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A B S T R A C T

The continuous accumulation of artisanal and small-scale gold mining (ASGM) tailings in the Philippines without
adequate storage and disposal facility could lead to human health and environmental disasters in the long run. In
this study, ASGM tailings was simultaneously stabilized and repurposed as construction material via geo-
polymerization using coal fly ash, palm oil fuel ash and a powder-based alkali activator. Scanning electron mi-
croscopy with energy dispersive X-ray spectroscopy (SEM-EDS) identified iron sulfides in the tailings containing
arsenic (As), cadmium (Cd), copper (Cu), lead (Pb) and zinc (Zn), which could be released via weathering. The
average unconfined compressive strengths (UCS) of tailings-based geopolymers at 14 days curing were 7.58 MPa
and 7.7 MPa with fly ash and palm oil fuel ash, respectively. The tailings-based geopolymers with palm oil fuel ash
had higher UCS most likely due to CASH reaction product formation that improved strength formation. The
toxicity characteristic leaching procedure (TCLP) results showed very low leachabilities of As, Pb and Fe in the
geopolymer materials suggesting ASGM tailings was effectively encapsulated within the geopolymer matrix.
Overall, the geopolymerization of ASGM tailings is a viable and promising solution to simultaneously stabilize
mining and industrial wastes and repurpose them into construction materials.
1. Introduction

Gold (Au) is one of the most valuable metals known to man. Tradi-
tionally, this metal is extensively used in jewellery and as a safe invest-
ment in the banking and financial sectors (Calderon et al., 2019, 2020;
Jeon et al., 2020a, b) but in recent years, it is finding a myriad of other
rapidly growing applications like (i) corrosion-resistant wires and coat-
ings in integrated circuits and printed circuit boards for electronics,
computers and high-tech gadgets (Phengsaart et al., 2018; Jeon et al.,
2018a, b, 2019), (ii) as catalysts in electric cars and clean technologies
(Ghenciu, 2002; Zielasek et al., 2006), (iii) as detectors in ultra-sensitive
sensors (L€ofås and Johnsson, 1990; Lucarelli et al., 2004), and (iv) as a
promising drug delivery system for cancer research (Ghosh et al., 2008;
Paciotti et al., 2004). Because of its versatility, Au price has rapidly
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increased in the last 20 years fueling high demand for this precious metal
worldwide (Huang and Kilic, 2019).

Large-scale mining operations employing state-of-the-art Au hydro-
metallurgical techniques and following strict environmental and waste
management protocols are the norm worldwide (Tabelin et al., 2021),
but small-scale gold mining (ASGM) operations remain commonplace
especially in low- and middle-income countries. In 2011, for example,
Vel�asquez-L�opez et al. (2011) estimated about 15 million active ASGM
operations in over 70 countries. The ASGM industry still heavily rely on
gravity separation-amalgamation, a primitive approach wherein fine
particles of “free” Au are concentrated using panning followed by the
addition of mercury to form a gold-mercury amalgam, which is then
retorted to remove mercury via volatilization. This rudimentary tech-
nique is not only inefficient in terms of Au recovery but also potentially
h 2021
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disastrous to the health of miners as well as the surrounding environment
because processing wastewater and tailings from the majority of ASGM
operations are simply discarded without treatment (Aseniero et al., 2019;
Tabelin et al., 2020a). This means that excess mercury could easily find
its way to rivers, water bodies and bioaccumulate in the food web (Opiso
et al., 2018; Williams et al., 1995). To make matters worse, many Au
deposits mined by ASGM operations are formed under hydrothermal
conditions, well-known ore-forming geological phenomena that
concentrate Au and base metals like copper (Cu), lead (Pb) and zinc (Zn)
in sulfide minerals like pyrite (FeS2), chalcopyrite (CuFeS2) and arseno-
pyrite (FeAsS) (Park et al., 2018a; Tabelin et al., 2012a, b). Upon expo-
sure to the environment, sulfide minerals are dissolved via a combination
of chemical-electrochemical reactions that are promoted by microor-
ganisms (Li et al., 2019a, b; Seng et al., 2019a, b; Tabelin et al., 2017a,
2020b), a process that generates acidic and highly contaminated leach-
ates containing toxic metalloids like arsenic (As) and selenium (Se)
(Marove et al., 2020; Tabelin and Igarashi, 2009; Tabelin et al., 2012c,
2017b; Tamoto et al., 2015) and hazardous heavy metals like Cu and Zn
(Igarashi et al., 2020; Senoro et al., 2020; Tabelin et al., 2013; Tatsuhara
et al., 2012; Tomiyama et al., 2019, 2020).
Figure 1. (a) Recovery process of gold employed by the ASGM operators and the sma
plant) and the collected (d) gold mine tailings, (e) sugar mill lime sludge, (f) coal fl
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Like many developing countries with rich metal and mineral re-
sources, the Philippines has numerous ASGM operators, which accounted
for almost 63% of the entire country's Au production between 2005 and
2014 (Aseniero et al., 2019). ASGM operators recover Au from the ore via
amalgamation and tailings from this process are further reprocessed by
cyanidation to recover more Au as shown in Figure 1(a). This “two-stage”
process is also widely used in other developing countries as reported by
Veiga et al. (2014), producing final tailings with mercury-cyanide com-
plexes. The primary health and environmental problem associated with
ASGM operations are due to their extensive use of mercury, which
although already outlawed by the Philippine government, is still used by
ASGM operators all over the country (Appleton et al., 1999, 2006; Opiso
et al., 2018). The accumulation of potentially hazardous tailings is
another rapidly growing environmental and human health hazard
around ASGM sites. Moreover, the tailings from ASGM operations in the
Philippines are poorly characterized, so whether they contain other
hazardous and toxic elements besides mercury is unknown. These ASGM
tailings are currently dumped into poorly designed tailings dams,
stockpiled without proper containment facilities or disposed of directly
to nearby streams and open fields (Opiso et al., 2018). These practices are
ll scale gold mine in Rosario, Agusan del Sur (b, for the ball-mill and c for the CIP
y ash and (g) palm oil fuel ash.
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exposing the surrounding communities to hazardous wastes that could
cause short- and long-term negative effects to human health and the
environment (Ahmari and Zhang, 2013). For example, the prevalence of
mercury poisoning in communities living close to ASGM sites in Apokon,
Tagum, Davao del Norte, Philippines was already reported in the studies
of Appleton et al. (2006) and Akagi et al. (2000). Because of this, it is
imperative to develop strategies that would stabilize or solidify tailings
from ASGM operations and limit the release of toxic and hazardous
contaminants into the environment.

