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construction purposes. Geopolymers produced from aluminosilicate-
rich materials present a viable low-carbon alternative. This study

Keywords examined the influence of groundnut shell ash (GNA) on the
Calcined clay, groundnut shells ash,  performance of calcined clay (CC) geopolymer pastes and their
geopolymer, mortar application for building purposes. Groundnut shells sourced locally

were thermally treated at 800 °C, and characterized using X-ray
fluorescence (XRF), attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), and X-ray diffraction (XRD).
Geopolymer pastes were produced by activating CC blended with 5-20
wt% GNA using sodium silicate solution only, followed by phase and
properties evaluation. Based on 28-day compressive strength, the
optimal CC/GNA paste was further modified with quarry dust to
produce geopolymer mortars. A control geopolymer (RG) consisting of
100% CC activated with 8 M NaOH/Na,SiO3; was also prepared. All
samples were cured at room temperature for 7 and 28 days. The results
showed that the compressive strength of GNA geopolymer pastes and
mortars at 28 days ranged from 23.8+0.3 to 63.5+0.1 MPa, and porosity
values from 12.9 to 20.6%, outperforming the control geopolymer
(18.1 £ 0.3 MPa; 49.5%). The results demonstrated that GNA enhances
densification and strength development, supporting its effective use as
a supplementary precursor in calcined clay geopolymers for
sustainable construction applications and contributed new insights
into the utilization of agricultural waste in geopolymer technology.
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1. Introduction

Cement is one of the most essential materials in the construction sector; however, its production is associated
with high energy consumption and significant environmental impacts. It has been reported that the cement
industry account for about 7-9% of global CO, emissions [1,2]. More critically, cement manufacturing contributes
substantially to global carbon dioxide (CO,) emissions, primarily due to the decarbonization of limestone during
clinker production. Consequently, the urgent need to reduce the environmental footprint of the construction
industry has stimulated extensive research into environmentally friendly alternative binders, such as
geopolymers.

Geopolymers are inorganic aluminosilicate materials formed through the reaction of solid precursors rich in
reactive silica and alumina with alkaline activating solutions, followed by curing at ambient or elevated
temperatures [3,4]. Common precursor materials used for geopolymer synthesis include fly ash and calcined
kaolin clay (metakaolin), among others [5-8]. Structurally, geopolymers possess an amorphous to semi-crystalline
three-dimensional Si-O-Al polymeric network, commonly referred to as a sialate framework, in which charge
balance is maintained by alkali cations such as Na*, K*, or Li* [9]. One of the notable advantages of geopolymers is
their rapid early-age strength development [10], which has enabled their application in the production of sewer
pipes, railway sleepers and other pre-stressed structural components [11], as well as in the immobilization of
toxic heavy metals [12,13].

Compressive strength is a critical parameter for assessing the suitability of geopolymers as viable alternatives
to Portland cement binders in construction applications. However, metakaolin-based geopolymers often exhibit
relatively high porosity due to the large amount of water required for mixing (liquid-to-solid ratio = 0.81), which
can adversely affect their mechanical performance [14,15]. To address this limitation, various additive materials,
including colemanite waste, silica fume, fly ash, slag, rice husk ash, wood ash, and other aluminosilicate sources,
have been investigated to improve the microstructure and strength of metakaolin-based geopolymers.
Nevertheless, the incorporation of sodium hydroxide in the activating solution has often been reported to result
in reduced mechanical strength, and only limited studies have explored the use of sodium hydroxide-free systems,
particularly those activated solely with sodium silicate solutions [16-20].

An earlier study reported the use of alkali-rich ash as an alternative activator in calcined clay-based
geopolymers, enabling activation using only a sodium silicate solution [21]. Based on this premise, groundnut
shell ash (GNA) is proposed in the present study to function simultaneously as a co-precursor and co-activator,
with the potential to fill pores and enhance the mechanical strength of metakaolin-based geopolymers. Moreover,
most agricultural waste remains under-utilized, and their conversion into value-added construction materials
offers significant environmental and economic benefits while mitigating waste-related pollution [22].

