acti-
vator for basalt. These solutions were used for alkali activation of basalt. The so-
lution was covered and sealed to minimize carbonation of solution for 24 hours,
which allowed the solution to cool down to room temperature. The mixture
proportions of prepared geopolymer pastes are shown in Table 3. The basalt
powder mixed for 20 minutes with the activator solution. The fresh geopolymer
paste was poured in 3 layers into 2 x 2 x 2 inch stainless steel molds to deter-
mine its compressive strength, vibrated for 30 seconds with a vibrating machine,
filled completely and vibrated for 30 seconds for all samples to release any resi-
dual air bubbles. The specimens were covered with plastic sheet to inhibit loss of
moisture and then placed in an oven.

After mixing and vibration, the mix was placed into curing room, which was
set at 25°C and 100% relative humidity. After 24 hours in the curing room, spe-
cimens were demolded and placed back into the curing room. The samples were
kept at curing temperature, ambient temperatures, 45°C and 65°C until testing,

Figure 1.

Table 1. Chemical and physical properties of pozzolana according to ASTM C618.

Items SiO, + ALLO;  Moisture Losson  Specific Average particle Blaine fineness
+ Fe,0; content (%) ignition (%) gravity size (um) (cm*/g)
Measured
80.00 0.9 1.5 3.2 11.5 3200
values

Table 2. Initial molar ratios of Al,O,, SiO,, Na,0 and CaO in mixtures.

Mix no. Mix symbol Si0,/AL0, Na,0/ALO; Na,0/Si0, Ca/Al Si/Ca
1 BS1 3.3940 0.3222 0.0949 0.66 5.10
2 BS2 3.3940 0.4499 0.1325 0.66 5.10
3 BS3 3.3940 0.5775 0.1701 0.66 5.10
4 BS4 3.3940 0.7052 0.2077 0.66 5.10
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Table 3. Mix proportions of geopolymer pastes.

Mix no. Mix symbol BS (g) L/B ratio NaOH (M)
1 BS1 100 0.35 2.5
2 BS2 100 0.35 5.0
3 BS3 100 0.35 7.5
4 BS4 100 0.35 10
-]
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Figure 1. (a) Experimental design of fabricating the prepared basalt based
geopolymers; (b) Schematic diagram provide description to the geopoly-
merization reaction.

DOI: 10.4236/msce.2017.511006

61 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2017.511006

M. E.-S. |. Saraya, E. El-Fadaly

The compressive strength measurement was carried out according to the
ASTM C109/C109 M-05 [30]. The compressive strength of the geopolymer
pastes were measured for all mixtures after 3, 7, 28 and 90 days and cured at
25°C, 45°C and 65°C. After measurement of the compressive strength, frag-
ments of geopolymer paste samples were treated with a mixture of ethanol and
acetone for 30 min so that its reactivity would decrease [23] [31]. All samples
were air dried and ground into fine powder and then kept for analyses.

The XRD measurements were completed by diffractometer XRD 7000 (M/S.
Shimadzu Instruments, Japan). The Fourier transform infrared spectroscopy
(FT-IR) spectra of the products were recorded using Perkin Elmer 880 FT-IR
spectrometer with the KBr pellet method. Finally, the microstructure of ba-
salt-based geopolymers were studied for some selected samples by Scanning
Electron Microscopy (SEM), a JEOL JSM 6360 DLA, Japan and the SEM-EDS
analysis by FEI Company, Quanta FEG250, Holland.

3. Results and Discussion
3.1. Compressive Strength

Figure 2(a) shows the compressive strength of alkali activate basalt pastes cured
at ambient temperature and 45°C. The compressive strength was increased with
curing time up to 90 days and increasing of molarity of activator, while BS4
paste (10 M NaOH) could not be measured still stick and not hard enough to be
tested. This attributed to dissolution of silica and alumina in a highly concen-
trated NaOH solution. Sodium hydroxide plays an important role in the process
of the geopolymerization, since in the initial periods it dissolves and disassem-
bles the silica and aluminum ions of the basalt and works to equalize and bal-
ance the charge of the geopolymer network in later ages.

