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Article Info  Abstract 

Article History:  This study investigates the impact of the liquid-to-solid (L/S) ratio and the sodium 
silicate-to-sodium hydroxide (SS/SH) ratio on the microstructural, physical, and 
mechanical properties of metakaolin-based geopolymer mortars. Sodium 
hydroxide (NaOH) and sodium silicate (Na₂SiO₃) were employed as alkaline 
activators, with the NaOH concentration fixed at 16 M. The SS/SH ratio ranged 
from 1 to 3, while L/S ratios of 0.5 to 0.8 were evaluated. The geopolymer samples 
were cured and analyzed after 28 days of aging. The study employed a range of 
advanced characterization techniques, including bulk density measurement, total 
porosity evaluation, mechanical properties testing, scanning electron microscopy 
(SEM), and X-ray diffraction (XRD). The findings revealed that the maximum 
compressive strength of 22.46 MPa was achieved at the optimal liquid-to-solid 
(L/S) ratio of 0.7 and sodium silicate-to-sodium hydroxide (SS/SH) ratio of 2.0. 
Microstructural analysis via SEM highlighted a dense and cohesive geopolymer 
matrix at this ratio, signifying improved mechanical performance. Additionally, 
phase analysis using XRD identified the presence of amorphous gels alongside 
crystalline zeolite phases, indicative of an amorphous structure formation that 
contributes to enhanced mechanical strength and structural integrity. 
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 1. Introduction 

Inorganic aluminosilicate materials are known as geopolymers, which are produced by combining 
reactive aluminosilicate materials with potent alkaline activators [1]. Geopolymer's resource 
consumption, energy consumption, and CO2 emissions are significantly lower than those of 
ordinary portland cement. The carbon emissions of 1 m3 of geopolymer concrete are only 10% of 
those of concrete made with ordinary cement [2]. In general, geopolymers are a three-dimensional 
network structure that is composed of tetrahedral structure units of AlO4 and SiO4. This concept 
was first introduced by Davidovits in the early 1970s [3]. Aluminosilicate activation by alkali is best 
understood as a two-part process: first, a liquid with a high alkali concentration; second, a solid 
with the right ratio of highly reactive silicate to aluminate [4]. The ratios of liquid to solid (L/S) and 
sodium silicate-to-sodium hydroxide (Na2SiO3/NaOH) significantly influence the physical and 
mechanical strength of geopolymers [5]. Sodium hydroxide (NaOH) and waterglass (Na2SiO3) are 
the two components that make up the activating solution that is used the most often. Xu et al. found 
that aluminosilicate particles were more thoroughly dissolved after activation with NaOH than with 
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KOH [6]. The increased ability of NaOH to facilitate the liberation of aluminate and silicate 
monomers is responsible for this [7,8].  

Yao et al. [9] indicated that a low liquid-to-solid (L/S) ratio, which pertains to the ratio of activator 
solution to aluminosilicate, leads to reduced slurry viscosity, whereas elevated L/S ratios prolong 
the geopolymerization duration. In contrast, Zuhua et al. [10], asserted that high L/S ratios could 
expedite the dissolution of source materials; however, they were not advantageous to the 
polycondensation process at high sodium hydroxide (NaOH) concentrations. Provis et al. [11] 
noted that geopolymers with extremely low L/S ratios typically fail to attain high strength as a 
result of the limited extent of binder formation. Jaya et al. [12] examined the effects of several L/S 
ratios, 1.66, 1.42, 1.25, 1.11, and 1, on the characteristics of MK850-based geopolymers. The 
experiment used an SS/SH ratio of 1 and a 10M NaOH solution. Following 28 days of maturation, 
the specimens attained an ideal compressive strength of 32 MPa with a liquid-to-solid ratio of 0.8. 

