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Abstract
Using geopolymerization to value mining wastes in order to meet construction demand is a sustainable and
environmentally friendly strategy. Fly ash geopolymer materials have been developed to address environmental issues
such as climate change caused by the emissions of CO2 from coal �y ash plants, mining, and cement industry into the
atmosphere. The main objective of this study is to study the feasibility of using mine tailings to produce environmentally
friendly building materials (so-called geopolymer products) with excellent mechanical strength through �y-based
geopolymer technology. Fly ash (F.A.) and mine tailings (M.T.) were utilized as raw materials and gypsum (G.Y.) as
additives. Sodium hydroxide (NaOH) at (5-10M) and sodium silicate (water glass) constituted the alkaline solution and
were added separately to the mixture. The mechanical property and microstructure of the geopolymers were assessed by
performing the Uncon�ned Compressive Strength (UCS), Scanning Electron Microscopy (SEM), X-ray diffractions (XRD),
and Fourier transforms infrared (FTIR). A 24 MPa was achieved at 10M NaOH with 100% F.A. Besides, low UCS values
were obtained with only M.T. as a binder. The SEM imaging analysis con�rmed similar results showing that the
geopolymer specimens cured with 100% of F.A. at 10M NaOH with a moderate amount of gypsum are denser than those
prepared without gypsum at 5M. The �ndings revealed that F.A., MT, and gypsum, together with the alkali reagents,
in�uenced the geopolymerisation process. These factors responded effectively to the microstructural
performance(increasing density), resulting in increased uncon�ned compressive strength.

1. Introduction
Valorising mine tailings through geopolymerisation to meet construction demand is a sustainable and environmentally
friendly approach. Environmental problems have become a worldwide concern. In addition, Heavy metals such as lead
(Pb), zinc (Zn), Copper (Cu) are among the most dangerous pollutants which lead to the death of the living organism
(Humans, animals) through environmental pollution that occurs by the exploitation of mineral resources. Crushed rocks,
as well as e�uents from mineral exploration, make up mine tailings. These are the byproducts left over from extracting
products from mining ores that have never been a 100 percent effective system; not all agents and chemicals used are
recoverable. Mine tailings are also discarded products that provide no economic advantage to the mineral miners at the
time of manufacture. Hence they are often kept in the most cost-effective manner possible to meet obligations. (Xiaolong
et al. 2021). On the other side, Every year, the issue of long-term dumping of tailings (M.T.) that pile in tailing ponds and
mining waste land�lls becomes increasingly pressing.(Ngole-Jeme and Fantke 2017; Kinnunen et al. 2018; Krishna et al.
2021). Besides, it occurs as a result of higher manufacturing quantities in mining and metallurgical entities, as well as the
absence of meaningful waste-handling techniques. However, also, it is stated, particularly in developed countries,
tightening environmental regulations. The continuous in�ow of toxic substances, radioactive elements, and other harmful
substances into the ecosystem, polluting the soil, is indeed a serious outcome of tailings storage. (W. Zhang et al. 2020),
water (Sheoran and Sheoran 2006)and air (Csavina et al. 2012).

The use of M.T. as a major contributor to alkali-activated materials and geopolymers represents an attractive trend for
their application. (Kiventerä et al. 2020). This process is an opportunity not just to reduce the dynamics of M.T. accretion
and decrease the occurrence of industrial contamination, but it also integrates the bene�ts of geopolymer technology
related to the diminution of carbon dioxide liberation into the atmosphere, the potential for utilizing certain technogenic
aluminosilicate waste, and the adaptability of the characteristics of geopolymers as an overall building material (Ma,
Awang, and Omar 2018; Hassan, Arif, and Shariq 2019; Lazorenko et al. 2020; Krishna et al. 2021)

Sustainable management of tailings through geopolymers has increasingly attracted the attention of a diverse group of
experts, including general practitioners. Numerous research has indeed been reported, highlighting an attempt to improve
understanding of the mechanics of tailings geopolymerization to control the characteristics of MT-based geopolymers for
long-term development (Moukannaa et al. 2019).
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Owing to its appealing attributes like superior mechanical properties, enhanced heat resistance, prolonged durability, and
reasonable manufacturing costs, geopolymers have indeed been extensively explored as a Portland cement replacement
in recent years (Moukannaa et al. 2019)

In order to �nd sustainable solutions to address these issues, some environment materials such as « Geopolymers » by
geopolymerization process that engages chemical reaction of aluminosilicates oxides with Alkali polysilicates yielding
polymeric Si-O-Al bonds (Davidovits 1991) and some techniques such as « Solidi�cation / Stabilization technology »
have been developed to encapsulate toxic chemical and radioactive waste. In order to diminish the quantity of �y ash
from a power plant to be disposed of in the world such as the Czech Republic, the �y ash has to be added to cement and
concretes(Škvára, Jílek, and Kopecký 2005; Zhao et al. 2019), in addition, using alkaline solutions reagents such as
NaOH, or Na2SiO3 contribute strongly to geopolymerization process as said (Rattanasak et al. 2011), that
geopolymerization happens in alkaline solution, especially in the sodium hydroxide/sodium silicate system.

Gypsum has been utilized in some recent studies to ameliorate the mechanical strength of �y ash-based geopolymers
when activating the �y ash by sodium hydroxide(NaOH) and Sodium silicate(Na-silicate) (Jun et al., 2015). CaSO4 or
gypsum is a suitable additive due to its availability in the market with acceptable cost (Boonserm et al., 2012).

