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ARTICLE INFO ABSTRACT

Keywords: Lead-zinc mine tailing waste can have significant environmental impacts due to its potential for releasing toxic

Geépﬂym‘er elements into the surroundings and contaminating local soil and water. This paper focuses on the valorization of

z‘)hdfcatm“ lead-zinc mine tailing waste through geopolymerization, a sustainable process that can transform waste into
y asl

useful building materials. Geopolymer matrixes with various mixtures of mine tailing (0—100 wt%), fly ash
(0—100 wt%), and flue gas desulfurization (FGD) gypsum (0, 5, and 10 wt%) were synthesized using different
activators such as sodium hydroxide (NaOH, 5, 10 M) and sodium silicate (waterglass, 0, 12.5 wt%). Visual
inspection, unconfined compressive strength (UCS) testing, and microstructural analysis (e.g., X-ray diffractions,
Fourier transforms infrared, and scanning electron microscopy) were employed for the physicochemical char-
acterization of these geopolymers. The highest UCS value of 24.1 MPa was observed in a geopolymer specimen
with 100 wt% fly ash and activated by 10 M NaOH and cured for 28 days. The blending of mine tailings would
result in strength recession, e.g., the integrating of 25 wt% tailings showed a UCS of 12.3 MPa. The addition of 5
wt% gypsums can improve early strength development, particularly for matrixes with 50-75 wt% fly ash. But
adding 10 wt% gypsums would lead to strength retrogression of the resulting geopolymers. The introduction of
waterglass can also facilitate geopolymerization and improve strength development. However, the cointegrating
of gypsum and waterglass can induce an antagonistic effect and lead to the collapse of the geopolymer specimens.
The findings revealed that the strength and microstructural properties of geopolymer are determined by the
matrix compositions, alkaline activators, etc. Effective regulation of these factors can produce geopolymer ma-
trixes with high dimensional stability and UCS that well meet construction material standards. Overall, the study
indicates that geopolymerization represents a viable and eco-friendly solution for valorizing lead-zinc mine
tailing waste and gaining alternative building materials.

Mine tailings
Mechanical strength
Microstructure

1. Introduction

Mining and mineral processing activities around the world generate
millions of metric tons of mine tailings (MTs) annually, which poses an
increasing and lasting threat to local environments, in particular the soil
and groundwater systems, and thereby the surrounding ecosystems
(Alvarez-Ayuso, 2022; Park et al., 2019). Tailing wastes from lead-zinc
mining and/or mineral processing, for example, often contain high
levels of hazardous elements such as lead (Pb), copper (Cu), arsenic (As),
chromium (Cr), zinc (Zn), etc. (Bah et al., 2022b; Li et al., 2016b; Xia
et al., 2019), thus creating significant environmental and health risks if
stored or disposed of improperly. Moreover, the safe storage and proper
handling of these tailing wastes are costly and land-intensive, which will
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place an additional financial burden on local governments, especially
those in developing countries.

Value-added utilization or valorization of such MTs through geo-
polymerization to meet the expanding needs of the construction industry
is, however, a promising and sustainable approach to address these
challenges (Ahmari and Zhang, 2013). Indeed, the majority of the
chemical components in such tailing wastes are primarily composed of
silicon (Si), aluminum (Al), calcium (Ca), iron (Fe), and manganese (Mn)
oxides, accounting for about 60-90% of the total mass (Bah et al., 2022a;
He et al., 2022; Wang et al., 2023). Once activated with alkali, these
oxides would yield inorganic polymeric cementitious substances similar
to those found in ordinary Portland cement (OPC) mortars (Duxson
et al., 2007). This process is known as geopolymerization (Duxson et al.,
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2007). As long as the mechanical strength and leachate of the resulting
geopolymer specimens meet the relevant standards for specific con-
struction materials, they can therefore be used as alternatives to such
materials (Zhang et al., 2021c). Benefiting from their high enough me-
chanical strength, physical integrity, and lower CO5 emissions compared
to OPC mortars, these MT-base geopolymers have been widely used in a
variety of industrial scenarios (Li et al., 2012; Majidi, 2009; Rao and Liu,
2015), including construction binders or concretes (Mabroum et al.,
2020; Nguyen et al., 2023; Zhang et al., 2021b), road base construction
(Manjarrez et al., 2019; Manjarrez and Zhang, 2018), paste backfills
(Behera et al., 2020; Jiang et al., 2019; Ouffa et al., 2022), solid-
ification/stabilization (S/S) (Kiventera et al., 2018; Opiso et al., 2021;
Wang et al., 2023; Zhang et al., 2020), adsorbents (Aouan et al., 2023;
Nguyen et al., 2023), etc.