Groundnut shells represent an abundant agricultural waste with promising potential for geopolymer
production. Global groundnut production is estimated at approximately 47 million metric tons annually, with
shells accounting for about 21-29% of the total weight [23]. Although groundnut shells are often used as biomass
for energy generation [24], the resulting ash is typically disposed of indiscriminately, posing environmental
concerns. Previous studies have demonstrated the beneficial use of groundnut shell ash in improving the
properties of Portland cement-based materials. The reactive silica present in GNA has been shown to participate
in pozzolanic reactions, leading to the formation of calcium silicate hydrate (C-S-H) phases. For instance,
Ikumapayi et al. [25] reported that the incorporation of 8 wt.% GNA enhanced the mechanical strength of Portland
cement concrete through improved C-S-H gel formation. Similarly, Buari et al. [26] observed improved durability
performance when substituting 0-40 wt.% of Portland cement with GNA, with optimal strength, workability, and
durability achieved at 30 wt.% replacement. Furthermore, Nemaleu et al. [27] produced lightweight geopolymers
using GNA as an additive, while Bheel et al. [28] reported reduced porosity in fly ash-based geopolymers through
the incorporation of metakaolin and GNA.

Despite these advancements, there remains limited information on the use of groundnut shell ash as a
combined co-precursor and co-activator for reducing porosity and enhancing the compressive strength of
metakaolin-based geopolymer pastes and mortars, particularly in systems activated solely with sodium silicate.
Therefore, this study aims to develop calcined clay-based geopolymer pastes and mortars with reduced porosity
and improved mechanical and performance-related properties by utilizing calcined kaolin clay and groundnut
shell ash as precursor materials, activated exclusively with a sodium silicate solution. The chemical and structural
characteristics of the source materials were examined, and the reactivity and optimal mix proportions of the clay-
GNA blends were determined. Key properties, including setting time, compressive strength, efflorescence,
porosity, density, and water absorption, were evaluated using standard test methods, while the structural
evolution of the geopolymers was analyzed using Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD).
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2. Materials Preparation

The primary raw materials used in this study include kaolin clay, quarry dust (QD), periwinkle shells, and
groundnut shells. All the materials were sourced from different locations in Nigeria. Before calcination, the raw
clay was air dried, pulverized, and sieved to sizes below 212 um, while the QD was air-dried to remove moisture
and sieved to sizes below 212 pm as previously reported by Oladele et al. [21]. Kaolin clay was calcined at 700 °C
for 6 h, while periwinkle shells, and the groundnut shells were calcined at 800 °C using a laboratory muffle furnace
to obtain metakaolin, periwinkle shell ash (PSA) and groundnut shell ash (GNA) respectively.

2.1 Characterization of Raw Materials

Oxide composition of the materials was determined using X-Ray Fluorescence spectrophotometer/EDX (Sky Ray
Instrument, EDX3600B). The oxide characteristics of the calcined clay, periwinkle shells ash and quarry dust is
shown in Table 1. Thermogravimetric/differential thermal analyzer (Precisa Gravimetrics AG) was used to
determine the ashing temperature of the groundnut shells. To measure the change in mass, crucible containing
powdered sample of groundnut shells was heated at a rate of 10 °C/min from 23 to 1000 °C in an environment of
inert nitrogen. The temperature at which the shells underwent certain mineralogy and phase changes were
obtained.

Table 1 Geopolymer paste and mortars mix ratio (first stage)

Ref (g) GNAG 5% (g) GNAG 10% (g) GNAG 15% (g) GNAG 20% (g)
GNA 0 4 8 12 16
ccC 80 76 72 68 64
Activator 65 62 60 59 56

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used to identify the
functional groups of the ash. Absorption spectrum was collected using ATR-FTIR spectrometer (FTIR-6300/ATR-
6000). Spectra were obtained in the 4000-500 cm™! range at 4 cm! resolution for each sample. The mineralogy
phases were determined using X-ray diffractometer (Bruker X-ray diffractometer, D8 Advance, US). This
diffractometer works in parallel beam geometry with CuK« transition photons of wavelength A = 1.54 A. The
experiments were performed in reflection mode (0-26 configuration), varying the scattering angle 26 from 10° to
90° with steps of 0.05°. The average measuring time was 50 s/point. The XRD patterns were analysed using
Diffrac.EVA V2.1 software.