Mohammed and Géber [13] investigated the hardening of the MK750-based geopolymer at 60°C 
and room temperature. They employed varying L/S ratios to many levels including 0.8, 0.95, and 
1.1, and maintained a fixed SS/SH ratio at 1. The geopolymer achieved solidification at L/S ratio of 
0.8 at ambient temperature, yielding a bulk density of 1.264 g.cm-3 and a compressive strength of 
19.12 MPa. The impact of the L/S ratio (0.7, 0.8, 1.0, and 1.25) and the proportions of Na2SiO3/NaOH 
(0.5, 1.0, 1.5, 2.0, and 2.5) on the preparation of metakaolin inorganic membrane geopolymer is the 
subject of a study by Ibrahim et al. [14]. The density reached its highest value at an SS/SH ratio of 
2.5 and an L/S ratio of 0.7. Similarly, the lowest water absorption was observed at the same SS/SH 
ratio of 2.5 and L/S ratio of 0.7. 

A study by Nur et al. [15] examines the impact of varying SS/SH ratios (0.4-1.2) on the 
microstructural, mechanical and physical characteristics of MK850-based geopolymer. By 
maintaining an SS/SH ratio of 1.0, the compressive strength reached its highest value of 32 MPa. 
Conversely, the material's strength diminished as the ratio exceeded 1.0, which was due to the 
excess alkali content. A more dense and compact structure was achieved as the outcome of the 
raised quantity of Na₂SiO₃, which contributed to the overall material strength. 

In contrast, Hardjito and Rangan concluded that compressive strength rises as the Na2SiO3/NaOH 
ratio improves. Na2SiO3/NaOH ratios of approximately 2.5 were recommended for geopolymers 
derived from fly ash. For geopolymers derived from calcined kaolin, Wang et al. found a 
Na2SiO3/NaOH mass ratio of 0.24 [16]. Based on a variety of studies, waterglass facilitates the 
polymerization process, resulting in a reaction product with a higher mechanical strength and a 
higher concentration of silicon [17]. The combination should maintain its strength and workability 
by using a low Na2SiO3/NaOH ratio, according to Sathonsaowaphak et al.  

In earlier studies, researchers primarily focused on utilizing fly ash as the primary aluminosilicate 
source for geopolymer production [18]. Subsequently, the focus shifted toward exploring 
combined aluminosilicate sources, such as fly ash and slag, which became prominent areas of 
research [19]. However, the direct use of raw metakaolin as a standalone precursor in geopolymer 
synthesis has not been extensively investigated [20]. Understanding the role of metakaolin as a 
fundamental material in geopolymer production is crucial to assess its capacity to function 
independently without supplementary materials. Furthermore, employing a single, well-defined 
material like metakaolin simplifies the interpretation of results by avoiding the complexities 
introduced by mixed or impure raw materials, such as fly ash, which often contains various 
impurities that can complicate data analysis [5].  

In this investigation, we examined the effects of various L/S ratios and Na2SiO3 ratios on the 
microstructure, physical and mechanical characteristics of MK750-based geopolymer mortars 
using NaOH mixed with a Na2SiO3 solution (waterglass) as the major activator, following the 
background information given. 
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2. Materials and Experimental Procedures 

2.1 Materials 

Kaolin powder (KT) employed in this study was acquired from SAOLKA company Jijel Algeria. The 
present kaolin was ground to obtain 90 % of particles that measure <60 µm. the chemical 
composition of the kaolin as 65.11 % SiO2, 23.07 % Al2O3, 3.29 % K2O, 1.03 % Fe2O3, 0.31 % Na2O, 
1.32 % CaO, and 0.36 % MgO (on a mass basis), which his mineralogical composition, consists of 
18% kaolinite, 44% quartz, 20% mica, and 18% orthoclase. To prepare the metakaolin (MK750), 
the natural kaolin was heated at 750 °C in blast furnace static for 5 h. This thermal treatment 
process transformed the kaolin into metakaolin (MK750), which was then used as the precursor 
material for the geopolymer synthesis. Chemical compositions are determined by X-ray 
fluorescence analysis (XRF) of MK750 is given in Table 1.  

