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INTRODUCTION

Geopolymer is an environmentally friendly 
alternative material compared to Portland ce-
ment, as it can reduce carbon emissions by up to 
90% (Amran et al., 2020; Salman et al., 2023). 
Additionally, geopolymer offers several advan-
tages, such as high early strength, excellent du-
rability, thermal stability, and low shrinkage (Do 
et al., 2020; Zerfu and Ekaputri, 2016). Geopoly-
mer is a cost-effective alternative material that 
has been widely applied in various fields, such as 

concrete production, sealants, ceramics, and pav-
ing blocks (Guo et al., 2022). The development 
of fly ash-based geopolymer paving blocks repre-
sents a promising utilization alternative, conside-
ring the abundant supply of fly ash as waste from 
power plants (PLTU) or other industrial by-pro-
ducts (Jelic et al., 2023).

The curing process, which involves heat treat-
ment (at temperatures of 60–80 °C) for 24 hours, 
presents one of the challenges in geopolymer ma-
terial development due to its high energy costs and 
significant investment requirements (Kavipriya, 
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2022). Therefore, the development of a natu-
ral-curing method (natural curing at ambient tem-
perature or environment) has become an attracti-
ve alternative (Zhang et al., 2021). However, the 
use of natural curing methods may result in lower 
strength for the geopolymer compared to con-
ventional curing processes. To address this issue, 
graphene, as a 2D nanomaterial, offers a promising 
solution due to its exceptional light weight and re-
markable strength and flexibility properties. Thus, 
graphene is expected to enhance the mechanical 
properties of geopolymers, particularly in impro-
ving compressive strength (Abiodun et al., 2023). 

Chu et al. (2020) conducted a study to inves-
tigate the effect of adding graphene oxide at vary-
ing concentrations (0.025–0.075%) on the mecha-
nical properties and durability of ultra-high-per-
formance concrete (UHPC) made from recycled 
sand. The addition of graphene oxide resulted in 
a reduction in porosity by 4.45–11.35%, while 
compressive strength, flexural strength, tensile 
strength, and elastic modulus increased by 8.24–
16.83%, 11.26–26.62%, 15.63–29.54%, and 
5.84–12.25%, respectively. However, the inclusi-
on of cement and steel fibers increased production 
costs, making it less suitable for large-scale pro-
duction (Chu et al., 2020). Abiodun et al. (2023) 
studied the effects of adding pristine graphene at 
varying concentrations (0.05–0.3 wt.%) on the 
mechanical properties of geopolymer mortar. The 
addition of 0.07 wt.% pristine graphene increased 
compressive strength, tensile strength, and flexu-
ral strength by 14.4%, 25.96%, and 17.35%, re-
spectively. However, the curing process for geo-
polymer using pristine graphene is challenging to 
implement in large-scale paving block production 
and incurs high production costs (Abiodun et al., 
2023). Ranjbar et al. (2015) reported that the ad-
dition of graphene nanoplatelets (GNPs) could 
enhance the compressive and flexural strength of 
fly ash-based geopolymers by 2.16 times compa-
red to non-graphene geopolymers. However, the 
synthesis process for GNPs using the Hummers 
method makes it uneconomical as an additive for 
geopolymer paving blocks.

Amri et al. (2020) successfully synthesized 
fly ash-based geopolymer mortar with NaOH ac-
tivator and low-cost few-layer graphene (LSE-G) 
as a reinforcing material. LSE-G was produced 
using a simple turbulence-assisted shear exfolia-
tion (TASE) method with a kitchen blender. The 
compressive strength, porosity, and water absorp-
tion values of the synthesized geopolymer were 

29.544 MPa, 10.903%, and 6.034%, respectively. 
However, the curing process in a heating oven 
proved to be less feasible due to the high ener-
gy costs and the significant investment required, 
which hinders the diffusion of this technology 
within the community (Amri et al., 2020).