This research, therefore, evaluates the performance of raw materials ( Fly Ash (F.A.), Mine Tailings(M.T.), and
Gypsum(Gy)) and the Alkali reagents ( NaOH and Sodium Silicate) to study the mechanical property and microstructure
of geopolymers. In order to achieve this research, the XRF, XRD diffractometer, FTIR, SEM imaging, and the Uncon�ned
Compressive Strength (UCS) analysis were performed to investigate the Geopolymer-based solidi�cation of Lead-Zinc
mine tailings.

2. Materials And Methods

2.1. Materials
Based on the availability, affordability, and applicability, the following materials were chosen to conduct this research,
including �y ash (F.A.), gypsum (G.Y.), and mine tailings (M.T.), Sodium hydroxide (NaOH), sodium silicate, and distilled
water. Both the F.A. and the G.Y. were obtained from Jiangsu Nanre Power Generation Co., Ltd. (Nanjing, China), M.T. was
achieved from Nanjing Yinmaoqianxin Mining Industry Co., Ltd. (Nanjing, China). 96% NaOH pellets were supplied by
Shanghai Macklin Biochemical Co., Ltd., and sodium silicate solution (SiO2 13.36%; Na2O 29.84%) was obtained from
Ganjiashan Yourui Refractories Co., Ltd. Sodium hydroxide and sodium silicate were selected as alkaline agents due to
the sodium geopolymers had higher mechanical strength than potassium geopolymers ( Rao et al., 2015). The chemical
compositions of both F.A. and M.T. were obtained by the fused X-ray �uorescence (XRF) method, and the results are
shown in Tables 1 &2. The X-ray diffraction (XRD) analysis of the raw materials and geopolymers specimens was
performed on an XRD-6100 diffractometer (Shimadzu, Japan), the Fourier Transform Infrared Spectroscopy (FTIR) data
were collected on Is5 infrared spectrometer, and The scanning electron micrograph (SEM) of the raw materials and
geopolymers specimens were measured by using a Hitachi japan SU1510 microscope.

2.2. Synthesis of Geopolymer
To achieved the objective of this study, forty (40) geopolymer recipes were performed. Samples were prepared by blending
the dry reagents about 7 min then gradually adding the alkaline liquid such as NaOH at 5 -10M and sodium silicate in the
different recipes) and further mixing for 5 min. The alkaline solution was prepared by blending the sodium hydroxide
solution to de-ionized water (DIW) at 5 M and 10 M with sodium hydroxide �akes and stirring for at least 5 min. Due to the
heat generation, adequate time was required for the solution to cool down to room temperature one day before it was
used; however, the NaOH solution and sodium silicate were injected into the dry mixture separately. The samples were
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cast in 20x 20 x 20 mm cubes at room temperature for 72 hours before being removed from the molds and kept for
another four days at room temperature. Two measurements of the 12 cubes made to measure the compressive strength
of 7, 14, and 28 days will be taken. Table (3) presents the mixture design of the different samples performed in the study
to �nd the best recipe to encapsulate the toxic metals, where the labels will represent using letters which are represented
by �y ash (F), gypsum (G), mine tailing (M), sodium hydroxide (S), water glass (W). Where W/S expresses the ratio
between sodium hydroxide (S) with a water glass or sodium silicate soln (W) were added in some of the mixes. In
addition, silica or quartz is the principal impurity in �y ashes. In geopolymerization, silicate is an important activator, so Si
/ Al ratios higher than 2.5 were commonly investigated in the literature. In this work, the Si / Al ratios of all specimens
having in their composition �y ash vary from 1 to 2.54, coinciding with the work of Davidovits and his co-workers, where
they concluded that the Si / Al ratio in �y ash-based geopolymers should be between 1 and 3( Rao et al., 2015).

On the other hand, the specimens with a high Si/Al ratio that varies between 10.33 and 12.25 belong to the 100% of M.T.
in the composition. In some works, gypsum applications can reduce porosity; however, an excess amount of gypsum may
cause volume instability within the material. As �y ash is an industrial waste material, varying impurities of different
chemical substances may be found within �y ash, which resultantly may cause signi�cant changes in reactions; however,
gypsum was also added with other ingredients such as calcium silicates and other types of sodium silicates(Jun et al.,
2015), that is why in some recipes was added a portion of 10 or 20 grams of the gypsum.

Then the crystallization phase of geopolymers with the highest value of compressive strength

was analyzed through FTIR and XRD machines.

2.3. Mechanical Property Test
The uncon�ned compressive strength (UCS) test is known and utilized to measure geopolymers' solidi�cation
effectiveness. It is generally accepted that a UCS of 0.35 MPa (psi) is appropriate for the physical integrity of
solidi�cation/ stabilization waste type to withstand standards land�ll overburden pressures. (Choi et al., 2009).

20 x 20 x 20 mm cube specimens were cast for the strength test on mortar at 3, 7, and 28 days UCS. The mortar
specimens were cast and cured at 25–30°C room temperature. The molds have been covered with protective plastic
sheets shortly after casting and de-molded after 24 hours. The compression tests were carried out using a load
compression testing machine. At least three samples were tested for every age, as well as the average of the recorded
UCS values is being used.