There are numerous stabilization techniques for mine tailings such as
incorporating them into a lime-cement mixture as sub-grade material
(Ojuri et al., 2016; Park et al., 2019), synthesis of ceramisite (Yang et al.,
2017) and phytoremediation (Wang et al., 2017), but all of them are ideal
for tailings containing minute amounts of sulfide minerals. This is
because sulfideminerals in tailings generate strongly acidic leachates and
anions that rapidly deteriorate cement-based materials (Park et al., 2021;
Tabelin et al., 2018). One recently promising approach to simultaneously
repurpose and treat mine waste and tailings is via alkali activation in a
process called geopolymerization. Some mine tailings are ideal geo-
polymer materials because they contain high clay and aluminosilicate
minerals (Aseniero et al., 2019; Gitari et al., 2017), which are essential
components for the geopolymer matrix to form. In this process, alumi-
nosilicates are dissolved in highly-concentrated alkali hydroxide or sili-
cate solution to form a structurally stable material composed of
amorphous, interconnected Si–O–Al polymeric matrices via a combina-
tion of diffusion, coagulation and polycondensation (Abdel-Gawwad and
Abo-El-Enein, 2016; Rajamane et al., 2009). Geopolymers have excellent
mechanical properties that are sometimes comparable to concrete or
fired bricks when prepared under optimum conditions (Abdul Rahim
et al., 2015; Caballero et al., 2014).

A previous study of the authors reported that mine wastes and tailings
from key ASGM areas in Mindanao, Philippines, contain substantial
amounts of aluminosilicate and clay minerals, which make them poten-
tially good materials for geopolymerization (Aseniero et al., 2019).
Moreover, these wastes have fine particles that are known to improve the
strength development of concrete (Opiso et al., 2017). However, one
drawback of direct Au mine tailings activation with sodium hydroxide
(NaOH) was the low compressive strength of products because of the
tailings' highly variable Si-to-Al ratio, a critical parameter for optimum
geopolymerization conditions (Davidovits et al., 2013; Kiventera et al.,
2016; Luukkonen et al., 2017).

Another serious drawback of the conventional geopolymer activation
approach is the use of strongly alkaline NaOH and sodium silicate
(Na2SiO3) solutions. Aqueous alkali activators are difficult to handle,
transport and store especially in large-scale application because they are
strongly corrosive (Bayuaji et al., 2017). A workaround to this problems
associated with aqueous activator usage in geopolymerization is to utilize
dry, solid activators. Solid activators like solid NaOH, Na2SiO3,
Na2SiO3⋅5H2O, Na2CO3, NaAlO2, CaSO4, Na2SO4, KOH, red mud, CaO,
MgO, dolomite (CaMg(CO3)2), and Ca(OH)2 have been employed suc-
cessfully in one-part geopolymer mixes (Luukkonen et al., 2017). Among
them, Ca-based solid activators are more efficient because they supply
alkaline earth cations, which promote the formation of different binding
phases (Li et al., 2010). Abdel-Gawwad and Abo-El-Enein (2016), for
example, synthesized a dry activator composed of sodium carbonate
(Na2CO3) and calcium hydroxide (Ca(OH)2) from NaOH and CaCO3,
which increased the mechanical properties of the resulting geopolymer
concrete.

In Mindanao, Philippines, there is a potentially good Ca-rich waste
material locally available called sugar-mill lime sludge, an industrial by-
product in the manufacture and refining of sugar from sugarcane, which
may contain up to 80% of Ca in the form of lime (Opiso et al., 2017).
Excessive Ca(OH)2 in the raw material is, however, detrimental to the
final geopolymer product properties because Ca(OH)2 increases the
relative abundance of acid-soluble C–S–H gel products (Khater, 2012).
One way to inhibit the negative effects on geopolymerization of excessive
3

Ca(OH)2 is to integrate high Si- and Al-bearing coal fly ash and palm oil
fuel ash into the mixture as “filler” materials. Both coal fly ash and palm
oil fuel ash are also abundant industrial wastes found in Mindanao,
Philippines (Tigue et al., 2018).

