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Abstract
Fly ash-based geopolymer is a crucial application for tackling climate change, limiting the production of greenhouse emis-
sions. The main aim of this study was to determine the effect of the fundamental parameters on compressive strength to 
ensure a feasible and effective solidification of mine tailings. Three sodium hydroxide (NaOH) molarities (5, 8, and 10 M) 
and sodium silicate (Na2SiO3) were combined to form the alkaline solution. Four fly ash (FA) proportions (28%, 44%, 54, 
and 61%) of the dry mix and mine tailings (MT) were utilized as raw materials. This study demonstrated that both 25 °C and 
65 °C have a considerable effect on the mechanical properties of geopolymers. The UCS value increased with an increase 
in NaOH molarity. In addition, the highest Unconfined Compressive Strength (UCS) value was achieved (36.04 MPa) at 
10 M. Furthermore, the results also showed that UCS values kept decreasing with the increase of SiO2/Al2O3 and Na2O/
SiO2 ratios. The optimal UCS values found were in the range of 0.28–0.38 liquid/solid ratio. It has been concluded that the 
previously mentioned parameters have a strong influence on the mechanical strength of fly ash-based geopolymer with the 
new proposed FA proportion.
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Introduction

Mine tailings (MT) dumping has become a critical prob-
lem throughout the mining sector. In modern practice, the 
mine tailings or waste produced is gathered and transferred 
in paste or slurry form or discarded in huge tailings ponds 
that are expensive and utilize vast land areas. The dump-
ing of mining waste in ponds can also provoke safety and 
environmental issues, such as surface water pollution [1–4]. 

However, the physical stabilization of large quantities of 
mineralogical waste, especially tailings and fly ash, has 
become an economic, political, and social necessity. Here is 
a requirement for an affordable technology that can deal with 
large volumes of waste materials, including polluted topsoil, 
fly ash (FA), landfill leachate, and heavy-metal mine tailings 
[5]. Moreover, van Jaarsveld et al. [6] and other researchers 
such as Davidovits et al. [7] have shown that geopolymeriza-
tion implies a heterogeneous method of chemical reactions 
between solid aluminosilicate oxides and alkali metal silicate 
solutions under strongly alkaline conditions and mild tem-
peratures, resulting in amorphous semi-crystalline polymeric 
structures consisting of Si–O–Al, and Si–O–Si bonds [8] 
tends to satisfy the above criteria and can enable a practical 
approach to the processing and use of waste materials his-
torically unused. Furthermore, geopolymer not only achieves 
efficiency compared to OPC (Ordinary Portland Cement)
in several applications, but it also provides extra benefits, 
including the rapid growth of compressive strength, high 
acidic resistance, exemplary composite compliance, immo-
bilization of harmful and dangerous substances, as well 
as a significant decrease of the production of greenhouse 
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emissions [9–11]. Additionally, whenever alkali-activated 
geopolymers are employed as binder materials for the Solidi-
fication/Stabilization of hazardous waste, the polycondensa-
tion stages in the geopolymerisation reactions are said to 
promote the immobilization and trapping of hazardous spe-
cies through diverse chemical and physical processes [12, 
13]. In addition to that, it’s been discovered that geopolymer 
matrices containing alkali-activated precursor material and 
sodium silicate can provide significant compressive strength 
ranging from 2 to 60 MPa while completely immobilizing 
heavy metals like Cr, Cd, and Pb [13]. Glukhovsky discov-
ered an alkali-activated process throughout the late 1950s 
and 1960s that contains calcium silicate hydrate (C–.S–H) 
and aluminosilicate processes [14]. Geopolymer is essen-
tially a synthesized alkali aluminosilicate component formed 
by a solid aluminosilicate process with a high concentration 
alkaline hydroxide and silicate solution [15]. While MT is 
abundant in silica and alumina, they could be a prospective 
source of material for geopolymer development [4]. Besides, 
FA and MT have been known as sources of alumina and 
silica, which are responsible for geopolymerization. Some 
residue materials, including MT, blast furnace slag, and MT, 
produce adequate reactionary alumina and silica quantities, 
which are utilized as sources of in situ geopolymerization 
processes [16].

