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1. Introduction

Geopolymer technology has been developed as a feasible alternative
for cement manufacturing due to its excellent mechanical properties
and eco-friendly processes with a dramatic reduction of greenhouse
emissions. Basically, geopolymer material can be synthesized based on
the reaction of aluminosilicate precursor and high alkali-activating agent.
The alkaline agent can be prepared by modifying soluble silicate with
a high alkaline solution. The geopolymerization is exothermic reaction
and starts with an initial dissolution step following by condensation
reaction [1-3]. In theory, the whole aluminosilicate precursor could be
formed as an amorphous three-dimensional aluminosilicate structure
with a practical formula of Mu[-(Si02).-AlO2]a.xH20, where x is the
water content, z is the molar ration of Si to Al, M is an alkali cation and
n is the degree of polymerization [4]. Although geopolymer materials
have been admired in recent years due to their excellent mechanical
properties and disabilities in severe environments, their synthesis
requires large amounts of alkaline activator and also need curing time
for mechanical properties development.

There are various aluminosilicate compounds that can be used to
synthesize geopolymer materials, such as calcined clays and industrial
wastes. When any aluminosilicate precursors are dissolved with
alkali activators, the inorganic geopolymer materials are formed
[5,6]. Several industrial wastes are used as aluminosilicate precursors,
such as metakaolin, fly ash and calcined clay. Apart from those,
in recent years, Shirasu natural pozzolan was considered as partial
replacement of concrete because of its strength and aggressive chemical
resistance. However, the soil has not been studied in geopolymer
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This study describes a simple microwave process for fabricating porous geopolymer-polymer based
Shirasu soil. The porous geopolymer samples were synthesized using sodium silicate (Na2SiO3) and
sodium hydroxide (NaOH) solution as alkaline solution in range of 0.5 M to 9 M. After mixing process,
the geopolymer slurry was heated and stimulated geopolymerization reaction by different microwave
powers at 200 W, 500 W and 700 W for 30's, 60's, 90 s and 120 s. The influence of NaOH concentration,
microwave powers and heating times on the apparent bulk density, the water adsorption was focused.
Results showed that the microwave powers and heating time affected the apparent bulk density, the
water adsorption, and the densification of geopolymer matrix. Higher microwave power can promote
higher water adsorption related to lower apparent bulk density. Moreover, the results revealed that the
porosity and the nitrogen adsorption of geopolymers at 120 s of heating time increased with an increment
of the NaOH from 1 M to 4 M. On the other hand, geopolymers activated by 200 W at 30 s could not be
hardened. This work provides the feasibility of porous geopolymer synthesis based natural soil.

materials yet. Therefore, it is interesting to utilize Shirasu natural soil
as an aluminosilicate for geopolymer synthesis.

Owing to the Sustainable Development Goals (SDGs) perspective
following green environmental concept, geopolymer synthesis has been
altered and applied by many researchers. To date, researchers have
explored several methods for the synthesis and preparation of porous
geopolymers. Generally, the methods can be divided into four processes
following: (1) direct foaming, (2) additive manufacturing, (3) sacrificial
template, (4) fast microwave foaming or a combination of the above
methods base on their use to various practical applications [35]. The
typical direct foaming technique is widely used in lightweight concrete
and porous ceramics fabrication. Previous research prepared porous
geopolymer using direct foaming process by adding additives. Fresh
geopolymer foam is produced and then gas products occur under
slightly increase temperature [36]. For sacrificial template method,
the porous geopolymer is prepared by mixing with an amount of
a sacrificial template filler, generally polylactic acid (PLA), and then
eliminates the filler to form a porous geopolymer by heat treatments
[37]. Moreover, the additive manufacturing method is also a method
to produce porous materials by adding additives to prepare complex
geopolymer structures which controllable pore size and pore distribution.
The different additives are used in all above methods. On the other
hand, for fast microwave foaming method, there is no requirement to
add the additives, but the porous geopolymers usually can be cured
under microwave radiation with a shorter curing time. The benefits
of microwave heating are instantaneous, very rapid heating and easy
control. Another advantage is that the microwave energy is directly
transferred to the material at the water molecule level, subsequently
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the water in the entire body suddenly reaches a higher temperature
and generates a foam structure [38].