The development of Au mine tailings-based geopolymers is a sus-
tainable way to recycle, repurpose and stabilize these wastes. In this
study, ASGM tailings were stabilized by geopolymerization using coal fly
ash, palm oil fuel ash and a powder-based alkali activator. Specifically,
this study aims to: (1) identify toxic and hazardous elements found in
ASGM tailings, (2) determine the physico-chemical, mineralogical and
morphological characteristics of synthesized geopolymer and (3) eluci-
date the geochemical stability of hazardous and toxic elements from the
tailings after geopolymerization. The first and second objectives were
achieved by detailed characterization of tailings and tailings-based geo-
polymer samples by X-ray fluorescence spectroscopy (XRF), X-ray pow-
der diffraction (XRD), attenuated total reflectance Fourier transform
spectroscopy (ATR-FTIR), scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS), and standard compressive
strength test while the third objective was accomplished by subjecting
the tailings and tailings-based geopolymer to the toxicity characteristic
leaching procedure (TCLP).

2. Materials and methods

2.1. Sampling and preparation of starting materials

The ASGM tailings (MT) sample was collected in an open ‘dampacan’
or impoundment of ASGM plant located in Rosario, Agusan del Sur,
Philippines while the sugar-mill lime sludge (LS) and coal fly ash (FA)
were obtained from a sugar manufacturing company and a coal-fired
power plant located in the provinces of Bukidnon and Misamis Orien-
tal, Philippines, respectively. Meanwhile, palm oil fuel ash (PF) was also
collected from a palm milling company in Bukidnon, Philippines. The
ASGM plant employed combination of amalgamation and cyanidation in
the recovery process of gold as show in the illustration in Figure 1 (a).
The sampling site and raw materials used were shown in Figure 1 (b).
Collection and preservation of samples were done following
ASTM-D4220 (Standard practices for preserving and transporting soil
samples). Sampling was done using an auger drill at random points on the
impoundment area. Collected samples were placed in a plastic bag with
zip-lock cover as tightly as possible by squeezing out the air. After seal-
ing, the bags were then put in a container protected from direct exposure
to heat. All starting materials were air-dried and sieved through a 2-mm
aperture screen prior to characterization and geopolymerization.
Analytical grade NaOH pellets and glacial acetic acid were also used in
this study.

2.2. Preparation of the powder-based alkali activator

The preparation of powder-based alkali activator (PA) was based on
the procedure used in our previous study (Aseniero et al., 2019). The dry
activator was synthesized by mixing LS with 5 M NaOH at a 0.5 ratio by
weight for 10 min using a rotary mixer until a homogenous mixture was
obtained. The paste was then oven-dried for 8 h at 80 �C to accelerate the
formation of reaction products. After drying, it was cooled, pulverized
and sieved to obtain the less than 150 μm size fraction. NaOH was
selected as an activating solution because it is widely available and is
known as a good solvent of silicate and aluminate monomers (Khale and
Chaudhary, 2007; Singhi et al., 2016).

2.3. Synthesis of geopolymer product

Geopolymer mixtures were prepared using the mixing ratio shown in
Table 1, which were thenmixed with 20% of water equivalent to the total
weight of the dry mixture and stirred in a rotary mixer for at least 10 min.
The amount of FA and PF added was fixed at 10 % of the total mass as it



Table 1. Geopolymer mixing design.

Sample ID MT (%) FA (%) PF (%) PA (%)

GP-FA 40 10 0 50

GP-PF 40 0 10 50

MT-mine tailings, FA-Fly Ash, PF-palm oil fuel ash, PA-powder activator.

Figure 2. Particle size distribution of starting materials.
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shows to have the acceptable consistency of semi-paste character. Higher
amount of these filler materials requires higher water content which
lessen the strength of the resulting geopolymer. The resulting geo-
polymer pastes were poured into a non-reactive 50-mm cubic mold and
placed on a vibrating table for 2 min to remove entrapped air. The molds
were then covered to avoid direct loss of water and stored under ambient
conditions. After 5 days setting, the geopolymers were de-molded,
allowed to cure for 14 days under ambient temperature and then
analyzed for their unconfined compressive strength as well as their
physico-chemical, mineralogical and morphological properties.

2.4. Characterization of samples and geopolymer products

Particle sizes of all starting materials were determined using laser
diffraction (Microtrac® MT3300SX, Nikkiso Co., Ltd., Japan) while the
chemical compositions of the starting materials and synthesized geo-
polymers were determined by X-ray fluorescence (<50 μm loose powder)
(NEXCG, Rikagu Corporation, Japan). For the ATR-FTIR spectroscopy
analysis, the samples were ground manually to <10 μm using an agate
mortar and pestle and then analyzed by an FT/IR-6200 HFV and ATR Pro
One® attachment equipped with a diamond prism (Jasco Analytical In-
struments, Japan) in the range of 400–4000 cm�1. The mineralogical
compositions of the samples were identified using XRD (MultiFlex,
Rigaku Corporation, Japan) on pressed powders. The samples were also
analyzed by SEM-EDS (InTouchScope™, JSM-IT200, JEOL Ltd., Japan)
to identify minerals and phases incorporating the toxic and hazardous
elements.