An application of sodium hydroxide (NaOH) with sodium 
silicate solution (Na2SiO3) results in increased geopolymeri-
zation rates for the alkaline reagents solution associated with 
hydroxide only [17]. Furthermore, Xu and Van Deventer 
[18] have shown that specific raw materials from alumina-
silicate minerals are being utilized to manufacture geopoly-
mers, requiring extra silica (Si) for the geopolymerization 
operation. The dissolution of aluminosilicate demands alkali 
hydroxide, whereas the NaOH solution reacts as a binder 
[14].

Recently, several researchers have investigated geopoly-
merization processes for the consolidation of MT [19–22]. 
MT was utilized as raw materials, and alkaline reagents were 
applied to cause geopolymerization reactions; the MT was 
then condensed after curing. For example, copper mine 
tailings-based bricks have been formulated by geopolym-
erization at varying alkaline reagents concentrations, water, 
pressure formation, and temperature curing. The compres-
sive strength of the bricks at the optimum synthesis phase 
was 33.7 MPa [23]. Jiao X et al. [24] produced geopolymer-
based vanadium MT after reheating the MT combined with 
sodium hydroxide (NaOH). The maximum compressive 
strength obtained was 55.7 MPa. Kuranchie et al. [25] have 
researched the impact of curing conditions (time and tem-
perature) and alkaline reagents concentration on iron MT-
based bricks production by geopolymerisation. A 50.53 MPa 
has been gained as compressive strength for the bricks under 
an optimum synthesis regime. These experiments provide 

another solution to the consolidation of mining waste 
through building bricks, in which the remaining reagents 
and toxic metals may be controlled following geopolymeri-
sation reactions [26].

The curing condition of geopolymer is useful in assess-
ing the presence of water throughout FA-based geopolymer 
strengthening [27]. Since water is indeed a crucial compo-
nent throughout alkaline-activating processes, the curing of 
the humidity system specifically affects the structural and 
mechanical properties of alkaline-activating of FA-based 
geopolymer and concrete [28, 29]. Furthermore, in FA-based 
geopolymers, the curing temperature has been a reaction 
catalyst [17]. Additionally, curing conditions, including 
temperature and time, are important factors influencing the 
mechanical properties of geopolymers.[13, 30]. Further-
more, with Na, Si, and Al as major components, geopolym-
erization interactions proceed more efficiently. Dissolution 
of particles in an alkaline solution is more efficient with 
increasing time (28 and 91 days). That also accounts for the 
enhanced compressive strength of geopolymers over time.
[13, 31].

The enhancement of mechanical characteristics of a fly 
ash-based geopolymer is a significant issue, as its key appli-
cations are in the construction domain as cement material 
and concrete. The fly ash-based geopolymer compressive 
strength depends on different factors, such as alkaline solu-
tions reagents, SiO2/Al2O3, Na2O/SiO2, and liquid/solid 
ratios and curing conditions (temperature and duration). 
To figure out their effect on the mechanical strength of the 
geopolymers, the influence of these parameters on UCS was 
investigated. To achieve that, in this study, we proposed a 
new FA proportion (28%, 44%, 54, and 61%) of the dry mix, 
which resulted in optimum compressive strength, and we 
found that with this FA proportion, more mining waste can 
be reused to reduce the waste stream.

Materials and methods

Materials

Two raw materials (FA and MT) were utilized in this investi-
gation from different places. Fly Ash (FA) class F is mainly 
characterized by some significant oxides (SiO2 (40.15%), 
Al2O3 (35.50%), CaO (8.33%), and Fe2O3 (7.57%)). It was 
provided in powder by Jiangsu Nanre Power Generation 
Co., Ltd. (Nanjing, China). Mine Tailings (MT) character-
ized in major oxide by SiO2 (18.83%), Fe2O3 (6.20%), CaO 
(29.49%), LOI (28.86%) from Nanjing Yinmao Lead–Zinc 
Mining Industry Co., Ltd. (Nanjing, China). The complete 
chemical composition of FA and MT is shown in Table 1 
based on the fused X-ray fluorescence (XRF) result. The 
alkali reagents were NaOH, Na2SiO3, and deionized water. 
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NaOH 96% pellets supplied by Shanghai Macklin Biochemi-
cal Co., Ltd. Ganjiashan Yourui Refractories Co. delivered 
the sodium silicate (Table 2), Ltd. Figure 2 illustrates the 
particle size distribution of the mine tailing, roughly 42.50% 
of the particles were lower than 60 μm, the particles from 