To improve the overall quality, in particular, the mechanical strength
of MT-based geopolymers, fly ash (FA), and other industrial byproducts
(e.g., flue gas desulfurization (FGD) gypsum, cement kiln dust,
aluminum sludge, etc.) are often incorporated concurrently into the
parent material mixture when preparing such geopolymers (Ahmari and
Zhang, 2013; Ren et al., 2015; Zhang et al., 2022). Including class F fly
ash into MT mixtures, for instance, not only improved the geo-
polymerization effects but also significantly enhanced the compressive
strength of MT-based geopolymer by 82.2% in the case of incorporating
15% of FA (Zhang et al., 2022). Introducing gypsum into Pb-Zn smelting
wastes can increase the mechanical strength of the resulting geo-
polymers, but the excessive blending of gypsum (>12%) would lower
their immobilization performance towards toxic elements, in particular,
arsenic (Li et al., 2016b). Our previous study also demonstrates that the
addition of both FA and FGD gypsum to Pb-Zn MTs can simultaneously
improve the unconfined compressive strength (UCS) of the geopolymer
specimens and their immobilization performance for exogenous arsenic,
apart from the endogenous toxins in such Pb-Zn tailings (Bah et al.,
2022b). Several studies have extensively explored the physicochemical
properties, and preparation aspects of Pb-Zn MT-based geopolymers
(Krishna et al., 2021; Lazorenko et al., 2021; Zhang et al., 2021a),
nonetheless, the influences of many factors (e.g., material matrix ratio,
activator, etc.) on both the mechanical and the microstructural prop-
erties of such geopolymers remain limitedly understood.

This work aims to evaluate the feasibility of valorization of Pb-Zn
mine tailings through alkali-activated geopolymerization with sodium
hydroxide and/or a mixture of sodium hydroxide and sodium silicate as
the activator, and class F fly ash and FGD gypsum as the additive. The
effects of material ratio, alkaline concentration, and curing time on the
mechanical strength of geopolymer specimens were comprehensively
evaluated through unconfined compressive strength tests. Besides, the
microstructural analysis of pulverized geopolymer specimens was per-
formed by using X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and scanning electron microscopy (SEM). This
work is presented an alternative approach for valorizing Pb-Zn mine
tailings by geopolymerization, and highlights rational manipulating of
these factors, in particular the material matrix ratio, can yield geo-
polymer products with superior dimensional stability and high
compressive strength that well meet construction material criteria.

2. Materials and methods
2.1. Materials

Sodium hydroxide (NaOH, >96%) was purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China) and used as the activator.
Another activator — Sodium silicate solution (waterglass, SiO3 13.36%,
NayO 29.84%) was obtained from Ganjiashan Yourui Refractories Co.,
Ltd. All chemicals were used as received without further purification.
Distilled water was used to prepare solutions for geopolymer synthesis.
Class F fly ash (FA), and FGD gypsum (Gp) were obtained from Jiangsu
Nanre Power Generation Co., Ltd. (Nanjing, China), whereas the Pb-Zn
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mine tailings (MT) were gained from Nanjing Yinmao Pb-Zn Mining
Industry Co., Ltd. (Nanjing, China). The chemical compositions and
trace elements of both FA and MT have been determined and discussed
in our earlier study (Bah et al., 2022b). The mineralogical, elemental
compositions, and morphological properties of these raw materials are
briefly depicted in Fig. 1.

2.2. Synthesis of geopolymer

As illustrated in Fig. 2a, geopolymer specimens were prepared
following our previous study (Bah et al., 2022b). Briefly, a certain
amount of raw material powders was dry mixed for 10 min to achieve
homogenization, followed by gradually adding the alkaline liquid such
as NaOH solution (5 or 10 M) or a mixture of waterglass and NaOH
(mass ratio = 1.08:1) and further blending for 15 min. For instance,
blending 200 g of fly ash with 54 g of NaOH solution (5 M) can make a
paste for geopolymer with only fly ash as the raw material. The sodium
hydroxide solution was prepared by dissolving 40 g of NaOH flakes into
distilled water in a plastic beaker. Then the solution was air-cooled and
its total volume was adjusted to 200 or 100 mL to yield a 5 or 10 M
NaOH solution. To avoid the influence of exogenous heat from the
dissolution of NaOH on the alkali activation reactions, the as-prepared
NaOH solution was sealed and cooled down to ambient temperature
before further utilization. The resulting homogeneous pastes were then
cast into six-fold concrete cube test steel molds (20 x 20 x 20 mm®) at
ambient temperature, followed by curing for 72 h before demolding. The
geopolymer specimens were covered with a polyethylene film in a lab
tray and cured at ambient temperature (~25 °C) for 7, 14, and 28 days.
All geopolymer specimens were prepared in triplicate. The geopolymer
specimen composition matrix is tabulated in Table 1, where each spec-
imen was encoded with the initials of its raw materials, e.g., a specimen
with code of FGMSW means the geopolymer was prepared by using a
mixture of fly ash, mine tailing, gypsum, sodium hydroxide, and
waterglass (F — fly ash, M — mine tailings, G — gypsum, S — sodium
hydroxide, W — waterglass). Since the leachability of toxic elements of
concern was far below the Chinese standard levels after geo-
polymerization (Bah et al., 2022b), the leachability of such elements was
not evaluated in this study.