2.4. Geopolymer Microstructure Analysis
To understand the geopolymers' properties, physical observation and Methods of mechanical detection were utilized upon
selected geopolymers products based on their performance in terms of compressive strength results. FTIR test results
were acquired and used an ASTM Standard (IS5 infrared spectrometer) from Thermo Fisher USA and a Shimadzu
(Japan) XRD machine model (XRD-6100) with an objective function of (20-60KV and 2-80mA) for the phasing
characteristics. Furthermore, morphological properties of geopolymer samples were studied using Hitachi (Japan)
SU1510 SEM equipment.

3. Results And Discussion

3.1. Characterization of Fly Ash, Mine Tailing, and Gypsum
To comprehend the effectiveness of raw resources, including mine tailings, �y ash, and gypsum, in forming a geopolymer,
it is necessary to understand their physical and chemical properties, including chemical compositions, mineralogical
composition, and size distribution.
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Table 1&2 shows the chemical composition of �y ash (F.A.) and mine tailings (M.T.) that consisted mostly in a vitreous
phase comprising 40.15% and 35.50% of SiO2 and Al2O3, respectively. Also another oxide in lower percentages including
CaO, Fe2O3, and MnO2 to 8.33%, 7.57%, and 0.11%, respectively. The LOI limitations are 8% and 6% according to CSA
A3001 for Type F �y ash and for Types CI and C.H. �y ashes, respectively; considering the acceptable limitations for LOI,
the F.A. level is 1.64, allowing the specimen to be utilized for testing and obtaining a great outcome. Heavy metal
quantities including Pb, Cu, Y, Cr, and As could also be found in F.A., as shown in Table 2. Fig. 1 shows the XRD patterns
of �y ash composition that are utilized in this research. It is clear that the presence of the quartz is 7.9% and mullite
24.5%, which are the non-reactive crystalline phase, and the amorphous phase present in the F.A. is 67.6%. The distinctive
shape of the original �y ash morphology is shown in Fig. 3(a). It appears to be made up of nearly uniform spherical
(cenospheres) vitreous fragments with diameters ranging from 2 to 14 m.

Mine tailings mineralogy is largely dependent on the type of the original ore, minerals manufacturing techniques, as well
as the level of deterioration during storing in tailings ponds. (Kossoff et al. 2014). Furthermore, The reactivity of
prospective geopolymerization precursors is determined by the alkali solubility of silicon and aluminum, determined by
their mineralogy. As a result, mine tailings' reactivity can be estimated based on their mineralogical features. (Xu, H., van
Deventer 2000). Tables 1 & 2 display the mine tailings’ chemical composition (major oxides and trace elements). It can be
seen in these tables that M.T. consist mainly of Si, Fe, and Al, as shown by the major oxide composition of 18.83%,
29.49%, 9.12%, 6.20%, and 1.61% for SiO2, CaO, MnO2, Fe2O3, and Al2O3, respectively. The tailings also contain a lower
concentration of heavy metal, which could con�rm the results of the study “A Research on the Leaching Toxicity of the
Solid Waste of a Pb-Zn mine” of Wang et al. (Wang et al. 2015), in which the chemical study revealed that harmful
component level in the mine tailings was low, indicating that there was no risk of pollution. As a result, it was determined
that mine tailing specimens are not harmful substances. The predominant minerals included in mine tailings, according
to XRD examination, are crystalline solids such as sphalerite, gehlenite, gypsum, calcite, brushite, and quartz, (Fig. 1).For
the last description of M.T., the bans around 3316cm-1 were attributed to loosely bound water (H-O-H), and the absorption
band 1660 cm-1was induced by O-H stretching from adsorbed water. The band 1393 cm-1 is associated with symmetric
stretching vibration from adsorbed CO2, and the band 1016 cm-1 was assigned to apical Si-O stretching and Si-O-Si
stretching. The M.T particle size distribution is shown in Fig. 4; roughly 42.50 percent of both the particulates are less
than 60 m, with the remaining 5.56 to 9.41 wt percent having a size ranging from 60 to 200 m. Ultimately, the second-
highest �gure in size particle distribution is 13,02 wt percent of particles larger than 200 m. Fig. 3(b,c) also depicts the
M.T. amorphous crystals in various sizes. Because mine tailing particulates are angular, dried tailings have a higher
strength angle. Since its magnitude is dependent on the mineral processing requirements, it is hard to extrapolate.
(Xiaolong et al. 2021).

The description of gypsum was compared with the band standards of the gypsum spectra, the peak around 3396 -3562
cm−1 and 1623 cm−1 own to the H-O *H. The S-O, which including the asymmetrical vibration, will be in the band 1139 cm-
1; the bands 590 to 669 cm-1 represent the asymmetrical deformation vibration. (Wei et al. 2016). The SEM results of the
gypsum and the varied forms and structures of both the particulates are shown in Fig. 3 (d).

The FTIR spectra of F.A., G.Y., and M.T. are shown in Fig. 2. At �rst, it will be described the bands of F.A. At 568 cm-1 is due
to Al-O-Si symmetric stretching. For Si-O-Si asymmetric stretching is shown in the band at 1066 cm. The structural and
geometric knowledge from SEM analysis of crystals helps us de�ne the distinction between raw resources and
geopolymers' crystallization.