Recently, Onutai et al. [7] has been developed porous geopolymer
synthesis by applying microwave energy to stimulate geopolymerization
reaction and to reduce curing time. Microwave heating under electro-
magnetic conversion involves the electromagnetic energy to thermal
energy [8]. This energy can accelerate the geopolymerization and
enhance the temperature of material. Moreover, higher microwave
power can provide the strength development of porous geopolymers
based fly ash at early stage [9]. Additionally, microwave technique
can rapidly stimulate geopolymerization reaction by removal of
water content results in porosity occurrence [10]. On the other hand, the
conventional curing process requires a long heating period in an oven
to obtain strength development. Up to now, porous geopolymer has been
adapted in various applications. Huan Gao et al., [11] applied porous
geopolymer in building thermal insulation. Moreover, pyrophyllite
clay based porous geopolymers was studied and used for removal of
methylene blue from aqueous solutions [12,13]. Industrial wastewater
containing heavy metals was also adsorbed by steel slag-based porous
geopolymer for copper and lead removal because of mesoporous
geopolymer material [14,15]. Additionally, Yanli Wang et al., [16]
showed the excellent CO2 adsorption capacity of amine functionalized
porous geopolymer and provided a new method for the resource
utilization of fly ash.

As mentioned above, although a fast microwave method was
proposed for porous geopolymer synthesis, the Shirasu natural soil
synthesized by fast microwave method has not been studied yet and
its performance to be synthesized as porous geopolymer is still unclear.
This paper investigates the feasibility of porous geopolymer synthesis
based Shirasu soil using microwave radiation. Moreover, a comparison
on microwave power and its effect on bulk density and water absorption
are also explored.

2. Experimental
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2.1 Material

Natural soil obtained from Shirasu-Daichi; Japan was used as
an aluminosilicate source material for porous geopolymer synthesis.
The original soil was dried, sieved through a 35 mesh, and then bagged
for mineral and chemical characterization. Figure 1 displays the
appearance and the cumulative particle size distribution of the soil.
As seen in Figure 1(a), the soil exhibits brownish color. Shirasu is one
of the unused natural resources and a deposit richly available in the
southern part of Kyushu Island. It has a large amount of very fine
particles with ranges of density from 2.1 g-em™t0 2.7 g-em™ [17].
The particle diameters of the soil, D10,D50 and D90, were 23.4 um,
129.7 pm and 241.3 pm, respectively as shown in Figure 1(b). The
mineral composition of the soil analyzed by XRD analysis is displayed
in Figure 2. Based on XRD result, it was found the crystalline peaks
of the silica and alumina compounds included muscovite (PDF 01-
082-2723), quartz (PDF 01-070-7344), andesine (PDF 05-001-0869),
and Amicite (PDF 00-033-1273). According to the XRF analysis in
Table 1, the soil consisted of 68.90% SiO2, 13.50% Al203, 2.62%
Fe203, and 1.94% CaO by weight with other minor compositions.
The result of XRF showed that Shirasu soil is a silty sand according to
containing 68.90% of SiO2 [ 18] Additionally, its mineral composition
has high quantity of volcanic glasses in and shows pozzolanic reaction [17].

2.2 Alkali-activating solution

The liquid alkaline activator was a mixture of sodium silicate
(NazSiOs) solution and sodium hydroxide (NaOH) varied concentration
from 0.5 M to 9 M. The mixing ratio between Na2SiO3 and NaOH
was 1.0 wt%. The NaSiOs solution (Nacalai Tesque, Japan) is composed
0f 61% H20, 9% Na20, and 30% SiO2 with SiO2 to NaxO ratio equal
to 3.1 wt%. The pure 99 wt% NaOH pellets (Nacalai Tesque, Japan)
were dissolved with distilled water to provide the NaOH solution of
varied concentration from 0.5 M to 9 M.
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Figure 1. The appearance (a), and the cumulative particle size distribution (b) of Shirasu soil.
Table 1. Chemical composition of Shirasu soil (by weight).
Oxide Ales Fe203 SlOz CaO MgO NaZO Kzo Others
wt% 13.50 2.62 68.90 1.94 0.33 2.90 4.30 5.51
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Figure 2. XRD pattern of Shirasu soil.
2.3 Geopolymer synthesis