2.5. Mechanical performance of synthesized geopolymers

Synthesized geopolymer were tested for their unconfined compres-
sive strength after 14 days of curing using a compression machine. Before
testing, the cross-sectional areas of the samples were measured and after
testing, the crushed samples were collected for characterization and the
leaching experiments.

2.6. Leaching procedure

The toxicity characteristics leaching procedure (TCLP) was employed
to determine the leachability of selected toxic trace elements from the
AGSM tailings and synthesized geopolymer (USEPA 1311). Representa-
tive samples were mixed with a 0.57% acetic acid solution at a liquid-to-
solid ratio of 20 and the suspensions were shaken for 12 h at 50 rpm
under ambient conditions. The leachates were collected by vacuum
filtration using 0.45 μm MCE membrane filters. Determination of the
concentrations of selected elements was conducted using an inductively
coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5100,
Argilent Technologies, Inc., USA) (margin of error ¼ �2%).

3. Results and discussion

3.1. Characterization of starting materials

3.1.1. Particle size analysis
All starting materials are less than 150 μm as seen in Figure 2. Among

the three samples, PA (D80 ¼ ~13 μm) had the finest size distribution
while MT was the coarsest at D80 of ~33 μm. D80 is a parameter
4

expressing that 80% of the mass of material is below a certain size. One
important factor to consider in choosing a good source material for
geopolymerization is its grain size. Assi et al. (2018) reported better
mechanical strengths of geopolymers with finer particle because fewer
air pockets and micro-cracks are created resulting in a denser micro-
structure. Furthermore, the MT sample predominantly contained
clay-sized particles with minor amounts of silty-sand particles.

3.1.2. Physico-chemical, mineralogical and morphological characteristics of
starting materials and identification of minerals containing toxic elements and
heavy metals in ASGM tailings

The main component of MT is silicon (Si) (as SiO2) which constitutes
almost 40% of the total composition and aluminum (Al) (as Al2O3) makes
up 10% as shown in Table 2. These two elements are important because
they are the primary ingredients of a good geopolymer matrix. The Si/Al
is close to the ideal ratio suggested by Davidovits et al. (2013), which
further confirms the huge potential of ASGM tailings for geopolymer
applications. Meanwhile, the presence of calcium (Ca) (as CaO) in the
starting materials is advantageous because of its role in the formation of
hydration products such as calcium silicate hydrate (CSH) and calcium
aluminate silicate hydrate (CASH), both are well-known for the me-
chanical strength they impart on concrete materials. Excessive amounts
of Ca, however, may accelerate the hardening of GP and cause incom-
plete geopolymerization (Zhao et al., 2019). To minimize the unwanted
reduction in mechanical properties due to Ca, FA and PF were added as
filler materials to adjust the Si-to-Al ratio around the optimum values.
Moreover, XRF detected 34.61 mg/kg Hg in the ASGM tailings, which
could be attributed to residual Hg used during amalgamation to recover
gold (Opiso et al., 2018). Aside from Hg, toxic metalloids like As and
hazardous heavy metals such as Zn, Pb, Cu and Cd were also detected in
MT. The elevated amounts of these five environmentally regulated ele-
ments could be attributed to sulfide minerals (e.g., pyrite and chalco-
pyrite) present in the Au ore, which are well-known for their high heavy
metal contents especially when formed under hydrothermal conditions
(Duc et al., 2021; Park et al., 2019; Tabelin et al., 2014a, b).

Vibrational bands associated with Al and Si in the mid to low IR range
(between 1500 and 450 cm�1) imply the abundance of Al- and Si-bearing
minerals (Figure 3). Characteristic IR bands associated with Al-silicates



Table 2. Chemical compositions of starting materials.

Chemical Compound (wt%) MT PA FA PF

SiO2 39.8 5.06 47.6 46.2

Fe2O3 21.2 0.242 12.2 5.47

Al2O3 9.81 1.43 22.1 10.4

SO3 16.8 3.48 3.43 0.67

CaO 6.71 44.4 10.8 7.4

Na2O - 12.4 - 7.28

Hg (mg/kg) 34.61 - - 0.076

Zn (mg/kg) 1990 1320 3120 1265

Cd (mg/kg) 20.8 - - -

Pb (mg/kg) 87.1 0.0165 0.632 0.052

Cu (mg/kg) 120 14.21 - 64

As (μg/kg) 0.0314 - 0.0023 0.0001

Si/Al 4.1 3.5 2.2 4.4
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include the broad peak between 1150 and 950 cm�1, which is assigned to
the asymmetric stretching vibration of Si–O–Al or Al–O–Si and the ab-
sorption band at 776 cm�1 is attributed to the tetrahedral-tetrahedral ion
vibration of silicates (Tabelin et al., 2017b; Xu et al., 2014). Moreover,
Si–O asymmetrical bending vibration was detected at 693 cm�1 while the
high intensity of the Si–O asymmetrical bending vibration detected in the
Figure 3. FTIR spectra of starting materials (a) 4000–2400 cm-1, (b) 1600 - 400
mine tailing.