2.3. Mechanical strength testing

The unconfined compressive strength (UCS) testing was employed to
evaluate the air-cured geopolymers’ solidification effectiveness
following the protocol specified by the ASTM C109/C109M-08 standard
(ASTM Standard C109/C109M-08, 2009). The effects of NaOH con-
centration, contents of FA, Gp, and waterglass, and curing time on the
mechanical strength of the geopolymer specimens were studied sys-
tematically. In brief, the geopolymer specimens after 7-, 14-, and 28-day
curing were measured on a WDW-100 universal material testing appa-
ratus (Jinan Fangyuan Test Instrument Co., Ltd., China) at a constant
loading of 5 MPa s~!. Once the geopolymer specimen began to crack, the
machine stopped automatically and the corresponding applied force
value (in kN) was obtained. Then the UCS value can be attained by
dividing the applied force by the corresponding area of action (i.e., 20 x
20 mm?). The crushed geopolymer pieces were collected for further
microstructural characterization. Each geopolymer specimen was tested
in triplicate and the average UCS value and its standard deviation (SD)
were attained for further analysis.

2.4. Microstructural analysis

To explore the microstructural features of geopolymer contributing
to its mechanical strength and bulk integrity, the crushed geopolymer
specimens were then pulverized for further characterizations as used for
their raw materials. Specifically, X-ray diffraction (XRD) analysis was
performed on an XRD-6100 diffractometer (Shimadzu, Japan) at a tube
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Fig. 1. Characterizations of the three raw materials — fly ash (FA), mine tailing (MT), and flue gas desulfurization (FGD) gypsum (Gp). (a) XRD patterns, (b) XRF
spectra, (c¢) FTIR spectra; (d—f) SEM images of (d) fly ash, (e) mine tailing, and (f) gypsum. Notations in panel (a): B — Brushite (JCPDS #09-0077), C — Calcite
(JCPDS #05-0586), G — Gypsum (JCPDS #33-0311), H — Gehlenite (JCPDS #35-0755), M — Mullite (JCPDS #15-0776), Q — Quartz (JCPDS #46-1045), S —

Sphalerite (JCPDS #05-0566).

voltage of 40 kV and a tube current of 30 mA with Cu-Ka radiation (step
size: 0.02°, scanning rate: 5° min~1). X-ray fluorescence spectroscopy
(XRF) analysis of the raw materials was conducted on a portable DELTA
DC 4000 analyzer (Olympus, USA) with soil mode. Fourier Transform
Infrared Spectroscopy (FTIR) data were collected on Is5 infrared spec-
trometer (Thermo Nicolet, USA) following the KBr pellet method.
Scanning electron microscopy (SEM) was also used for the morpholog-
ical investigation of several selected geopolymer specimens on a SU1510
microscope (Hitachi, Japan).

3. Results and discussion
3.1. Characterization of raw materials

The mineral components of FA, MT, and Gp determined by XRD are
shown in Fig. 1a. Using the Whole Pattern Fitting (WPF) module within
Jade 6.5 software (Materials Data, Inc., USA), the mineral component of
FA was calculated to be 67.6% of amorphous phase, 24.5% of mullite
(JCPDS #15-0776), and 7.9% of quartz (JCPDS #46-1045) (Bah et al.,
2022a). Note that MT is mainly consisted of calcite (JCPDS #05-0586),
quartz, brushite (JCPDS #09-0077), gypsum (JCPDS #33-0311), and
minor gehlenite (JCPDS #35-0755), and sphalerite (JCPDS #05-0566),
whereas Gp is essentially comprised of high purity gypsum. The surface
element compositions of all these raw materials (Fig. 1b) are in good
consistence with the above XRD data, even though some metals cannot
be detected due to the limitation of the portable XRF apparatus
(Olympus, 2013). In addition, apart from the vibrations of water mol-
ecules over 1627-3555 cm ™! and the stretching of Si-O-Si/Al groups at
1136 cm™! in the FTIR spectra of these raw materials (Bah et al., 2022b),
the blending vibration of sulfate group (v4-SO4) at 602 cm ™! was also
observed for both MT and Gp, indicative of the existence of gypsum,
which is consistent with the above XRD results. Moreover, note that the
spectrum of MT is characterized by bands at 2514, 1798, 872, and 712
cm ™! assignable to stretching and/or blending vibrations of carbonate
(v-CO3) (Prasad, 2005), confirming calcite is a major component of MT

as evidenced by XRD analysis (see Fig. 1a).

The morphologies of these raw materials are depicted in Fig. 1d—f.
FA is featured by smooth spheres (cenospheres) ranging from 2 to 30 pm,
which is very similar to other typical class F fly ash as observed else-
where (Li et al., 2016a). Gp is composed of kidney bean-like particles
with a size of 10-50 pm, whereas MT consists of a large number of
irregular particles with diverse size distribution. The unique morpho-
logical characteristics of these particles are beneficial for the identifi-
cation of unreacted or partially reacted particles and the interpretation
of the gelation process inside the geopolymer material after alkali acti-
vation (Bah et al., 2022b; Ken et al., 2015).