2.2 Geopolymer Paste / Mortar Production

The calcined clay was activated with 8M NaOH /Na2SiOs solution to produce control geopolymer, while the CC:GNA
mixes were activated with sodium silicate solution only. Geopolymer paste and mortars were produced by dry
mixing the starting materials in Tables 1 and 2 in a mixer for five minutes. The liquid activator was then added
and mixed for five minutes to form a thixotropic paste. The resultant paste/mortar was vibrated to release trapped
air before being cast into 40 x 40 x 40 x 40 mm cubic moulds. The geopolymers were maintained at room
temperature and covered in polyethylene to cure. The samples were demoulded three days and placed in Ziploc
bags for 7 and 28 days in the laboratory until further testing. The groundnut shell ash-based geopolymer (GNAG)
paste exhibiting the highest compressive strength (GNAG 15%) was subsequently modified with 2% periwinkle
shell ash (PSA), quarry dust to produce geopolymer mortars designated as GNQG as shown in Table 2. The PSA
was added to improve the setting time of the geopolymers.

Table 2 Geopolymer paste and mortars mix ratio (second stage - optimizing GNAG 15%)
GNQG 2.5% (g) GNQG 5% (g)

GNA 12 12
CC 64.4 62.4
PSA 1.6 1.6
QD 2 4
Activator 62 65

2.3 Characterization of Geopolymer Pastes and Mortars

Calorimetric measurement, setting time, compressive strength, density, water absorption and porosity as well as
efflorescence potential of the geopolymer pastes and mortars were determined.
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2.3.1 Calorimetric Measurement

TAM Air Isothermal Calorimeter (TAM Air Isothermal Calorimeter) was used to measure the geopolymer mixes
reactivity. The pastes were produced, and 7 g each of the pastes was deposited in the ampoule bottle and placed
in the calorimeter. The measurement was carried out at 20 °C for 14 days.

2.3.2 Setting Time

In the absence of a Vicat needle, the setting time of the geopolymer was determined using the commercial needle
penetration method following the procedure reported by Ogundiran et al. [13]. Freshy prepared geopolymer paste
was poured into a square mould immediately after mixing, and the time of mixing was recorded as the initial time.
The sample was maintained at room temperature and covered with polyethylene film to minimize moisture loss.
A commercial steel needle (approximately 1 mm diameter) was manually inserted vertically into the paste surface
at 10 minutes intervals using a fresh location for each penetration. The setting time of the geopolymers was
defined as the time interval between moulding and when the paste completely resisted needle penetration.

2.3.3 Compressive Strength

Using an ADR-Touch 2000 Standard Compressive test Machine with a 100 kN maximum load, the compressive
strength of the geopolymers was tested at 7 and 28 days. The failure of the load (KN) applied to break a test
specimen was divided by the cross-sectional area (mm?2) resisting the force and reported in unit of (MPa), to obtain
the compressive strength values (Eq. 1).

L

CS=- (1)
Where; CS represents the compressive strength in (N/mm?2). L is the applied load (kN), A (mm?) is the cross-
sectional area of the geopolymer. The average of the compressive strength value readings from two samples was
used to calculate all values.

2.3.4 Density

The density of the geopolymers was measured after 28t day using the NEN 1170 - 6 methods [14]. The
geopolymers were oven-dried at 105 °C to constant mass and cooled to room temperature in a desiccator. The
dimensions (length, width and height) were measured using a vernier caliper and the volume was calculated from
the average dimensions. The dry mass was measured using an electronic balance with an accuracy of +0.01g. The
density was calculated as the ratio of the mass to the volume of the geopolymer and expressed in g/cm3 (Eq. 2).
The reported density represents the average value obtained from three replicate geopolymers.

Mass of sample (g)

Density = (2)

Volume of sample (cm3)

2.3.5 Water Absorption and Porosity

The water absorption and porosity of the cured geopolymers at 28 days were determined in accordance with
ASTM C642. The cured geopolymers were cleaned to eliminate any loose particles from the surface and oven dried
at 105 °C until constant mass was achieved. After drying, the geopolymers were allowed to cool to room
temperature in a desiccator to prevent moisture uptake from the atmosphere. The oven-dry mass was then
measured and recorded as Wd (g). The dried samples were completely immersed in distilled water for 48 h. After,
each sample was removed from water and excess surface moisture was wiped off using a damp cloth to obtain a
saturated surface-dry condition. The saturated surface-dry mass after immersion was recorded as Ww (g).