5

diagnostic region, 820–740 cm�1, is attributed to the presence of quartz
(Saikia et al., 2008). The absorption bands observed at the region of 874
cm�1 and 693 cm�1 correspond to various vibrational bands associated
with Al-oxyhydroxides/oxides (Park et al., 2018b; Tabelin et al., 2017c).
The presence of Al-silicate minerals is also inferred by IR absorption
bands in the high infrared region. The peak at 3620 and 2510 cm�1, for
cm-1, (c) 1600–1300 cm-1, deconvoluted spectra between 1600 and 1200 of
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example, could be attributed to Al–O–H stretching and Si–O–Si stretch-
ing, respectively (Park et al., 2018b; Tabelin et al., 2017d).

As for the broad peak between 3000 and 3700 cm�1, this is assigned
to O–H vibrations of crystalline and/or free water molecules (Tabelin
et al., 2017c; Zoleta et al., 2020). The presence of carbonate minerals is
also implied by the broad IR absorption peak between 1600 and 1300
Figure 4. XRD patterns of (a) Palm oil fuel ash, (b) Fly ash and Powder activator, an
6:zeolite, 7:muscovite, 8:Lime, 9:chalcopyrite, 0:vermiculite, 11:dolomite, 12:maghe
17:anorthite).

6

cm�1 in PA and MT. Deconvolution of this peak in the MT sample using
Gaussian fitting (Wojdyr, 2010) revealed C–O absorption bands of calcite
(1421 cm�1) and aragonite (1453 cm�1) (Tabelin et al., 2017d). Simi-
larly, PA exhibited a strong peak in this IR region, which could be
attributed to its high carbonate content. The MT sample also exhibited a
clear peak at 430 cm�1 assigned to S–S vibration in pyrite (Tabelin et al.,
d (c) Mine Tailings. (Note: 1:quartz, 2:pyrite, 3:kaolinite, 4:calcite, 5:magnetite,
mite, 13:portlandite and 14:sodium nitrate, 15:mullite, 16: montmorillonite and
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2017c). Meanwhile, the absorption bands at 955, 532 and 462 cm�1 are
assigned to Fe–O stretching of the Fe-oxyhydroxides/oxides (Tabelin
et al., 2019; Yuniati et al., 2015), the presence of which could be
explained by the oxidation of pyrite once exposed to the air (Park et al.,
2019; Tabelin et al., 2018).

Based on the XRD results of the MT sample (Figure 4c), it contains
quartz (SiO2), pyrite (FeS2), calcite (CaCO3), magnetite (Fe3O4), kaolinite
(Al2Si2O5(OH)4), zeolite, muscovite (KAl2(FOH)2 or (KF)2(Al2O3)3(-
SiO2)6), vermiculite, anorthite (CaAl2Si2O8) and chalcopyrite (CuFeS2)
are present. Semi-quantitative analysis of this waste using Match!®
(Crystal Impact, Germany) revealed that it is mainly composed of quartz
at about 51%. Quartz is nonreactive in geopolymerization and only acts
as internal fillers. The presence of calcite and lime in MT could be
attributed to the use of hydrated lime to control the pH during Au
extraction via cyanidation (Aseniero et al., 2019) while in PA are due to
the initial content of sugar mill lime sludge (Opiso et al., 2017). Hydrated
lime can easily be transformed into calcite in water. Furthermore,
aluminum phyllosilicates or clay minerals have been established to be
Figure 5. SEM photomicrograph of MT (a) and the corresponding elemental maps o
micrograph of an aluminosilicate mineral showing plate-like structures (k) and Fe–S p
Fe–S particles. (l).
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reactive during alkali activation since it readily dissolves in concentrated
alkali solutions (Nikolov et al., 2017). Additionally, these minerals are
responsible for the cross-linking between the polymeric chains to form a
3-D geopolymer network (Melo et al., 2017). However, the MT sample
had relatively low quantity of these minerals (kaolinite¼ 1.9%, zeolite¼
1.3 %, muscovite ¼ 0.9% and vermiculite ¼ 0.2%). This could explain
why geopolymer produced by Aseneiro et al. (2019) directly from Au
mine tailings had relatively low compressive strengths (<5MPa).
Figure 4 also presents the XRD patterns of FA and PF, which illustrate that
these industrial wastes contain relatively abundant aluminium-silicate
minerals like muscovite and mullite and their addition into the mixture
could improve the final mechanical strength of geopolymer.

The MT sample also contains iron-bearing minerals such as pyrite,
magnetite and chalcopyrite, which are consistent with the Fe–O, O–H
and S–S absorption bands detected by ATR-FTIR. The elemental maps of
MT particles also show several areas with strong signals of Fe and S in the
same area (Figure 5), which are likely pyrite particles consistent with the
detection of this mineral by XRD and ATR-FTIR. Point analyses of
f Si (b), Al (c), Mg (d), Ca (e), Fe (f), K (g), Cu (h), S (i) and O (j); and photo-
articles in the MT sample and the corresponding point analysis of representative
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representative Fe–S particles suggest that the sulfide minerals like pyrite
and chalcopyrite contain not only Fe and Cu but also toxic elements like
As and Cd as well as other heavymetals like Zn. These results suggest that
most of the toxic and hazardous elements detected by XRF are likely
hosted by sulfide minerals in the MT sample. Even in minor to trace
amounts, sulfide minerals play crucial roles in the mobility of environ-
mentally regulated elements like As, Cd, Cu and Zn as noted by several
authors (Kamata and Katoh, 2019; Mar et al., 2013; Silwamba et al.,
2020a, b; Tabelin et al., 2010, 2012d; 2014b; 2017b). Kamata and Katoh
(2019), for example, reported that the release of As and heavy metals like
Cu, Zn and Pb from marine sedimentary rocks is strongly influenced by
the oxidation of sulfide minerals and the subsequent precipitation of
iron-oxyhydroxides. Similarly, Huyen and coworkers (2019a) noted the
crucial role played by pyrite as either a sink or source in organic-rich
sediment layers of the Mekong Delta depending on geochemical condi-
tions. Furthermore, the MT sample is characterized by fine particles that
are agglomerated together and/or attached to the surface of coarser
particles. Moreover, some particles exhibited plate-like structures that
are typically observed in phyllosilicates (Huyen et al., 2019b). Mean-
while, FA is composed of spherical glass-like particles rich in Al, Si, Ca
and O (Figure 6) while the PF sample had granular-shaped particles that
are composed mainly of Ca, Al, Fe and Si (Figure 7). The particle size
distribution of PA is more uniform than those of FA and PF and is pre-
dominantly composed of Ca, Al and Si (Figure 8), which is to be expected
because of very strong XRD peaks of calcite in PA.

