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Abstract: Aluminosilicate minerals have become an important resource for an emerging sustainable
material for construction known as geopolymer. Geopolymer, an alkali-activated material, is becoming
an attractive alternative to Portland cement because of its lower carbon footprint and embodied
energy. However, the synthesis process requires typically a two-part system for alkali activation
wherein the solid geopolymer precursor is mixed with aqueous alkali solutions. These alkali
activators are corrosive and may be difficult to handle in the field-scale application. In this study,
a one-part geopolymer in which coal fly ash was mixed with solid alkali activators such as
sodium hydroxide and sodium silicate to form a powdery cementitious binder was developed.
This binder mixed with soil only requires water to form the soil-fly ash (SO-CFA) geopolymer
cement, which can be used as stabilized soil for backfill/foundation. This geopolymer product was
then evaluated for chemical stability by immersing the material with 5% by weight of sulfuric
acid solution for 28 days. Indication suggests that the geopolymer exhibited high resistance
against acid attack with an observed increase of unconfined compressive strength even when the
immersion time in acidic solution was increased to 56 days. The mineralogical phase, microstructure,
and morphology of the material were characterized by X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, and scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX), respectively. Results not only confirmed the formation of gypsum due
to acid attack but also indicated the dissolution of anorthite and albite that may have caused the
microstructure to be composed of sodium aluminosilicate hydrate (N–A–S–H) and calcium (alumino)
silicate hydrate (C(–A)–S–H) with poly(ferro-sialate-siloxo) and poly(ferro-sialate-disiloxo) networks.
A column leaching test with deionized water was also performed on the soil-fly ash geopolymer to
study the leachability of metals in the material. Results showed that arsenic exhibits higher mobility
in the geopolymer as compared to that of cadmium, chromium, and lead.

Keywords: acid resistance; leachability; one-part geopolymer soil stabilizer; soil; coal fly ash;
alkali activation

1. Introduction

The construction industry contributes to about one-third of the energy-related global CO2

emissions which makes it a significant sector often targeted as part of the mitigation strategies to
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reduce carbon footprint [1]. In addition, one of the important materials in the construction industry
is Portland cement where it is used as a binder. The production of cement accounts for 5–8% of
global anthropogenic emissions [2]. With a local cement demand amounting to 24.4 million tons in
2015 and 20% public construction growth rate, the forecast for cement may continue to increase for
the coming years [3]. Carbon dioxide emissions from cement production come from the calcination
process to produce clinker and from the combustion of fuel used for heating. Several efforts have
been made to reduce its consumption such as blending of other pozzolanic and cementitious materials
to reduce clinker consumption, and utilization of agricultural waste as an alternative source of fuel.
With the pressure of the international laws and agreement toward sustainability, the reduction of CO2

particularly in this industry remains a challenge. Hence, several approaches have been proposed to
reduce the cement consumption. This includes the use of industrial by-products with high content of
aluminosilicate minerals as a potential alternative to construction material. For example, coal fly ash
which is an industrial by-product of thermal power plants becomes an important resource for blended
cement. In the Philippines, about 3 million metric tons (MMT) of coal ash is produced annually [4,5],
while only a quarter of 750 MMT being generated worldwide is being valorized [6].

Aluminosilicate minerals have also gained a great deal of interest as a precursor in emerging
geopolymer products such as cement, concrete, bricks, foam, and composite [7–15]. With the presence
of alkaline activating solutions, these aluminosilicate minerals become reactive and then form into
aluminosilicate oligomers. Through polycondensation, these turn into a hardened 3D molecule
network which is then called geopolymer. Geopolymer also referred to as an alkali-activated material,
is used as a binder system similar to Portland cement that hardens at room temperature [16]. Aside from
having a lower carbon footprint as compared with Portland cement, these materials exhibit good
mechanical properties such as high early strength, excellent resistance to acid, and exceptional
resistance to immersion [17–19]. Curing at an elevated temperature also helps accelerate the early
strength development of geopolymers [15,20].

However, the traditional synthesis known as the two-part geopolymer which is typically cured at
an elevated temperature system is difficult to implement in field scale applications [21,22]. In contrast
to that of ordinary Portland cement (OPC) which only requires water, corrosive alkali solutions are
prepared first and then mixed with the solid geopolymer precursor to form the binder in a two-part
geopolymer system. On the other hand, a one-part geopolymer-based binder system uses a dry mix that
consists primarily of solid aluminosilicate precursors and solid alkali sources to which water is added,
similar to the OPC binder system. In terms of the environmental impacts of geopolymer-based binder
systems, an average reduction of 24% for one-part geopolymers and 60% for two-part geopolymers in
comparison to OPC were reported in [23]. Although curing at an elevated temperature could improve
the early strength development, curing at room temperature will reduce the embodied energy of the
product as defined by its fit to purpose. Note that several studies reported that geopolymerization can
still occur even if cured at an ambient condition [16,20,22–24]. Previous studies have also reported
the potential of two-part geopolymer binder systems as soil stabilizer for geotechnical engineering
applications [17,24], but the next-generation soil stabilizer based on a one-part geopolymer system
has not been well explored particularly in the Philippines. This study thus proposes a novel one-part
system that combines soil and coal fly ash mixture with solid alkali activator to form soil-fly ash
(SO-CFA) geopolymer cement at ambient curing conditions. By “just adding water”, a geopolymeric
binder that can be used as a soil stabilizer for backfill/foundation is produced.

