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Graphical abstract Abstract

* ‘5‘5 Geopolymers have attracted the attention of researchers due to their

+V'+ )| excepftional performance and potential to replace Portland cement-

0 — based materials, attributed to their low energy consumption and reduced
aline activator R R . q .

' global warming potential This work goal is to develop a high performance

geopolymer paste (GP) and investigate the effect of varying water to
metakaolin ratio dosages, as well as the impact of different silica to
alumina ratio on it. Nine mixes were cast and curing for 28 days at ambient
Metakaolin Stimiag at 85 temperature. Compressive tests were performed at 7 and 28 days fo
| tiSok evaluate mechanical qualities. Other parameters, including bulk density,

.|' porosity, water absorption, chemical compositions (analyzed by XRD), and
microstructural features (analyzed by SEM), were also measured. Results

o showed that the optimal silica to alumina ratio and water to metakaolin

Mising a4 3000 rpm for Sy | ratio is 1.825 and 0.54 respectively that generate the highest compressive

~— @
A w strength (88.4 Mpa) with lower water absorption (22.7 %), porosity (32.3%),
(g SSR—

and density (1.45%).
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1.0 INTRODUCTION building materials due to the widespread recognition

of ordinary Portland cement (OPC) as a crucial
The projected increase in global population, component, and the rise in per capita consumption
expected to surpass 9.8 bilion by 2050, drives the has surpassed the rate of population growth [1]. The
demand for sustainable construction, urbanization, production of (OPC) depletes significant amounts of
industrialization, and infrastructure development. This, natural resources and releases enormous amount of
in turn, intensifies the need for construction materials greenhouse gases, contributing fo global warming [2-
on a massive scale. Over the past 50 years, the 6]. Annually, OPC manufacturing is responsible for
output of concrete has surpassed that of other approximately 1.5 bilion tons of greenhouse gas
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emissions, accounfing for 5-8% of global emissions
[7]1. Reducing the carbon footprint through efficient
remedial actions is essential for the sustainable
development of the cement sector. Consequently,
research efforts have focused on exploring
alternative sustainable materials.  Alkali-activated
materials (AAMs) have drawn a lot of interest in
recent decades as alternative sustainable materials
due to their outstanding mechanical characteristics
and environmental pollution mitigation. The French
investigator Davidovits at 1970s developed the first
calcined kaolin materials with low calcium content
for producing AAMs, the term "geopolymer" was used
to emphasize the inorganic character of the related
binder and its structural resemblance to polymers [8,
91.

Later Joseph Davidovits claims that because
geopolymers are not a substitute for calcium
hydrate, they cannot be classified as a subgroup of
AAMs. The chemical processes that take place in
geopolymers are polymerization reactions rather
than hydration or gelation events. The word
"geopolymer" is created when an alkaline activator
reacts with an aluminosilicate material, while AAM
encompasses a wider range of alkali-activated
materials, including fly ash and alkali-activated slag,
which may or may not exhibit actual polymerization,
and they differ in their chemical compositions,
nanostructures, and characteristics. Because of this,
there are notable differences between AAMs and
geopolymers in terms of durability, molecular
structure, and reaction chemistry [10, 11].

Generally, geopolymers are aluminosilicate
inorganic  materials  synthesized  through a
polycondensation reaction known as
geopolymerization process [12, 13]. This process
involves an inhomogeneous chemical reaction of
either alkaline or acidic solutions and precursor
materials containing alumino-silicate  [14], that
encompasses various materials such as fly ash [5, 15-
17], slag [13], red mud [18, 19], metakaolin [20-22],
corncob ash [23], rice husk ash and bagasse ash [24].
the chemical formula for geopolymer expressed by
Davidovits is as follows: Mn[-(SiO2)-AlO2]n.wH20,
where M: represent the metal cation (Ca?*,Na* K*), n:
degree of geopolymerization, z: Si/Al molar ratio and
w: water molecules quantity [25, 26]. Numerous
researchers have sought fo establish the optimal
M/AI ratio for synthesizing MKGs, with a ratio of 1
being recommended [27, 28], A noteworthy
observation was reported for the expression of
geopolymer composition as INa20.1AIROs.
nSiO2.wH20 [29-31]. To date, numerous research has
been documented that concentrated on a wide
range of parameters that influence the geopolymer
behavior and performance, such as curing methods
[32]. alkaline type , solution molarity [33], raw material
[1, 34]. As far as the authors are aware there is limiting
research on local metakaolin as an aluminosilicate
source and the impact of the processing parameter
on the geopolymer performance according on the
aforementioned chemical formula expression.