3.2. Characterization of geopolymer products

3.2.1. Physico-chemical, mineralogical and morphological characteristics of
geopolymer

Chemical composition of synthesized geopolymer were examined
using XRF (Table 3). Ca as CaO is the main component of the two types of
geopolymer brick samples, which could be attributed to the high Ca
content of the powder activator (PA). Between the two samples, GP-PF
had twice as much Fe as that of GP-FA despite its high initial content
in fly ash. These imply that the majority of Fe was not diluted in GP-PF
after polymerization and were only adsorbed in the surface.

ATR-FTIR spectra of the geopolymer samples are shown in Figure 9
while the IR absorption band assignments are summarized in Table 4.
Figure 6. (a) SEM photomicrograph of FA and the corresponding elemental maps o
higher magnification (h).
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The weak absorption band at 3620 cm�1 observed in both geopolymer
samples is attributed to Al–O in Al-oxyhydroxides/oxides, which was also
noted in MT (Figure 1). Meanwhile, the absorption peak around
3385–3380 and 3045–3040 cm�1 for GP-PF and GP-FA in the deconvo-
luted region were due to the O–H stretching vibrations consistent with
the stretching vibration at 1640 cm�1 of adsorbed water. Moreover, the
ATR-FTIR spectra showed a broad peak at 1005 cm�1 and sharp peaks at
702 and 710 cm�1 assigned to the asymmetric stretching vibration of
Si–O–Al or Al–O–Si, which are characteristic IR absorption bands indic-
ative of successful geopolymerization (Xu et al., 2014). Additionally, the
peak attributed to the tetrahedral-tetrahedral ion vibration of silicates
has been shifted from 776 to 796 cm�1 in both sample after geo-
polymerization, indicating the breaking down of chemical bonds during
activation, reassembly through polymerization, and the formation of new
amorphous products that constitute the geopolymer matrix (Xu et al.,
2014). Deconvoluted region from 1200–800 cm�1 further illustrates the
formation of these geopolymer reaction products. The peaks detected at
1104 and 952 cm�1 in GP-FA, as well as that at 1078 cm–1 in GP-PF, are
all related to the asymmetric stretching of Si–O bonds (Rees, 2007). In
addition, the broad peak observed at ~995 cm�1 in both samples could
be attributed to the vibration of silicate species bonded with the powder
activator (Rees, 2007). Meanwhile, some absorption bands retained even
after geopolymerization such as the Si–OH bending or tetrahedral
bending vibrations at 870 and ~853 cm�1 as well as those associated
with Fe–O stretching (532 cm�1), suggesting that some minerals are
unaffected by the polymerization process and only acts as fillers. Finally,
strong absorbance peak intensities were observed at 1401 cm�1 in GP-PF
and 1407 cm�1 in GP-FA, which correspond to C–O vibrations in car-
bonate minerals from PA.

As shown in Figure 10, it can be observed that there is a slight dif-
ference between the mineralogy of the two synthesized geopolymer.
Although they are both predominantly composed of calcite (GP-PF ¼
44%, GP-FA ¼ 44%), phyllosilicates are more prevalent in GP-PF. This
could be attributed to the dominance of this type of minerals in PF
compared to FA. Furthermore, vermiculite in MT, dolomite in FA and
mullite in PF were absent in the mineralogy after geopolymerization.
Vermiculite is known to transform to a phyllosilicate mica structure type
in basic condition (Medri et al., 2015) while dolomite is known to
dissolve during alkali activation regardless of the concentration of the
f Al (b), Si (c), Mg (d), Fe (e), Ca (f) and O (g). SEM photomicrograph of FA at



Figure 7. (a) SEM photomicrograph of PF and the corresponding elemental maps of Ca (b), Al (c), Fe (d) and Si (e).

Figure 8. SEM photomicrograph of PA (a) and the corresponding elemental maps of Ca (b), Al (c), Si (d) and Na (e).

Table 3. Chemical composition of synthesized geopolymer bricks.