5.56 to 9.41 wt % were larger than 60 to 200 μm, and there-
fore the second larger particle size distribution size is 13,02 
wt % held by further than 200 μm. Figure 1a reveals the 
chemical composition of fly ash performed by X-Ray diffrac-
tometer (XRD XRD-6100 diffractometer (Shimadzu, Japan 
with 20–60 kV and 2–80 mA). The existence of crystalline 
quartz (7.9%) and mullite (24.5%) is apparent. Figure 1b 
depicts the mineralogical investigation of MT analyzed by 
XRD, showing that the main minerals in MT are mostly 
crystalline materials typically consisting of quartz, brush-
ite, calcite, gypsum, gehlenite, and sphalerite (Fig. 2). Fig-
ure 3 displays the microstructure of FA and MT analyzed 
by Scanning electron microscope (SEM) FEI INSPEC-S50/
Thermo-Fisher Noran 6. The crystals of the MT are irregular 
in shape, while the FA particles are round spheres. Many of 
the large particles of the MT are constructed by fine parti-
cles. The FA comprises some cracked spheres inside with 
thicker particles (cenospheres).

Alkaline solution preparation

Sodium hydroxide and sodium silicate were selected as 
alkali reagents to form the alkaline solution. Sodium-based 
solutions were selected owing to their cost accessibility 
compared to potassium-based solutions. Besides, many 
studies, such as Palomo et al. [17], have used the same 
alkali reagents in geopolymerization and yielded a satis-
fying result. The solubility of Al3+ and Si4+ in NaOH is 
also greater than in the KOH solution with an identical 
concentration [32]. The sodium hydroxide 96% NaOH pel-
lets were used to prepare the sodium hydroxide solution by 
dissolving the NaOH flakes into deionized water. Different 

Table1   Chemical composition of FA and MT

Element (wt %) Element (ppm)

Chemical 
composition

FA MT Chemical 
composition

FA MT

SiO2 40.15 18.83 As 21.3 151.9
Al2O3 35.50 1.61 Mo 14.4 0.7
Fe2O3 7.57 6.20 Pb 101.4 622.4
MnO2 0.11 9.12 Rb 47.2 10.6
CaO 8.33 29.49 Th 32.3 11.5
MgO 1.21 2.83 U 12.5 7.5
K2O 1.48 0.15 Y 64.5 63.6
Na2O 1.10 0.12 Zr 433.8 28.7
P2O5 0.37 0.03 Ga 67.4 26.6
TiO2 1.51 0.06 Cu 75.1 52.9
SO3 0.70 2.30 Co 25.4 1.4
LOI 1.64 28.96 Ni 45.5 10.1
– – – Cr 61.7 24.3
– – – V 182.1 97

Table 2   Activator utilized

SiO2 (%) Na2O (%) H2O (%)

Sodium silicate 13.36 29.84 56.8

Fig. 1   XRD patterns of a Fly ash (FA) and b mine tailings
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masses of NaOH solids were used based on the molar-
ity. For instance, a NaOH solution with 5 M consisted of 
5 × 40 = 200 g of NaOH solids in flakes per liter of the 
solution, whereas 40 represents the molecular weight 
of NaOH. For one recipe, 10.8 g of the NaOH flake was 
weighted and added to 54 ml tap water, and stirred for 
5 min with a magnetic stirrer to form a transparent soln. 
enough time (24 h) was provided for it to cool down. Simi-
larly, for 8 M and 10 M, 320 g and 400 g of NaOH solids 
were weighted, respectively. A similar procedure was fol-
lowed to prepare the NaOH solution for one recipe based 
on the molarity.

Commonly, the Na2SiO3 solution is combined with NaOH 
to improve compressive strength [33]. Due to the high vis-
cosity of sodium silicate, geopolymer gels may be formed, 
and a compact final fly ash-based geopolymer microstructure 
is obtained [32]. The sodium silicate (Na-Silicate) solution 
was utilized, which is described in Table 2 and consists of a 
0.46 molar ratio of silica to sodium oxide.