This study aims to develop fly ash-based geo-
polymer paving blocks with a natural-curing sys-
tem, incorporating low-cost few-layer graphe-
ne (LSE-G) as an additive. The effects of adding 
LSE-G on compressive strength, surface hardness, 
water absorption, morphology, and the homo-
geneity of graphene distribution were investigated. 
The main findings of this study show that the ad-
dition of LSE-G to the geopolymer composite in-
creased compressive strength by up to 23.4% and 
surface hardness by up to 6.15% compared to the 
geopolymer without graphene, with LSE-G being 
well-distributed within the composite. The use of 
LSE-G as a substitute for the curing process in a he-
ating oven is considered more advantageous due to 
the low-cost and environmentally friendly produ-
ction of graphene despite a slightly lower compres-
sive strength compared to conventional geopoly-
mers. Therefore, the use of LSE-G as an additive 
for producing geopolymer paving blocks in a natu-
ral curing system holds promising prospects. 

MATERIALS AND METHODS

Preparation of graphene 

Graphene was synthesized from pure graph-
ite using the turbulence-assisted shear exfoliation 
method in a simple and environmentally friendly 
rotating-blade mixer (kitchen blender) (Varrla et 
al., 2014). After the exfoliation process was com-
pleted, the solution was left for 24 hours, and the 
sediment was removed. The graphene solution 
was then placed in an oven at 60 °C to reduce the 
water content, resulting in graphene concentra-
tions of 20 mg/ml, 40 mg/ml, and 80 mg/ml.

Preparation of geopolymer paving block 
composite

The geopolymer paving block composite 
was synthesized by mixing 85% solid materi-
als and 15% liquid materials into a dough mixer. 
The composition of the solid materials used was 
coal fly ash: casting sand: medium sand in a ra-
tio of 25%: 62.5%: 12.5%. The liquid materials 



354

Journal of Ecological Engineering 2025, 26(7), 352–366

consisted of Na2SiO3: NaOH 10 M in a ratio of 
approximately 2.5:1, along with a graphene solu-
tion with varying concentrations of 20–80 mg/ml. 
The mixed materials were then placed into metal 
molds and pressed using a hydraulic press. The 
molded geopolymer composite was left for natu-
ral curing at room temperature for 28 days.	

Characterization

The geopolymer composite was character-
ized through mechanical property analysis, which 
included compressive strength, water absorption, 
and Vickers hardness testing. The compressive 
strength analysis followed the ASTM standard 
(2012) and was calculated using Equation 1.
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where:	 compressive strength (MPa) is denoted as 
fc′​, P is the maximum load (N), and A is 
the surface area under load (mm²). Water 
absorption testing followed the ASTM 
standard (2006) and was calculated using 
Equation 2.
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where:	A is the weight of the water-saturated geo-
polymer composite after immersion (kg), 
and B is the dry weight of the specimen 
(kg).

Raman spectroscopy analysis was performed 
using a WITec Alpha 300R Raman spectrometer. 

Molecular vibrations were excited using a 532 
nm wavelength. Morphological analysis included 
scanning electron microscopy-EDX spectrum 
(SEM-EDX) using an SEM SU 3500 instrument 
and transmission electron microscopy (TEM) 
with an HR TEM H9500 instrument. Surface 
hardness testing was conducted at 3 test points 
using a micro-Vickers hardness testing machine 
with a load of 0.3 N for 10 seconds. 

RESULT AND DISCUSSION

Raman spectroscopy analysis

Figure 1 shows the Raman spectra of the 
geopolymer paving block composite samples 
containing 2.75% graphene with varying concen-
trations (0–80 mg/ml). From Figure 1, it can be 
observed that the geopolymer paving blocks with 
the addition of graphene at concentrations of 40 
mg/ml and 80 mg/ml exhibit dynamic and fluctu-
ating spectral patterns with several spectral peaks, 
compared to the smooth spectrum of the geopoly-
mer without graphene addition. Characteristic 
graphene peaks in the composite paving block are 
observed around ~1333.88 cm⁻¹, ~1609.65 cm⁻¹, 
and ~2774 cm⁻¹ (2D band), which correspond to 
the D band, G band, and 2D band, respectively. 
The presence of these peaks indicates that gra-
phene has been well-distributed within the paving 
block composite structure. Meanwhile, graphite 
exhibits three characteristic peaks: the G band 
(1584.20 cm⁻¹) and the 2D band (2718.19 cm⁻¹), 

Figure 1. Raman spectra of geopolymer with varying graphene concentrations: 0 mg/ml, 40 mg/ml, 80 mg/ml
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without the D band peak. These peaks are consid-
ered the fingerprint of graphite material (Zhang et 
al., 2018). The absence of the D band peak indi-
cates that the graphite precursor used is free from 
defects or contains very low defects. 