The present study aim to identify high performance
geopolymer  paste  mixtures  while  rigorously
examining the influence of the Si/Al molar ratio and
the water-to-metakaolin rafio on the physical
properties and compressive strength of locally
produced metakaolin  geopolymer. Also the
microstructure have been investigated.

2.0 METHODOLOGY
2.1 Materials
2.1.1 Raw Material

Nano Iragi kaolin, with chemical composition of
AlSi2Os(OH)4, from the local area "Al-Mishrag (Mosul,
Iraq)" was utilized as an aluminosilicate material for
the geopolymer paste preparation. Calcination
process was made at 800 for 3hr in an atmosphere
with a heating rate 5°C/min to convert the crystalline
kaolin structure intfo amorphous Metakaolin [35], then
preserved it in glass contfainers to prevent the
humidity exposure. The metakaolin produced in this
study will be referred to as (nano-MK-800). nano-MK-
800 X-Ray Fluorescence (XRF), Particle Size Analysis
(PSA), X-Ray Diffraction (XRD), and Fourier fransform
infrared spectroscopy (FT-IR) analysis results are
presented in Tablel, Figure 1, Figure 2 and Figure 3
respectively.
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Figure 2 XRD patterns of kaolin and nano-MK-800
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Figure 3 FT-IR spectrum of kaolin and Nano-MK-800

Table 1 nano-MK-800 Chemical composition

Chemical percentage %
composition

K20 0.527
Na20 0.087
CaO 0.619
AlO3 31.51
MgO 0.11
SiO2 45.81
Fe20s 1.824
TiO2 2.03
SOs 0.275

Figure 1 delineates the particle size distribution of
MK-800 as characterized by the Particle Size Analyzer
(PSA). The assessment elucidates that MK-800 exhibits
a predominant particle size of 93.4 nm, underscoring
its ultrafine nature. This fine particle dimension
engenders a substantial surface area, thereby
augmenting the infrinsic reactivity of metakaolin
within the geopolymerization process. The observed
parficle size dispersion is a pivotal determinant in
modulafing  the rheological behavior, and
mechanical  fortification of the  synthesized
geopolymeric matrix.

While Figure 2 illustrated XRD findings for kaolin
and metakaolin where the distinctive peaks were
noted using standard patterns ICCD cod (00-033-
1161) for quartz and ICCD cod (00-001-0527) for
kaolinite. The profile of diffraction verifies the
transformation of the kaolin to the amorphous
metakaolin, and it also show a sharp peak
corresponding of free SiO2 (quartz).

Figure 3 displays the infrared spectra of kaolin and
Nano-MK-800. The characteristic bands of 3692, 3650
and 3620 cm™! could be correspond to the OH
vibrational mode of the hydroxyl group, While the
band at 910 cm™ is believed fo reflect the

deformation vibration of AI-OH, the other bands at
1004, 1026, and 1114 cm™! are those of Si-O bonds
[36]. The presence of band at 792 and 679 cm™! is
ascribed to the quartz vibrations [37]. This outcome is
consistent with XRD patterns. The pattern of kaolin
before and after calcination confirms the absence of
O-H bands [36]. To sum up, the 800C is sufficient to
convert kaolin info metakaolin.

