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Abstract

Landfill leachate is a highly hazardous effluent characterized by a high concentration of recalcitrant pollutants, presenting
a significant environmental challenge. This study investigated the solidification of landfill leachate contaminants using
sodium hydroxide-activated Granulated Blast Furnace Slag (GBFS). The stability of the resulting geopolymer was evalu-
ated through unconfined compressive strength and leaching tests. Optimal curing conditions were identified as 7 days at a
sodium hydroxide concentration of 12 M, achieving an unconfined compressive strength of 45.738 MPa at a liquid-to-solid
ratio of 15%. A linear relationship was observed between the liquid-to-solid ratio and flow workability, with maximum
flow workability evidenced by an average diameter of 242 mm at a liquid-to-solid ratio of 0.25. However, a minimum
liquid-to-solid ratio of 0.15 was necessary to obtain a workable mortar. The produced geopolymers were characterized
using X-ray Fluorescence (XRF) for mineralogical analysis, Scanning Electron Microscopy (SEM) for morphological
examination, and the Toxicity Characteristic Leaching Procedure (TCLP) for leaching tests. The findings demonstrated the
successful solidification of landfill leachate using GBFS geopolymer. The leachability tests revealed that the geopolymer
did not release metals in concentrations exceeding the allowable limits set by the United States Environmental Protection
Agency (USEPA), indicating effective encapsulation of the pollutants within the geopolymer matrix. Furthermore, the
resultant geopolymer brick is eco-sustainable and can be classified as a green construction material.

Keywords Geopolymerization - Granulated Blast Furnace slag - Landfill Leachate Concentrate Contaminant -
Solidification/stabilization - Unconfined Compressive Strength

1 Introduction

Solid waste disposal is a challenge faced internationally,
mostly in underdeveloped nations. As industrialization
advances, handling waste in urban regions affects residents’
health and the environment [27]. The various waste manage-
ment options vary with management approaches, from waste
retreat and reduction to reuse, recycling, recovery, and treat-
ment and disposal. In South Africa, the frequent technique
of waste disposal is landfilling, with about 90% of waste
disposed of at landfills [26]. A landfill is a waste disposal
facility that has been constructed with specialized pollution
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control technology to lessen possible hazards. Landfills are
typically found above the ground [32]. This way of trash
disposal is found to be easy and low-cost in many places [1].
In the process of landfilling, a landfill leachate is produced.
Landfill leachate concentrate is a very hazardous effluent
with a high concentration of recalcitrant pollutants. Despite
the advantages of a landfill, the existence of hazardous inor-
ganic and organic elements in the leachate [11] and badly
constructed solid waste management facilities represent a
substantial threat to numerous sectors of the environment.
When landfill leachate is not gathered, cleaned, and dis-
posed of correctly, it will pollute the soil, surface water, and
groundwater [5]. As a result, landfill leachate is acknowl-
edged as a significant environmental issue.

Many developing nations manage landfills lacking suf-
ficient leachate collection and treatment systems, which has
negative environmental consequences. The type of leach-
ate affects how strong the effect is [1]. Leachate composi-
tions are different regarding trash type, moisture, oxygen
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availability, and age [10]. Soil pollution by leachate has a
considerable effect on soil standards. According to [23], the
soil is the most contaminated portion of the environment
surrounding landfills since chemical compounds are trans-
ferred and disseminated when water percolates through it.
Heavy metals, polyaromatic hydrocarbons, and pharmaceu-
tical chemicals are among the contaminants that build up
in soil [37]. The implications of these contaminants, par-
ticularly heavy metal contamination, are a source of worry
when it comes to agriculture [23].

Although several landfill leachate concentration treat-
ment systems have been explored, most of them are
challenging to execute. With a large salt concentration,
reinfiltrating the leachate into the landfill body is unsus-
tainable [36]. The more radical treatment methods, such as
membrane treatment, thermal incineration, or drying, can-
not entirely remove all pollutants. Due to cost constraints,
advanced oxidation and other non-harmful treatment tech-
nologies are severely limited [43].