3.2. The Physical Characteristic of Geopolymers
Once the mixtures were done, bulks had different physical characteristics such as color, shape, and integrality. In
Fig. 13(a), (b), and (c), different series of geopolymers were shown, whose compositions are described in Table 3; all of
them have a cubic shape with a dimension of 20 x 20 x 20 mm.
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The specimens labeled with the codes FMS-0x (x = 1, 2, 3, 4, and 5) have the following characteristics, the colors of these
bulks vary from a gray color that little by little changes to a shade of brown by the increase in the amount of mine tailing
respectively, the two last specimens of the series FMS-04 and FMS-05 do not conserve the initial cubic shape. The second
series with the code FMSW-0x had the same variety of colors with the difference that are a little bit dark, as for its shapes
are cubic but with a presence of cracking in the surface of all the series.

Finally, the series FMS-0xa, which were activated with NaOH at 10M, these series also presented a variety of color but little
more intense compared to others, but that is caused by the increase of mine tailing in the mixture, but covered with a
white layer that could be due to the interaction of sodium hydroxide with carbon dioxide. By simple observation, it was
possible to determine the integrality order of this series of geopolymer specimens as follows:

FMS-01 > FMS-02 > FMS-03 > FMS-04 > FMS-05

FMSW-01 > FMSW -02 > FMSW -03 > FMSW -04 > FMSW -05

FMS-01a > FMS-02a > FMS-03a > FMS-04a > FMS-05a

The specimen's codes FGMS-0x belong to the �rst line of Fig. 12(a), the colors of these bulks vary from a gray to brown
but FGMS-05, was covered with a white layer, cubic shapes with a presence of cracking in the surface of FGMS-03, -04
and -05, and also observed a light erosion at the corners of the cube in FGMS-05. In the second series with the code
FGMS-0xa, the colors of the different bulks presented a grayscale and were observed a slight erosion in the cubic shapes.
The integrality order of these series of geopolymer specimens are as follows:

FGMS-01 / FGMS-02 > FGMS-03 > FGMS-04 > FGMS-05

FGMS-01a > FGMS-02a > FGMS-03a > FGMS-04a > FGMS-05a

3.3. Mechanical Property and Microstructure of Geopolymers

3.3.1 Mechanical Property of Geopolymers
In order to investigate and �gure out the mechanical property of the geopolymer specimens, the effect of the curing time,
sodium hydroxide (NaOH), Fly Ash (F.A.), and gypsum (Gy) on the Uncon�ned Compressive Strength (UCS) were
performed based on some selected geopolymers matrix. Furthermore, Table 4 summarizes the samples that have the
higher values of UCS of the different series.

 

3.3.1.1. Effect of Curing Time on Mechanical Strength
The role of curing time on the compressive strength (UCS) has been investigated with the proportion of F.A. (0%, 25%,
50%, 75%, 100%). Fig. 5 shows the result of curing time on the compressive strength for FMS-0xa geopolymer specimens
at 10M NaOH. These mixtures were cured for different curing times, which are 7, 14, and 28 days. Only the FMS-05a
mixture with 0% of F.A. decreased with the increase of curing time. The trends of FMS-04a with 25% of F.A. which to pass
the days will decrease gradually with the increase of curing time but not completely to zero compared to the FMS-05a
mixture. that showed the F.A. particles have high reactivity and play a great role in the mechanical properties. The lack of
data in compressive strength of the geopolymer specimens with 100% mine tailing (M.T.) was reported in many research
that there is no geopolymerization. Additives like �y ash, gypsum were utilized in geopolymerization processes to
consolidate mine tailings (Rao and Liu 2015).
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Figure 5 summarizes the specimens cured at room temperature whose compressive strength values increase with the
cured time. A longer curing period increases the polymerization rate resulting in higher compressive strength. The results
show that longer curing periods did not lower the compressive strength of geopolymer concrete as declared (Jaarsveld et
al. 2002). These will be the best candidates to perform the toxicity study to determine the encapsulation capacity of toxic
metals.

3.3.1.2 Effect of Fly Ash and NaOH Concentration on Mechanical
Strength
Figure 12(a-b) displays the result of Uncon�ned Compressive Strength (UCS) of �y ash-based geopolymer specimens
cured at room temperature for seven days with various F.A. proportions (0%, 25%, 50%, 75%, 100%) and NaOH
concentration at 5M and 10M. This �gure shows that both F.A. and NaOH contribute strongly to the increase of strength.
Higher the amount of F.A. and NaOH is greater than the UCS value, as demonstrated in another study (Zhang et al. 2011).
This is due to higher O.H. or sodium oxide content during the geopolymerization reaction, as claimed by Zhuang et al.
There are reactions and condensation between �y ash and alkaline reagents. The outcome, Si4+, and Al3+, combined with
complex crystallization, oligomerization, and polymerization, yields a new aluminosilicate-based polymer with a novel
amorphous three-dimensional network structure (Zhuang et al. 2016). The Si/Al ratio played a great role in the
geopolymerization as the main precursor. Furthermore, as demonstrated by Zhang et al. (L. Zhang et al., 2011), the
elevated of the Uncon�ned Compressive Strength (UCS) with the proportion of F.A. is owing to the Si/Al ratio of the
MT/FA mixture and its reactivity. Generally, a low Si/Al ratio is preferable for a good geopolymerization (Rangan et al.,
2014) and should be within 1-3 (Xu et al., 2003; Zhang et al. 2011; Rangan et al., 2014).