In this study, the geopolymer paste was first prepared from
a mixture of Shirasu soil and alkali-activating solution at a ratio of
4:3 by weight with sufficient water. For the mixing process, the soil
and the activator were mixed together for 6 h using ball mill to achieve
the homogenous geopolymer paste. Afterward, the resulting fresh
pastes were poured into cylinder mold of 30 mm diameter size to
produce cylindrical specimens. The molds were respectively heated
in a microwave oven with varying power settings (200 W, 500 W,
700 W) and heating times (30 s, 60 s, 90 s, and 120 s). Previous
research demonstrated that higher microwave powers enhanced the
specimen temperatures and increased porosities of porous geopolymers
[7]. Therefore, the geopolymer samples were suddenly measured
the temperatures by an infrared thermal scanner after heating process.
After temperature measurement, the hardened geopolymers were
all demolded and cured in an oven at 80°C for 7 days for required
curing age. Additionally, all geopolymer specimens were dried at
200°C for 24h to obtain the stiff specimens and then kept at room
temperature after subjected to the high temperature until testing.
Samples were named according to NaOH concentration (M), microwave
power (W) and heating time (T).

2.4 Characterization

After mixing the alkaline with soil for Imin, the slurry was heated,
cured in a microwave oven following testing time and then immediately
detected temperature by using an infrared thermal scanner. An average
of three specimens were tested for each heating time. A detector
based on direct X-ray detection technology of the chemical and mineral
composition were determined using Rigaku analyzer. The X-ray
diffraction patterns were collected using Cu Kq1 radiation and the
diffraction patterns were scanned at 5° to 90° in 20 at a rate of 2° per
minute. The geopolymer specimens were measured and calculated
apparent bulk density and water adsorption according to ASTM C373
[19]. Moreover, the morphological and microstructural features of
geopolymer specimens were investigated by using Electron Microscope,
JSM-6480LV, on gold-coated samples. The FTIR technique was used

to observe chemical properties. For FTIR measurement, hardened
geopolymers were grounded and mixed with KBr at concentrations
of 0.2 wt%. To evaluate the pores in sample microstructures, the
Brunauer—-Emmett-Teller (BET) method was used to measure the
specific surface area of the sample. The pore size distributions were
achieved from the N2 adsorption isotherms by using the Barrett—
Joyner—Halenda (BJH) by means of nitrogen adsorption at 77 K and
the isotherm corresponded to hysteresis loops [7].

3. Results and discussions

3.1 Effect of microwave powers and heating times on sample
temperatures

Figure 3(a-d) depicts the temperature profiles of geopolymers via
different microwave powers and NaOH concentrations in heating
times 0f 30 s, 60's, 90 s and 120 s, respectively. The liquid alkali-
activating concentrations were from 0.5 M to 9 M. The results showed
that the temperatures of all specimens increased by increasing heating
times and microwave powers. Additionally, it was found that microwave
powers of 200 W and 500 W were able to achieve solid geopolymer
in a short period, especially with higher NaOH concentration. This
may be because electromagnetic radiation induces dielectric heating
by the absorption energy with polar molecules of OH™ and ionic
conduction of Na+ [20]. The dipolar polarization and ionic conduction
mechanisms occur when NaOH concentrations increase. Thus, the polar
molecules absorb microwaves and oscillate back and forth resulting
to heats up neighboring materials generate higher temperatures [7].
Additionally, the densification and vaporization of water in the
geopolymer matrix was affected by microwave radiation. This is
because the radiation accelerate the silica and alumina dissolution
resulting to the geopolymer gel formation [10]. On the other hand,
the mixtures at power of 200 W could not be hardened at all samples,
especially at 30 s of heating times. This is because using 30 s of heating
is not enough to accelerate the geopolymerization reaction. The slurries
were still in gel phases.