Solidification/stabilization is a scientific and economical
clean-up technology in which the pollutants of landfill leach-
ate concentrate can be encapsulated in one stage to ensure
zero wastewater emission, allowing the binder to be reused
and safely disposed of. The commonly utilized binder in
solidification/stabilisation procedures is Portland cement.
Numerous studies have demonstrated that Portland cement
effectively stabilizes various pollutants, including heavy
metals like zinc, lead, cadmium, and chromium, ensuring
they meet the minimum safety requirements in their solidi-
fied form [15, 22]. Unfortunately, Portland cement manufac-
turing demands a great amount of energy and is accountable
for 5-10% of anthropogenic C'O, emissions, prompting a
variety of attempts to minimize its use [ 17]. Furthermore, the
high pore water pH of PC (often> 13) increases the kinetic
energy of several heavy metals [7]. Portland cement is rec-
ognized to be inefficient when pollutants are not restricted
to inorganics and should be utilized with extreme vigilance
[29]. Portland cement also exhibits poor durability and cur-
ing ability due to the presence of ammonium nitrogen and
chloride ions, and it is prone to dissolution [43].

The substitution of Portland cement with industrial
byproducts is important to decrease environmental effects
and enhance material qualities such as reduced permeabil-
ity, a greater buffering capacity, and reduce leachability.
There is a need to develop a low-cost neutralizing agent that
can counteract armoring and low-carbon binders to elimi-
nate numerous harmful wastes [9].

In recent years, the solidification of high-concentration
waste, including landfill leachate, through geopolymeriza-
tion has gotten significant attention. Research indicates that
geopolymers offer excellent performance characteristics
compared to Portland cement. The zeolite-like structure of
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geopolymers can effectively immobilize organics, such as
ammonium nitrogen, present in the waste [42]. For instance,
a study demonstrated that using blast furnace slag-based
geopolymer for solidifying landfill leachate achieved a high
solidification efficiency, with stabilization rates of heavy
metals reaching approximately 99% [43]. Another study
by Zhang et al. [44] explored the use of fly ash-based geo-
polymers for the same purpose, revealing that the developed
geopolymer exhibited excellent stability, high contaminant
removal, and solidification rates of organic matter and
ammonium nitrogen up to 93% and 91%, respectively. The
resulting geopolymer also displayed good compressive
strength, suggesting its potential as a novel building mate-
rial. Despite the promising results of geopolymerization for
the solidification of landfill leachate, research in this area
remains limited. Therefore, our study aims to investigate the
solidification of landfill leachate using granulated blast fur-
nace slag geopolymers.

According to the National Waste Information Baseline
report, around 5.4 million tonnes of slag are generated
yearly in South Africa, with approximately 50% getting
recycled and the remaining being thrown off in heaps and
landfills [4]. This causes an environmental problem and
takes up a lot of space when landfilled. This problem asso-
ciated with Granulated blast furnace slag (GBFS) calls for
an innovative solution to be beneficial, solve problems
associated with waste disposal and develop a value-added
product. This research investigates the possibility of using
waste material, specifically GBFS, to create a geopolymer
that can be used as a neutralizing medium to remediate land-
fill leachate in a single process. In addition, the mentioned
waste material will be used to create building materials.
Geopolymers have been used successfully in remediating
landfill leachate contaminants, but the literature is lim-
ited. The aim of this study was to solidify landfill leachate
concentrate using alkali-activated GBFS geopolymers and
investigate the possibility of using the produced geopoly-
mers as construction materials.

2 Method and Material
2.1 Materials

Granulated Blast Furnace Slag (GBFS) was collected from
ArcelorMittal South Africa. Sodium hydroxide (NaOH) was
used as an alkaline activator. NaOH was supplied by Glass
World. Landfill leachate was supplied by the Robinson
Deep landfill site in Johannesburg.
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2.2 Equipment

The chemical composition of the GBFS, landfill leachate,
and geopolymers that were produced was determined by
XRF (Rigaku ZSX Primus II). The mineral phases of the
raw materials and the geopolymer-landfill leachate concen-
trate were identified by XRD (Ultima IV Rigaku). The FTIR
(Thermo scientific Nicket IS10) was utilized to determine
the absorption bands of the raw materials and the resulting
geopolymer landfill leachate. Scanning electron microscopy
(SEM Tescan Vega 3X MU1) images were taken to study
the surface morphology of raw materials and the produced
geopolymers. The unconfined compressive strength (UCS)
of raw materials and the produced geopolymer species were
determined using a cyber plus compression machine. A test
table was used to determine the workability of the paste.