Subsequently, the samples were placed in fresh distilled water and boiled continuously for 5 h. After boiling,
the samples were allowed to cool naturally while remaining immersed in the water until they reached room
temperature. The samples were removed, surface dried with a damp cloth, and weighed to obtain the saturated
surface-dry mass after boiling, recorded as Ws (g). Each sample was finally suspended in water using a wire
without touching the container, and its apparent immersed mass was measured and recorded as Wi (g). The water
absorption and porosity were calculated using the equations below (Eq.3 and Eq. 4)

Ww —WwWd
Water absorption (%) = %X 100 (3)
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Ws —wd
Porosity (%) = W}( 100 (4)

Where; Wd = weight of dried sample, Ww = weight of wet samples, Wi = weight of suspended sample, and Ws
= weight of saturated sample. Three samples were tested for each geopolymer mix composition, and the average
values of water absorption and porosity values were reported.

2.3.6 Efflorescence Potential

The efflorescence potential of the samples was assessed by measuring 1.0 g of finely ground geopolymer, 20 mL
of distilled water was added to it and covered. Following a 24-hour period, the mixture was decanted and
transferred to the oven for the purpose of water evaporation, resulting in the retention of solely the leached
soluble salts, which were subsequently measured in terms of weight. This was done in the understanding that the
movement of alkali substances is the main factor that results in the occurrence of efflorescence [29].

3. Results and Discussion

3.1 Thermogravimetric and Differential Thermal Analyses of Groundnut Shells
(TGA/DTA)

The result of the TGA/DTA of powdered groundnut shells before calcination is shown in Fig. 1. The analysis
showed an initial minor mass loss below 150 °C due to moisture evaporation. A major decomposition peak
occurred between 200 and 400 °C, accompanied by a pronounced endothermic DTA peak, indicating the
breakdown of thermally unstable components such as hemicellulose, cellulose and lignin present in the groundnut
shells [30]. Beyond 400 °C, the sample exhibited gradual mass loss with no significant thermal events [31],
suggesting the formation of a stable inorganic residue up to 1000 °C. The groundnut shells were calcined at 800
°C to ensure complete removal of organic constituents and to obtain a thermally stable, silica-rich ash with high
pozzolanic reactivity. This temperature was selected based on the thermal analysis, which indicated that major
decomposition occurred below 500 °C. Calcining at lower temperatures may leave incompletely transformed
phases, while excessively high temperatures (>900 °C) can cause crystallization and reduce reactivity.

From the TGA/DTA analysis of the raw clay as reported by Oladele et al. [21], it can be inferred that the
dihydroxylation of kaolinite to form metakaolinite is expected at 650 2C. However, the clay was calcined at 700 °C
to ensure total dihydroxylation.
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Fig. 1 TGA/DTA curves of groundnut shells

3.2 ATR-FTIR Spectrum of Groundnut Shells

In the groundnut shell ash (GNA) spectrum (Figure 2), the berlinite (AlPO,) absorption peak was observed at 1027
cm™, and Si-0-Si asymmetric stretching vibrations of quartz appeared at 873 cm™ [32], confirming that SiO, in
the ash exists primarily as quartz. These FTIR features confirm the aluminosilicate nature of the raw materials
and the presence of functional groups essential for geopolymerization, which underpin the mechanical and
durability performance of the resulting geopolymers.
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Fig. 2 FTIR spectrum of groundnut shells ash

3.3 Mineralogical Composition of Groundnut Shells

19

The XRD patterns of raw clay, calcined clay, periwinkle shells ash and quarry dust as reported previously by
Oladele etal. [21] showed that the raw clay contained kaolinite and quartz as the main chemical phases. Periwinkle
shell ash had calcite (CaC0O3z), Al203, hematite (Fez03), portlandite [Ca(OH)z] and albite (NaAlSi3Os) as its minerals.
Quarry dust had Fez03, SnOz, K20, and quartz [21].
The XRD pattern of groundnut shells ash is presented in (Fig. 3). The main mineral identified in the ash was
quartz (SiOz). Some small peaks that match those of hematite (Fe203) were also observed. These minerals are
confirmed with the presence of their corresponding elements in the XRF data. As seen in Table 3, silicon dioxide
(Si02) made up 59.4% of GNA as its dominant oxide, with appreciable amounts of Al203. As revealed by the XRD
results, this SiOz is essentially quartz, which likely served as strength enhancer in the geopolymers. The presence
of the Al203 in the ash would lead to an increase in reactivity, while K20 and CaO are alkaline in nature which
enhanced the reactivity of sodium silicate solution in the preparation of geopolymer pastes and mortars.