The alkaline solution was prepared by mixing the NaOH 
solution with the Na-silicate solution together for 15 min 
before adding it to the solid mixture. Three alkaline solu-
tions were designed depending on the molarity of NaOH 
(5 M, 8 M, and 10 M), named A5, A8, and A10, respectively. 
The volume of the alkaline solution prepared depends on 
the number of geopolymer recipes for each NaOH molarity. 
The ratio of NaOH solution to Na2SiO3 for all the specimens 
was 0.43, 0.69, and 0.86. A combination of sodium silicate 
and sodium hydroxide solutions is still the most reported 
and efficient alkaline activator [34]. Moreover, a blend of 
the above two alkaline solutions provides the geopolymer 
product with higher mechanical characteristics than any of 
them alone [35, 36].

Geopolymer synthesis

Twelve geopolymer matrices were formulated with dif-
ferent FA proportions (28%, 44%, 54%, and 61%) of the 
dry mix. MT was ground, sieved, and maintained con-
stant for all mixtures. The following FA/MT ratios were 
applied: 0.38; 0.7; 1.15 and 1.54 (Table 3). Geopolymers 
were formulated by manually mixing dry materials (FA 
and MT) in a plastic beaker for at least five minutes and 
then gradually adding alkaline solutions and extra water 
until a coherent mixture was gained. Four different alka-
line solution/FA ratios were selected: 0.6; 0.8; 1.2 and 2.4 
(Table 4). The geopolymer mixture (paste) was then cast 
into (20 × 20 × 20) mm cubed molds (Fig. 4a) and cured 

Fig. 2   Particle Size Distribution of the Mine Tailings

Fig. 3   SEM images of a fly ash, b mine tailing, respectively
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under different temperatures. Twelve geopolymer cubes 
were produced for each geopolymer matrix for analysis 
purposes (Fig. 4b). The average of 3 cubes was calculated 
to represent the compressive strength value of each geo-
polymer specimen for each curing time. The geopolymer 
specimens were labeled based on the FA content (28%; 
44%; 54% and 61% by mass) and NaOH molarity as fol-
lows: for 5 M NaOH, FMA5-1; FMA5-2; FMA5-3; FMA5-
4; for 8 M FMA8-1; FMA8-2 FMA8-3 FMA8-4 and for 
10 M FMA10-1 FMA10-2 FMA10-3 and FMA10-4.

Both specimens were treated at two varying temper-
atures in the oven for 24 h, respectively, at 25 °C and 
65 °C to investigate the role of the curing temperature 
in the solidification of mine tailings fly ash-based geo-
polymer. After demoulding, the geopolymer specimens 
were placed in the oven for 24 h under different curing 
temperatures (25 °C and 65 °C) and then returned under 

ambient temperature (laboratory condition 8 °C ± 2 °C) for 
further curing.

The total number of specimens cast was 144 cubic. 
There were 12 × 4 = 48 cubic specimens cast for each 
NaOH molarity. The compressive strength tests on these 
specimens were performed at 7, 14, and 28 days respec-
tively, and for each NaOH concentration, three specimens 
were repeatedly analyzed at each age. The UCS tests aimed 
to seek out the perfect geopolymer specimen in terms of 
NaOH molarity, which provides the greatest compressive 
strength.

The compressive strength tests were carried out uti-
lizing a universal testing machine, with a loading rate 
of 5 MPa/s in compliance with the ASTM C109M-2008 
standard. Both triplicate measurements and average values 
were collected and used as data.

Table 3   Different ratios of 
alkali reagents

Specimens label FA% SiO2/Al2O3 ratio Na2O/
Al2O3 
ratio

Na2O/SiO2 ratio L/S ratio FA/MT ratio S/L ratio

FMA5-01 61 1.53 0.36 0.23 0.30 1.54 3.23
FMA5-02 54 1.66 0.46 0.28 0.34 1.15 2.96
FMA5-03 44 1.91 0.66 0.35 0.38 0.77 2.65
FMA5-04 28 2.60 1.22 0.47 0.44 0.38 2.29
FMA8-01 61 1.53 0.46 0.30 0.30 1.54 3.31
FMA8-02 54 1.66 0.59 0.36 0.33 1.15 3.04
FMA8-03 44 1.91 0.86 0.45 0.37 0.77 2.74
FMA8-04 28 2.60 1.59 0.61 0.42 0.38 2.39
FMA10-01 61 1.53 0.53 0.34 0.29 1.54 3.36
FMA10-02 54 1.66 0.68 0.41 0.32 1.15 3.10
FMA10-03 44 1.91 0.99 0.52 0.36 0.77 2.80
FMA10-04 28 2.60 1.84 0.71 0.41 0.38 2.45