3.3.1.3. Effect of Gypsum (G) on Mechanical Strength
In order to investigate the effect of gypsum (G) on the Uncon�ned Compressive Strength (UCS), three series of
geopolymers specimens (FMS-0x, FGMS-0x, and FGMS-0xa) were performed with different proportions of F.A. (0%, 25%,
50%, 75%, and 100%) cured for seven days at 5M NaOH with Gypsum that range at 0g, 10g, and 20g. Fig. 12 (c) shows
the role of gypsum with different proportions of �y ash on the compressive strength. It can be seen that the strength of
the geopolymers with gypsum increase compare with those without G, which means adding gypsum can improve the
geopolymerization as claimed (Boonserm et al., 2012). The highest peak of strength was gained by adding 10g of G. This
increase happened because of the entering of Ca2+ in the bond Si-O-Al-O and equilibrating the charge Al ions (Fernández-
Jiménez et al. 2006), that contributes strongly to the formation of CSH, aluminosilicate structure and lead to the
improvement of compressive strength (Boonserm et al. 2012). Further, the trend drops down with the increased amount of
G (Rattanasak et al., 2011).

3.3.2 Microstructure and Microchemistry of Geopolymers
In order to characterize and evaluate the microstructure and microchemistry of �y ash-based-geopolymer matrix and
�gure out the connection between the microstructure and compressive strength of geopolymers, SEM imaging, XRD
diffractometer, and FTIR spectra of selected geopolymers specimens were evaluated.

Finally, it can be noted that one of the most important factors that contribute to the mechanical strength is the water ratio
used. Basically, the lower this ratio is, the greater the �nal UCS strength will be. The geopolymer specimen series (FMS-
0xa) with 0.27 of Liquid/Solid ratio has recorded the highest values in terms of UCS strength which vary between 1.7 and
14,075 MPa. The compressive strength also depends on the curing time. The UCS test of the geopolymer showed slight
changes in compressive strength after 28 days, but no changes have been recorded after 56 days(Badur and Chaudhary
2008). When sodium silicate was utilized, the presence of silica retards the zeolite formation rate. As a result, �rst, greater
strength values are gained at lower degrees of reaction. The �y ash activated by an alkaline solution can have a greater
compressive strength with greater zeolite content. (Lloyd, 2009)
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3.3.2.1 SEM Imaging Analysis
The SEM imaging was carried out to �gure out the effect of aging periods, NaOH concentration, and gypsum on the
microstructure of geopolymers. The SEM micrographs of different geopolymer specimens are displayed in Figs. 7-10.

In order to understand the effect of aging time on the microstructure of the geopolymer specimens, SEM imaging of
FGMSW-3b matrix was carried out and cured under room temperature condition after 7, 14, and 28 days with 100% F.A.,
20g of Gy at 10 M of NaOH concentration (Fig. 7). Fig. 7 provides a comparative analysis of SEM micrographs of various
geopolymers effectively treated at varying periods at a moderate optical zoom. According to this �gure, there is very little
modi�cation in the microstructure of geopolymers after seven days, implying that curing time has little in�uence on the
microstructure, as also stated by another study. (Zhang et al. 2011).

To �gure out the effect of sodium hydroxide (NaOH) on the microstructure of geopolymer specimens (FMS-02 and FMS-
02a) cured under room temperature after 14 days curing period with 100% F.A. at different concentrations of NaOH (5M
and 10M), the SEM imaging was investigated. Fig. 8 depicts the various modi�cations shown in the micro-structural of
the geopolymers. Fig. 8 (a) showed the existence of F.A. in a negligible amount as the concentration of NaOH increases,
discussing the function of NaOH in polymerization. Fig. 8 (b) indicates the existence of F.A. in a massive portion as the
concentration of NaOH increases, which also clari�es the function of NaOH in geopolymers. Further analysis revealed
that at 15M NaOH, the particles of F.A. have been almost non-existent, indicating that the increased the NaOH
concentration, the faster the geopolymerization rate. At 15M, the geopolymer gel was much more cohesive and thicker
than that at 5 and 10M, yet geopolymerization was quite substantial at 10M (Zhang et al. 2011). It also con�rms the
compressive strength (UCS) results (Fig. 12 (a)), which show that the maximum UCS value was acquired to 10M NaOH.

The effect of sodium silicate (Na-silicate) on the microstructure was evaluated, by comparing the specimen FMS-01
activated with only NaOH and FMSW-01 activated with NaOH and Na-silicate both cured at ambient temperature, at 5M
NaOH with 100% F.AAs shown in Fig. 9 (c) and (d), there is still a notable change in structural system between all these
images; Fig. 9 (d) is more compact than Fig. 9 (c), attributed to the existence of sodium silicate in that sample at a 1.08:1
ratio. Once sodium hydroxide (NaOH) and sodium silicate (Na-Silicate) are mixed to make an alkali solution, the blending
has superior mechanical properties than NaOH alone(Palomo et al. 1999); the very same research claimed that sample
only with NaOH has a porous material compared to one provided both with NaOH and Na-Silicate, which has a higher
density structure.