In Figure 1, a shift in the D peak in the geopoly-
mer composite is observed, indicating a change in 
the crystal structure of graphene. This shift is due 
to interactions with the geopolymer matrix, which 
can affect the distribution of defects in the materi-
al. A study by (Kaftelen-Odabaşi, 2024) explains 
that electron-phonon interactions and defects in 
the graphene structure cause the D peak shift. The 
D peak appears in defect or edge regions, altering 
the phonon energy and electron-phonon interac-
tions. Research by (Ni et al., 2008) elaborates that 
the G peak can shift when foreign atoms or mol-
ecules, referred to as doping, are added, leading 
to the removal of the nonadiabatic anomaly at the 
Kohn point in the Γ zone. Similarly, (Zhong et 
al., 2013) reported that the shift in the G peak is 
caused by the removal of the nonadiabatic Kohn 
anomaly in graphene due to electrochemical do-
ping. The Kohn anomaly refers to the reduction 
in the E2g phonon vibration frequency induced by 
electron-phonon coupling (EPC). Electrochemi-
cal doping removes the Kohn anomaly, increasing 
the E2g phonon vibration frequency. 

According to (Ni et al., 2008), the 2D peak 
can shift due to hole doping and electron doping, 
which can modify the equilibrium lattice parame-
ters induced by charge transfer. The 2D peak is 
not significantly observed around 2774 cm⁻¹ be-
cause the 2D peak of multilayer graphene appears 
broader and less intense (Papanai et al., 2020). 
Furthermore, the graphene peak becomes broader 
and shifts when the thickness of the graphene in-
creases. Research by (Eckmann et al., 2013) also 
mentions that the position of the 2D peak can 
shift with an increase in defect concentration. The 
uneven distribution of graphene in the composite 
leads to variations in the Raman spectrum, indi-
cating areas with different layer counts and defect 
densities (No et al., 2018).

In Figure 1, additional peaks are observed 
around 465 cm⁻¹, 716 cm⁻¹, 1800 cm⁻¹, 2240 
cm⁻¹, and 2460 cm⁻¹. According to (Kosor et al., 
2016), the peak around 465 cm⁻¹ is caused by the 
intra-tetrahedral vibration of the SiO₄ tetrahedra, 
which polymerizes during the geopolymerizati-
on reaction, as indicated by the peak around 460 
cm⁻¹. Additionally, the peak around 716 cm⁻¹ is 
attributed to the asymmetric bending mode of 

CO₃ (carbonate), as indicated by the peak around 
713 cm⁻¹. The peak around 1800 cm⁻¹ is caused by 
the combination of acoustic transverse phonons 
in-plane (iTA) and longitudinal optical phonons 
(LO) (Rao et al., 2011). The intensity of this peak 
decreases as the number of layers increases, and 
it is not visible in graphite (Rao et al., 2011). The 
peak around 2240 cm⁻¹ is tentatively assigned to 
the combination of in-plane optical transverse 
phonon mode (iTO) and TA phonon (oTO+LO) 
near the K point in the graphene Brillouin zone 
(Rao et al., 2011). According to (Rao et al., 2011), 
the frequency of the peak around 2220 cm⁻¹ de-
creases linearly with increasing graphene layers. 
Another peak at a Raman shift of 2460 cm⁻¹ is a 
D+D1 peak found in graphene nanoplatelets, re-
presenting the overtone (multiples of the funda-
mental frequency) of the D peak (Dovbeshko et 
al., 2014). A peak also appears around 2880 cm⁻¹ 
in the geopolymer composite with a graphene 
concentration of 40 mg/ml, related to the presen-
ce of the G’ peak (Hu et al., 2014). Meanwhile, 
the composite with a graphene concentration of 
80 mg/ml does not exhibit this peak, possibly due 
to the aggregation of graphene in the composite. 
At higher concentrations, graphene shows chan-
ges in its structural and vibrational properties due 
to increased density and potential structural de-
fects. These changes can significantly affect the 
vibrational modes of graphene, such as those re-
lated to the overtone (2880 cm⁻¹), which become 
weaker or even disappear (Dabhi and Jha, 2017).