2.3 Synthesis of the Geopolymer

The alkali activator solution was produced by dissolving
6 wt% sodium hydroxide and 16 wt% powdery sodium
hydroxides in landfill leachate concentrate. The use of a
high-purity (98%), analytical-grade NaOH was used to
prepare the alkali activation solution. The alkali activator
solution was stored for 12 h to improve sodium hydrox-
ide polymerisation. The alkali activator solution was then
blended with 300 g of GBFS to produce a homogeneous
paste. The paste was then transferred into a steel mould
(50%x50% 50 mm) and placed on an oscillating table to clear
bubbles. Finally, the mould was wrapped in plastic wrap and
placed in an 80° C oven for 24 h to cure [19]. The cured
body was sealed and cured at room temperature after de-
moulding after 28 days of curing and used for subsequent
determinations. Different concentrations of alkaline activa-
tors 3 M, 6 M, 9 M, and 12 M) were used for comparison.
The experiments were done in triplicates, and the average
was taken. This was shown by the error bars on the figures.

2.4 Effect of Alkali Content on UCS

The alkaline activator Sodium hydroxide was mixed with
landfill leachate concentrate to form a solution. Differ-
ent concentrations (3 M, 6 M, 9 M, and 12 M) of Sodium
hydroxide powder solution were prepared. The solutions
were left at room temperature for 24 h to cool down before
using them.

2.5 Effect of Liquid/Solid Ratio on UCS

Each sample from sample S1 to S4 was mixed with different
amounts of Sodium hydroxide solution. Amounts of 10%,
15%, 20% and 25% were used.

2.6 Effect of Curing Time on UCS

The composites were subjected to different curing days for
1, 3 and 7 days. The UCS was used to determine the opti-
mum curing day.

2.7 Flow Workability

The flow workability was determined using a flow table test
with a cone with a bottom diameter of 100 mm, a height
diameter of 60 mm, and a top diameter of 70 mm. The cone
and flow table were first wiped down with a wet cloth. The
cone was then placed in the middle of the flow table instru-
ment and filled with the alkali-activated paste into two lay-
ers. Each layer was tempered 20 times with a tamper to
compact the paste uniformly. In the second layer, the paste
was levelled up and lifted vertically. The flow table was
dropped 25 times. The flow workability was determined by
measuring the diameter of the paste on the flow table along
the four lines. The diameters were measured in millimetres,
and the average was computed.

2.8 Leaching Test

The toxicity characteristic leaching technique was used for
the leaching test. The hardened corpses were first broken
into small pieces and filtered through a 0.95 cm sieve. The
extraction fluid was then transferred to a 1 L extraction bot-
tle with 50 g of solids at a solid-to-liquid ratio of 20:1 (L/
kg). 5.9 mL acetic acid was dissolved in 1.0 L de-ionised
water to make the extraction fluid. At 25 degrees Celsius,
the mixture was spun at 30 rpm for 18 h. Individual samples
were vacuumed and filtered with a 0.45 m pickling glass
fibre filter before being stored at 4 degrees Celsius.

2.9 UCSTesting

The UCS of the geopolymer specimen was determined
by loading the specimens into a cyber plus compression
machine with a maximum load capacity of 100 kN and
applying a constant displacement rate of 2 mm/min until the
geopolymer specimen failed.

2.10 Toxicity Characteristic Leaching Procedure
(TCLP)

The environmental impact of the produced geopolymer
brick was investigated using TCLP. TCLP was conducted
following the United States Environmental Protection
Agency method (USEPA). The leachability of GBFS was
determined using an extraction buffer of acetic acid and
sodium hydroxide (pH 4.93 +0.05) at a liquid/solid ratio of
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Fig. 1 Effect of activator concentration and curing time on UCS of the
geopolymer

20:1 [45]. A thermostatic shaker was used for the extraction
and was subjected to 24 h shaking at 25+2 C. After 24 h,
two samples were taken per test conducted and filtered. The
leachate was analyzed using ICP to determine the concen-
tration of leached metals.