Table 4   Mixture Design NaOH 
Molarity 
(M)

Alkaline/
FA ratio

NaOH/
Na2SiO3 
ratio

Mine tail-
ings (g)

Fly Ash (g) Na2SiO3 (g) NaOH solution

Flakes (g) Water (ml)

5 0.6 0.43 97.5 150 25 10.8 54
0.8 112.5
1.2 75
2.4 37.5

8 0.6 0.69 97.5 150 25 17.2 54
0.8 112.5
1.2 75
2.4 37.5

10 0.6 0.86 97.5 150 25 17.2 54
0.8 112.5
1.2 75
2.4 37.5
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Analysis of results

Unconfined compressive strength (UCS)

The outcomes of the unconfined compression analysis are 
depicted in Figs. 5, 6, 7, 8, 9, 10, 11. These graphs display 
the influence of curing temperature, NaOH concentration, 
SiO2/Al2O3 ratio, fly ash content, and curing period on the 
mechanical strength of fly ash-based geopolymer.

Figure 5 displays the influence of curing temperatures on 
mechanical strength after 7 days of curing at 25 °C at 65 °C 
with different NaOH molarity. From this figure, it is evident 
that both 25 °C and 65 °C have a considerable effect on the 
mechanical properties of geopolymers. Higher temperatures 
result in higher UCS.

Figure 6a–c display the influence of the NaOH/Na2SiO3 
ratio, NaOH at 25 °C and 65 °C on UCS with various fly 
ash contents after 7 days of curing. Figure 6a depicts that the 
Na2SiO3/NaOH ratio is one of the great precursors that leads 
to a higher UCS or better mechanical strength. The higher 
the NaOH/Na2SiO3 ratio, the better the UCS is. Figure 6b, 
c show the same result. It can be observed from both of 

them that NaOH concentration has a significant influence on 
UCS. The UCS value increased with an increase in NaOH 
concentration.

Figure 7a–c display the effect of the curing period on 
the mechanical strength or durability of geopolymers. The 
samples were tested with various FA proportions (28%, 44%, 
54%, and 61%) at 10 M NaOH concentration and cured for 
three periods of time (7, 14, and 28 days). The UCS of speci-
mens cured under 25 °C increases with time Fig. 7a com-
pared with those cured under 65 °C Fig. 7b which slightly 
decreased the UCS over time. Besides, all of the UCS 
results of geopolymers with different NaOH concentrations 
increased with time Fig. 7c.

Four (FA) contents (28%, 44%, 54, and 61%) of the dry 
mix were utilized to assess the role of FA in the geopoly-
merization of mine tailings. To achieve this investigation, 
some geopolymer specimens were tested at various NaOH 
molarities (Fig. 8a), FA/MT ratios (Fig. 8b) and curing tem-
peratures (Fig. 8c). This finding shows that 61% of FA pre-
sents the highest UCS value. Using a 1.54 FA/MT ratio at 
10 M NaOH under 25 °C results in a higher UCS.

Figure  9a, b depict the influence of the SiO2/Al2O3 
and Na2O/SiO2 ratios on the UCS of geopolymers treated 
(Fig.  9a) at 65  °C with three different NaOH/Na2SiO3 
ratios (0.43, 0.69 and 0.86) after a 7-day curing period and 
(Fig. 9b) at 25 °C with three different NaOH concentrations 
(5, 8 and 10 M) after 28 days of curing. From both Fig. 9a, 
b, it is evident that the UCS values kept decreasing with the 
increase of the SiO2/Al2O3 and Na2O/SiO2 ratios.