Table 3 Oxide composition (Wt.%) of solid materials

Oxides  Alz03 SiO2 P20s SO3 K20 CaO TiO2 Fez03
GNA 9.30 59.4 0.73 1.34 2.81 7.85 0.66 8.82
CcC 41.4 46.7 0.21 0.44 0.10 0.08 1.37 2.32
PSA 0.65 1.10 0.57 1.62 - 94.7 - 0.24
QD 12.9 58.6 0.57 1.19 4.27 4.32 0.41 15.4
7000 S —
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6000 |- ]
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Fig. 3 XRD pattern of groundnut shells ash
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3.4 Characterization of Geopolymers

The reaction kinetics, compressive strength, setting time, density, water absorption, porosity and efflorescence
potential, FTIR and XRD spectra of the geopolymer pastes and mortars were discussed.

3.4.1 Reaction Kinetics of the Geopolymer Paste

The reactivity of a control geopolymer paste which was activated with 8 M NaOH/Na2SiO3 was compared with
GNA-CC series of geopolymers activated with NazSiO3 solution only. The heat evolution which is a function of
reaction time of the geopolymers at room temperature is presented in Fig. 4. In contrast to the ash-containing
geopolymer pastes, which showed three peaks after days of reaction, the control geopolymer (Ref GP) had just
two unique peaks that might be attributed to dissolution/hydrolysis and geopolymerization stages of the reaction
[6]. The reaction of silica, potassium and calcium present in the GNA may have caused the emergence of this third
peak.

The control geopolymer (RG) demonstrated a greater rate of dissolution and higher heat release within the
first 24 hours compared to the systems that contained ash. When compared to the control, the first and second
exothermic peaks in GNA-containing pastes demonstrated that dissolution/hydrolysis began rather slowly after
mixing with activator. This may be connected to the slow release of alkali/alkaline hydroxide stocked in the ash.
This was further supported by the extended setting times recorded with CC/GNA geopolymers. Further
dissolution of the chemicals in the ash in the alkaline environment probably resulted in the formation of the third
peak. This is consistent with the strength development (see Fig. 5 later) when ash was co-precursor in the
geopolymer. As the amount of ash increased, the rate of dissolution and heat release reduced, which was visible
in the evolution of the peaks and the reaction time.
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Fig. 4 Calorimetry curves showing heat release and cumulative heat release for the control and groundnut shell ash
calcined clay geopolymers paste

3.4.2 Sub Section Headings

The compressive strength values of the geopolymer pastes (GNAG) and mortars (GNQG) are presented in Fig. 5.
At 28 days, the control geopolymer exhibited a strength of 18.1 MPa, whereas the GNAG pastes showed strengths
ranging from 25.8 to 63.5 MPa, with the highest value observed at 15% GNA replacement. The highest compressive
strength observed at 15% replacement of calcined clay with groundnut shell ash can be attributed to an optimal
balance between reactive aluminosilicate phases and available sodium and calcium for secondary reactions. At
this level, the amorphous silica and alumina in groundnut shell ash actively participated in pozzolanic reactions
with sodium/calcium hydroxide released during hydration, leading to the formation of additional binding phases
such as sodium/calcium silicate hydrate and sodium/calcium aluminosilicate hydrate. These reaction products
fill capillary pores, improve particle packing, and produce a dense, well-bonded microstructure with reduced
porosity, thereby enhancing load transfer and compressive strength. This is consistent with the findings of Kannan
and Ganesan [33], where composite geopolymer produced with rice-husk ash showed improved strength up to

o) UTH M Penerbit




J. Sustain. Mater. Process. Manag. Vol. 6 No. 2 (2026) p. 14-28 21

15% replacement. The similarity in these results could be associated with the high amount of silica oxides present
in rice-husk and groundnut shell ash.

In contrast, increasing the GSA replacement to 20% resulted in a sharp reduction in compressive strength due
to over-dilution of the reactive calcined clay component. At this higher replacement level, the quantity of ash
exceeded the amount that can effectively react with available sodium/calcium oxides, leaving a significant fraction
of ash unreacted. This limits further gel formation and leads to a less compact microstructure characterized by
unreacted particles, and weak interfacial zones. The resulting reduction in cohesive binding phases compromise
the structural integrity of the matrix, explaining the observed decline in compressive strength at 20%
replacement. This is similar to the observations of Kannan and Ganesan [33].