To understand the effect of gypsum on the microstructure of the geopolymer matrixes (FMS-02, FGMS-02, and FGMS-
02a) at low magni�cation, the SEM analysis was performed with 75% F.A. at 5M NaOH at different content of gypsum: (a)
0g, (b) and (c) 20g 10 g of gypsum cured for seven days curing under ambient air condition. The scanning electron
microscopy (SEM) geopolymer matrixes (FMS-02, FGMS-02, and FGMS-02a) are displayed in Fig. 10. This �gure reveals
that the opacity of these three geopolymers varies signi�cantly. The sample of FGMS-02 with 10g of Gy in Fig. 10 (b) is
much more condensed with low permeability than that of the other geopolymers; nevertheless, there is much more
unreacted F.A. in the FMS-02 geopolymer with 0g of Gy in Fig. 10 (a) than the other geopolymers, which clari�ed the
function which gypsum performed in terms of microstructures and mechanical properties by boosting the polymerization
rate. In addition, these SEM imaging results justi�ed the Uncon�ned Compressive Strength results (Fig. 12. (c)) that the
UCS values increased with the addition of 10g of Gy. This performance could be attributed to the combination of mine
tailings (low reactivity) to �y ash (high reactivity) and gypsum, which concurred with the research �nding of Xiaolong et
al., which claimed that mine tailings are often crystalline, leading to low reactivity throughout geopolymerization
therefore; as a result, products with minimal compressive performance. As a result, adding extra elements with higher
reactivity to mine tailings-based geopolymers can e�ciently tune and optimize their characteristics. (Xiaolong et al.
2021). Furthermore, because most of the chemicals included in this function are manufacturing wastes, its use has
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additional bene�ts for the environment. Strong-containing calcium compounds have such a higher favorable impact on
geopolymer durability than lower-containing calcium. This is due to the development of extra CSH gels, which, when
combined with NASH, increases structural integrity, as previously reported by Xiaolong et al.,.(Xiaolong et al. 2021)

3.3.2.2 XRD Analysis
X-ray �uorescence spectrometry has been used to determine the elemental composition of the geopolymers using the
XRD-6100 diffractometer and the XRD patterns have been analysed through JADE 6.0 Software. Because of its
amorphous or nanocrystalline nature, the N-A-S-H gel formed during polymerization is di�cult to characterize with XRD.
Nonetheless, the XRD patterns of the specimens were used to determine the crystalline formation in the different mixture
designs of the �y ash-based geopolymer presented with high compressive strength. (FMS-01a (100% F.A.), FGMS-02 (75%
F.A.), FGMSW-02 (75% F.A.), FGMSW-01a (100% F.A.), FGMSW-03b (50% F.A.), synthesized under room temperature
conditions cured at 7, 14 and 28 days is shown in Fig. 6, where different phases have been obtained. Where C= Corundum
Al2O3, Cc= Calcite CaCO3, G=Gypsum CaSO4 2H2O, M= Mullite Al6Si2O13, Q= quartz SiO2, Ss=Sodium silicate Na2(SiO3),
Sh=Calcium Silicate hydritade Ca1.5Si0.5 xH2O, Ch= Chabazite, J= Jadeite, A=Anhydrite CaSO4.

Mullite and quartz, which have been discovered in raw �y ash, were observed throughout all samples. All of the enabled
samples exhibited amorphous ridges focused around 220° to 30°, including all samples, con�rmed the formation of a
geopolymer gel. (Keyte et al., 2009a). Except for the FMSW-05 sample, that does not show the geopolymerization since
mine tailing is the only element in its composition. Singh et al., in their research, found a similar observation (Singh et al.,
2018). Numerous crystalline structures, including quartz and mullite, have been regarded as non-reactive, even though
their reaction speed in alkali-silicate solutions is remarkably slower when compared to inorganic materials.(Keyte et al.,
2009b) in some of the samples as FGMS-02 and FGMSW-03, could identify de chabazite, which is one of the crystal that
can encapsulate the heavy metals such as Cu and Pb (Jun et al., 2015).

Calcite, CaCO3, is formed once calcium hydroxide reacts to carbon dioxide in the atmosphere; calcium solubility at
elevated pHs has been well recognized to decrease due to the instability of calcium hydroxide forming(Komnitsas and
Zaharaki 2009), his mineral was found in the majority of the samples.

Crystallization amorphous gels were the subtler shown in �y ash-derived geopolymers. Compared to the �y ash instance,
much less of the binder is gradually morphed into zeolite stages. Furthermore, variables that promote zeolite forming, like
increasing the alkalis of the binder, increasing strength, and reducing any proclivity for strength loss, at least for the
duration considered. The creation of zeolites, including chabazite, was recognized through XRD analysis in most
specimens. Other minerals discovered included calcite and quartz, which were linked to the presence of zeolites.