We also investigated the chemical stability and leaching behavior of soil-fly ash (SO-CFA)
geopolymer cement. Limited studies have evaluated the acid resistance of two-part geopolymer [19,25],
and none have yet reported the stability under acid immersion of one-part geopolymer from soil-fly
ash mixtures. Problems may also arise with the utilization of coal fly ash as it has been known to leach
toxic heavy metals under certain conditions [26–28]. It is therefore imperative to study the leachability
of these heavy metals from the geopolymer matrix.
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2. Materials and Methods

2.1. Sources of Raw Materials

Coal fly ash (CFA) and soil (SO) samples used in this study were obtained from a coal-fired
power plant located at the central region of Luzon, Philippines, and were collected from a construction
site located in the southern part of Manila, Philippines, respectively. CFA samples were used as
received while the SO samples were immediately sieved using Mesh No. 4. Chemical reagents such as
sodium silicate (SS) with composition 44% SiO2, sodium hydroxide (SH) micro pearls with 99% purity,
and sulfuric acid with 95% purity were purchased locally and used in the study.

2.2. Characterization of Raw Materials

Characterization techniques such as chemical analysis, particle size analysis, Unified Soil
Classification System (USCS), specific gravity, and Atterberg limits were taken into consideration.
Chemical analyses of fly ash and soil were performed using X-ray fluorescence dispersive (XRF,
Shimadzu Model EDX-720, Shimadzu Corp., Kyoto, Japan), X-ray diffractometer (XRD, Multiflex
Rigaku Automated Powder X-ray Diffractometer, Rigaku Corp., Tokyo, Japan), and Fourier transform
infrared (FTIR, Thermo Nicolet FT-IR Spectrometer 6700, Thermo Fisher Scientific, Waltham, MA,
USA) spectroscopy. Elemental analysis was performed by irradiating the sample with X-ray beams
generated from a voltage of 50 kV and a current of 35 A using X-ray fluorescence (XRF) instrument.
For particle size analysis of CFA, dynamic light scattering was considered with a single exposure and
a total exposure time of 10 s using sodium lauryl sulfate as a solvent. The particle size of the soil
was determined using sieve analysis in accordance with ASTM D-422 procedure. The specific gravity
was determined using the method specified in ASTM D-854. The Atterberg limit, which includes the
plastic limit and the liquid limit of soil, was determined in accordance with ASTM D-4318. The soil
type was determined based on a unified soil classification system (USCS) using the data obtained from
the Atterberg limit and particle size distribution.

2.3. One-Part Geopolymer Synthesis

A mixture of coal fly ash (CFA), soil (SO), and alkali activator equivalent to 22.58% CFA, 67.74% SO,
4.84% SH, and 4.84% SS was prepared [29]. One-part geopolymer binder was made by adding water
to the dry mixture of CFA, SH, and SS using a 0.17 water/dry mixture ratio. This one-part geopolymer
binder was then mixed with soil. The soil-geopolymer was then compacted in a 50 mm diameter
by a 100 mm height cylindrical mold for 3 layers of about 25 tamps per layer. The molded samples,
one control and two experimental, were sealed and cured for 28 days under ambient conditions.
The control sample (SO-CFA) was then characterized for unconfined compressive strength (UCS),
XRD, FTIR, and SEM-EDX analyses. The compressive strength of soil-fly ash geopolymer cement was
measured using Digimax Uniframe Loading with a displacement speed of 0.05 mm/min. On the other
hand, the two experimental samples were subjected to acid resistance test.

2.4. Acid Resistance Test

One of the problems in the construction industry over Portland cement is the chemical attack,
which can either be in the form of acid or sulfate attack, as it causes deterioration which changes
the behavior of the material. Sulfuric acid was chosen as the test media because it can attack the
matrix by both acid and sulfate attack. Several studies have evaluated the acid resistance property
using a 5% (percentage by weight) sulfuric acid solution due to its aggressive condition [19,30,31].
Acid resistance is thus defined as the ability of the material to resist acid attack when exposed to
such aggressive environment [32]. Hence, after curing for 28 days, the hardened soil geopolymer
samples, SO-CFA-28 and SO-CFA-56, were immersed in a 5% (percentage by weight) sulfuric acid
solution for 28 days and 56 days, respectively [19,25]. The unconfined compressive strength (UCS)
was measured after the immersion. To investigate the chemical stability of soil-fly ash geopolymer
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cement, the samples exposed in acidic condition for 28 days (SO-CFA-28) was further evaluated using
XRD, FTIR, and SEM-EDX analysis.