Compressive strength analysis

Figure 2 shows the effect of varying graphene 
concentrations on the compressive strength of 
geopolymer paving block composites with con-
centrations of 0–80 mg/ml. From Figure 2, it 
can be seen that the addition of 20–40 mg/ml of 
graphene significantly increases the compressive 
strength of the geopolymer composite, especially 
at the 40 mg/ml concentration, which demon-
strates the best performance with a 23.39% in-
crease in compressive strength compared to the 
geopolymer without graphene. However, at a 
higher graphene concentration of 80 mg/ml, the 
compressive strength decreases by approximately 
3.2%. The increase in compressive strength with 
the higher graphene content is attributed to the 
good dispersion of graphene within the geopoly-
mer composite, which fills the pores of the matrix, 
resulting in a denser and stronger structure (Amri 
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et al., 2019). The addition of graphene can alter 
the microstructure, making it more compact and 
reducing internal voids (Zhang and Lu, 2018). 

The presence of graphene also accelerates the 
geopolymerization process and the hydration rate, 
thereby promoting nucleation and crystallization 
within the geopolymer gel, which strengthens 
the material (Fan et al., 2023). The high strength 
of graphene also aids in better stress distribution 
within the geopolymer matrix, reducing the like-
lihood of crack propagation and improving the 
overall toughness of the composite (Ranjbar et 
al., 2015). The enhancement of mechanical prop-
erties in graphene-added geopolymer composites 
has been reported by (Singh, 2018), who noted 
that graphene acts as a protective or reinforcing 
layer, wrapping and strengthening the composite 
structure. However, the compressive strength ob-
tained in this study is still lower than that of geo-
polymer produced conventionally through curing 
processes, which generally have compressive 

strengths ranging from ~37.24 MPa (moist cur-
ing) (Chairunnisa et al., 2024) and 22.34–41 
MPa (heat curing) (Table 1) (Ahmad and Rashid, 
2022; Amri et al., 2020; Bai et al., 2022; Merino-
Lechuga et al., 2024; Sukmak et al., 2013). This 
is because, in moist curing, moisture retention is 
ensured during the drying process, which is cru-
cial for the chemical reaction between the alkaline 
activator and aluminosilicate materials in devel-
oping the high-strength three-dimensional cross-
linked bond network in geopolymers. This method 
also prevents microcracks caused by dehydration 
(Lee et al., 2016). Meanwhile, in heat curing, heat 
can increase the reaction rate, thereby accelerat-
ing the geopolymerization process (Wang et al., 
2012). This is due to the enhanced dissolution of 
aluminosilicate materials at high temperatures, 
which promotes the formation of C–(A)–S–H gel, 
geopolymer gel, and calcium chloroaluminate hy-
drate, which fill the pores and increase the com-
pactness of the structure (Bai et al., 2022). 

Figure 2. Effect of graphene concentration on the compressive strength of geopolymer composite after 28 days

Table 1. Compressive strength data of geopolymers based on curing method and curing time
Researcher Curing method Curing time (h) Compressive strength (MPa)