Furthermore, the geopolymerization and/or reactivity of these geo-
polymer precursors is also determined by their chemical compositions
which were already tabulated in our earlier paper (Bah et al., 2022a).
The two major compositions in FA, for example, are amorphous SiO2 and
Al,03, accounting for 40.15% and 35.5% of the total mass, respectively.
In the case of MT, however, CaO and SiO; are the predominant com-
ponents, contributing 29.49% and 18.83%, respectively (Bah et al.,
2022a). All these metal oxides are the essential components in the for-
mation of calcium silicate hydrate (C-S-H) and calcium aluminate sili-
cate hydrate (C-A-S-H) during the geopolymerization process (Li et al.,
2007, 2012).

3.2. Dimensional stability of bulk geopolymer cubes

From the perspective of practical applications, the dimensional sta-
bility of any cementitious binders including geopolymers, is crucial for
their use in a real engineering scenario, since concretes and other
building blocks are obliged to neither shrink nor expand excessively in
service (Shi et al., 2019). Maintaining the dimensional stability of
MT-based geopolymers is thus a significant challenge for valorizing MT
wastes while also meeting the requirements of stringent building ma-
terial standards. In general, geopolymers with superior mechanical
strength often demonstrate higher dimensional stability in comparison
to their counterparts with inferior mechanical properties (Ken et al.,
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Fig. 2. (a) Schematic illustration of the geopolymer preparation procedure; (b—d) Visual inspections (digital images) of the as-prepared geopolymer cubes, (b) fly
ash-mine tailing-sodium hydroxide (FMS) series, (c) fly ash-mine tailing-sodium hydroxide-waterglass (FMSW) series, and (d) fly ash-mine tailing-sodium hydroxide
(10 M) (FMS-a) series after curing for 28 days.

2015). The dimensional stability can, therefore, be used as an initial
visual indicator for assessing the mechanical property of geopolymer
specimens. In the present study, visual inspection was adopted as an
initial screening tool before more advanced testing (e.g., UCS testing,
XRD) for evaluating the dimensional integrity of geopolymer specimens.
By visually examining the surface of the specimen, one can identify any
visible cracks or deformations that may have occurred during the cast-
ing, curing, or manufacturing process.

The digital images of each series of geopolymer specimens after
curing for 28 days are shown in Fig. 2b—d, and S1—2 (Supplementary
Information). A visual examination of the FMS series specimens (Fig. 2b)
indicated that surface deterioration or corner collapse appears to occur
as the FA content decreased from 100% to 0. In other words, their
dimensional integrity decreases apparently with decreasing FA content.
This trend is also true for other series of geopolymers and is attributed to
the very high content of active silica and alumina in FA, which can
generate silicate gels with high connectivity upon NaOH activation,
thereby leading to excellent dimensional stability (Provis and Bernal,
2014). Note that the introduction of WG to the above series of geo-
polymers appears to result in a moderate decline in dimensional stability
(cf. Fig. 2b and c). This is due to the relatively low connectivity of silanol

m__ R

groups inside the geopolymers when using a silicate (e.g., waterglass) as
the activator (Provis et al., 2009). A higher level of NaOH as the acti-
vator is often beneficial to the gelation of silica-aluminum oxides and
thus their strength development as well as dimensional integrity. This is
evidenced by the visual inspection of the FMS-a series geopolymers with
10 M NaOH as an activator compared to the FMS series specimens with
5 M NaOH (cf. Fig. 2b and d). Interestingly, the FMS-05a specimen is
covered by a green mineral after 28-d curing, which is likely to be
chabazite derived from the reaction between NaOH and MT with a
proper ratio of metal oxides (Bah et al., 2022a).

In addition, the incorporation of 5 wt% of Gp into the FMS series of
geopolymers seems not to affect the dimensional stability too much
according to visual inspection of the FGMS series of specimens (cf.
Fig. 2b and Fig. S1a), but the dimensional integrity of FGMS-a series of
geopolymers is reduced when the dosage of Gp was raised to 10 wt%
(Fig. S1b). This observation indicates that a high dosage of Gp in geo-
polymers is detrimental to their stability, in good agreement with pre-
vious reports (Ken et al., 2015; Li et al., 2016b). Likewise, the
introduction of waterglass into the above specimens also demonstrated a
harmful effect on the dimensional stability of the FGMSW series geo-
polymers (see Fig. S2a). Increasing the dosage of Gp from 5 to 10 wt% (i.
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Table 1
The geopolymer specimen composition matrix.
Specimen Code NaOH Waste materials (g) Ratios
FA Gp MT Si/Al Na/Al Liquid/Solid WG/NaOH