2.5. Leachability Test

Leaching tests are used to assess the environmental characteristics and risks of a material,
which can be applicable to soil-fly ash (SO-CFA) geopolymer cement. In this study, a modified column
leaching test set-up (Figure 1) was employed in evaluating the leaching of metals such as Na, Si, Al, Ca,
Fe, As, Cr, Pb, and Cd [33]. This type of leaching method requires continuous downflow of leachant in
the solid material simulating the transport of aqueous media in the field. Soil geopolymer sample with
the same mix proportion in Section 2.3 was prepared, molded in a PVC mold (6.5 cm diameter × 13.0 cm
height), and then cured for 28 days at ambient temperature. The mold containing soil geopolymer
cement sample was then attached to a modified column leaching test set-up. The continuous flow of
deionized water as leachant was supplied using a peristaltic pump with a speed of 0.3 rpm. Leachate
was collected until it accumulates a volume equivalent to 5 pore volumes. One pore volume is
considered as one leachate cycle. At the end of each cycle, the leachate was collected for metal analysis
concentration using the Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Agilent
5100 ICP-OES, Agilent Technologies, Santa Clara, CA, USA). For this experiment, one pore volume
was calculated to be equal to 172 mL, which was collected for 10 h. Pore volume was calculated using
the equations below:

Total volume, V =
πd2

4
× h (1)

Voids ratio, e =
γw Gs

γd
− 1 (2)

Volume of solids, Vs =
1

1 + e
× V (3)

Volume of voids, Vv = V − VS (one pore volume) (4)

where γd is the dry density of SO-CFA geopolymer cement, γw is the water density, Gs is the specific
gravity of soil-fly ash geopolymer cement, d is the diameter of soil-fly ash geopolymer cement, and h
is the height of soil-fly ash geopolymer cement.

2.6. X-ray Diffraction (XRD) Measurements

The crystalline phase of both raw materials and geopolymer was determined using Multiflex
Rigaku Automated Powder X-ray Diffractometer (Cu Kα radiation; λ = 1.54 Å, Voltage = 40 kV,
Current = 30.0 mA). The sample was pulverized in an agate mortar until it reached a grain size
of ~10 µm. The powder sample was mounted on the XRD holder and was then subjected to a
full scan analysis with a measuring angle of 5◦–60◦, 2θ. The resolution for this analysis was set at
0.020, with a scan speed maintained at 2◦ per minute. Minerals were identified by Match Crystal
Impact software version 3.4.2 (CRYSTAL IMPACT, Bonn, Germany), which uses the Inorganic Crystal
Structure Database.

2.7. Fourier Transform Infrared (FTIR) Spectroscopy Measurements

FTIR spectroscopy technique was performed by the potassium (KBr) method with Thermo
Nicolet FT-IR Spectrometer 6700. For background measurements, the KBr powder was pressed into
a thin circular film and was then analyzed using a transmittance mode range of 500–4000 cm−1.
Powder sample (about 0.1–2% KBr) and KBr were then mixed and ground in an agate mortar.
The mixture was pressed into thin and transparent pellet then placed into the instrument to evaluate
the structural bonding properties of soil-fly ash geopolymer cement.
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Figure 1. Schematic diagram of the modified column leaching test set-up.

2.8. Scanning Electron Microscope-Energy-Dispersive X-ray (SEM-EDX) Spectroscopy Analysis

SEM-EDX analysis were carried out using a field-emission scanning electron microscope (FESEM
Dual Beam Helios Nanolab 600i, FEI, Hillsboro, OR, USA) with a voltage = 2.0 kV and beam
current = 43 pA equipped with energy dispersive X-ray spectroscopy (EDS, FEI, Hillsboro, OR,
USA) with a voltage of 15.0 kV and beam current of 0.69 nA. The fractured samples were first stored in
a desiccator with silica gel for 24 h. The samples were then coated with a thin layer of gold using a
sputter-coater to become conductive. The coated sample was mounted to the stub using conductive
double-coated carbon tape and then placed in the instrument for analysis.

3. Results and Discussion

3.1. Characterization of Raw Materials

3.1.1. Physical Properties

Table 1 summarizes the physical properties of the soil (SO) and coal fly ash (CFA) used as raw
materials. Soil used in this work is classified as brown silty sand (SM) in accordance with unified
soil classification system. This indicates that the soil primarily composed of coarse-grained particles.
In Figure 2, the grain size distribution of soil shows that more than 12% of its particles passed
through sieve no. 200. By definition of Unified Soil Classification System (USCS), SM type of soil has
characteristics of poorly graded sand-silt mixtures. Moreover, in terms of strength rating pertaining
to value for foundations, it is rated as good to poor bearing value. When this type of soil becomes
saturated, it may lead to additional construction problem. The non-plasticity result of the Atterberg
limit of soil also shows that it is cohesionless, which means that the strength of the soil solely depends
on the friction between the particles. This may be one of the reasons why pure soil cannot be molded.
This is in agreement with the results of the study conducted in [34] where the same type of soil
could not be molded for UCS testing. Hence, this kind of soil needs to be reinforced or stabilized for
geotechnical engineering applications such as that of backfill.
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Table 1. Physical properties of raw materials.