Chemical compound (wt%) GP-FA GP-PF

SiO2 11.75 14.36

Fe2O3 15.89 35.25

Al2O3 8.54 4.84

SO3 1.60 0.99

CaO 54.21 27.93

Na2O 4.58 7.95

As (μg/kg) 0.01 -

Zn (mg/kg) 2421 3658

Pb (mg/kg) 85 163

PO4 - 0.84

E.M. Opiso et al. Heliyon 7 (2021) e06654
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activators (Azimi et al., 2016). This indicates their participation during
polymerization and polycondensation.

XRD results showed the absence of new clay mineral formation while
some co-existing minerals were retained after geopolymerization such as
magnetite (Fe3O4) in MT (Figure 4). This further implies that some
crystalline minerals do not participate in the polymerization process and
act only as internal fillers within the gel phase. Additionally, despite the
high content of calcite and quartz in the starting materials, these minerals
are known to be insoluble under basic conditions and completely remains
in the geopolymer framework. Although these minerals do not chemi-
cally participate during geopolymerization, they could contribute to the
mechanical performance of the geopolymer due to their very fine size
(Ahmari and Zhang, 2012). Similar results were also obtained by Ren
et al. (2015) for mine tailings-based geopolymer incorporated with



Figure 9. FTIR spectra of geopolymer bricks: (a) 4000–2150 cm�1, (b) 2050–1750 cm�1, (c) 1600–399 cm�1, deconvoluted spectra in the 1200–800 and 3800–2600
IR range for GP-PF (d, f) and GP-FA (e, g).
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aluminum sludge. The presence of the Ca(OH)2 in MT induced the for-
mation of calcium aluminum silicate hydrate (CASH) as detected in
GP-PF, which is a big contributor in the improvement of physical prop-
erties of geopolymer. Formation of CASH could be due to the reaction of
lime and clay minerals during reorganization and diffusion of dissolved
ions in geopolymerization. Geopolymerization of MT also resulted in the
reduction of peaks associated with pyrite and total absence of chalco-
pyrite via “dilution”.

The synthesized geopolymers were also examined for their
chemical and morphological characteristics using SEM-EDS as
shown in Figure 11. Gel-like structures were observed, which are in
agreement with those reported by Kiventera et al. (2016). These
gel-like the amorphous to poorly crystalline are typically formed
during geopolymerization. Furthermore, GP-FA appeared to be
porous and some fly ash particles did not participate during geo-
polymerization. This is due to the presence of iron ferrites in FA
that are very stable in basic condition. In general, the synthesized
geopolymers showed mostly a homogenous microstructure
10
characteristic indicating that the mine tailings particles were
embedded in the geopolymer matrix.

Ca, Na and O dominated the whole mapped area indicating their high
abundance consistent with the XRF and XRD results. Ca, Si and Al existed
in the same area demonstrating a calcium aluminum silicate hydrate
(CASH) product. Meanwhile, Al, Si, K, Mg and O can also be observed in
the same regions, which could be due to the presence of clay minerals.
Strong signals of Fe and S at the same region were also observed in the
morphology of both geopolymer samples. Similar signals were detected
in MT (Figure 4), which is attributed to the presence of iron-sulfide
minerals such as pyrite or chalcopyrite. The SEM-EDS results imply
that sulfide minerals were encapsulated or trapped in the framework of
the geopolymer.

3.2.2. Unconfined compressive strength of geopolymers

The unconfined compressive strength (UCS) of the synthesized
geopolymer at 14 days curing were investigated in this study



Table 4. Potential peak assignment of IR bond vibration for GP.

Theoretical Wavenumber (cm�1) Actual wavenumber (cm-1) Assignment Reference

3620 3620 Al–OH stretching vibration Koshy et al. (2018), Tabelin et al. (2017c)

3000–3600 3360 O–H stretching vibration of hydroxyl group Moukannaa et al. (2018), Ren et al. (2015), Capasso et al.
(2019), Ozen and Derum (2019), Tabelin et al. (2019)

1650–1600 1620 H–O–H bending vibration Moukannaa et al. (2018), Ren et al. (2015)

1500–1400 1408 C–O stretching vibration in Na2CO3 and CaCO3 Ma et al. (2019), Ozen and Derum (2019), Aboulayt et al.
(2017), Ren et al. (2015), Moukannaa et al. (2018), Tabelin
et al. (2017b)

1100–800 1010 Si–O–Si, Si–O–Al or Al–O–Si stretching vibrations Capasso et al. (2019), Ma et al. (2019) Koshy et al. (2018),
Moukannaa et al. (2018)

881–870 870 Si–OH bending mode or tetrahedral bending Al Koshy et al. (2018)

800–770 796 Si–O–Si symmetric stretching Moukannaa et al. (2018)

~780 779 Tetrahedral units of Al Ozen and Derum (2019)

740–690 711 Si–O–Al or Al–O–Si symmetric stretching vibration Koshy et al. (2018), Park et al. (2018b)

~532 532 Si–O–Si stretching vibration Moukannaa et al. (2018)

470–450 459 Fe–O Stretching Vibration Tabelin et al. (2019)