3.3.2.3 FTIR Analysis
The FTIR of the �ve best specimens in terms of compressive strength with various materials was investigated. The FTIR
spectra of the �ve (5) geopolymers (FMS-01a (100% F.A.), FGMS-02a (75% F.A.), FGMSW-02(75% F.A.), FGMSW-02(75%
F.A.), and FGMSW-03b (50% F.A.), containing a different proportion of Fly Ash and sodium hydroxide concentration (5M,
10M) cured at 7, 14 and 28 days are shown in Fig. 11. Table 5 shows the Infrared characteristic bands identi�ed in F.A.
and geopolymers specimens. In-plane and bending vibrations of Al-O / Si-O, 460cm−1, and 550 cm-1 are assigned. The
existence of a 1456cm-1 band may be due to C= O vibrations, which indicate the presence of carbonate bands. In
addition, the I.R. spectra studies show bands close to 1016 cm−1 and 1143 cm−1 due to asymmetric Si-O stretching while
banding at 458 cm−1 to SiO4 bending in-plane Si-O. However, bands between 772, 579, 537, and 439 cm−1 correlate with
Al-Si minerals. In addition, new bands emerging at 3423, 1638, and 1540 cm−1 are consistent with-OH, H2O bending and
asymmetric carbonate stretching, respectively (Ismaiel Saraya and El-Fadaly 2017). The peak appeared at 1640 cm−1 as
a result of bending H-O-H vibration, and the intensity of this peak increased with a rise in NaOH concentration, suggesting
a rise in geopolymerization degree (Devi and Saroha 2016). 
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4. Conclusions
From this study, it can be concluded that �y ash, mine tailings with gypsum as an additive by using Sodium hydroxide
(NaOH) at (5-10M) and sodium silicate (water glass) as the alkali reagents can be used to study the feasibility of
geopolymerization. In this work, eight geopolymer recipes were made based on �y ash. Both F.A. and M.T. were added in
different proportions (0, 25, 50, 75, and 100%) of the total weight. The different dosages mentioned in the design section
of the geopolymers gave rise to 40 recipes of geopolymers, which after being mixed and cured at room temperature after
7, 14, and 14 days curing time, showed slight physical changes compared to those without F.A. content could not
maintain their shape and hardness. Furthermore, From this research, we remark that mine tailings could not be used alone
in performing geopolymer products owing to their low reactivity. However, associating mine tailings with other binders
with high reactivity, such as �y ash or high content in SiO2, would make mine tailings a suitable binder in
geopolymerisation. In summary, the Uncon�ned Compressive Strength (UCS) of Geopolymers, the mechanical properties,
and microstructure were in�uenced by curing time, temperature, and the chemical reactions. Furthermore, this study
demonstrated that mine tailings could be successfully valorized through geopolymerization to generate eco-friendly
products that would sustainably use in the building and construction materials industry.
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Tables

 
Table.1 Chemical Compositions of class F �y ash and Lead-Zinc mine tailing

  Element (wt %)

  SiO2 Al2O3 Fe2O3 MnO2 CaO MgO K2O Na2O P2O5 TiO2 SO3 LOI

FA 40.15 35.50 7.57 0.11 8.33 1.21 1.48 1.10 0.37 1.51 0.70 1.64

MT 18.83 1.61 6.20 9.12 29.49 2.83 0.15 0.12 0.03 0.06 2.30 28.96

Table.2 Chemical Composition of FA and MT − Minor and Trace Elements (ppm)

  Element (ppm)

  As Mo Pb Rb Th U Y Zr Ga Cu Co Ni Cr V

FA 21.3 14.4 101.4 47.2 32.3 12.5 64.5 433.8 67.4 75.1 25.4 45.5 61.7 182.1

MT 151.9 0.7 622.4 10.6 11.5 7.5 63.6 28.7 26.6 52.9 1.4 10.1 24.3 97

Table.3 Mixture Design for Geopolymerization of Mine Tailings
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S (NaOH) Specimen Code Waste materials (g) Ratios

F G M Si/Al Na/Al Liquid/Solid W/S

5 M FMS-01 200 - 0 1.13 0.14 0.27 -

FMS-02 150 - 50 1.29 0.18 0.27 -

FMS-03 100 - 100 1.59 0.25 0.27 -

FMS-04 50 - 150 2.39 0.43 0.27 -

FMS-05 0 - 200 11.71 2.57 0.27 -

10 M FMS-01a 200 - 0 1.13 0.26 0.27 -

FMS-02a 150 - 50 1.29 0.33 0.27 -

FMS-03a 100 - 100 1.59 0.47 0.27 -

FMS-04a 50 - 150 2.39 0.83 0.27 -

FMS-05a 0 - 200 11.71 5.07 0.27 -

5 M FMSW-01 200 - 0 1.13 0.14 0.52 1.08:1

FMSW-02 150 - 50 1.29 0.18 0.52 1.08:1

FMSW-03 100 - 100 1.59 0.25 0.52 1.08:1

FMSW-04 50 - 150 2.39 0.43 0.52 1.08:1

FMSW-05 0 - 200 11.71 2.57 0.52 1.08:1

5 M FGMS-01 200 10 0 1.13 0.14 0.32 -

FGMS-02 150 10 50 1.29 0.18 0.32 -

FGMS-03 100 10 100 1.59 0.25 0.32 -

FGMS-04 50 10 150 2.39 0.43 0.32 -

FGMS-05 0 10 200 11.71 2.57 0.32 -

5 M FGMS-01a 200 20 0 1.13 0.14 0.37 -

FGMS-02a 150 20 50 1.29 0.18 0.37 -

FGMS-03a 100 20 100 1.59 0.25 0.37 -

FGMS-04a 50 20 150 2.39 0.43 0.37 -

FGMS-05a 0 20 200 11.71 2.57 0.37 -

5 M FGMSW-01 200 10 0 1.23 2.95 0.57 1.08:1

FGMSW-02 150 10 50 1.41 3.87 0.57 1.08:1

FGMSW-03 100 10 100 1.77 5.62 0.57 1.08:1

FGMSW-04 50 10 150 2.73 10.32 0.57 1.08:1

FGMSW-05 0 10 200 13.79 64.55 0.57 1.08:1

5 M FGMSW-01a 200 20 0 1.23 2.95 0.62 1.08:1

FGMSW-02a 150 20 50 1.41 3.87 0.62 1.08:1
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FGMSW-03a 100 20 100 1.77 5.62 0.62 1.08:1