The influence of the liquid/solid ratios of the 12 geopoly-
mers cured at 25 °C and 65 °C over 24 h in the oven on UCS 
is depicted in Fig. 11a, b. The UCS values were found in the 
range of a 0.28–0.38 liquid/solid ratio, and as the liquid/solid 
ratio increases, the UCS will decrease.

Fig. 4   a Geopolymers molding process and b produced geopolymers 
cubes

Fig. 5   Influence of curing temperature on UCS after 7 days
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Fig. 6   a NaOH at 25 °C, b influence of Na2SiO3/NaOH and c NaOH 
at 65 °C on UCS with various fly ash contents after 7 days of curing Fig. 7   Influence of curing time on UCS. a At 25 °C, b At 65 °C and c 

with 5 M, 8 M and 10 M NaOH with various FA contents
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Discussion

Influence of curing temperature on UCS

The effect of curing temperature on UCS was assessed. As 
obviously seen in Fig. 5, the specimens treated at 65 °C in 
the oven for 24 h generated the highest UCS (36 MPa) at 
10 M NaOH after 7 days of curing compared to 25 °C, which 
produced an optimum of 14.09 MPa. Figure 5 illustrates 
that for the NaOH concentrations tested (5, 8, and 10 M), 
the geopolymers treated under 65 °C were found to be opti-
mal compared to those cured at 25 °C with the same NaOH 
molarity, FA/MT ratio, and FA content. The UCS value also 
increased once the curing temperature was elevated. This 

Fig. 8   Effect of FA on UCS. With a NaOH molarity, b FA/MT ratio 
and cured under different temperature c 

Fig. 9   Influence of SiO2/Al2O3 and Na2O/SiO2 ratio on UCS of geo-
polymers cured a at 65 °C with three different NaOH/Na2SiO3 ratio 
after 7  days of curing period and b at 25  °C with three different 
NaOH concentration (5, 8 and 10 M) after 28 days of curing
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result is in agreement with Provis, and van Deventer’s [37, 
38] findings, which confirmed that the mechanism of geo-
polymerization could be strongly encouraged if the binder 
is treated at a temperature between 60 and 90 °C for 8–24 h. 
In addition, many researchers have already experienced a 
similar influence from curing temperatures, such as Bakria 
et al. [29, 38]. Therefore, curing at too extreme temperatures 
or for a significantly prolonged period may undermine the 
microstructure and cause increased shrinkage and fracturing, 
resulting in reduced strength [16, 39].

Influence of NaOH molarity and NaOH/Na2SiO3 
on UCS

Three NaOH molarities were chosen to prepare the alkaline 
solution to investigate the effect of NaOH and the NaOH/
Na2SiO3 ratio in the geopolymerization of mine tailings fly 
ash-based geopolymer. In geopolymerization, alkaline solu-
tion plays two essential functions: the breakdown of silica 
and alumina and the charge-balancing of alumina particles 
through the supply of metal cations [4, 40].

This study demonstrated that raising NaOH molarity 
results in higher UCS values which, has been corroborated 
by many researchers, including Zhang et al. [4, 41–43]. In 
addition, another study revealed that compressive strength 
was enhanced from 5 to 10 M NaOH. However, a slight 
reduction in strength occurred once the NaOH molarity 
increased to 10–15 M [44], which is following this study. 
This rise in UCS with greater molarity of NaOH can be 
explained for many reasons. Firstly, throughout geopolym-
erization, the form and concentration of the alkaline solution 
can affect the liberation of Si4+ and Al3+ through fly ash. 
A highly concentrated alkaline solution is usually advanta-
geous for achieving higher UCS, but an optimum NaOH 
molarity is also required [32, 45].

On the other hand, this rise in UCS is also largely due to 
the silica and alumina dissolution significantly. Thus, the 
inclusion of a tremendous amount of silica and alumina con-
stituents in geopolymerization [4]. Furthermore, this may 
be due to the rise of Na ions throughout the process, which 
was necessary for geopolymerization because Na ions were 
utilized to regulate the charges and developed the alumino-
silicate structures as a binder throughout the combination 
[46]. Therefore, a large quantity of NaOH will extend the 
processing time by restricting calcium leaching and allowing 
standard geopolymerization to monitor the processing of the 
geopolymer mix [47].