FMS-01 5M 200 - 0 1.00 0.18 0.27 -
FMS-02 150 - 50 1.15 0.24 0.27 -
FMS-03 100 - 100 1.44 0.35 0.27 -
FMS-04 50 - 150 2.21 0.64 0.27 -
FMS-05 0 - 200 10.33 3.69 0.27 -
FMS-0la 1o0M 200 - 0 1.00 0.37 0.27 -
FMS-02a 150 - 50 1.15 0.48 0.27 -
FMS-03a 100 - 100 1.44 0.70 0.27 -
FMS-04a 50 - 150 2.21 1.27 0.27 -
FMS-05a 0 - 200 10.33 7.37 0.27 -
FMSW-01 5M 200 - 0 1.09 0.52 0.52 1.08:1
FMSW-02 150 - 50 1.27 0.69 0.52 1.08:1
FMSW-03 100 - 100 1.62 1.00 0.52 1.08:1
FMSW-04 50 - 150 2.54 1.82 0.52 1.08:1
FMSW-05 0 - 200 12.25 10.53 0.52 1.08:1
FGMS-01 5M 200 10 0 1.00 0.18 0.32 -
FGMS-02 150 10 50 1.15 0.24 0.32 -
FGMS-03 100 10 100 1.44 0.35 0.32 -
FGMS-04 50 10 150 2.21 0.64 0.32 -
FGMS-05 0 10 200 10.33 3.69 0.32 -
FGMS-0la 5M 200 20 0 1.00 0.18 0.37 -
FGMS-02a 150 20 50 1.15 0.24 0.37 -
FGMS-03a 100 20 100 1.44 0.35 0.37 -
FGMS-04a 50 20 150 2.21 0.64 0.37 -
FGMS-05a 0 20 200 10.33 3.69 0.37 -
FGMSW-01 5M 200 10 0 1.09 0.52 0.57 1.08:1
FGMSW-02 150 10 50 1.27 0.69 0.57 1.08:1
FGMSW-03 100 10 100 1.62 1.00 0.57 1.08:1
FGMSW-04 50 10 150 2.54 1.82 0.57 1.08:1
FGMSW-05 0 10 200 12.25 10.53 0.57 1.08:1
FGMSW-0la 5M 200 20 0 1.09 0.52 0.62 1.08:1
FGMSW-02a 150 20 50 1.27 0.69 0.62 1.08:1
FGMSW-03a 100 20 100 1.62 1.00 0.62 1.08:1
FGMSW-04a 50 20 150 2.54 1.82 0.62 1.08:1
FGMSW-05a 0 20 200 12.25 10.53 0.62 1.08:1
FGMSW-01b oM 200 20 0 1.09 0.71 0.62 1.08:1
FGMSW-02b 150 20 50 1.27 0.93 0.62 1.08:1
FGMSW-03b 100 20 100 1.62 1.34 0.62 1.08:1
FGMSW-04b 50 20 150 2.54 2.46 0.62 1.08:1
FGMSW-05b 0 20 200 12.25 14.22 0.62 1.08:1

e., the FGMSW-a series) seems not to improve their integrity (cf.
Figs. S2a and S2b), but a higher level of NaOH can compensate for the
loss in dimensional integrity caused by incorporation of both Gp and
WG, in particular for specimens with high contents of MT, i.e.,
FGMSW-04b, 05b (see Fig. S2c). This finding can be explained by the
fact that the reaction between Gp and NaOH would yield a high amount
of calcium hydroxide that often induces rapid setting and high early
strength, and thereby superior dimensional stability (Luukkonen et al.,
2018; Malviya and Chaudhary, 2006). Higher dimensional stability
usually offers the geopolymer specimens a lower permeability (Zhang
et al., 2021c), which is beneficial for the immobilization of toxic ele-
ments when applied to S/S, thereof leading to less environmental impact
on local ecosystems. Nevertheless, the above visual inspections only
offer an initial screening and cannot precisely represent the actual me-
chanical strength of these specimens, further UCS testing is therefore
necessary.

3.3. Effect of curing time on UCS

The curing time often plays a crucial role in determining the me-
chanical and micro-structural properties of the mine tailing-based geo-
polymers (Zhang et al., 2011). The effect of curing time on the
compressive strength of typical geopolymer specimens as a function of
FA content is summarized in Fig. 3. When using 5 M NaOH as the acti-
vator (Fig. 3a), the UCS value of geopolymer specimens increases
slightly with curing time at low FA content (i.e., 25 wt% FA), while it

decreases initially and then increases with the curing time at the FA
content of 50 wt%. In the cases of higher FA contents (i.e., >50 wt%),
however, it increases initially and subsequently decreases with the
curing time. This observation indicates that the UCS of FA/MT-based
geopolymer is not entirely governed by the curing time, which is un-
like OPC materials, in which prolonged curing time often facilitates its
strength development (Khale and Chaudhary, 2007; Sheng et al., 2007).
Note that the geopolymer matrixes activated by 10 M NaOH, except for
the case of geopolymer with only MT (i.e., the “FA-free” specimen),
show a distinct trend of increasing strength with curing time (Fig. 3b),
implying that only if the majority of active silica-alumina oxides in the
parent matrixes are activated by a sufficient amount of NaOH (e.g., 10
M), the resulting geopolymers exhibit a curing time dependency similar
to that of the conventional OPC materials. This is well consistent with
earlier reports (Bah et al., 2022b; Jiang et al., 2022).