Property Soil Coal Fly Ash

Specific Gravity 2.54 2.85
Liquid Limit None 12

Plasticity Index NP 1
Median Particle Size, mm 0.70 0.00192

On the other hand, the specific gravity values of soil and fly ash used in this study are 2.54 and
2.85, respectively. A variation on the value of specific gravity depends on the composition of the
material. The obtained values of specific gravity correlate with the grain size as shown in Figure 2,
which clearly illustrates that fly ash has finer particles with a median diameter of 0.00192 mm, as
compared with the soil with a median diameter of 0.70 mm. The gradation and Atterberg limit of fly
ash show that it is predominantly composed of clayey fine-grained particles of low plasticity with a
liquid limit value of 12. The liquid limit and plasticity index characteristics explain the behavior of the
material when it becomes saturated with water. A high value of liquid limit could mean more water
is needed to saturate the mixture and a higher value of plasticity index could mean that the material
consists of clayey particles. These parameters are relevant because these can affect the workability of
the mixture [35].
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3.1.2. Chemical Properties

Soil and coal fly ash are primarily composed of oxides of silicon (SiO2), iron (Fe2O3), aluminum
(Al2O3), and calcium (CaO) as shown in Table 2. The coal fly ash is classified as ASTM class F fly ash
or low-calcium fly ash with a total SiO2, Al2O3, and Fe2O3 of 77.83% (i.e., more than 70% of the total
weight according to ASTM C 616-03). The presence of alumina and silica compounds in coal fly ash is
an indication that it can be used as geopolymer precursor.

The presence of Si and Al structural bond of soil and coal fly ash were also confirmed using FTIR
analysis as presented in Figure 3. The presence of aluminosilica functional group was demonstrated on
wavenumber range 900–1100 cm−1. The anti-symmetric Si–O–T stretching vibrations (T represents either
Si or Al) of soil and coal fly ash were illustrated at a wavenumber of 1032 and 912 cm−1, and 1099 and
1020 cm−1, respectively [36]. Moreover, spectral peak in the range of 538–779 cm−1 is the bending
vibration mode of Si–O–T bonds. The presence of peaks at 3423–3620 cm−1 and 1637–1649 cm−1 are
assigned to the O–H stretching vibration, which is indicative of moisture in the raw materials [11].
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Table 2. Chemical composition of soil and fly ash.

Oxide Soil (Mass %) Coal Fly Ash (Mass %)

SiO2 38.87 24.65
Fe2O3 34.06 44.63
Al2O3 12.53 8.55
CaO 6.82 16.04
TiO2 3.09 1.32
K2O 1.87 1.18
SO3 - 1.63

Others 2.76 2.00
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bending vibration).

The mineralogical phase of soil as shown in the XRD pattern of Figure 4 contains quartz (SiO2)
and magnetite (Fe3O4). The presence of these minerals can be correlated with the result of XRF analysis
of soil composed of oxides of silica and iron. Another crystalline present in soil is montmorillonite
((Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O)). A hump background between 20◦ and 40◦ 2θ of soil may
correspond to the amorphous content of material [11,37]. Additionally, the XRD pattern of coal fly
ash reveals the presence of quartz (SiO2), hematite (Fe2O3), and magnetite (Fe3O4). These minerals
can be associated with the abundance of silica and iron compounds, which can be correlated with
the result of elemental analysis of coal fly ash. The notable broad peaks between 29◦ and 44◦ 2θ of
CFA, as depicted in Figure 4, may indicate that a substantial fraction of coal fly ash is amorphous. It is
believed that the amorphous content of the material has played a major role in geopolymerization
due to its reactive nature. This can be correlated with the study conducted in [17], wherein materials
having a high amorphous content were found to yield geopolymer with better mechanical properties
in binders [38]. The presence of minerals is in agreement with the result of XRF analysis and IR analysis
as demonstrated in Table 2 and Figure 3. Moreover, the presence of iron in XRF analysis has also been
depicted in the XRD pattern with the presence of hematite (Fe2O3) and magnetite (Fe3O4).
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3.2. Acid Resistance Behavior

3.2.1. Unconfined Compressive Strength

The control sample soil-fly ash (SO-CFA) geopolymer, not immersed in acidic condition, was
tested after the 28-day curing has a recorded unconfined compressive strength of 1.0 MPa. Note that
such strength development of the stabilized soil even at ambient curing suggests geopolymerization
has occurred. Geopolymeric gels that are formed in the soil can assist the soil particles to form more
compact microstructures [18]. The soil used in this study is nonplastic and cannot be molded to exhibit
measurable unconfined compressive strength; however, when mixed as part of one-part geopolymer
binder system, it has strength that can be used as backfill/foundation. With the standard stated in the
National Structural Code of the Philippines, stabilized soil with an unconfined compressive strength
of at least 0.075 MPa (75 kPa) for the SM type soil can be recommended for backfill/foundation
applications [39].

Moreover, our study indicates that strength development of soil-fly ash (SO-CFA) geopolymer
still progressing even if the specimen is immersed in 5% (percentage by weight) sulfuric acid solution.
The measured unconfined compressive strength of soil-fly ash geopolymer cement immersed in acidic
condition for 28 and 56 days were 2.6 and 3.2 MPa, respectively. The results of the compressive strength
show that the matrix of soil-fly ash geopolymer cement seemed not to be affected by the presence of
an acid. Likewise, the strength of soil-fly ash geopolymer immersed in acidic condition has also been
found to increase as the length of immersion increases.

As for the product designed for fit to purpose, the soil-fly ash geopolymer developed in this study
has an unconfined compressive strength comparable to soil stabilized with lime and/or cement despite
its exposure to a more aggressive environment as shown in Table 3. Based on several studies, soil
treated with lime has a range of unconfined compressive strength value of 0.01–3.0 MPa. Conversely,
soil stabilized with cement can have unconfined compressive strength values ranging from 0.10 to
0.90 MPa.