Dali Bondor ef al. [19] reported the alkali activated pastes require time or/and
an elevated temperature for increasing the strength especially in concentration
higher than 7.5 M. Figure 2(a) illustrates the compressive strength of geopoly-
mer pastes cured at 45°C. It is clear the compressive strength increased with
temperature for all samples. Since at higher temperatures, the geopolymerization
process is high and so the amount of reaction products increases [32]. Mean-
while 3-day compressive strength of geopolymer pastes cured at 45°C was in-
creased than that cured at ambient temperature by 50%, 33%, 3% and 28.5% for
BS1, BS2 and BS3 pastes, respectively. The best alkali activated samples were ob-
tained using 10 M NaOH after curing for 90 days, 4 MPa.

Figure 2(b) shows the compressive strength of alkali activated basalt paste
cured at 25°C, 45°C and 65°C up at 90 days. The elevated temperature enhances
the formation of hard structure. As seen, the compressive strength of basalt
geopolymer increased with temperature and all pastes explained the highest val-
ue of compressive strength at 65°C. This is due to the better distribution of the
granules basalt in the geopolymeric binder, which give a dense composite plays

an important role in the compressive strength of basalt-based geopolymer [33].
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Figure 2. Compressive strength of basalt-based geopolymer. (a) cured at 25°C and 45°C
for 90 day;(b) cured at different temperature for 90 day.

3.2. FT-IR Analysis

Figures 3(a)-(d) show the FTIR spectra of geopolymer samples cured at am-
bient temperature and 45°C for 1 and 90 days. The IR spectra of the basalt shows
band near 1016 cm™ and at 1143 cm™ due to asymmetric stretching of Si-O
while band at 458 cm™ to in-plane Si-O bending in SiO, [34]. In addition, bands
at around 772, 579, 537 and 439 cm™ are related to Al-Si minerals [35].
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Figure 3. Infrared spectra of basalt-based geopolymer cured at 25°C and 45°C for 1 and 90 day.

The main band of basalt at 1016 cm™ was shifted to lower wave numbers, 999,
993, 999 and 1000 cm™' for BS1, BS2, BS3 and BS4 pastes, respectively. This shift
indicates the formation of an amorphous aluminosilicate phase [36]. Further, new
bands at 3423, 1638 and 1540 cm™ were appeared these bands are associated to
-OH, H,0 bending and asymmetric stretching of carbonate, respectively.

At 90 day, Figure 3(b), the main peak at around 1000 cm™ was shifted to a
higher frequency but the sample BS4 paste did not change. The intensity in-
crease of this band is indication to an increase of a mean chain length of alumi-
nosilicate polymers [37]. The weak band at 1144 cm™ and at 1016 cm™ in geo-
polymer pastes spectrum give the evidence of unreacted basalt in geopolymeric
binder.

Figure 3(c), Figure 3(d) display IR spectra of basalt-based geopolymers
pastes cured at 45°C up to 1 and 90 days. As seen in all spectra, the band at 1000
was shifted to lower wave numbers with alkali concentration and curing time,
but larger than that cured at ambient temperature. This is attributed to effect of

temperature on the rate of geopolymerization reactions that result in the forma-
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tion of a more oriented molecular aluminosilicate gel, [38], besides increased the
intensity of band at 1000 cm™. In addition, the bands at 772, 579, 537 and 439
cm™' decreased or disappeared as concentration of activator increased and cur-
ing time.

Figure 4 shows the IR spectra analysis of prepared geopolymers BS1, BS2, BS3
and BS4 cured at different temperature. As seen from Figure 4, the band at 1000
cm™' for all geopolymer samples shifted to a high frequency at 45°C than that at
25°C and at 65°C. This indicates the curing temperature has strong influence on
the rate of geopolymerization reactions, whereas the dissolution and polymeri-
zation (condensation). Besides, the intensity of this band decreased with in-
creasing temperature, which indicates the minerals in the basalt change.