However, when co-activating by 5 M NaOH and WG, the UCS values
of such geopolymer matrixes restore a poorly-defined dependence on the
curing time (Fig. 3c), but demonstrate an overall improvement
compared to their original counterparts activated solely by 5 M NaOH
(cf. Fig. 3a and c). This phenomenon is likely attributed to partial acti-
vation of the active silica and alumina in the matrixes by the co-
activator, yielding geopolymers with slightly low connectivity of sila-
nol groups (Provis et al., 2009). In the case of the FGMS series (Fig. 3d),
the introduction of 5 wt% of Gp to the matrixes appears not to restore
the curing time dependency to their UCS values, but slightly improve the
early strength (i.e., 7-day UCS) of the resulting geopolymers as expected,
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Fig. 3. Effects of curing time and fly ash contents on the UCS of geopolymer specimens using (a) 5 M NaOH as the activator (i.e., the FMS (fly ash-mine tailing-
sodium hydroxide) series); (b) 10 M NaOH as the activator (i.e., the FMS-a (fly ash-mine tailing-sodium hydroxide (10 M)) series); (¢) 5 M NaOH and 12.5 wt% of
waterglass as the activator (i.e., the FMSW (fly ash-mine tailing-sodium hydroxide-waterglass) series); (d) 5 M NaOH as the activator with addition of 5 wt% of Gp (i.

e., the FGMS (fly ash-gypsum-mine tailing-sodium hydroxide) series).

in particular those with FA content of 50 and 75 wt% (cf. Fig. 3a and d).
Briefly, except for the matrixes activated by 10 M NaOH, none of the
geopolymer specimens demonstrated a well-defined and unifying
dependence between their strength and the curing time. Such
poorly-defined dependency between UCS and curing time is often
observed in geopolymers incorporated with various types of waste ma-
terials (Mohajerani et al., 2019; Singh and Singh, 2019).

3.4. Effects of NaOH and fly ash dosage on UCS

The effect of NaOH molarity on the UCS of geopolymer matrixes as a
function of FA content is depicted in Fig. 4a—c and S3 in the Supple-
mentary Information. The UCS values of geopolymer matrixes activated
by 10 M NaOH and cured for 7, 14, and 28 days (termed as 7-day, 14-
day, and 28-day UCS) are superior to all those activated by 5 M NaOH
(Fig. 4a—c). The geopolymer matrix with 100 wt% of FA activated by 10
M NaOH, for example, demonstrates a 28-day UCS as high as 24.1 MPa,

over 6 times greater than that of matrix activated by 5 M NaOH (Fig. 4c).
In general, a higher NaOH concentration is favorable to the strength
development of geopolymers over time (Zhang et al., 2021c). This trend
is also evident in this study, particularly for matrixes with FA compo-
nents and activated by 10 M NaOH (see Fig. 3b and 4a—c). In the case of
geopolymers with 10 wt% of Gp and 12.5 wt% of waterglass, matrixes
activated by 10 M NaOH also demonstrate a higher UCS than the cor-
responding counterparts activated by 5 M NaOH and cured for varying
periods (Fig. S3), mainly because the more Na* and OH™ released from
dissociation of NaOH, the faster dissolution of the silica- and
alumina-rich phase, and thereby the faster strength development of the
resulting geopolymer (Rees et al., 2007).

Likewise, the effect of FA content on the strength properties of
geopolymers as a function of NaOH molarity, WG and/or Gp contents
are presented in Fig. 4, and S4-5 (Supplementary Information). Note
that the matrixes activated by 5 M NaOH show 7-day UCS values
increasing linearly with FA content (Fig. 4a), 14-day and 28-day UCS
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Fig. 4. Effects of NaOH concentration and fly ash (FA) contents on the (a) 7-day, (b) 14-day, and (c) 28-day UCS of geopolymer specimens without the addition of
waterglass (i.e., FMS vs FMS-a series); effects of waterglass and FA contents on (d) 7-day, (e) 14-day, and (f) 28-day UCS of geopolymer specimens using 5 M NaOH as
the activator (i.e., FMS vs FMSW series); effect of gypsum (Gp) and FA contents on (g) 7-day, (h) 14-day, and (i) 28-day UCS of geopolymer specimens using 5 M

NaOH as the activator (i.e., FMS vs FGMS vs FGMS-a series).

with a different FA-dependency (i.e., declining with FA content over the
range of 25-50 wt%, but increasing in 50-100 wt%) (Fig. 4b—c). When
activating by 10 M NaOH, however, these matrixes demonstrate UCS
with varying trends of FA-dependency (Fig. 4a—c). Specifically, both the
7-day and the 14-day UCS decrease with FA content over the range of
0-50 wt% and then increase in 50-100 wt%, but the 28-day UCS values
are found to be positively correlated with FA content. As discussed
above, it appears that the alkali is sufficient enough for fulfilling the
gelation reaction when using 10 M NaOH as the activator for the FMS
series of geopolymer matrixes. Moreover, the MT component contains
more gypsum and calcite minerals (Fig. 1a) but fewer amorphous phases
than FA as indicated previously (Bah et al., 2022b). Given the fact that
high calcium material is favorable for yielding a higher early strength to
the resulting geopolymers (Ken et al., 2015), it would not be surprising
that the early and moderate strength values (7-day, 14-day UCS) of these
matrixes decrease slightly with increasing FA content over 0—50 wt% (i.
e., decreasing MT content). From an environmental management
perspective, a trade-off between the mechanical strength development

of the resulting geopolymers and the maximum consumption of MT
within the geopolymer matrix should be achieved for a sustainable
development.