Table 1 presents the results of the XRF analysis of
the Nano-MK-800. This confirms the XRD results
regarding the presence of free quartz and aids in
calculating its quantity. Due to its inertness, which
renders it non-reactive during the synthesis process,
quarfz should be excluded from the composition
calculation of the geopolymer.

2.1.2  Alkali Alkaline Activator

A combination of commercial Sodium Silicate (SS)
and Sodium Hydroxide (SH) solutions was utilized as
Alkali alkaline activator. The choice of these
activators is due to the greater abundance and cost-
effectiveness of sodium silicate/hydroxide solutions
compared fo potassium silicate/hydroxide solutions
[38]. SS solution, sourced from DUBICHEM, comprising
54% water, 13.5% Na20 and 32.5% SiO2 with a specific
gravity of 1.54, while SH obtained from KOUT-Kuwait
with flakes likes shape, having a purity 98%. After the
complete SH dissolved in the required amount of
water and cool down to ambient temperature, SS
was added and mixed under stirring at 600 rom with
heat treatment the solution at 85 'C for 20 min and
leave the solution for 24 hr at ambient temperature
to get ready to use as binding agent.

2.2 Geopolymer Paste Preparation

At first the Nano-Mk-800 added to the cooling
alkaline activator solution then mixing with an
overhead mixer at constant speed of about 3000
rom to 5 min to achieve a homogeneous
geopolymer cement paste. the second step is
pouring the prepared paste in a plastic mold with a
height 40mm and diameter of 20mm. To mitigate
moisture loss and ensure proper curing conditions,
the specimens were sealed using a polyethylene film,
derived from a food-grade plastic bag. This film, with
low permeability, served to prevent excessive water
evaporation, ensuring optimal geopolymerization.
cured for 24 hr at ambient temperature. Finally, the
paste is demold and is kept at room temperature for
the duration of the tests. This curing is preferred
because it simplifies the usage of geopolymer in a
variety of applications and lowers the expense of
additional heating sources [39].

In this paper, nine different geopolymer mixes
were trialed to finalise a geopolymer paste, The
details of the mixes are shown in Table 2.
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Table 2 show various geopolymer mixes to achieve the composition of geopolymer based nano-MK-800.

strength of 27 cylinder samples for each testing days

Mix No. GP composition Si/Al atomic W/MK Nano-MK- SS solution SH pellet W (g)
ratio ratio 800 (kg/ms3) (9) (9)
GP1 Na20.Al203.3.65i02.xH20 1.8 0.54 400 367.7 35.216 18.5
GP2 Na20.A1203.3.6S5i02.xH20 1.8 0.625 400 367.7 35.216 49.5
GP3 Na20.A1203.3.6S5i02.xH20 1.8 0.7 400 367.7 35.216 80.5
GP4 Na20.A1203.3.655102.xH20 1.825 0.54 400 378.76 33.22 14
GP5 Na20.A1203.3.655102.xH20 1.825 0.625 400 378.76 33.22 45.25
GPé Na20.A1203.3.655102.xH20 1.825 0.7 400 378.76 33.22 76.5
GP7 Na20.A1203.3.7Si02.xH20 1.85 0.54 400 390.55 31.27 9
GP8 Na20.A1203.3.7Si02.xH20 1.85 0.625 400 390.55 31.27 40
GP9 Na20.A1203.3.7Si02.xH20 1.85 0.7 400 390.55 31.27 70.5
2.3. Testing Methodology: B
a ——GP3
According to (ASTM C773-88) the compressive 500 m = gif
a WO hriwhins ot st

(7.28), an average of three geopolymer paste
samples, was taken using a universal material tester
with a 50KN capacity and a loading rate of 3kn/ sec
[40]. Archimedes method (ASTM C373-88) [41] was
used to investigate the density (p), porosity (p%) and
water absorpfion (WA%) of an average of the three
samples from each geopolymer paste mix at 28 days.
Following the fracture, the geopolymer paste was
evaluated using scanning electron microscopy (SEM).