3.2 Apparent Bulk density

To confirm the geopolymerization occurred, all hardened specimens
after curing in an oven at 80°C for 24 h were soaked in water for 24 h
and then measured the apparent bulk density. Figure 4 displays the
apparent density of the geopolymers synthesized by different NaOH
concentrations, microwave powers and heating times. The results
showed that geopolymers synthesized at 200 W for 30 s in all NaOH
concentrations were completely dissolved after soaking overnight
as displayed in Figure 4(a). On the other hand, when heating at 200 W
by increasing the heating time, it was found that the geopolymer slurry
could be solidified and analyzed the apparent density as shown in
Figure 4(b-c). Moreover, the geopolymers can be stable in shape by
heating at 200 W, 500 W and 700 W for 120 s as shown in Figure 4(d).
It can be seen that the apparent bulk density decreases by increasing
the NaOH concentration. This postulate reason is because when the
NaOH concentration increase, microwave energy can be transformed
into heat and achieve the thermal affects to dissolved charged particles Na*
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and OH ions, cause materials to heat up immediately [21]. Therefore,
the strong alkali ions rapidly enhanced the temperature. Afterward,
the bubbles form water evaporation occurred and created in the bulk
porous structure resulted in decreasing the apparent bulk density [7].
The dissolution ability was affected by concentration of NaOH solution
as the higher concentration provided sufficient Na* and OH™ ions
led to accelerate the condensation and denser [22]. Additionally, the
pores reduced when the porosity decreased. This caused lower apparent
bulk density, but higher water absorption [23,24].

3.3 Water absorption

Apart from the apparent density measurement, the hardened
specimens were also tested the water adsorption. Figure 5(a-d) shows
the water absorption of geopolymers after soaking in water for 24 h.
The results indicated that the water adsorption was increased by
increasing NaOH concentration. These results relate to the apparent
bulk density. Hence, it can be concluded the water adsorption increases
as the apparent bulk density decreases. Moreover, at heating time of
120 s, the geopolymer specimen synthesized with 0.5 M NaOH can be
stable in shape when microwave powers at 200 W, 500 W, and 700 W
were operated. Hence, the heating time of microwave power at 120 s was
suitable for porous geopolymer synthesis at low alkaline concentration
of 0.5 M NaOH as alkaline activator. Additionally, the water adsorption
was increased from 20% to 45% in the case of heating at 700 W for
120 s. It indicated that there were more open pores in the geopolymer
specimens related to increase of the water adsorption values.

3.4 IR spectrum

To observe the details of the vibrational transitions and the chemical
bonding changes in molecular level, the hardened specimens were
analyzed using infrared spectra. Figure 6 depicts the FT-IR spectra
of'the original soil and geopolymers. The notably characteristic bands
of soil as aluminosilicate are at 480 cm™! and 1,100 cm™ which are
the bending vibrations and asymmetric stretching of the Si—O-Si
bonds, respectively [25]. The Si—O-Si was influenced by crystalline
matrix components of quartz which indicated the presence of tetrahedral
SiOz. After microwave curing, the intensity of the peaks was apparently
decreased and shifted to a lower wavenumber in each geopolymer
spectrum. This shift indicates that the microwave curing can accelerate
the geopolymerization reaction. A strong tendency was observed in
the case of higher NaOH concentration. It is noteworthy that the
intensity of the asymmetric stretching of the Si-O-Si peaks was shifted
from 1,100 cm™ to a lower wavenumber at 960 cm ™. This phenomenon
represents the dissolution, condensation, and reorganization. As known,
the peak near 960 cm™' was represented the form of the Si—O-Si and
Si—O-Al stretching vibrations in newly formed geopolymer gels [26].
Another band was represented the occurrence of Si—~O—Si bonds at
676 cm™! [27]. Moreover, the occurrence of significant broad bands
was detected at around 3470 cm™' and 1650 cm™ for O—H stretching
(—OH), and O-H bending (H-O-H), respectively. However, in case
of high NaOH concentration, the band of carbonate compound was
found at 1420 ¢cm™'. The formation of O—C~O in carbonate compounds
occurred because of carbonation reaction [28].
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Figure 3. Temperature profiles of geopolymer specimens.