To better understanding of the FTIR spectra, the bands in the region between
1400 and 800 cm™ of FTIR spectra was deconvoluted with computer software to
determine and quantify the phases sharing to form the T-O bond asymmetric
stretching band. A gaussian function was used for fitting of the bond. The basic
concept in the fitting procedure was to lower the number of the component
bands and retaining a regression coefficient r* near to 1. In this study, the band
for the basalt included four signals, at the following positions: 881 cm™, 979
cm™, 1124 cm™ and 1246 cm™.

When basalt activated with the different concentrations of alkali solutions,
different bands spotted to appear in the range from 1400 to 800 cm™, Figures
5(a)-(c). The band deconvolution spectra for the basalt samples BS1, BS2, BS3
and BS4 cured at ambient temperature for 90 days are shown in Figure 5(a). For
BS1 paste two double bands show in the spectra at 1150 cm™'/1099 cm™ and 974

cm /894 cm™. When concentration of activator increased the bands shift to

= =
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Figure 4. Infrared spectra of basalt-based geopolymer cured at different temperature for
90 day.
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Figure 5. Deconvoluted spectra for the T-O bond asymmetric stret-
ching band in basalt based-geopolymer cured at, (a) 25°C; (b) 45°C
and (c) 65°C for 90 days.
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lower wave number, 1103 cm™'/1089 cm™ and 978 cm™'/878 cm™'. The shift in
the Si-O-M peak indicates a higher class of geopolymer framework. In addition,
Figure 4(b) shows the band deconvolution spectra for the basalt based geopo-
lymers cured at 45°C, up to 90 days. The main bands of basalt are appeared as
double bands at 1009 - 1175 and 853 - 975 cm™". The bands at 848 - 890 cm™ are
due to OH bending in Si-OH groups in the geopolymer networks, and these
bands are changed basically both in intensity and in shape as a function of
leaching time and temperature. The band at 957 - 980 cm™" corresponds to Si-O
stretching in Si-O-Na structures, which formed by meeting of the alkali metal
from the activation solution with the deprotonated centers in the relatively in-
termediate aluminosilicate structure. The bands at 1034 - 1247 cm™" are consis-
tent with the T-O-Si asymmetric stretching in the unreacted basalt. The decon-
vulation of IR spectra of basalt—geopolymer pastes cured at 65°C for 90 days are
shown in Figure 5(c). The band 800 - 1400 cm™" was splitted for two bands at
1137 - 1157 and 998 - 1012 cm™". The band related geopolymer became more
sharp and narrow. If it is supposed that, the proportional areas of the resolved
bands of unreacted basalt and new bands are related to their concentrations,

Figures 6(a)-(c).

3.3. The XRD Analysis

Figures 7(a)-(d) shows XRD patterns of geopolymer samples BS1, BS2, S3 and
BS4 cured at 25°C and 45°C for 1 and 90 days. After geopolymerisation all main
characteristic peaks of minerals of basalt are remained, but their intensity were
reduced with increased Na,O/SiO, ratio and increasing in curing time, Figure 7.
This suggests that the labradorite, augite and olivine as main phases in basalt did
not dissolve totally into the gel phase. In geopolymerisation, once basalt is mixed
with a sodium hydroxide solution, these pastes begin to transform into hard
geopolymers. In such a situation, there is not enough time and space for the gel
or paste to form a well crystallized structure such as in the case of zeolite forma-
tion. Although that the formed geopolymer actually consists of a number of
amorphous and crystalline phases. Through the setting and hardening process,
geopolymers are formed with strictly packed polycrystalline structure to give
better mechanical properties than other crystalline phases, which have lower
density, and cage-like crystalline structure. Basalt consist mainly of crystalline
and some amorphous phases (as indicated by the hump, 5 - 10 26 in XRD), Fig-
ure 7. This hump is due to the presence of amorphous phases. After the alkaline
activation for the basalt-binder, Figure 7, this hump disappeared after 1 day.
Based on the observation, it can be drawn that amorphous phase are highly reac-
tive, whereas plagioclase (labardorite) has moderate reactivity with alkaline solu-
tion [39]. There is no appear new crystalline phase as a result of the alkali activa-
tion of basalt. On the other side, amorphous CSH in a geopolymeric gel could be
main part of the resultant product.