The increase in unconfined compressive strength of this study during the sulfuric acid immersion
was not in agreement with the result of the study conducted in [25], wherein a loss in strength was
recorded. The mechanism that may occur during sulfuric acid immersion involves an attack of acid on
aluminosilicate bonding present in the geopolymer matrix. This behavior may result in deterioration of
the geopolymeric network, particularly attacking the aluminosilicate bonding, which could result in an
increase in the formation of Si–OH and Al–OH, and thereby a loss in compressive strength. However,
the strength loss was not observed in this study. In fact, an increase in strength was manifested.
This may be attributed to the type of gel matrix formed and may be closely related to the intact
geopolymer network structure of the Si–O and Al–O in the matrix, which makes the soil-fly ash
geopolymer cement in this study an acid resistant. Similar findings were observed in [19], in which the
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geopolymer was a better acid resistant due to the intact matrix of the geopolymeric network and to the
possible neutralization of Na-rich gel with acidic media.

Table 3. Unconfined compressive strength between lime/cement stabilized soil and soil-fly ash
geopolymer cement.

Mixture Condition Prior UCS Testing Unconfined Compressive
Strength (UCS)/MPa References

Geopolymer (FA +
Alkali Activator)

28 days curing + Immersion in
acid solution for 28, and 56 days 1.0–3.2 This study

Cement 7, 28, 90 days curing 0.50–0.90 [40]
Waste Limestones 28 days curing 0.07 [34]

Lime-Cement 30 days curing 0.10–0.70 [41]
Lime 7, 15, 30, 45 days curing 0.01–0.08 [42]

Cement 7 days curing 0.10–0.24 [43]
Lime 7, 90 days curing 0.40–2.40 [44]
Lime 3, 7, 21, 28 days curing 0.25–3.00 [45]

3.2.2. Structural Bonding Property

The structural bonding of the control soil-fly ash geopolymer cement (SO-CFA) and acid-immersed
soil-fly ash geopolymer cement (SO-CFA-28) were investigated using FTIR analysis as presented in
Figure 5. Table 4 shows the values of the observed peak of raw materials, SO-CFA, and SO-CFA-28.
The O–H antisymmetric was observed at 1637–1643 cm−1 [46]. Main structural bonds are located
at peaks between 900 and 1099 cm−1 which indicates Si–O–T (T, either Al or Si) anti-asymmetric
stretching [36].

Table 4. Spectral peaks assignment.

Assignment of Spectral Peaks SO CFA SO-CFA SO-CFA-28

O–H anti-symmetric stretching 1643 1639 1639 1637
Si–O–T anti-symmetric stretching 912, 1032 1099, 1020 1018 1032

Si–O–T bending vibration 748, 685, 538 773, 602 692,542 779, 692, 536

As shown in Figure 5, the narrowing of peaks was observed between the spectra of raw materials
and soil-fly ash (SO-CFA) geopolymer cement. This may be due to the further stretching of the
Si–O–T bonds. It was also observed that a shift in peaks occurred on the main bands of SO, CFA,
and SO-CFA samples toward a decreasing wavenumber, from 1099 to 1018 cm−1. The shift of this
band is indicative of the geopolymerization in the solid matrix [47,48]. Additionally, peaks within the
main band for SO-CFA-28 were clearly sharper than those of the SO-CFA sample. This is an indication
of a change in the structural matrix of geopolymer brought by either the attack of the acid or the
further development of the geopolymer matrix. A shift in peaks to increasing wavenumbers, from
1018 to 1032 cm−1, of the SO-CFA and SO-CFA-28 samples may indicate partial depolymerization of
the amorphous gel matrix due to acid attack, thereby dissolving some of the amorphous content of the
gel matrix [48]. Similar findings were reported in [14], wherein the shift in peaks was caused by the
depolymerization due to acid attack. Partial dissolution of the gel matrix could result in a compressive
loss of the geopolymer. However, with the increasing unconfined compressive strength as reported in
Section 3.2.1, this mechanism is not evident with the SO-CFA-28 sample. This partial depolymerization
that may have occurred still has not caused significant impact to affect the unconfined compressive
strength of soil-fly ash geopolymer cement developed in this study. This observation can be correlated
with the hypothesis on the possible intact network that had been formed on the SO-CFA-28 sample,
making it an acid-resistance material [19].
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3.2.3. Mineralogical Phase

The difference in mineralogical phase between soil, coal fly ash, SO-CFA, and SO-CFA-28 has
been demonstrated in Figure 6. The presence of minerals such as quartz (SiO2), hematite (Fe2O3),
and magnetite (Fe3O4) are expected given that the soil and coal fly ash contain oxides of silica and iron.
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Figure 6. XRD comparative analysis of SO-CFA and SO-CFA-28 (Q—Quartz; Hm—Hematite;
Mg—Magnetite; G—Gypsum; A—Anorthite; Al—Albite).

The disappearance of some peaks between the raw material and the soil-geopolymer cement
(SO-CFA and SO-CFA-28) is worth noting. The disappearance of peaks, as for the case of
montmorillonite ((Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O) and hematite (Fe2O3), may be associated
with the concealing of amorphous phase over the crystalline phase. This may also imply that crystalline
components, for instance, quartz and magnetite initially present in the precursor, have not participated
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in geopolymerization [47]. Interestingly, geopolymerization using soil, CFA, and solid alkali activators
has led to the formation of new crystal–anorthite (CaAl2Si2O8) and albite (NaAlSi3O8) as shown in
the SO-CFA pattern. This is an indication that the components such as SiO2 and Al2O3 present in raw
materials and alkali activators have reacted. Given the acidic media contains sulfate ions, the presence
of gypsum (CaSO4·2H2O) in SO-CFA-28 is expected.