For the mortars, the optimum compressive strength of 46.8 + 0.3 MPa was achieved at 2.5% QD addition,
exceeding the minimum standard of 20.7 MPa required for construction materials such as paving blocks and
masonry bricks under moderate weathering conditions [34]. However, further increase in QD content resulted in
a reduction of compressive strength. This decrease can be attributed to the relatively high Fe,03 content in the
QD (15.4%, Table 1), which may interfere with the geopolymerization reaction, leading to a less connected
aluminosilicate network. Similar observations have been reported by Choi and Lee [35], who found that Fe, 05 can
negatively affect geopolymer strength.

Overall, all geopolymer pastes and mortars containing GNA exhibited superior compressive strength
compared with the control geopolymer, demonstrating the effectiveness of GNA as a functional additive, while the
impact of QD highlights the importance of chemical composition in optimizing geopolymer mechanical
performance.
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Fig. 5 Compressive strength of (a) Geopolymer pastes; and (b) Modified GNAG 15% mortars

3.4.3 Setting Time of Geopolymers

The setting time of the geopolymer pastes and mortars is presented in Fig. 6. The control geopolymer paste
exhibited a relatively rapid setting time of approximately 4 h, whereas mixes containing groundnut shell ash
(GNAG) showed markedly prolonged setting times, ranging from 15 to 17 h. Among the modified systems, the
mixture containing 5% GNAG recorded the shortest setting time, while the 20% GNAG formulation exhibited the
longest delay. This could be attributed to the availability of more soluble silica in the activating solution as
reported by Ling et al. [36]. This progressive increase in setting time with rising GNA content is also consistent
with observations reported by Babako and Apeh [37] for other biomass ash-modified geopolymer systems, where
the incorporation of ash with lower intrinsic reactivity slows geopolymer gel formation. Consequently, the
observed setting times exceeded the maximum 10 h limit stipulated by IS 4031 for certain construction
applications, including paving blocks, indicating potential limitations for direct field deployment without further
mix optimization.

In line with earlier findings by Oladele et al. [21], the incorporation of 2% Periwinkle Shell Ash (PSA) was
effective in mitigating the delayed setting behaviour. In this study, 2% of PSA and between 2.5 and 5% of quarry
dust were added to 15% GNAG to produce geopolymer mortar. The setting time of the geopolymer mortars was
observed to be further shortened as the addition of sand to the paste also reduced the workability.
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Fig. 6 Setting time of (a) Geopolymer pastes; and (b) Modified GNAG 15% mortars

3.4.4 Density of Geopolymer

The results of density of the geopolymer pastes and mortars at 28 days are shown in Fig. 7. The results varied
from 1.95 to 3.40 g/cm3. The density of the control geopolymer was the lowest. This was found to be caused by an
increased number of pores in its network, as confirmed by the porosity test (see Figure 8 later). An increase in the
density of the geopolymers was also noted with the addition of quarry dust. This demonstrated that the QD and
ash densified the geopolymer matrix by acting partly as fillers in the pores of the geopolymer system. These
outcomes are consistent with previous results where the density of the geopolymers were reported to increase
with the addition of quarry dust [21].
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Fig. 7 Density of (a) Geopolymer pastes; and (b) Modified GNAG 15% mortars

3.4.5 Water Absorption and Porosity of Geopolymer

The water absorption and porosity of the geopolymers are presented in Fig. 8. Incorporation of groundnut shell
ash (GNA) into the geopolymer matrix significantly influenced these properties. For GNA-containing geopolymer
pastes and mortars, porosity ranged from 12.9 to 20.6%, while water absorption varied between 2.0 and 4.3%. In
contrast, the control geopolymer, devoid of GNA, exhibited the highest porosity (49.5%) and water absorption
(11.8%), indicating a more porous and less compact microstructure. The elevated porosity of the control sample
facilitated extensive water ingress into the open pore network, thereby increasing water absorption. These results
are consistent with findings by Srinivas et al. [38], who reported that geopolymers with reduced porosity,
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achieved through the incorporation of ash or other fillers, demonstrate enhanced resistance to water penetration
and associated deterioration. Kannan and Ganesan [33] also reported a decrease in water absorption for
geopolymer composite produced with rice-husk ash, with 15% replacement documented as optimum. The
reduction in porosity and water absorption observed in GNA-modified geopolymers is indicative of a denser
microstructure, which is expected to improve durability and long-term engineering performance in construction
applications.
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Fig. 8 Effect of GNA replacement on the water absorption and porosity of (a) Geopolymer pastes; and (b) Modified
GNAG 15% mortars