FGMSW-04a 50 20 150 2.73 10.32 0.62 1.08:1

FGMSW-05a 0 20 200 13.79 64.55 0.62 1.08:1

10 M FGMSW-01b 200 20 0 1.23 3.07 0.62 1.08:1

FGMSW-02b 150 20 50 1.41 4.02 0.62 1.08:1

FGMSW-03b 100 20 100 1.77 5.84 0.62 1.08:1

FGMSW-04b 50 20 150 2.73 10.72 0.62 1.08:1

FGMSW-05b 0 20 200 13.79 67.05056 0.62 1.08:1

Table 4. Table of the samples that have the higher values of UCS of the different series.

 

Alkali activator
content

MT content/

other
aggregates

 

0%

 

25%

 

50%

 

75%

 

100%

NaOH 5M       FMS-03a FMS-04  

NaOH 10M   FMS-01a FMS-02a FMS-03 FMS-04a  

WG/

NaOH

2N/

5M

  FMSW-01 FMSW-02 FMSW-03 FMSW-04 FMSW-05

NaOH 5M Gypsum 10g   FGMS-02 FGMS-03    

NaOH 5M Gypsum 20g   FGMS-02a FGMS-03a    

WG/

NaOH

2N/

5M

Gypsum 10g   FGMSW-
02

FGMSW-03    

WG/

NaOH

2N/

5M

Gypsum 20g FGMSW-
01a

  FGMSW-
03a

   

WG/

NaOH

2N/

10M

Gypsum 20g FGMSW-
01b

  FGMSW-
03b

FGMSW-
04b

FGMSW-
05b

Table 5. Infrared Characteristic Bands Identi�ed in FA and Geopolymers Specimens
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Wave number (cm-1) Characteristic bands

460 - 550 plane and bending vibrations of Al-O/Si-O

603-618 Functional group of AlO2

817-878 -1456 -CO3 vibrations in CaCO3

970 Stretching vibration mode of SI-O in CSH gel

1420-1472 Si-O vibrations

1660-1782 Bending mode of H-O-H

2505-2519 C-O vibrations in CO2 constrained in amorphous phase

3475 -3645 O-H stretching vibration of portlandite

Figures

Figure 1

XRD patterns of (a) �y ash, (b) mine tailing, and (c) FGD gypsum. Note: 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).
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Figure 2

FTIR spectra of FA, MT and GY

Figure 3
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SEM Images of (a) Fly Ash, (b, c) Mine Tailing, And (d) Gypsum.

Figure 4

Particle Size Distribution of Mine tailings Note: 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).
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Figure 5

aging period of FMS-0xa geopolymer specimens at 10M NaOH with different proportion of FA



Page 20/25

Figure 6

XRD patterns of the specimen a FMS-01a (100% FA) b) FGMS-02 (75% FA) c) FGMSW-02 (75% FA), d) FGMSW-01a (100%
FA); d) FGMSW-03b (50% FA), which described data belongs to 7, 14 and 28 days after their activation with sodium
hydroxide 5M and 10M. Where C= Corundum Al2O3, Cc= Calcite CaCO3, G=Gypsum CaSO4 2H2O, M= Mullite Al6Si2O13,
Q= quartz SiO2, Ss=Sodium silicate Na2(SiO3), Sh=Calcium Silicate hydritade Ca1.5Si0.5 xH2O, Ch= Chabazite, J=
Jadeite, A=Anhydrite CaSO4
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Figure 7

Scanning Electron Microscopy of geopolymer specimens (FGMSW-3b) with 100% FA, 20g of Gy at 10 M of NaOH cured
for: (a) 7 days, (b) 14 days and (c) 28 days curing.
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Figure 8

Scanning Electron Microscopy of geopolymer specimens (FMS-02 and FMS-02a) at the same magni�cation with 100%
FA at different concentration of NaOH (a) 5M and (b) 10 M of NaOH cured for 14 days curing.

Figure 9

SEM images of geopolymer specimens (FMS-01 and FMSW-01) at low magni�cation with 100% FA at 5M of NaOH cured
for 7 days curing activated with (c) only NaOH and (d) both NaOH and Na-Silicate
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Figure 10

Scanning Electron Microscopy of geopolymer specimens (FGMS-02 and FGMS-02a) with low magni�cation with 75% FA
at 5M NaOH at different content of Gypsum: (a) 0g , (b) 10 g and (c) 20g of Gypsum cured for 7 days curing.
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Figure 11

FTIR of the recipe after 7, 14 and 28 days, where a) FMS-01a (100% FA), b) FGMS-02a (75% FA), c) FGMSW-02(75% FA),
d) FGMSW-02(75% FA), e) FGMSW-03b (50% FA),
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Figure 12

(a) the compressive strength with NaOH concentration (5 and 10M) at different proportion of FA and (b) compressive
strength(UCS) with FA content at various NaOH concentration and (c) UCS vs Gypsum (0, 10 and 20g) at different FA
content and at 5M NaOH cured for 7 days.

Figure 13

(a). Geopolymers FMS, FMSW and FMS-00a (b). Geopolymers FGMS and FGMS-00a (c). Geopolymers FGMSW, FGMSW-
00a and FGMSW-00b