After further exposure to the acidic environment, the mineralogical phase of soil-fly ash geopolymer
cement (SO-CFA-28) was examined. The disappearance of albite and anorthite peaks have been observed
and may be explained similarly to the mechanism behind weathering. The disappearance of albite peaks
may be associated with its dissolution in acidic media. This results in the exchange of hydrogen ions for
sodium ions at the surface of the albite, breaking Al–O bonds and forming an Si-rich precursor, and the
hydrolysis of Si–O bonds [49]. On the other hand, anorthite weathering requires only the breaking
of the Al–O bonds [50]. The framework of the anorthite with an Si/Al ratio of 1, upon exposure to
acidic media, may deteriorate due to the attack of the hydrogen ions. This deterioration may result in
the detachment of calcium and aluminum, thereby leaving tetrahedra of silica [50]. The presence of
available calcium ions, which resulted from the dissolution of anorthite and sulfate ions from acidic
media, leads to the formation of a new crystal, with peaks of gypsum (CaSO4·2H2O ) at 11.60◦ and
20.70◦ 2θ, in the SO-CFA-28 sample [19]. This finding is similar to that found in [19], in which the
formation of a new crystal such as gypsum was observed after immersion in a sulfuric acid solution.

Exposure of anorthite in the acidic environment could result in (i) the dissolution of a framework
resulting in amorphous polymer and (ii) the further formation of N–A–S–H and C(–A)–S–H gel.
The increase in unconfined compressive strength upon exposure in the acidic environment may be
explained by the idea that the crystalline geopolymer was more stable than amorphous geopolymer
when exposed to an acidic environment [32]. In this case, the dissolution of anorthite may have caused
an increase in strength. Similar findings were observed in [51]. The results of that study showed a
disappearance and formation of new peaks in XRD analysis. Notable findings such as an increase in
strength of geopolymer binders over time and a decrease in strength of a cement-based binder under
acidic media were also observed. The N–A–S–H gel phase present in geopolymer binder is believed to
neutralize the acid, thereby preventing the matrix from further deterioration [19].

In the case of cement-based binder, deterioration is attributed to the attack of an acid on the
calcium hydroxide in the cement paste and on the C–S–H framework, which could lead to the formation
of more gypsum in the matrix. The presence of gypsum in the matrix can be detrimental because of its
solubility in water [52]. This could affect the long-term durability, as the presence of this mineral can
cause expansions and cracks. This may explain the advantage of a matrix with a N–A–S–H/C(–A)–S–H
gel over one with a C–S–H gel that is typically found in ordinary Portland cement-based binder systems.
This also supports our hypothesis that an intact geopolymeric network has been developed in this
study, which results in an increase in compressive strength despite the presence of gypsum. The result
of the XRD pattern is also in agreement with the result of FTIR analysis, wherein a change in structure
was evident with the shift of peaks, which corresponds to the formation of new crystals/component in
the soil–geopolymer cement matrix.

3.2.4. Surface Morphology

Morphological characteristics of soil-fly ash geopolymer cement without immersion (SO-CFA
sample) and with immersion in 5% by weight sulfuric acid for 28 days (SO-CFA-28 sample) were
carried out using SEM-EDX analysis. The SEM images (Figure 7a,b) of the SO-CFA samples clearly
contain a number of spherical particles similar to the morphology of coal fly ash. The spherical
particles that cause large voids and pores in the matrix may be attributed to the unreacted coal fly ash
(Figure 7c–e). Partial polymerization of CFA particles has also been observed as shown in Figure 7f.
Furthermore, the presence of needle-like structures was observed in Figure 7e, which also indicates
partially dissolved coal fly ash in the sample [53]. Additionally, the magnification of SO-CFA SEM
images reveals that some of the spherical particles are covered with a corrugated surface (Figure 8a) [54].
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As confirmed by EDX analyses presented in Figure 8b, spikes of iron and oxygen have been noted.
These resemble the morphology of hematite (Fe2O3) and magnetite (Fe3O4) [55]. This is consistent
with the result of the XRD pattern of the SO-CFA sample in Section 3.2.3.
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Figure 7. SEM images of SO-CFA sample. (a) unreacted fly ash at 750× magnification; (b) unreacted fly
ash at 700× magnification; (c,d) partially dissolved fly ash at 2500× magnification; (e) presence of voids
and needle-like structures at 5000× magnification; (f) partial polymerization at 750× magnification.
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Figure 8. EDX analysis on the region of interest for (a) magnetite and (b) hematite in the
SO-CFA sample.

On the other hand, SO-CFA-28 has a homogeneous phase structure as evidently illustrated in
Figure 9a–d, relative to the SO-CFA sample. It also contains a lesser amount of unreacted coal fly
ash. The smaller voids and pores on the morphology led to a well compacted and cemented surface.
A rod-like structure from a broken sphere was also observed (Figure 9e). Based on the EDX analysis,
this morphology has a high iron content. Another study [56] showed similar characteristics in which
such a surface was described as having a prismatic needle feature. This may indicate the partial
dissolution of coal fly ash, resulting in the exposure of smaller particles.