The effect of the NaOH/Na2SiO3 ratio on UCS after 
7 days of curing with four different fly ash proportions 
(28%, 44%, 54%, and 61%) at three NaOH molarities (5, 
8, and 10 M) was evaluated. From this research, it has been 
concluded that the higher the NaOH/Na2SiO3 ratio is, the 
higher the UCS will be. Figure 6a illustrates that the highest 

Fig. 10   Influence of alkaline solution/FA ratio on UCS with different 
curing temperature at 10 M NaOH after 7 days with 54% of FA

Fig. 11   Influence of liquid/solid ratio of geopolymers on UCS cured 
a 65 °C and b 25 °C
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UCS value was achieved (36 MPa) with the highest NaOH/
Na2SiO3 ratio (0.86) of geopolymers at 65  °C. Similar 
results have been gained with the highest UCS value in the 
range of 60–70 MPa at NaOH 10 M with a NaOH/Na2SiO3 
molar ratio of 1.0, curing for 48 h at 65 °C [32, 48]. In this 
study, the same result can be found by increasing the NaOH/
Na2SiO3 ratio. In addition, a similar effect from the alkaline 
ratio was also revealed by many studies, including K. Par-
thiban and K. Saravana Raja Mohan [49].

Influence of the SiO2/Al2O3 and Na2O/SiO2 ratios 
on UCS

This research, along with that of others such as A. B. Mal-
kawi et al. [50], has demonstrated that the increase in the 
Na2O/SiO2 ratio adversely affects the UCS due to the sur-
plus of the Na cations released by NaOH, which has inter-
acted with atmospheric carbon dioxides that may disrupt the 
polymerization processes [51].

The SiO2/Al2O3 ratio is among the key factors influenc-
ing geopolymerization. Some research suggested that to 
achieve a geopolymer with optimum UCS, the SiO2/Al2O3 
ratio should generally be within 1–3. The particular value 
is based on the source material utilized [4, 52–55], accord-
ing to this finding (Fig. 9a). In addition, 21.94, 36.04, and 
26.38 MPa were the maximum UCS values of 1.5, 1.7, and 
1.9 SiO2/Al2O3 ratio, respectively (Fig. 9a), which is also in 
agreement with Zhang et al. [4, 56], findings. An increase 
in the SiO2/Al2O3 ratio leads to a decreased UCS. It might 
be attributed to the high content of SiO2 in mine tailings 
and fly ash.

This study has demonstrated that the mechanical strength 
of UCS increases as the Na2O/SiO2 ratio decreases (Fig. 9b 
and Table 3). Similarly, Malkawi et al. [50, 57, 58] have 
proven the same result. This might be due to the influence 
of the NaOH/Na2SiO3 ratio.

Influence of Fly Ash content, FA/MT, and alkaline 
solution/FA ratios on UCS

This study, along with the research of Abdullah et al. [46, 
59], indicated that the UCS value incrementally increases 
when fly ash content and the concentration of alkaline solu-
tion rises (Fig. 8a). That is because of the increase of OH 
or sodium oxide substance concentration in the geopoly-
merization process. There are reactions among fly ash and 
alkali and condensation between both. The resulting Si4+ 
and Al3+ a particle, accompanied by certain complex crys-
tallization, oligomerization, and polymerization, results in a 
new aluminosilicate-based polymer with a new amorphous 
three-dimensional network structure [32]. Furthermore, the 
quantity of liberated Si4+ and Al3+ is affected by the concen-
tration of the NaOH solution. A highly concentrated NaOH 

solution (10 M) is advantageous for decomposing alumino-
silicate in fly ash and releasing Si4+ and Al3+ [32].

That rise of UCS with FA content could be understood 
by the blended SiO2/Al2O3 ratio and the discrepancy among 
the MT and FA constituent’s reactivity. Table3 demonstrates 
that when the FA/MT ratio increase, the SiO2/Al2O3 ratio 
conversely decreases. The effect of four Alkaline solution/
FA ratios (0.6 0.8 1.2 and 2.4) on UCS with different cur-
ing temperatures at 10 M NaOH were studied and shown in 
Fig. 10. It has been found that a greater alkaline solution/FA 
ratio results in a better mechanical strength. The optimum 
UCS value was achieved at a 0.8 Alkaline solution/FA ratio 
with 36.04 (MPa). However, a significant decrease in UCS 
was observed from a 1.2 alkaline solution/FA ratio to 2.4. 
Leong et al. [60] achieved a similar result, where the UCS 
was enhanced substantially once the alkaline solution/FA 
ratio rose from 0.3 to 0.4 but mildly lowered when the alka-
line solution/FA ratio increased above 0.4.