(Merino-Lechuga et al., 2024) Heat curing (70 °C) 1–7 27.40–31.10

(Chairunnisa et al., 2024) Moist curing 14–28 35.03–37.68

(Bai et al., 2022) Heat curing (90 °C) 3–28 22.98–27.91

(Ahmad & Rashid, 2022) Heat Curing (60–110 °C) 7 22–34

(Amri et al., 2020) Heat Curing (80 °C) 28 29.54

(Sukmak et al., 2013) Heat Curing (60–85 °C) 7–28 32–41
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The decrease in the compressive strength of 
the geopolymer paving block composite at the 
graphene concentration of 80 mg/ml is due to 
the tendency of graphene to agglomerate at high 
concentrations, which reduces the uniform dis-
tribution and weakens the material (Abiodun et 
al., 2023). Several researchers have shown that 
the compressive strength of geopolymer compos-
ites increases with the addition of graphene up 
to an optimal point and then decreases at higher 
graphene concentrations (Zhang and Lu, 2018). 
Researchers (Danial et al., 2019; Shamsaei et al., 
2018) also reported that excess graphene addi-
tion can reduce the mechanical properties of the 
geopolymer, as at high concentrations, graphene 
sheets tend to agglomerate easily. The large sur-
face area and Van der Waals force interactions 
cause the graphene sheets to stack and lead to 
agglomeration, negatively impacting the micro-
structure and mechanical properties of the com-
posite (Ranjbar et al., 2015). This can hinder the 
uniform distribution and effectiveness of gra-
phene within the geopolymer composite matrix 
(Ranjbar et al., 2015).

Based on Figure 2, it can be observed that the 
compressive strength of the synthesized paving 
block composite has met the criteria of SNI 03-
0691-1996 for medium-strength concrete bricks 
(B), which range from 20–35 MPa and are used 
for park equipment. However, this value is still 
lower compared to the minimum value of 55 MPa, 
as specified by ASTM C936 and ASTM C1272 for 
type R paving blocks (Pandey et al., 2024). The 
increase in the strength of geopolymer composites 
typically follows a symmetric curve pattern as the 

graphene concentration increases. This means that 
at a certain point, the addition of graphene results 
in a significant increase in compressive strength, 
but beyond the optimal point, the compressive 
strength may decrease due to factors such as gra-
phene aggregation and interactions with the com-
posite mixture. As reported by (Dalal and Dalal, 
2021), nano concrete composites with the addition 
of 1 mg/l of graphene can improve compressive 
strength by 27%, but adding more than 1 mg/l 
leads to a decrease in compressive strength per-
formance (Dalal and Dalal, 2021). 

Water absorption analysis

Figure 3 shows the water absorption values 
of geopolymer paving block composites with 
varying graphene concentrations of 0–80 mg/
ml. Water absorption generally has a detrimental 
effect on the mechanical properties of geopoly-
mer composites. Increased water absorption can 
lead to a reduction in compressive strength due 
to the weakening of the geopolymer matrix and 
the formation of voids and cracks (Guerrieri et 
al., 2020). From Figure 3, it can be observed that 
water absorption decreases as the graphene con-
centration in the geopolymer composite increa-
ses. The lowest water absorption value is shown 
at the 40 mg/ml graphene concentration, which 
is 5.25%, with a reduction of about 10.71%. In 
contrast, the highest water absorption value is 
seen in the geopolymer composite without grap-
hene addition (0 mg/ml), at 5.88%. According 
to (Susanto et al., 2024), the addition of grap-
hene into fly ash-based geopolymer composites 

Figure 3. Effect of graphene concentration on water absorption values in geopolymer paving block composites
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reduces the total porosity, the total number of po-
res, and their distribution due to the densification 
of the specimen’s bulk matrix. As a result, water 
absorption decreases, the specimen’s density in-
creases, and consequently, mechanical proper-
ties such as compressive strength also improve 
(Susanto et al., 2024). 

However, as seen in Figure 3, the water ab-
sorption value at a concentration of 80 mg/ml 
shows a slight increase. This may be due to the 
agglomeration of graphene, which results in less 
homogeneous distribution, leading to higher po-
rosity in the composite. This, in turn, increases 
water absorption and reduces material density 
(Susanto et al., 2024). A higher water absorption 
value indicates a higher pore volume in the pav-
ing block (Jonbi and Fulazzaky, 2020). Research 
by (Uma Maguesvari et al., 2020) shows that the 
void ratio is directly proportional to permeabil-
ity. As the voids or porosity in the geopolymer 
mix increases, the material’s ability to absorb and 
transmit water also increases. According to SNI 
03-0361-1996, the water absorption test results 
for geopolymer paving blocks with 0–80 mg/ml 
concentrations fall into the B quality category. B-
grade paving blocks, with an average maximum 
water absorption of 6%, can be used for parking 
lot pavements. This value meets the requirements 
of ASTM C1272, which specifies water absorp-
tion of less than 6% (Pandey et al., 2024).