In the case of matrixes activated by 5 M NaOH and 12.5 wt% of WG
(FMSW series), all the UCS values demonstrate a well-defined positive
dependent on FA content (Fig. 4d—f). Such dependency was also
observed for specimens co-blended with 12.5 wt% of WG and 5 wt%,
and 10 wt% of Gp, respectively (Figs. S4 and S5). A possible explanation
for this observation is that waterglass can promote the hydrolysis of the
siliceous and aluminum species of the raw materials besides offering
additional silicate and sodium species required for geopolymerization
(Oh et al., 2010).

3.5. Effect of waterglass and gypsum dosage on UCS

The effects of WG on the UCS of geopolymers as a function of FA
content are given in Fig. 4d—f, and S4—5 (Supplementary Information).
As indicated above, the introduction of WG can facilitate the hydrolysis
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of both the Si and Al species as well as provide extra Si and Na™ com-
ponents, thereby improving the overall compressive strength. These
positive effects from WG are verified by the results in Fig. 4d—f, and
S4—5. It is noteworthy that the addition of WG demonstrated a higher
increase in the early and moderate strength (7-day, 14-day UCS) of the
matrixes (Fig. 4d—e) compared to those activated by 10 M NaOH
(Fig. 4a—b), however, the increase in the 28-day UCS by WG was smaller
than those by 10 M NaOH (cf. Fig. 4c and f). This is because the acti-
vation ability of WG is weaker than that of NaOH (Provis et al., 2009),
and the relative low connectivity of silanol groups generated by WG
activation is unfavorable for the long-term strength development
(Dadsetan et al., 2021).

Fig. 4g—i and S6 illustrate the effect of Gp on the UCS of geopolymers
as a function of FA content. The addition of 5 wt% of Gp appears to
improve the strength of geopolymers with FA content of 50-75 wt%
(Fig. 4g—i) while adversely affecting the strength of the “MT-free” ma-
trixes (100 wt% FA) activated by 5 M NaOH. This is in good agreement
with that observed elsewhere (Boonserm et al., 2012). When the Gp
dosage was increased up to 10 wt%, however, the abatement in the
strength of matrixes compared to the original geopolymers. It is believed
that sulfate ions in Gp are capable of dissolving AI** ions from FA while
excessive addition of Gp appears to facilitate the formation of the the-
nardite phase that is likely to suppress the geopolymerization reaction
(Ken et al., 2015). This is why the incorporation of 5 wt% of Gp dem-
onstrates distinct enhancement in strength development, while the
addition of 10 wt% of Gp shows an adverse effect on the UCS (Fig. 4g—i).
However, the addition of both 5 wt% and 10 wt% of Gp demonstrates
adverse impacts on the strength development of geopolymer matrixes
activated by the mixture of 5 M NaOH and WG (Fig. S6). This obser-
vation is likely due to the volume expansion caused by the reaction
between calcium hydroxide and calcium aluminate induced by the
cointegration of Gp and WG particularly at a higher liquid/solid ratio
(0.57, 0.62) (Fernandez-Jimenez et al., 2007; Zhang et al., 2017), which
is also confirmed by the above visual inspection results depicted in
Fig. S2a—b. Considering that a UCS of 0.35 MPa is appropriate for the
physical integrity of solidification/stabilization waste type to withstand
standards landfill overburden pressures (Choi et al., 2009), the majority
of geopolymer specimens in this study meet the above criteria (see
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Fig. 3—4, and S3-6), and hence showing a great promise for S/S ap-
plications. However, future research and development of these mine
tailing-based geopolymers should focus on identifying and controlling
potentially toxic releases when applied to S/S.

3.6. Microstructural properties of geopolymer

To establish a link between the microstructural properties and the
compressive strength of geopolymers, XRD analysis, SEM images, and
FTIR spectra of selected geopolymer specimens were evaluated in detail.
These microstructural results are shown in Fig. 5a—c, and S7—14. FTIR
analysis is often considered an appropriate method to study the struc-
tural evolution of amorphous alumino-silicates exhibiting high hetero-
geneity. The characteristic infrared bands identified in common
geopolymers are summarized in Table S1 in the Supplementary Infor-
mation. Notably, the geopolymer with the highest UCS (i.e., the FMS-
0Ola series) is featured with similar XRD patterns of strong reflections
assignable to minerals such as quartz, mullite, corundum (JCPDS
#46-1212), and a diffusion reflection at 20 of 20-40° that is likely
attributed to the amorphous C-S-H gels (Fig. 5a). The FTIR spectra show
a typical band at 1070 em ™}, indicating the presence of stretching vi-
bration of Si-O-Si and/or Si-O-Al groups (Fig. 5b). Note that the above
band shifted to lower wavenumber region in the FMS-0Ola specimens,
implying the formation of Si-O-Al groups and thereby the amorphous
geopolymer gel (i.e., C-S-H, C-A-S-H) after activation of FA by NaOH
(Provis and Bernal, 2014; Zhang et al., 2021b). The geopolymer gels are
compact and irregular-shaped agglomerates (see Fig. 5¢), which appears
to be the root reason for their high compressive strength (Rees et al.,
2007). This geopolymerization process is usually perceived as following
a process of dissolution of parent materials, formation of oligomers, and
subsequent cross-linking of such oligomers into a geopolymer network
(Fig. 5d).