Table 1. Chemical analysis of MK750 by (wt%) 

 CaO SiO2 Al2O3 Na2O K2O MgO 
Fe2O

3 

 
LIO 

 

MK750 1.09 70.23 22.25 0.31 3.95 0.32 1.28 0.57 
 

The physical characterization of kaolin and its thermally activated form (MK750) revealed 
significant changes in surface and structural properties while maintaining a largely similar 
chemical composition. The BET surface area increased from 7.16 m²/g for raw kaolin to 12.43 m²/g 
for MK750, indicating enhanced surface reactivity due to the dehydroxylation process during 
calcination. True density showed a slight increase from 2.73 g/cm³ to 2.77 g/cm³, and the 
SiO₂/Al₂O₃ molar ratio rose from 2.82 to 3.15, reflecting subtle modifications in the silica-to-
alumina balance. A substantial reduction in the loss on ignition (from 5.55% in kaolin to 0.57% in 
MK750) confirmed the effective removal of structural water and the successful transformation of 
crystalline kaolinite into an amorphous, highly reactive metakaolin phase. Moreover, particle size 
distribution analysis showed that only 5.6% of the MK750 particles were retained on a 60 μm sieve, 
indicating that 94.4% passed through, which demonstrates the fine and homogeneous nature of 
the calcined material. Such a fine particle structure is particularly desirable for geopolymer 
applications, as it promotes better dissolution in alkaline solutions and enhances the compactness 
and mechanical performance of the final matrix. 

  

Fig. 1. SEM images of(A)Kaolin (KT) and (B) Metakaolin (MK750) 

The morphological characteristics are also significantly affected by the calcination process. As 
shown in Figure 1, the kaolin sample (Fig. 1-A) exhibits a typical plate-like morphology, which 
corresponds to the layered crystal structure of kaolinite. After thermal treatment, MK750 particles 
(Fig. 1-B) lose this plate-like shape and adopt more irregular and in some cases spherical forms, 
with a more homogeneous and reduced particle size. These morphological changes can be 
attributed to the dehydroxylation of kaolinite and the collapse of its crystalline structure during 
calcination, contributing further to the increased reactivity of the metakaolin. 
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The alkaline solution utilized in this study was prepared by combining sodium hydroxide (NaOH) 
and sodium silicate (Na₂SiO₃) solutions. The sodium hydroxide was obtained as micro-pearls of 
caustic soda with a purity of 99%, supplied by FAPROCO-CHIM, Algeria. The sodium silicate 
solution, procured from GALAXY-CHIMIE, M’sila, Algeria, contained 26% SiO₂, 13% Na₂O, and 61% 
H₂O. The sodium silicate solution exhibited a SiO₂/Na₂O modulus of 2, which is ideal for promoting 
effective geopolymerization. 

 2.2 Experimental Procedures 

2.2.1 Sample’s Preparation 

The mixing procedure and formulation of the geopolymer mortar were based on the principles 
outlined in Joseph Davidovits’ book Geopolymer Chemistry and Applications, specifically in the 
chapter titled “How to quantify and develop formulas” [21] , as illustrated in Fig. 2. To ensure 
reproducibility, a 16M NaOH liquid was prepared and mixed with Na₂SiO₃, with the SS/SH ratio 
adjusted between 1 and 3 depending on the mix design. The specifics of the mixing parameters are 
comprehensively outlined in Table 2.  The metakaolin (MK750) was gradually added to the 
prepared alkaline solution to prevent clumping and ensure uniform dispersion (Fig. 2-A). The sand, 
being an inert material, was added after the reactive components were fully mixed, and the mixture 
was homogenized again for 3-5 minutes to ensure proper consistency. 

The mixture was then transferred to prismatic molds, and air bubbles were removed using 
mechanical vibration for 30 seconds. The samples underwent curing in a controlled atmosphere at 
65°C for 24 hours, with molds protected by plastic film to avoid moisture loss and carbonation (Fig. 
2-B). After demolding, the specimens were stored at ambient temperature (25 ± 2 °C, 60 ± 5% RH) 
for 28 days to complete the curing process (Fig. 2-C) [22]. The mortars under investigation were 
subjected to three-point bending tests after a 28-day curing period. Subsequently, the samples 
obtained during the bending test were compressed (Fig. 2-D). 

Table 2. Mix design of metakaolin based geopolymer mortars. 