J. Met. Mater. Miner. 34(1). 2024



Fast microwave synthesis of high-silica natural soil based porous geopolymer

Heating time = 30 seconds

(b)

Heating time = 60 seconds

= 200W +500 W -« 700 W =200 W -+ 500W -« 700 W
1.4 4 1.4 4
E13 A E13 -
2129 D12 e
N Bl . '\
é 1.0 A S é 1.0 1 T S, ~
=09 1 i . =209 4 . A . =
£08 4 . . 208 - Pyt
507 1 * g * 507 i 'y " & .
20.6 A 0.6 A X
205 A 205 A
0.4 T T r T : : : : T 0.4 . r r . T r : -
05 1 2 3 4 5 6 7 8 9 0.5 1 2 3 4 5 6 7 8 9
NaOH concentration, Molar NaOH concentration, Molar
(C) Heating time = 90 seconds (d) Heating time = 120 seconds
=200 W =500 W -« 700 W 200 W -+ 500 W -+ 700 W
1.4 4 1.4 4
E13 E13
212 - 212
ZLq 219 g
209 - . "—a 209 1 N\
208 - SN N, . 208 - NN
“éo() i S . . <A ioﬁ i v '-.,\ i - our "
o - " A g
205 £05 o TR
0.4 T T T T . T T T T 0.4 T : : . T : . T
05 1 2 3 4 5 6 7 8 9 0.5 1 2 3 4 5 6 7 8 9
NaOH concentration, Molar NaOH concentration, Molar
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Figure 6. IR spectra of geopolymer specimens with different heating time
using microwave power at 700 W for 120 s.

3.5 SEM/EDS micrograph

Scanning electron microscopy (SEM) is displayed in Figure 7.
According to Figure 7(a), it demonstrated that the soil particles have
a mainly crystalline shape comprising different particle sizes. Moreover,
the porous geopolymers synthesized by 1 M, 4 M, and 9 M NaOH at
700 W for 120 s were studied as displayed in Figure 7(b-d), respectively.
SEM micrograph showed that not only porous structure was seen
similarly in all samples of the matrix, but raw particles also remained
in the geopolymer matrix. SEM results revealed that at 1.0 M NaOH,
it was found unreacted particles of the soil. On the other hand, at 9 M
NaOH, there were less unreacted particles. This is because increasing
sodium hydroxide enhance due to a higher rate of polymerization
[29]. In addition, in higher NaOH concentration, the denser structure
appeared in the geopolymer matrices confirming that improved
geopolymerization was responsible for increased NaOH concentration.
At lower NaOH concentration, smaller porous was observed in the
geopolymer matrices. After increasing NaOH concentration, the texture
of the matrices was more porous and larger size of the pore. Hence,
from these results, it can be confirmed that the high silica natural
soil can be synthesized as a porous geopolymers using microwave
radiation.

Basically, the geopolymer formation includes the dissolution,
the hydrolysis, and the oligomerization process in an alkaline solution.
Sodium and silicon ions are responsible for chemistry and physical
properties of the geopolymers [30]. Therefore, it is vital to observe
the effect of Si/Al ratio on micromorphology. To observe the chemical
composition of porous geopolymers, the energy-dispersive X-ray
spectroscopy (EDS) was performed to analyze the chemical element
of samples synthesized with 1 M, 4 M and 9 M NaOH at 700 W for
120 s. The intensity of the element is shown in Figure 8. The higher
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NaOH concentration caused the sodium atoms to slightly enhance from
6.43% to 20.98% by weight. Similarly, the aluminum atoms slightly
increase 5.86% to 7.56% by weight. However, the silicon atoms are
insignificant to be increased. This may be because the soil has a high
crystalline structure. relating to difficult dissolution. Additionally, the
Si/Al ratio of geopolymers activated 1 M, 4 M and 9 M were 5.40, 4.77,
and 2.78, respectively. It can be seen from Figure 8 that the geopolymer
activated by 9 M NaOH provided the highest geopolymer products in
the matrix with the molar ratios in the range Si/Al < 3.3 as shown in
previous study [31,32] Moreover, the Na/Al ratio is responsible for
presenting the characteristic strength of the material [33]. According
to Figure 8, the Na/Al ratio of geopolymer specimen activated by 1 M
NaOH was 1.10 which provided higher apparent bulk density and
deteriorated the strength because of alkali concentration limit as
previous research [34]. Therefore, the higher NaOH concentration
could provide the higher strength related to lower porosity because
of sufficient Na* and OH™ contents [22].