3 Results and Discussion

3.1 Effect of Alkali Content and Time on UCS

Figure 1 depicts the influence of varying NaOH concentra-
tions on UCS. As illustrated in the graph, increasing NaOH
concentration from 3 to 12 M increases the UCS of the
alkali-activated GBFS-based sample. Increasing the con-
centration from 3 to 6 M resulted in a 63.50% increase in
UCS; from 9 M to 12 M, there was a 67.44% increase in
UCS. The rising trend is primarily the result of the high
leaching rate of silica and alumina (Part, Ramli and Cheah,
[28]). It is worth noting that a concentration exceeding 15 M
is hostile-friendly. Any concentration of alkaline activator
above 13—15 M is no longer user-friendly; hence, the con-
centration was varied until 12 M. Furthermore, increasing
the molar concentration of alkaline solution reduces work-
ability and compressive strength and increases the likeli-
hood of efflorescence [16, 31]. Identical patterns have been
revealed by (Sithole, Okonta and Ntuli, [33] Sithole and
Mashifana [16, 34].

The effect of curing time (1,3 and 7 days) at different
NaOH concentrations is also depicted in Fig. 1. It has been
discovered that the curing period is crucial in forming UCS.
Direct proportionality was observed between UCS and cur-
ing age as UCS increases as the curing days increase. This
trend corroborates the findings by Das et al. [8]. The increase
in UCS with curing time is due to the curing period’s extent
of aluminosilicate species dissolution and an acceleration
of the development of a hardened sample, especially during
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Fig. 2 Effect of Liquid/ Solid ratio (L/S) on UCS (cured for 7 days)

the beginning stages of the alkaline activation process. With
increasing curing time, Si, Al, and Na components were bal-
anced, allowing undissolved GGBFS particles to react with
the alkaline solution [24]. Elongated curing produced more
steady reaction products, resulting in a denser microstruc-
ture with enhanced mechanical effectiveness and UCS [3,
24]. Furthermore, the SiO,/Al,0; molar ratio may be inside
the allowed range, resulting in higher levels of soluble silica
(Si-O-) and Na,O.

3.2 Effect of Liquid/Solid Ratio on UCS and Flow
Workability

3.2.1 Effect of Liquid/Solid Ratio on UCS

Figure 2 demonstrates the impact of changing the L/S ratio
on the UCS from 15 to 25%. A low L/S ratio of 10% produced
a paste that was too dry to cast due to its low workability.
Alkali-activated pastes prepared with a 15% L/S ratio had
the best workability, with the highest UCS of 45.738 MPa.
This is hypothesized to be attributable to the uniformity of
the paste at 15%, which enables the dissolution of Silicon
and Aluminium from GBFS whilst also preventing poly-
condensation during the GBFS alkaline activation process
[21]. A decrease in UCS was observed when the L/S was
increased to 25%. This is due to the low gel formation and
separation within the paste, which made it hard to mould, as
well as its low workability, meaning it was too wet, which
made it challenging to mould [40]. Furthermore, exceed-
ing the ideal L/S ratio decreases the porous structure in the
hardened paste, which decrease the mechanical properties
of the alkali-activated GBFS samples [40]. These obser-
vations and findings corroborated with previous research
conducted by [34, 35]; Falayi et al., [12] Jafari Nadoushan
and Ramezanianpour, [16] Falayi, Okonta, and Ntuli, [13]).
Increasing the liquid-to-solid ratio yields an impoverished
alkaline ambience, and the extent of alkaline activation and
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gelation lowers, resulting in mechanical performance deg-
radation [40].