E.M. Opiso et al. Heliyon 7 (2021) e06654
(Figure 12). The average UCS of GP-FA and GP-PF were 7.58 and
7.7 MPa, respectively. GP-PF had higher UCS because of the for-
mation of CASH reaction products, which could improve strength
formation similar to that reported in concrete (Zhao et al., 2019).
Although the same procedure was employed, tests results in this
study were much higher compared to our previous study (Aseniero
et al., 2019). The increase could be attributed to the addition of
quartz/silica and aluminosilicates found in PF and FA that readily
participated during geopolymerization. According to He et al.
(2016), increasing the Si–O–Si bonds and residual silica as rein-
forcement resulted in higher mechanical strength because of the less
porous microstructure. Therefore, the strength of the synthesized
geopolymer bricks suggests that it could be utilized for various
construction applications such as production of paving blocks and
wall partitions as well as possible raw materials for the production
of geopolymer cement.
Figure 10. XRD patterns of synthesized geopolymers. Note, 1:quartz, 2:pyrite, 3:ka
silicate hydrate.
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3.3. Leachability of selected toxic trace elements from the synthesized
geopolymers

The TCLP results of selected elements from the starting materials and
geopolymer samples are presented in Table 5. According to the regula-
tory standard requirements of TCLP set by the United States Environ-
mental Protection Agency (USEPA) and Hazardous waste management
section of the Department of Environmental and Natural Resources
(DENR) of the Philippines, MT is not in compliance with respect to the
leachability of As and Pb and could be classified as a hazardous material.
Additionally, the minimal concentration of cyanide (CN–) was detected in
the leachate of MT after TCLP, indicating that Au-mine tailings from
Rosario, Agusan del Sur still contains CN– despite its constant exposure to
direct sunlight.

Meanwhile, TCLP results for the geopolymer brick samples showed
lower concentrations of toxic heavy metals. Additionally, concentrations
olinite, 4:calcite, 5:magnetite, 6:zeolite, 7:muscovite, and 8:calcium aluminum



Figure 11. SEM photomicrograph of GP-FA and GP-PF (a) and mapped area (b) with corresponding elemental maps of Al (c), Si (d), Ca (e), Fe (f), S (g), Mg (h), O (i)
and Na (j).

Figure 12. Unconfined compressive strength of geopolymer bricks.

E.M. Opiso et al. Heliyon 7 (2021) e06654
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were below the regulatory standards required by USEPA and DENR.
These results suggest that the synthesized geopolymers can be safely used
for construction applications. The very low leachabilities of As, Pb and Fe
in both geopolymer materials suggest that the MT sample was effectively
encapsulated within the geopolymer matrix. The incorporation of haz-
ardous toxic elements such as As, Pb and Se were best achieved by GP-FA
whereas Cd was effectively immobilized by GP-PF. It is interesting to note
that the leaching of Cd was more extensive in GP-FA than GP-PF, which
could be attributed to the addition of Cd-bearing FA.

4. Conclusion

The results of this study have several important implications as to the
geopolymerization of mine tailings (MT) blended with fly ash (FA), palm
oil fuel ash (PF) and sugar mill lime sludge (LS) as Ca-based dry powder
activator. First, the physico-chemical properties of MT suggest its appli-
cability as good source material for geopolymerization, but the addition
of other waste material such as FA, PF and the use of Ca-based powder



Table 5. Concentrations of leached metals (mg/L).

Elements DENR limit USEPA limit MT FA PA PF GP-FA GP-PF

As 2.8 5 29.5 0.591 0.543 0.499 0.494 0.102

Hg 4 0.2 0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Pb 4 5 373 0.715 0.351 0.545 0.402 0.459

Se 4 1 0.962 <0.01 <0.01 0.021 0.049 0.054

Cd - 1 0.243 0.019 <0.01 <0.01 0.093 0.098

Cr - 5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Cu - - 5.43 15.8 0.331 12.7 2.28 1.66

Fe - - 1340 497 409 804 16.0 93.7

Zn - - 12.8 17.3 4.07 15.4 17.6 0.931

Ca - - 27000 9220 78100 8560 4460 7580

Si - - 689 168 200 2230 198 342

Al - - 380 126 21 141 26.6 81

Na - - 60 13500 18680 15245 6729 7478

Mg - - 130 5442 519 6370 65.6 63.5

Mn - - 624 173 19.3 178 21.6 8.72

K - - 10 20865 1865 23455 1134 181

P - - <0.01 7530 85 7005 57.5 12.6

CN- - - 1.16 ND ND ND <0.1 <0.1

Note: “ND”means not determined,<0.01 is the detection limit of ICP-OES, and<0.1 is the detection limit of AAS. MT-mine tailings, FA-Fly Ash, PF-palm oil fuel ash, PA-
powder activator, GP-FA – geopolmer with fly ash, GP-PF – geopolymer with palm oil fuel ash.
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activator are necessary to enhance the matrix of the resulting geo-
polymer. Second, the reaction products associated with geo-
polymerization shows that some initial content of starting materials
retained after alkali activation. This indicates that some minerals only act
as internal fillers and do not participate during reorganization and
polycondensation. Third, it was also evident that toxic heavy metals and
iron sulfide minerals such as pyrite and chalcopyrite were embedded
within the geopolymer matrix based from the microstructural and
mineralogical analyses. This suggests that geopolymerization of MT is an
effective stabilization or immobilization technique of toxic heavy metals.
Fourth, the unconfined compressive strength test also shows that both
geopolymer samples have promising unconfined compressive strength.
This implies that geopolymerization of ASGM tailings could be repur-
posed for construction application such as paving blocks and wall par-
titions for low-cost housing applications.
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