3.6 Nitrogen adsorption—desorption analysis

Nitrogen adsorption—desorption analysis was performed to evaluate
the geopolymer matrix further. Figure 9(a-b) displays the nitrogen
adsorption-desorption isotherm of the geopolymer samples by heating
at 700 W for (a) 120 s and (b) 60 s. The results were calculated by
the Barrett—Joyner—Halenda (BJH) of capillary condensation of the
mesopores. From Figure 9(a), the results showed that when the NaOH
concentration was increased from 1 M to 4 M, the quantity of the
adsorbed nitrogen was enhanced. This phenomenon relates to the
apparent bulk density of geopolymers. Even if the apparent bulk
density of geopolymer activated by 1 M NaOH was higher than the
samples activated by 4 M NaOH, the water absorption of the 1 M
NaOH samples was lower than the 4 M NaOH samples. This indicates
that the open pore volumes of the 4 M NaOH samples geopolymer
were higher than the 1 M NaOH samples. Therefore, the values of
the nitrogen adsorption was higher when the NaOH concentration
increased. On the other hand, after NaOH reached 9 M, the nitrogen
adsorption reduced with the increment of NaOH concentration. This
implies that the surface area of geopolymers was reduced if the
concentration of NaOH became higher because the higher NaOH
concentration can immediately accelerate the geopolymerization
provided a dense structure of the geopolymer matrix. Additionally,
according to Figure 9(b), it found that the nitrogen adsorption-
desorption of geopolymers activated at 60 s was lower compared to
the samples were heated at 120 s. This may be because the amount
of surface area was decreased. When the geopolymer slurry was
heated over a longer period, the more bubbles and porous occurred
related to achieve higher porosity and surface area. On the other hand,
the shorter curing time had a tendency on less porosity and surface area.
Hence, the quantity of N2 adsorption-desorption was lower. It can be
concluded that the porosity and surface area of porous geopolymers
depend on the heating time of microwave radiation.
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Figure 8. Elemental analysis with EDS.
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Figure 9. Nitrogen adsorption-desorption isotherm of geopolymers at 700W for (a)120s and (b)60s.

4. Conclusions

This paper studied the effects of microwave synthesizing porous
geopolymers based high silica natural soil. A comparison of different
microwave power, heating time and alkaline concentration were
examined. Based on the results and discussion, the following significant
conclusions can be drawn.

(1) Heating time of microwave curing of high silica natural soil
based geopolymer was effective to porous geopolymers by higher
NaOH concentrations. The higher NaOH concentration, microwave
power and heating time were strongly supported the more porosity
in geopolymer matrix.

(2) Increasing the microwave radiation power can promote and
accelerate the geopolymerization reaction, has an impact on geopolymer
durability in shape.

(3) Extending the microwave curing time promotes the higher
nitrogen adsorption-desorption isotherm. However, over-time
microwave curing shows a denser of geopolymer matrix which has
negative effect in porous material application.

Overall, porous geopolymers were successfully fabricated through
microwave curing method. This method can efficiently promote and
accelerate the geopolymerization reaction of high silica natural soil
as raw material. Based on the results, the porous geopolymers could be
adapted to widely valuable applications, such as filtration, adsorption,
and thermal insulation in which dense solid materials are not suitable.
Additionally, they have been considered to be light weight porous
materials, therefore, they cloud be adapted to remove contaminants
of adsorbing organic dyes, heavy metal ions and of adjusting the pH.
Further work should explore the potential applications, such as CO2
or NOx capture and the adsorption of toxic contaminants in the field
of wastewater treatment.
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