Figure 8 illustrates the XRD patterns of prepared geopolymer, BS1, BS2, BS3
and BS4 cured at different temperature, ambient temperature, 45°C and 65°C for
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Figure 6. Relative area of the deconvoluted component peaks in the main Si-O-T vibration band region (800 - 1400 cm™) in geo-
polymer samples cured at, (a) 25°C; (b) 45°C and (c) 65°C for 90 days.

90 days. As seen from Figure 8, for all geopolymer samples the intensities of de-
creased with curing temperature except that of BS1. Also, the overlapped peak at
29.4 - 29.7 268 of calcite and CSH became higher with curing temperature. This is

indicating on the effect of temperature on the geopolymerization of basalt.

3.4. Microstructure Analysis

3.4.1. (SEM-EDS) Characterization

Figures 9(a)-(c) show the SEM images and EDX results of some selected geo-
polymer samples such as BS2 and BS3. As shows from EDX analysis most sam-
ples have composition suitable for geopolymerization is occur. Jaasveld et al
[40] were suggested the standard molar oxide ratio of SiO,/AlL O, in geopolymer
to be between 3.3 and 6.5 for product. Nevertheless, most of the selected spots in
geopolymer binder have Si/Al ratio in the range of 1 - 3 and Na/Al ratio around
1, which is a typically range for geopolymer. The average atomic ratios were av-
eraged of 6 different points in the geopolymer.
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Figure 7. XRD patterns of basalt-based geopolymer cured at 25°C and 45°C for 1 and 90 day, whereas 1- Labradorite, 2- Augite, 3-
Olivine, 4- Calcium carbonate and 5- CSH.

The average atomic ratios for the reaction product of the BS2 sample, Figure
9(a), was cured at 25°C, were Si/Al = 3.0 and 1.55, and Na/Al ratios of 0.48 and
0.78. In addition, the average atomic ratios for the reaction product of the BS3
cured at ambient temperature were Si/Al = 2.16 and 1.80, and Na/Al ratios of 0.5
and 0.82. While that for basalt was 1.53 - 3.15 and Na/Al atomic ratio was 0.27 -
0.34, confirmed the formation of strong geopolymer. The addition NaOH played
a role in the attack of basalt-based geopolymer material leading to lower values
of Si/Al and increase Na/Al ratios than the untreated basalt, due to the alkali
roles for a suitable charge balancing resulting in a stable and dense geopolymer
networks.

However, the predestined Si/Al and Na/Al ratios of some spots are much
higher than the other sample. This might be because the detected areas in sample
may consist of other components besides geopolymer gels, such as basalt par-

ticles with a Si/Al ratio of >3, and zeolite crystals with a Na/Al ratio of >1.0.
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Figure 8. XRD patterns of basalt-based geopolymer cured at different temperature for 90 day, whereas 1- Labradorite, 2- Augite,
3- Olivine, 4- Calcium carbonate and 5- CSH.

When these geopolymer pastes, BS2 and BS3, cured at 45°C, Figure 9(b), the
pastes appeared as a dense geopolymer matrix with a high strength than cured at
ambient temperature. These matrix were showed atomic ratio Si/Al =2.15 - 2.48
and Na/Al ratios of 0.1.48 - 1.77 and Si/Al =1.82 - 3.82 and Na/Al ratios of 1.34 -
2.50 for BS2 and BS3, respectively. In this case, the samples of the matrix with
reduced Si/Al ratios and the significantly raised Na/Al ratios were identified.