3.2.2 Effect of Liquid/Solid Ratio on Flow Workability

Figure 3 depicts the flow workability results for various
L/S ratios. It is clear that the larger the L/S ratio, the larger
the mortar spread value (diameter). According to other
authors, the correlation between L/S and workability is lin-
ear (Chindaprasirt, Buapa and Cao, [6]). This study needed
a minimum L/S of 0.15 to acquire a GBFS mortar. The L/S
ratio of 0.1 indicated that there was no flow of the paste and
that it was not viscous, as evidenced by the graph, and it
has the lowest flow workability with an average diameter of
85.33 mm. These findings are consistent with Fig. 2’s find-
ings on the effect of L/S on UCS, as the 0.1 ratio was not
tested for compressive strength because the paste was too
dry and had low flow workability to be moulded. Particu-
larly, the higher the binder (GBFS) material of the mortar
(or lower the aggregate content), the higher the NaOH con-
centration required to produce a good paste. This is because
while the aggregate absorbs some NaOH concentration, the
binder absorbs most of it. As in GBFS mortars, the greater
the liquid-to-solid ratio, the greater the spread at each speci-
men. This is attributed to the excess liquid, which reduces
the mixture’s viscosity, making it easier to spread. However,
the excess liquid also forms voids within the geopolymer
matrix, consequently leading to a decrease in UCS [14], as
illustrated in Fig. 2.

3.3 X-Ray Fluorescence (XRF)

Table 1 shows the XRF results, which indicate that four
samples share the same metal oxide content, except for
the raw material GBFS, which has NiO in Table 1. CaO,
Si0,, and Al,O; account for most of GBFS with weight%
of 44.40%, 30.08% and 10.82%, respectively, matching the
findings of (Yildrim et al., [46]). It is worth noting that Cal-
cium oxide (CaO) in GBFS in this study is greater than other
compounds, which was observed in the literature (Ward-
hono, Law and Strano, [39]; Yildrim et al., [46]). Because
Ca** encourages the creation of crystal structures at high
temperatures, the existence of Ca*" in the geopolymer may
greatly affect the formation of geopolymer gels (Ye, Zhang
and Shi, [41]). CaO from slag acts as a setting agent, hard-
ening the product at 25°C without impacting its mechani-
cal characteristics. It is apparent that the amount of Na,O
increases as concentration increases, whereas the amount of
SiO, decreases as concentration increases. The increase in
alkali content promotes the dissolution of silicon and alu-
minium in the solution, thereby enhancing the compressive
strength of the sample. This effect is particularly noticeable
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Fig. 3 Effect of Liquid/Solid ratio on Workability
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Table 1 Chemical composition of the geopolymers at different activa-
tor concentrations

Chemical GBFS 3M 6M IM 12M
Compositions

Na,O 0.1742 13140 1.6157 3.1551 7.7883
MgO 4.0611  2.0491 19625 1.5641 1.7807
Al,O4 10.8286 8.4226 8.5480 7.4981 7.0772
Sio, 30.0800 25.0781 24.5051 22.4110 22.1935
P,04 0.0119 0.0362 0.0319 0.0215 0.0217
SO, 21717 19169 1.8170 1.8509 1.1724
Cl 0.0708 1.2852 0.1697 0.1434 0.1724
K,O 1.1426 19104 1.3484 1.3024 1.2320
CaO 44.4015 50.2966 50.0723 51.3440 48.1093
TiO, 1.0458 0.0793 1.5883 1.5601 1.4308
Cr,04 0.0418 4.7157 0.0935 0.0728 0.2512
MnO 4.0984 2.0415 55924 6.1321 5.4301
Fe,0, 1.1542  0.3664 1.8238 1.9523 1.8422
SrO 0.2574 0.0270  0.3807 0.4200 0.3868
Y,0; 0.0185 0.0947 0.0279 0.0285 0.0283
Zr0O, 0.0840 0.3664 0.0854 0.1005 0.1089
BaO 0.3297 0.0000 0.3375 0.4430 0.3638