Notably, lowering either the FA content of the matrixes (Fig. S7) or
the molarity of NaOH (Fig. S8) would definitely result in partial geo-
polymerization (Figs. S8 and S11) due to the lack of amorphous silica or
alumina and the shortage in alkaline activator, and thereby yielding
geopolymers with relatively poor mechanical strength (Fig. 3a vs 3b).
However, the introduction of waterglass appears to facilitate the
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formation of geopolymer gel particularly in the matrix with 100 % of FA
(Fig. S9), demonstrating that the addition of waterglass can notably
change their microstructural properties and thereby improving their
compressive strength accordingly (see Fig. 4d—f). Additionally, incor-
porating 5 wt% of Gp was found to facilitate the formation of both
calcite (JCPDS #05-0586) and calcium silicate (JCPDS #31-0302,
Fig. S10), both of which are beneficial for the early strength of the
resulting geopolymers (Li et al., 2016b; Luukkonen et al., 2018). The
integrating of Ca2+ from Gp in the bond Si-O-Al-O can not only
equilibrate the charged Al3+ ions but also contribute strongly to the
formation of C-S-H gel (Fig. S10h), therefore leading to the improve-
ment of compressive strength (Fig. 4g—i).

However, further increasing the dosage of Gp up to 10 wt% appears
to result in inadequate geopolymerization reactions, thus leaving a large
amount of unreacted FA and Gp in the geopolymer specimens (Fig. S11).
Cointegrating of Gp and waterglass into the geopolymer matrixes seems
not to alter their microstructural properties too much (Figs. S12-13) as
compared to those with 10 wt% Gp and activated with 5 M NaOH
(Fig. S11). Although the early microstructure of the resulting geo-
polymer appears to be improved by replacing 5 M with 10 M NaOH to
activate the above matrixes (Fig. S14 vs S13), after curing for 28 days,
however, the large geopolymer gels found in the early samples
(Fig. S14h) were fragmented due to the conversion of amorphous gels to
crystalline minerals over time (Fig. S14), thereby reducing their
compressive strength. Crystallization of such amorphous gels into zeo-
lites (e.g., chabazite (JCPDS #52-0784) in Fig. S14b) may somewhat
enhance their sequestration for hazardous elements (Bah et al., 2022b),
but at the expense of their mechanical strength and long-term durability.

Nevertheless, to increase the feasibility of the alkali-activated geo-
polymerization technique and reduce its cost and environmental impact,
further considerations are needed, including the possibility of improving
the strength and long-term durability of geopolymer products by curing
at elevated temperatures (Bah et al., 2022a), and substituting sodium
hydroxide with industrial alkaline waste (Ouffa et al., 2022).

4. Conclusions

Geopolymerization was applied to valorize the lead-zinc mine tail-
ings with the blending of class F fly ash and flue gas desulfurization
(FGD) gypsum in this study. The results of visual inspection and me-
chanical strength testing revealed that the dimensional stability and the
unconfined compressive strength (UCS) of geopolymers are dependent
on sodium hydroxide (NaOH) molarity, dosages of fly ash, gypsum, and
waterglass, as well as the curing time. The geopolymer matrixes with
100 wt% of fly ash and activated by 10 M NaOH were found to
demonstrate the highest UCS. With the blending of increasing amounts
of mine tailing, the compressive strength decreased accordingly due to
the less amount of active alumina and silica in mine tailing compared to
fly ash. The incorporation of 5 wt% gypsum would lead to strength
improvement, particularly for matrixes with 50-75 wt% fly ash. The
introduction of 12.5 wt% waterglass can also facilitate the geo-
polymerization and thus increase the strength of the resulting matrixes.
Cointegrating of gypsum and waterglass into the geopolymer matrixes,
however, would induce antagonistic effects on both the dimensional
stability and the strength development. Microstructural analysis indi-
cated that the strength of the fly ash/mine tailing-based geopolymer is
mainly contributed by dense amorphous gels, which were converted to
crystalline minerals gradually over time, leading to a decrease in
strength. This study demonstrated that lead-zinc mine tailings could be
successfully valorized through geopolymerization for yielding products
with potential applications in the construction industry. To increase the
feasibility and lower the environmental impact of this geo-
polymerization technique, further considerations such as heat-curing
and using industrial alkaline waste are needed.
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