On the other hand, curing at elevated temperature promoted the reaction of
the geopolymer system and accelerate the conversion of oligomers in the geopo-
lymer precursor to further condense and crystal like structure. The consumption
of the oligomers triggered the release of more reactive Si- and Al-tetrahedra and
generated more oligomers to participate in the geopolymerization and with dif-
ference Si/Al and Na/Al ratios.

Based on the EDX analysis of BS2 the estimated Si/Al molar ratios are 5.04,
2.52 and 2.3, and the estimated Na/Al molar ratios are 2.14, 0.92 and 0.91 and
for BS3, the estimated Si/Al molar ratios are 5.049, 2.52 and 2.29, and the esti-
mated Na/Al molar ratios are 2.149, 0.929 and 0.91, respectively. The Na/Al and
Si/Al ratios are similar between BS2 and BS3, which might be due to the similar-
ity between that were produced. On the other hand, the Si/Al and Na/Al ratios of
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Figure 9. SEM-EDS analysis of basalt-based geopolymer, BSSH2 and BSSH3, (a) at 25°C
for 90 day; (b) at 45°C for 90 days.

basalt are much higher than the other two samples. This might be because the
detected areas in basalt sample may consist of other components besides geopo-
lymer gels, such as basalt particles with a Si/Al ratio of >3, and zeolite crystals
with a Na/Al ratio of >1.0. In addition, unreacted raw materials or non-reactive
impurities and crystals with very different Si/Al and Na/Al ratios than those of
geopolymer gels might affect these tested spots.

DOI: 10.4236/msce.2017.511006

71 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2017.511006

M. E.-S. |. Saraya, E. El-Fadaly

3.4.2. Scanning Electron Microscopy (SEM)
Figure 10(a), Figure 10(b) show the microstructural characteristics as seen by

SEM of the some geopolymer binder that obtained by alkali activation of a basalt
cured at 25°C and 45°C for 90 day. When basalt was activated, the resulting ma-

terial was an impermeable sticky gel. In addition, the samples studied have quite

BSSH3, cured at 45 -C, for 90 day
(®)

Figure 10. SEM micrographs analysis of basalt-based geopolymer, BSSH2 and BSSH3, (a)
at 25°C for 90 day; (b) at 45°C for 90 days.
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different microstructures. From these SEM images, the residual basalt particles
are almost all either embedded in voids or covered with loose gels connecting
with the main geopolymer matrix. The binder obtained from the activation of
BS2 and BS3 at ambient temperature are all visibly porous incompact micro-
structure, besides, the geopolymer has a flake-like layer structure similar to that
of the basalt particulates and many partially reacted basalt particles remain. In
addition, there are many corrosion craters on the reacting basalt surface, Figure.
10 a, but this appears more continuous and compact for the same mix at 45°C,
and with pore sizes reduced below the length scales visible in the micrograph.
From this perspective, increasing compressive strength of BS2 and BS3 geopo-
lymer paste cured at 45°C is related to enhancement the mechanical properties
of formed gels as change their Si/Al ratio [41] [42].

4. Conclusion

In this paper, geopolymers were synthesized successfully from basalt, via the al-
kali activation by sodium hydroxide solutions. The mechanical properties and
microstructure of the resulting geopolymers are affected by multiple factors:
curing temperature, curing time and chemical composition of mix composition.
The curing at elevated temperature has improvement on the mechanical proper-
ties of basalt-based geopolymers. The XRD of different minerals of basalt are
shown that the basalt reacted and dissolved with sodium hydroxide moderately
and hence residue particles are placed as filler in the geopolymer matrices. The
undissolved particles in the solution, could act as nuclei for geopolymerization
reaction products. The interface of insoluble basalt particle/amorphous geopo-
lymeric framework comprises the most sensitive area of the geopolymeric ma-
terial. The Si/Al and Na/Al ratios of geopolymer gels estimated based on the EDS
measurements are completely different from the nominal chemical composition
of the untreated basalt. This is mainly attributed to dissolution and condensation
reactions between different species during geopolymerization process. In future
work, the activation of basalt by silicate anions and preparing of basalt-based

geopolymer concrete are the main our target.
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