Moreover, hexagonal shape structures were also evident in the sample (Figure 9f). As confirmed
by EDX analysis (Figure 10), these structures are rich in calcium and sulfur. This resembles gypsum
(CaSO4·2H2O). Formation of gypsum may be explained by the mechanism behind the sulfate attack in
the matrix. This involves the reaction of sulfate ions from acidic media with the free calcium present
in the geopolymeric gel. Evidence of gypsum formation was also revealed in the XRD patterns of
SO-CFA-28 (Figure 6).
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Figure 9. SEM image of SO-CFA-28 sample. Cemented and compacted structure at various magnifications
(a) 700× magnification, (b) 1000× magnification, (c) 1500× magnification, (d) 700× magnification;
(e) rod-like structure at 10,000× magnification; (f) presence of gypsum at 1500× magnification.
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Figure 10. EDX analysis on the rectangular region of interest suspected of gypsum formation on
SO-CFA-28 sample.

Based on the EDX results, SO-CFA and SO-CFA-28 samples were composed of Si, Al, Na, Ca, Fe, O,
and C. Geopolymeric gel microstructures were investigated by calculating the following molar ratios
based on elemental composition: Si/Al, Na/Al, Na/Si, Ca/Si, and Fe/Si. Results are summarized in
Table 5.

Table 5. Summary of molar ratios based on the result of EDX analysis of gel formation.

Sample Si/Al Na/Al Na/Si Ca/Si Fe/Si

SO-CFA 3.91 ± 1.86 1.62 ± 0.50 0.50 ± 0.25 0.17 ± 0.12 1.04 ± 1.36
SO-CFA-28 2.61 ± 0.68 1.00 ± 0.40 0.38 ± 0.11 0.55 ± 1.04 0.31 ± 0.15

Based on the calculated molar ratios, SO-CFA dominantly composed Na-rich gels, while
SO-CFA-28 sample comprises of gels with Na and Ca. The coexistence of these gel matrices, which are
believed to be sodium aluminosilicate hydrate (N–A–S–H) and calcium (alumino) silicate hydrate
(C(–A)–S–H) can cause significant improvement in the compressive strength [57]. This is consistent
with the result of the unconfined compressive strength as presented in Section 3.2.1, in which the UCS
of SO-CFA-28 significantly increased.

The coexistence of these gel matrices has also been observed in [58]. The results showed that the
amount of available calcium ions present in the sample has a significant effect on the formation of
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the gel matrix. Projection of gel chemistry showed that a lower content of calcium in the proportion
mix could produce a N–A–S–H gel. Similar findings were observed in [59], wherein the formation
of N–A–S–H gel demonstrates that some sodium replaces calcium in the C–S–H matrix. On the
other hand, a higher content of calcium could produce a chain silicate of C(–A)–S–H gel. This can be
correlated with the XRD pattern of SO-CFA-28 in which there was a potential increase in available
calcium ions due to the disappearance of anorthite peaks. An increase in calcium ions could favor
the development of C(–A)–S–H and hence an increase in Ca/Si molar ratios. This gel formation
mechanism may also explain the coexistence of both gels probably present in the SO-CFA-28 sample.

The high amount of iron present in the matrix is also worth noting. It is believed that the
iron component participates in geopolymerization [56]. This can be correlated with the result of XRD
analysis of raw materials and geopolymer, as presented in Figure 6. Peak intensities of iron-rich crystals
almost disappeared after further geopolymerization. Given the molar ratios summarized in Table 5,
these gel compositions resemble a typical poly(ferro-sialate-siloxo) and poly(ferro-sialate-disiloxo)
type of binder with a formula relatively close to [Ca,Na]–[–Fe–O–]x–[Si–O–Al–O–]1−x–[–Si–O–]y with
x values less than or equal to 0.5 and y values between 0 and 25 [60].

3.3. Leachability Behavior

Table 6 shows the concentration of different metals leached from the control soil-fly ash
geopolymer cement using ICP OES after 10, 20, 30, 40, and 50 h of cycle time. A considerable
amount of Al, Ca, Fe, Na, and Si exhibits high leachability. A trace amount of heavy metals such as
As, Cd, Cr, and Pb has been observed. A high concentration of Al, Na, and Si is attributed to the
high initial content of Al, Na, and Si in the raw material and alkali activator. A minimal amount
of Fe has been leached out, from 12.54 ppm in the 1st cycle to 0.94 ppm in the 5th cycle, despite its
high content in soil and coal fly ash. The lower solubility may be attributed to the incorporation
of the Fe in the geopolymer matrix. This is consistent with the result of microstructure analysis as
presented in Section 3.2.4, wherein the gel matrix is predominantly a typical poly(ferro-sialate-siloxo)
or poly(ferro-sialate-disiloxo) binder. Additionally, Ca leaching may support the presence of gypsum
in the geopolymer matrix in SO-CFA-28. This is evidence that the free calcium compounds may have
reacted with the sulfuric acid solution, thereby forming gypsum. The leached out Ca may come from
the unreacted Ca in the matrix due to the insufficient amount of reactive silica and alumina available
for gel formation. The minimal amount of percentage leached of Ca after 5 cycles may have been due
to its incorporation as part of the anorthite (CaAl2Si2O8) framework.