Vickers hardness analysis

Table 2 shows the Vickers hardness values of 
geopolymer paving block composites containing 
2.75% graphene with varying concentrations of 

0–80 mg/ml. From Table 1, it can be observed that 
the Vickers hardness of geopolymer paving blocks 
without graphene addition remains relatively con-
stant. In contrast, the composites with graphene 
addition show more fluctuating hardness values, 
which are related to the level of homogeneity of 
the composite. There is a linear relationship be-
tween Vickers hardness and compressive strength 
in geopolymers. Higher Vickers hardness gener-
ally indicates higher compressive strength (Subaer 
et al., 2017). From Table 1, it is evident that the 
highest hardness value is observed at the 40 mg/
ml graphene concentration, which is 122.5 Hv, re-
presenting a 6.15% increase. However, this value 
decreases by approximately 0.33% when the grap-
hene concentration is increased to 80 mg/ml. The-
se results are higher than those reported by (Zainal 
et al., 2016), which indicated a maximum Vickers 
hardness of 118.6 Hv for geopolymer with a heat 
curing system using an oven at 60 °C. Meanwhile, 
the lowest hardness was obtained for the geopoly-
mer composite without graphene addition (0 mg/
ml), which was 115.4 Hv. 

The addition of graphene to geopolymer 
composites has been observed to increase Vickers 
hardness due to the refinement and enhancement 
of the microstructure (Beniamin et al., 2023). Ac-
cording to (Jonbi and Fulazzaky, 2020), the in-
crease in Vickers hardness of geopolymer paving 
block composites correlates positively with the 
increase in compressive strength. They mentioned 
that by optimizing the activator composition ra-
tio, both the hardness and compressive strength of 
the geopolymer would increase. The addition of 
graphene can improve compressive strength due 
to its exceptional strength and good distribution 

Table 2. Vickers hardness values in geopolymer paving block composites

Concentration 
(mg/ml) Test point

Diagonal
Hardness (Hv) Average (Hv)

D1 (X) D2 (Y)

0

1 66.61 72.22 115.5

115.42 68.33 72.99 111.4

3 67.53 68.96 119.4

40

1 67.50 63.83 129.0

122.52 66.22 67.38 124.7

3 69.23 70.67 113.7

80

1 67.84 68.36 120.0

122.12 65.15 66.84 127.7

3 69.09 67.92 118.5

Note: D1 (X) and D2 (Y)  represent the diagonal length of the indentation test. Hv is the hardness value of each 
test point.
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within the geopolymer paving block compos-
ite (Yan et al., 2016). Furthermore, according to 
studies by (Danial et al., 2019; Shamsaei et al., 
2018), graphene is capable of filling pores and 
cavities, which strengthens the geopolymer. The 
decrease in compressive strength at the graphene 
concentration of 80 mg/ml is due to the exces-
sive addition of graphene, which can lead to ag-
glomeration. The agglomeration of graphene in 
the geopolymer composite results in suboptimal 
dispersion of graphene particles and creates voids 
within the composite (Shamsaei et al., 2018). 
The fluctuating Vickers hardness indicates the 

inhomogeneous distribution of graphene in the 
geopolymer composite. Therefore, it is necessary 
to optimize the amount of graphene added to the 
geopolymer composite.