3.0 RESULTS AND DISCUSSION

3.1 Geopolymer paste Characterization

Figure 4 revealed XRD patterns result for 3 sample o
show the effect of water, as shown from the
diffractogram there is broad amorphous peak that
extends at around (23-33) 26, which is the fingerprint
of the geopolymeric reaction and this is an indication
of the formation of (Sodium alumino silicate hydrate)
NASH [42, 43]. It is important to highlight that the silica
intensity in GP1 is higher than that in GP2 and GP3. The
primary rationale for this difference is founded on the
alkali activated solution viscosity. However, the
increase in water content cause the viscosity to
decrease, signalize that the inorganic polymeric
substance had noft fully dissolved the starting material,
resulting in a geopolymer paste with a homogeneous
mixture [44].
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Figure 4 XRD patterns of prepared geopolymer paste

Figure 5 clarified the morphology of fracture
surface observed by SEM. As it has been seen from
the figure, there are a few spherical pores, some
unreacted metakaolin and sparse micro-cracks. The
presence of these micro-cracks were probably
brought about by the selection of SEM samples from
samples that had undergone compression testing or
from the drying of geopolymer sample prior to
scanning. Additionally, the observed pores may arise
from aqir bubbles during the geopolymerization
process, contributing to the overall porosity. In the
tests, the unreacted metakaolin particles observed in
the tests may be due to an elevated silica-to-alumina
ratio, which conftributes to the quantity of unreacted
metakaolin [45, 46].
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Figure 5 SEM morphology of prepared geopolymer paste
GP4

3.2 Compression Strength

It predicted that the compression strength slightly
increased with increasing in Si/Al ratio to 1.825 which
consider the ideal value. Beyond this value, a
discernible loss in strength was seen. The reason
behind this, a high concentration of silicate species
hinders the inferaction between silicate and
aluminate species. Because some silica remained
unreacted in the resulting geopolymer gel as it can
be seen in SEM image, the material lost strength as a
result of the dissolution either not occurring at all or
occurring in a reduced way [47]. On the other hand,
lowering the ideal Si/Al ratio increases the aluminate
concentration, leading to the formation the weaker
Si-O-Al and Al-O-Al bonds, rather than the strong Si-
O-Si bonds, causing the strength to decrease [48].
The impact of nanometakaolin is largely due to ifs
small particle size, which provides a high surface
areqa, thereby increasing the rate of dissolution in
alkali media. This characteristic enhances its
reactivity with the alkali activator.

The hydrolysis of dissolved Si** and APF* ions, along
with the disintegration of solid particles, is facilitated
by water, which acts as a medium for the
geopolymerization process. It is evident that the
compressive strength of geopolymer is significantly
influenced by the water content. At lower water
content of 0.54, a higher compressive strength is
observed, whereas a higher water content of 0.7
experience a notable reduction in strength due to
increased porosity within the geopolymer matrix.
Furthermore, excess water accelerates the
breakdown reactions, thereby diminishing strength,
as the polymerization process is a condensation
reaction [49]. Table 2 and figure 6 show the
compression strength of prepared geopolymer mixes
at 7 and 28 days.

Table 2 Compression Strength results of GP mixes at 7 and 28
days

Mix No. 7 day 28 day
Compressive Compressive
strength (Mpa) strength (Mpa)
GP1 70.6 85.6
GP2 62 78.1
GP3 51.5 60
GP4 74.7 88.4
GP5 72.6 76.9
GPé 62.1 69
GP7 67.6 84.9
GP8 65.6 74.5
GP9 45.9 72.3
109 [ ]7days
90 1 — [ 128 days

80

70 — .
60 -
50 ~
40

30
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20 4
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Figure 6 Compression strength of prepared geopolymer
mixes

3.2 Physical Properties

Table 3 and Figure 7 depicts the inverse correlation
between bulk density and water content,
demonstrating that higher water content results in
lower bulk density.