as the concentration of NaOH increases; the concentrations
of silicon and aluminium correspondingly decrease. This
shows that the alkaline activation process was occurring and
that SiO, was reacting (Sithole and Mashifana, [33]). The
NasO content increased because of the increasing concen-
trations of sodium hydroxide used (activator). At a NaOH
concentration of 3 M, the BaO content is observed to be
zero. This may be because, at low concentrations of NaOH,
BaO completely reacts with the contaminants found in the
landfill leachate, immobilizing them within the geopolymer
matrix [25]. Moreover, the amount of SOs decreases with
increasing alkali concentration. During the geopolymeriza-
tion process, the sulfate ions from SOs present in the granu-
lated blast furnace slag (GBFS) react with the pollutants,
forming sulfate-bearing phases that stabilize the contami-
nants. Consequently, the SO content is reduced with higher
NaOH concentrations [38]. Other oxides appear to have
little to no influence on the geopolymerization process.
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3.4 Fourier Transform Infrared Spectroscopy (FTIR)

The variations in chemical groups during the solidification
of landfill leachate by the geopolymer were investigated
using FTIR, as indicated by Fig. 4. The FTIR spectra of
geopolymers differed significantly from those of raw GBFS,
denoting the creation of a new stage throughout geopolymer-
ization. The primary geopolymer peaks at around 1000 cm™!
portray the Si-O-Al absorption bands (Medina et al., [47]).
This is seen in 3 M and 12 M geopolymers; the broadness in
3 M was large, with a wavenumber of 948.24 cm™ ! whereas
the broadness in 6 M is 933 cm™!, indicating that the alu-
minium is substituted for Silicon, indicating that landfill
leachate increases the extent of geopolymerization [19].
The symmetric stretching of Si-Al-O is represented by the
bands 750765 cm™ ! [18]. The vibrations in the weak bonds
of silanol (Si-OH) and aluminol (Al-OH) in 3 M and 12 M
induce the bands at 1675-1686 ¢cm™! [30]. The broadness
disappears as the concentration increases. The O-C-O vibra-
tion of CO,*~ -induced the peak at 1405 cm™!, illustrating
the presence of inorganic carbon in the samples [2]. There
are no similar trends in the FT-IR for increasing concentra-
tion, indicating that the inclusion of landfill leachate con-
centration significantly impacts the geopolymer structure.
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(<]
=
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g 1685
— 1000 1601
£
[72]
c
<
- 750 933
1000 1600
3M
751 948
1686
1000 1600
0 1000 2000 3000 4000

Wavenumber (cm™)

Fig.4 FTIR spectra for varying activator concentrations
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3.5 X-Ray Diffraction (XRD)

Figure 5 shows the XRD for raw GBFS and GBFS-based
geopolymers at varying concentrations. It is visible that the
XRD patterns are all amorphous. The XRD results of raw
GBFS show a broad diffuse hump around 23°-36°, indicat-
ing that it is primarily clear and bright amorphous with mag-
netite and a huge portion of silica as a type of quartz. This
finding is consistent with past research by (Huseien et al.,
2016). The clear and bright nature of the GBFS facilitates
alkali activation; as the concentration increases, the alkaline
activator creates a CSH that coincides with the amorphous
gel. CSH and CASH gels are used in the alkali activation of
GBFS. The XRD results upon alkaline activation revealed
a broad and amorphous hump at 20°- 40°, confirming the
formation of CSH and CAH. The CSH and CAH stages
are in charge of creating a zeolite, primarily composed of
alumina-silicates with SiO, and AlO, structures linked by
common O, atoms. The findings are consistent with those
published by [12, 49], who discovered that forming CSH
phases contributes to the strength and durability formed in
geopolymer. The creation of geopolymer products was also
indicated by the emergence of new peaks on the amorphous
hump at 28°-30° designated to the badly crystalline struc-
ture of CSH, calcite, and CAH (Phummiphan et al., [48]).
CSH is responsible for the formation of peaks at 5° after
geopolymerisation (3 M, 6 M, 9 M, and 15 M). It has been
reported that CSH with a low C/S ratio is the most common
moisture product of GBFS geopolymerisation (Ahmari and
Zhang, [50]). Crystalline are very equivalent in all 4 geo-
polymer specimens (3 M, 6 M, 9 M, and 12 M). Adjustments
in the chemical composition of the gels witnessed over time
happen in the amorphous state of the specimens, with few
crystalline developments in specimens with greater alkaline
concentrations. This is due to the amorphous state of the
geopolymer gels, which makes characterization with XRD
analysis difficult.