Scanning electron microscopy-EDX spectrum 
(SEM-EDX) analysis

Figure 4 displays the morphology and micro-
components of the geopolymer paving block 
composite investigated using SEM-EDX. In Fig-
ure 4a, the surface of the geopolymer compos-
ite without graphene addition shows a relatively 

Figure 4. SEM-EDX analysis of geopolymer paving block composite at graphene concentrations (a) 0 mg/ml, 
(b) 40 mg/ml, (c) 80 mg/ml
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Figure 5. Porosity distribution in geopolymer paving block composites with varying graphene concentrations: 
(a) 0 mg/ml; (b) 40 mg/ml; (c) 80 mg/ml
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rough and porous texture. The constituent parti-
cles of the geopolymer composite appear loosely 
bound, resulting in a more open structure. In Figs. 
4b and 4c, the addition of graphene leads to a more 
compact and denser structure in the geopolymer 
composite compared to the one without graphene. 
This is due to the ability of nano-graphene tech-
nology to fill the voids in the geopolymer com-
posite (Amri et al., 2018). The two-dimensional 
structure of graphene, with its high surface area 
and strong interfacial interactions with the matrix 
material, serves as a template to form a binding 
network within the composite matrix (Cremo-
nezzi et al., 2023). The formation of secondary 
bonds between carbon atoms on the graphene 
surface and oxygen, sodium, and silicon atoms 
in the geopolymer matrix helps improve the me-
chanical properties of the composite (Amri et al., 
2023). A similar finding was reported by (Bellum 
et al., 2020), where the addition of graphene at the 
optimum concentration significantly altered the 
microstructure of the geopolymer composite, en-
hancing its mechanical properties, reducing poro-
sity, and increasing compactness. The surface of 
the geopolymer paving block composite with 80 
mg/ml graphene addition shows morphology and 
porosity similar to that of the composite with 40 
mg/ml but with a denser and more compact ap-
pearance (Figure 4c).

The presence of graphene is difficult to obser-
ve and distinguish directly through SEM images 
(Figure 4) due to its thin nature and lateral size 
being at the nano/sub-micro scale (below the de-
tection limit of SEM). Additionally, the amount 
of graphene added to the composite is relatively 
small (2.75%). However, based on the EDX ana-
lysis results, it is evident that the addition of grap-
hene at concentrations of 40 mg/ml and 80 mg/
ml increases the carbon (C) content in the geopo-
lymer composite sample compared to the sample 
without graphene, which has a carbon content of 
0%. EDX analysis in Figure 4a shows that the 
geopolymer composite without graphene addition 
exhibits the primary components of Oxygen (O) 
and Silicon (Si) with high intensity. Other compo-
nents, such as Sodium (Na) and Aluminum (Al), 
are also detected in smaller amounts. Meanwhile, 
in Figs. 4b and 4c, the geopolymer composites 
with 40 mg/ml and 80 mg/ml graphene addition 
show the presence of carbon (C), indicating that 
graphene has been homogenized within the geo-
polymer paving block composite. The pore size 
distribution analysis was further conducted using 

ImageJ software. From Figure 5a, it can be obser-
ved that there is a decrease in porosity in the geo-
polymer composite with the addition of 40 mg/
ml graphene by 26.80% compared to the geopoly-
mer without graphene. A study by (Chintalapudi 
and Pannem, 2020) reported that the addition of 
graphene can fill micropores, thus reducing the 
porosity in the composite. However, further ad-
dition of graphene at 80 mg/ml leads to a slight 
increase in porosity, around 17.11%, compared 
to the composite with 40 mg/ml graphene. This 
is suspected to be due to graphene agglomeration 
within the composite. Although graphene is re-
latively homogenously distributed in the geopo-
lymer matrix, the possibility of overlapping and 
agglomeration still exists (Ranjbar et al., 2015). 
A study by (Shamsaei et al., 2018) reported that 
graphene agglomeration can create small voids, 
which can increase the porosity in the composite.

Transmission electron microscopy (TEM) 
analysis

Figure 6 shows the TEM analysis of geo-
polymer paving block composites with varying 
graphene concentrations of 0 mg/ml, 40 mg/ml, 
and 80 mg/ml. In Figure 6a, it can be seen that 
the geopolymer paving block composite without 
graphene addition (0 mg/ml) displays a porous 
structure, which reduces the material density and 
affects its mechanical properties, making the geo-
polymer more prone to damage and cracking (Fi-
set et al., 2020). In Figs. 6b and 6c, it is clear that 
the geopolymer paving blocks with 40 mg/ml and 
80 mg/ml graphene addition are more compact 
compared to the ones without graphene. In this 
case, graphene acts as a network template that 
links the different sections within the geopolymer 
composite (Cremonezzi et al., 2023).