Table 3 Physical properties results of GP mixes at 28
days

Mix No. density Porosity % Water
(g/cm?d) absorption
%

GP1 1.43 34.5 24.5
GP2 1.36 38.8 28.9
GP3 1.34 42.3 31.8
GP4 1.45 32.3 22.7
GP5 1.42 35.2 25.3
GPé 1.39 35.9 25.9
GP7 1.44 33.2 23.2
GP8 1.38 36.8 26.6
GP9 1.35 40.5 30




208 Riyam et al. / Jurnal Teknologi (Sciences & Engineering) 88:1 (2026) 203-210

density (glem3)
o o o -
'Y (-] ] o
L A L L

o
M
L

00 T T T T T v T T T
GP1 GPZ2 GP3 GPA GPS GPE GPT GPEB GP9
E Mix No

50 5

30 =

Porosky (%)

20 4

- L bl - T L . bl T T
aP1 GP: GQP3 GP4 aPFS GPE GPT aGP8 aPS
Mix No

3 -4 8

Water absorpbion (%)

o

0 -+

e
oGP GP2 OGP GP4 OPS GPE GPT GPE OP9
mix No

Figure 7 physical properties result for geopolymer mixes of A;
denisity, B; porosity and C; water absorption

This reduction is primarily due to the evaporation
of surplus water, which increases the pore volume
within the hardened geopolymer matrix. The rise in
porosity compromises the microstructural integrity by
creating voids that interrupt the cohesion of the solid
framework [50]. In contrast, porosity and water
absorption increase proportionally  with  water
content. This rise is mainly attributed to the presence
of unreacted metakaolin particles and the formation
of entfrapped air voids, both of which enhance the
overall permeability of the geopolymer maftrix. An
elevated water content dilutes the geopolymer
precursor mixture, potentially hindering the complete
dissolution  of  aluminosilicate  precursors.  This
reduction in reaction efficiency results in a more
porous and less compact structure [51]. The Si/Al
molar ratio significantly influences porosity, water

absorption, and bulk density. As the Si/Al ratio
increases to 1.825, both porosity and water
absorption show a slight decrease, which can be
aftributed to enhanced polymerization and the
formation of a more stable and compact gel
network. At this ratio, the geopolymerization process
becomes more efficient, resulting in a denser matrix
with improved mechanical properties. However,
when the Si/Al ratio is raised further to 1.85, both
porosity and water absorption begin fo increase
once again. This could be due to an excess of silicate
species disrupting the optimal silicon-to-aluminum
balance within the geopolymer network, potentially
leading to incomplete reactions and the formation of
microcracks or defects.

Bulk density exhibits a similar trend, increasing as
the Si/Al ratio reaches 1.825, which indicates the
formation of a more tightly packed and structurally
cohesive geopolymer. This densification is likely the
result of an accelerated geopolymerization reaction,
which improves particle packing and minimizes pore
spaces within  the hardened matrix. However,
beyond this ratio, the surplus silica may cause steric
hindrance, preventing full reaction and leading to
the development of additional voids, thereby
lowering bulk density.

4.0 CONCLUSION

The effects of the Si/Al and W/MK ratios on the
mechanical, physical, and microstructural properties
of GP-based nanometakaolin were methodically
analyzed. The following conclusions were drawn
based on a rigorous examination of experimental
data: Proper management of water and silica
content is essential fo produce geopolymers with a
compressive strength of approximately 88 MPa. The
highest compressive strength is achieved when the
Si/Al ratio is 1.825, with a water-to-MK ratio of 0.54. An
increase in the Si/Al ratio initially enhances
compressive strength and density but results in a
decline beyond a certain threshold. Conversely,
porosity and water absorption initially decrease but
later increase as the ratfio continues to rise. Lower
water confent leads to higher compressive strength
and density, whereas higher water content reduces
stfrength and density. However, porosity and water
absorption increase with higher water content. These
findings underscore the intricate interplay between
the Si/Al and W/MK ratios, which significantly
influence the mechanical and physical
characteristics of geopolymer materials, highlighting
the importance of optimizing these parameters for
desired performance outcomes.
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