Influence of curing period on UCS

In this investigation, the role of the curing period was 
revealed as a critical factor in the solidification and stabi-
lization of the mine tailings fly ash-based geopolymer. The 
UCS values of geopolymers cured under 25 °C (Fig. 7a) kept 
increasing over time, which is in agreement with the findings 
of Zhuang et al. [32], who claimed that longer curing time in 
the range of 6 h to 28 days enhanced the process of geopoly-
merization, leading to increased compressive strength. This 
was in contrast with those cured at 65 °C (Fig. 7b), which 
slightly decreased over time; this is in concordance with 
Palomo [17] results which confirmed that an extended cur-
ing period at elevated temperatures disintegrates the granu-
lar structure of the geopolymer, leading to dehydration and 
increased shrinking, and ultimately reduces the compressive 
strength. Nevertheless, this decrease might be attributed to 
room temperature (8 °C ± 2 °C), where the geopolymer spec-
imens were kept after being cured in the oven at 65 °C for 
24 h. This investigation was carried out during winter when 
the temperature was below 10 °C. That is why the optimum 
UCS value was achieved in 7 days (36 MPa). Nevertheless, 
further research is needed to demonstrate that paradox.

Influence of the liquid/solid ratio on UCS

The cumulative weight of the liquid part was the amount of 
the weight of water throughout the sodium silicate solution, 
the mass of water in the sodium hydroxide solution, and the 
mass of additional water, if any, applied to the blend. The 
weight of the solid part was the total amount of the fly ash 
mass, mine tailings mass, the mass of the sodium hydrox-
ide solids, and the mass of the solids in the silicate sodium 
solution.
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In Table 2 and Fig. 11(a–b), it can be deduced that the 
liquid/solid ratio (L/S) has a high effect on UCS. It dimin-
ishes with the increase of the L/S ratio. However, when the 
liquid part is too high, it can negatively affect the mechani-
cal strength. By inversely computing this ratio to the solid/
liquid ratio (S/L) in Table 2, it can be seen that the UCS is 
significantly enhanced with the increase of the S/L ratio. 
The chosen S/L ratios were in the range of 2.3–3.3, which 
is in accordance with the most appropriate ratio preferred 
for fly ash geopolymerization, around 3.0, as shown in the 
documentation [61]. This augmentation in UCS with the 
enhancement of the S/L ratio was reported by other research-
ers such as Yahya et al. [62]. It can be attributed to the extra 
water.

Conclusion

Based on the previously mentioned results, we conclude 
that the alkaline reagents ratios and curing conditions are 
great contributors to the mechanical strength, making fly 
ash-based geopolymer a suitable application in construc-
tion materials to tackle climate change. A good compressive 
strength can be achieved at a 25 °C curing temperature over 
time. Nevertheless, this research suggests avoiding perform-
ing geopolymer tests during winter when the temperature 
is below 10 °C, especially when testing high temperatures. 
Otherwise, one should find an alternative to keep the geo-
polymer specimens under room condition at 25 °C or above. 
In terms of an alkaline solution, the compressive strength 
is influenced by NaOH, particularly at 10 M. The NaOH/
Na2SiO3 and Solid/Liquid ratios were found to contribute to 
the mechanical strength increasingly. We also suggest using 
this proposed fly ash proportion (28%, 44%, 54 and 61%) of 
the dry mix in manufacturing geopolymer, which has been 
demonstrated in this study to help achieve high compres-
sive strength and allow the use of much mining waste that 
remains challenging for industries. Furthermore, because of 
the high compressive strength achieved in this study, which 
is acknowledged as a critical factor in achieving effective 
immobilization of heavy metals, we recommend using this 
proposed mixture to immobilize heavy metals in mine tail-
ings such as Cu, Pb, Zn.
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