In Figure 6b, no porous structure is observed 
on the surface of the geopolymer composite, as 
seen in Figure 6a, indicating that graphene has 
been homogenously distributed and filled the 
empty spaces in the composite matrix. Grap-
hene not only fills the pores in the geopolymer 
but also acts as a binding agent, enhancing the 
cohesion and mechanical properties of the ma-
terial (Zhang et al., 2020). Graphene can chemi-
cally bond with the geopolymer matrix through 
a common condensation reaction, resulting in a 
denser interfacial region. These interfacial bonds 
strengthen the structure and help prevent crack 
formation (Zhang et al., 2020). Meanwhile, as 
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Figure 6. TEM analysis of geopolymer paving block composites with varying graphene concentrations: 
(a) graphene 0 mg/ml; (b) graphene 40 mg/ml; (c) graphene 80 mg/ml
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shown in Figure 6(c), the geopolymer paving 
block particles display a relatively dense morp-
hology, yet some empty spaces remain on the sur-
face of the geopolymer composite. This could be 
due to the graphene agglomeration phenomenon, 
where the graphene distribution is less homoge-
neous, resulting in ineffective filling of the voids 
in the geopolymer composite (Saafi et al., 2015). 
Excessive graphene addition or poor dispersion 
can cause agglomeration due to van der Waals 
forces between graphene sheets, which affects the 
distribution of graphene particles within the geo-
polymer composite (Ranjbar et al., 2015; Saafi et 
al., 2015). TEM analysis confirms the successful 
incorporation and distribution of graphene in the 
geopolymer composite matrix.

CONCLUSIONS

Fly ash-based geopolymer paving block com-
posites have been successfully synthesized with 
the addition of low-cost graphene (LSE-G) ad-
ditives using a natural curing system. The addi-
tion of LSE-G to the geopolymer paving block 
composite resulted in significant changes in the 
Raman spectra, indicating the successful distribu-
tion of LSE-G in the geopolymer matrix. The peak 
shifts in the Raman spectra suggest interactions 
between LSE-G and the geopolymer matrix, as 
well as changes in the structure and defect distri-
bution of the material as the LSE-G concentration 
increases. The addition of LSE-G up to a concen-
tration of 40 mg/ml in the geopolymer composite 
increased compressive strength by 21.83 MPa (a 
23.4% increase) and surface hardness by 122.5 
Hv (a 6.15% increase). However, at higher con-
centrations (80 mg/ml), a decrease in compres-
sive strength by around 3.2% and hardness by ap-
proximately 0.33% was observed due to LSE-G 
agglomeration, which reduced the homogeneous 
distribution within the composite matrix. The 
addition of LSE-G reduced water absorption by 
10.71% at a concentration of 40 mg/ml. However, 
at 80 mg/ml, water absorption slightly increased 
by around 2.96% due to the non-uniform distri-
bution of LSE-G caused by agglomeration. SEM 
analysis displayed a denser and more compact 
morphology of the geopolymer composite, with 
a maximum reduction in porosity of 26.80% at 
the addition of 40 mg/ml LSE-G, owing to the 
graphene nanotechnology filling the voids/pores. 
However, increasing the LSE-G concentration 

(80 mg/ml) led to a slight increase in porosity of 
about 17.11%. EDX analysis confirmed the pres-
ence of carbon (C) in the geopolymer composite 
with LSE-G addition, indicating the homogeni-
zation of LSE-G in the composite matrix. TEM 
analysis revealed that the addition of LSE-G 
could increase material density and compactness 
by filling the voids/pores. However, at high con-
centrations (80 mg/ml), LSE-G agglomeration 
could disrupt the uniform distribution within the 
matrix, making it less effective in reducing po-
rosity. The addition of LSE-G to the geopolymer 
composite showed interactions between LSE-G 
and the geopolymer matrix, which only affected 
the FTIR peak intensity without altering the geo-
polymer structure. 
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