3.4.6 Effect of Groundnut Shell Ash on Geopolymer Efflorescence

The efflorescence behavior of the geopolymer samples after 28 days is presented in Fig. 9. The control geopolymer
exhibited the highest efflorescence (0.08 g), whereas samples containing groundnut shell ash (GNA) showed lower
values, ranging from 0.01 to 0.05 g. This reduction correlates with the influence of GNA on both the chemical and
microstructural properties of the geopolymer matrix. The lower efflorescence in GNA-modified geopolymers can
be attributed to the reduced concentration of alkali metals in the system, which limits the formation of soluble
salts capable of migrating to the surface [39]. Additionally, GNA contributes to a denser microstructure by filling
voids and refining pore size distribution, thereby reducing pore connectivity and impeding salt transport. This
densification is consistent with the observed decrease in total porosity and improved compressive strength of
GNA-containing samples, suggesting a direct link between microstructural refinement and durability
performance.

These results indicate that the incorporation of GNA not only enhances the mechanical properties of calcined
clay geopolymers but also mitigates efflorescence, improving their long-term durability and suitability for
structural and construction applications.
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3.4.7 FTIR Spectra of Geopolymer

The spectra of the geopolymer paste and mortars are presented in Fig. 10. The bands observed in the control
geopolymer at approximately 3452 cm™ and 1627 cm™" were attributed to the stretching (-OH) and bending (H-
0-H) vibrations of bound water molecules, which were either surface-adsorbed or trapped within the layer
cavities of the polymeric framework, respectively. The poly-condensation of alternating Si-O and Al-O bonds
caused the strong peak observed at 1068 cm in CC to shift to 961 cm'1in CC/GNA geopolymer paste [21]. This
peak shift is consistent with the formation of reaction product during geopolymerization [40].The control
geopolymers also showed a similar shift. This similarity showed that geopolymer can be produced using only
sodium silicate as activating solution and groundnut shell ash as pozzolanic additive [41].
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'
3371

Transmittance (%)

—— GNAG 15% 7
" 1 n I n 1 " " M "

—RG 961

1 " 1 ] " 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 10 ATR/FTIR spectra of geopolymer pastes and mortar

3.4.8 X-ray Diffraction of the Geopolymers

The XRD diffractograms of the geopolymers are shown in Fig. 11. A characteristic of the production of amorphous
geopolymers is the diffuse halo peak that was seen between 20 and 30° 26 in all the geopolymer paste and mortars.
This is an indication that the addition of ash did not prevent geopolymerization reaction [42,43]. In addition to
the amorphous phase, the control geopolymer had a few minor crystalline phases from CC and GNA4, including
quartz, anatase and illite. The ash-containing geopolymers also exhibit contributions from crystalline phases of
undissolved minerals from the calcined clay and the groundnut shell ash. These minerals found in the ash and QD
enhanced the properties of ash-containing paste and mortars [21].
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Fig. 11 XRD pattern of geopolymer pastes and mortars

4. Conclusion

This study evaluated the influence of groundnut shell ash (GNA) on the compressive strength, porosity, and overall
performance of calcined clay-based geopolymer binders for construction applications. The results confirmed that
GNA is rich in silica, with appreciable quantities of alumina, potassium, and calcium oxides, and that its
contribution to geopolymer performance is primarily governed by chemical composition rather than amorphous
content. Unlike highly amorphous aluminosilicate precursors, GNA functions predominantly as a co-activator and
microstructural modifier, where potassium and calcium oxides enhance the alkalinity and activation efficiency of
the sodium silicate system. The combined SiO,-Al,03-Fe,03 content of 77.5% further supports the potential of
GNA as a supplementary cementitious material.

The incorporation of GNA alongside calcined clay promoted more effective geopolymerization by facilitating
aluminosilicate dissolution and gel formation, while calcium-bearing phases likely contributed to additional
binding products. These mechanisms translated directly into the observed reduction in porosity and
corresponding increase in compressive strength, indicating improved matrix densification and pore refinement.
Optimization of the CC/GNA/PSA/QD blend ratios was therefore critical in achieving enhanced mechanical
performance under a low-alkali activation approach.

In summary, the findings demonstrate that groundnut shell ash is a viable and sustainable additive for
improving the engineering performance of calcined clay-based geopolymer binders. Its multifunctional role
enables strength enhancement and microstructural refinement without reliance on highly alkaline activators,
supporting the development of environmentally responsible construction materials and the valorization of
agricultural waste in building applications.
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