3.6 Scanning Electron Microscopic (SEM)

SEM micrographs of raw GBFS and GBFS-based geopoly-
mers made at various alkali concentrations (3 M, 6 M, 9 M,
and 12 M) are shown in Fig. 6. GBFS has a diverse mor-
phology and is very permeable to water. The micrographs
of GBFS-based geopolymers produced at various alkali
concentrations show not to be permeable to water due to
the inclusion of NaOH, in which the structure resulted to be
very close-packed and plain with good space-filling charac-
teristics because of the development of CSH and CAH gel;
these findings are in line with the XRD results. The larg-
est UCS obtained is explained by the plain/close-packed
matrix at 12 M. Zeolites appear as greyish white and major
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Table 2 Leaching test results of geopolymer at 3 and 7 curing days
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Fig.5 XRD pattern of raw GBFS and GBFS-based geopolymer at dif-
ferent alkali concentrations (M =Magnetite, Q=Quartz, CSH=Cal-
cium silicate hydrate, CAH = Calcium aluminate hydrate, C = Calcite)

Fig. 6 SEM micrographs of GBFS- geopolymers at different activator
concentrations

constituent on the exterior of all GBFS geopolymer speci-
mens, resulting in increased UCS. Because of the lower con-
centration, a few undissolved particulates on the specimens
precipitated rather than condensing into CSH and CAH gel,
arising in a weakened geopolymer paste. The GBFS gran-
ules lead to cracks as more Silicon and Aluminum are dis-
solved in the alkaline environment, thereby expanding the

Pollutants 3 days geo- 7 days Allowable con-
polymer (mg/  geopolymer  centration in
L) (mg/ L) leachate (mg/L)
by the USEPA
Cd 0.003 0.005 1
Pb 0.004 0.006 5
Cr 0.005 0.002 5
As 0.031 0.010 5

surface area for geopolymerisation. Higher concentrations
of 12 M have the highest density structure, indicating good
geopolymerisation and, thus the highest UCS.

3.7 TCLP

Table 2 shows the TCLP assessment for geopolymers made
with leachate for 3- and 7-day specimens. According to the
TCLP outcomes, the GBFS metal concentration did not sur-
pass the USEPA metal concentration limit. The TCLP find-
ings align with previous research [40]. This indicates that
the GBFS geopolymer was successful in stabilizing the pol-
lutants present in the landfill leachate.

4 Conclusion

This research aimed to use alkali-activated blast furnace
slag-based geopolymers to solidify landfill leachates. The
study was conducted to determine the influence of alkali
content, L/S ratio and curing time on compressive strength,
the impact of L/S ratio on flow workability, UCS charac-
teristics of blast furnace slag geopolymer using microstruc-
tural examination, XRF, FTIR, XRD, SEM were analysed,
and a TCLP was done. The findings generate the following
conclusions. Because of higher levels of silica and alumina
leaching, increasing the NaOH solution concentration leads
to arise in UCS of the alkali-activated GBFS-based samples
outof 3 M, 6 M, 9 M, and 12 M, 12 M had a highest UCS
of 45.738 MPa. After solidifying/stabilizing LLC, the L/S
ratio substantially influences the UCS of GBFS-based geo-
polymers. With a UCS of 45.738 MPa at 12 M, the 15%
L/S ratio had the best workability. According to the results,
the best curing time is 7 days because the development of
UCS and the curing time have a direct proportionality rela-
tionship. The L/S ratio and flow workability have a linear
relationship. The maximum flow workability had an aver-
age diameter of 242 mm for 0.25, but a minimum L/S of
0.15 was required to obtain a workable GBFS mortar. The
XRF results showed that GBFS revealed hydraulic cementi-
tious features. There was no similar trend in the FT-IR for
the increasing concentration, denoting that the inclusion
of landfill leachate concentration significantly affects the
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structure of the geopolymer. Because the GBFS metal con-
centration did not surpass the USEPA metal concentration
limit, the TCLP demonstrated that the created geopolymer
brick is eco-sustainable and could be categorized as a green
construction brick.
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