Table 6. Concentration (ppm) of leached metals.

Cycle Contact Time (h) Al Ca Fe Na Si As Cd Cr Pb

1st 10 119.765 6.76 12.54 18720.57 17.98 12.09 0.001 1.21 0.92
2nd 20 37.936 2.57 3.68 7624.63 67.27 2.78 0.001 0.30 0.45
3rd 30 27.707 2.67 2.18 5114.85 54.56 1.36 0.001 0.18 0.69
4th 40 15.51 1.78 0.87 3899.48 10.06 0.92 0.185 0.14 2.00
5th 50 16.28 1.76 0.94 3145.73 15.17 0.66 0.057 0.14 1.19

Moreover, the leached out metals such as Al, Ca, Fe, Na, and Si were compared against the
initial concentration present in the mixture as shown in Table 7. It is clearly shown that 18.28% of
Na leached out after five cycles. This may be attributed to the excess alkali content in the mixture.
Furthermore, Fe has been observed to leach out in a minimal amount against its initial concentration.
This clearly illustrates and gives us the conviction that the iron component of the material has been
incorporated in the geopolymer matrix. This has also been demonstrated in the study conducted
in [56] in which the geopolymeric gel resembles the typical compositions of poly(ferro-sialate-siloxo)
and poly(ferro-sialate-disiloxo).
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On the other hand, the heavy metals leached, such as Cd, Cr, and Pb, given the lower concentration
leached out, indicates a lower solubility in the extractant. Immobilization of these heavy metals in
a high-pH condition has been reported elsewhere [61,62]. Because these heavy metals are cationic
species and the geopolymeric gel is basic in nature, an effective immobilization may have occurred [63].
However, the high concentration of leached-out arsenic (12.09 ppm) as compared with other heavy
metals may indicate that it is mobile in a basic solution. The same results were obtained in [64] and [65],
wherein heavy metals such as As were found to be more mobile in the basic environment. Arsenic in
leachate exists as oxy-anions in two oxidation states namely arsenite (AsO3

3−) and arsenate (AsO4
3−).

The former is considered to be more toxic. The mobility of As in a basic condition may be attributed
to the co-existence of its oxy-anions in the pH range of 6–9 [66]. The same behavior of As has been
reported in [63], wherein anionic species become leachable in a high-pH environment. The reduction
in the concentration of As from 12.09 ppm in the first cycle to 2.78 ppm in the second cycle could
mean a reduction in mobility. This may be attributed to the presence of a calcium compound in the
geopolymer matrix. This is also in agreement with the study in [67], wherein the results showed that
the presence of calcium could reduce the mobility of arsenic. The presence of calcium may result in
the precipitation of highly insoluble calcium arsenate. Considering the natural basic environment of
soil-fly ash geopolymer cement, further studies on the leaching behavior of arsenic are recommended.

Table 7. Percentage leached out of metals with respect to initial concentration.

Metal Initial Concentration (ppm) Cumulative Concentration after
5 Cycles (ppm) Percentage Leached (%)

Al 84,143 43 0.052
Ca 88,335 3 0.004
Fe 357,783 4 0.001
Na 42,120 7701 18.28
Si 237,957 33 0.014

4. Conclusions

This study has evaluated the acid resistance and leachability of geopolymer from soil-fly ash
mixture using a one-part geopolymer binder system. The following findings can be drawn:

1. The soil-fly ash geopolymer cement showed a promising result in terms of compressive strength
considering that the strength further increased after acid exposure, from 1.0 MPa (without
immersion) to 2.6 MPa (28-day immersion) and 3.2 MPa (56-day immersion). This indicates that
the soil-fly ash geopolymer cement used in this study is an acid-resistant material that can be
used as backfill/foundation.

2. The shift in peaks of FTIR spectra and decrease in peaks of XRD pattern between raw material
and soil-fly ash geopolymer cement was found to be a manifestation of geopolymerization.

3. No deterioration was observed on the soil-fly ash geopolymer cement matrix as manifested in
the result of UCS and SEM-EDX analysis. However, the formation of gypsum was observed on
the samples, which indicate that the calcium compounds in the matrix reacted with the sulfates
of the acidic medium.

4. Soil-fly ash geopolymer cement (SO-CFA) was dominantly composed of Na-rich gel.
The coexistence of gel, sodium aluminosilicate hydrate (N–A–S–H), and calcium (alumino)
silicate hydrate (C(–A)–S–H) on soil-fly ash geopolymer cement exposed to acidic conditions
(SO-CFA-28) were observed.

5. High concentrations of Al, Na, and Si are attributed to a high initial content of Al, Na, and Si in
the raw material and alkali activator content. The lower solubility of Fe may be attributed to
the incorporation of the Fe in the geopolymer matrix. Ca leaching may support the presence of
gypsum in the geopolymer matrix. The concentration of metals shows a decreasing pattern with
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contact time except for Cd and Pb. A high concentration of As at the first cycle may indicate that
it is more mobile in a basic solution as compared with other heavy metals.

Future works will investigate the long-term durability of the material. Sustainability assessment
including cost analysis will also be done for large-scale geotechnical engineering applications.
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