L/S SS/SH Liquid (g) MK (g) Sand (g) SS (g) SH (g) 

0.5 

1 

225 450 1350 

112.5 112.5 

1.5 135 90 

2 150 75 

2.5 160.71 64.28 

3 168.75 56.25 

0.6 

1 

270  450 1350 

135 135 

1.5 162 108 

2 180 90 

2.5 192.85 77.14 

3 202.5 67.5 

0.7 

1 

315  450  1350 

157.5 157.5 

1.5 189 126 

2 210 105 

2.5 225 90 

3 236.25 78.75 

0.8 

1 

360  450  1350 

180 180 

1.5 216 144 

2 240 120 

2.5 257.14 102.85 

3 270 90 
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Fig. 2. Images illustrate the preparation and testing of geopolymer mortar (GPM) 

2.2.2 Characterization methods 

Archimedes' principle (EN 993-1) was employed to determine the bulk densities of the samples, 
and the average of five determinations for each sample is reported. The true density of the samples 
was ascertained using the helium pycnometer method (Multipycnometer, Quantachrome). The 
total porosity of the GPMs was determined using the following Eq (1): 
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𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (1 −
𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑡𝑟𝑢𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
) × 100 (1) 

The mortars under study were subjected to three-point bending tests in accordance with EN 196-
1 in order to measure their flexural strength (Fig 3). The "CONTROLS" press, which has a loading 
rate of 50 N/s and a maximum load of 100 kN, was used to test three prismatic samples (4 × 4 × 16 
cm³) for each composition. A conventional formula Eq (2) was used to determine the flexural 
strength after samples were loaded at the midway and sustained at both ends till failure.  

𝛿𝐹 =
3𝐹𝑓𝑙

2𝑏3
 (2) 

Where, 𝛿𝐹: Flexural strength, Ff: Applied load at the point of failure (N), l: Length of the support 
span (cm or mm), b: Width of the sample (cm or mm). 

The six samples taken during the bending test were compressed on a 4 × 4 cm² piece of material 
(Fig 3) by formula Eq (3) in accordance with European standard EN 196-1. After 28 days, both tests 
were carried out.  

𝛿𝐶 =
𝐹𝑐

𝑏²
 (3) 

Where, 𝛿𝑐: Compressive strength, Fc: Applied load at the point of failure (N), b: Width of the sample 
(cm or mm). 

  

Fig. 3. Three-point bending and uniaxial compression tests 

The X-ray diffraction of the unprocessed material and the optimized sample was conducted using 
Cu Kα radiation (Philips-PW3170 diffractometer) to determine the crystalline phases or 
amorphous property. The microstructure of the samples was examined using a VEGA3 TESCAN 
type scanning electron microscopy. 

3. Result and discussion 

3.1 Bulk Density  

The correlation among bulk density, the liquid-to-solid ratio (L/S), and the sodium silicate-to-
sodium hydroxide ratio (SS/SH) was examined in accordance with Figure 4. The findings indicate 
a distinct trend in which both L/S and SS/SH ratios substantially affect the bulk density of the 
geopolymer material. 

As the L/S ratio increases, the density of the MK750-based geopolymer consistently rises across all 
SS/SH ratios. For L/S = 0.5, the density rises by 3.98% from SS/SH ratio 1 to 1.5, with the density 
increasing from 1.783 g/cm3 to 1.854 g/cm3 and then continues to grow, reaching a 3.13% increase 
at SS/SH ratio 2, where the density becomes 1.912 g/cm3. This is followed by a 2.35% increase at 
SS/SH ratio 2.5 and a 1.64% drop at SS/SH ratio 3 (1.989 g/cm³). At L/S = 0.6, the rise from SS/SH 
ratio 1 to 1.5 is 2.69%, where the density increases from 2.042 g/cm³ to 2.097 g/cm³, then 2.00% 
at SS/SH ratio 2, 1.36% at SS/SH ratio 2.5, and 0.69% at SS/SH ratio 3, where the density reaches 
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2.183 g/cm³. This increase can be attributed to improved distribution and mixing of the 
components, resulting in a more homogeneous structure and compact matrix [23]. An increase in 
liquid content tends to facilitate better particle dispersion and compaction of the material, 
effectively reducing internal void spaces and enhancing overall bulk density [13,20]. In parallel, the 
content of sodium oxide (Na₂O), derived from the alkaline activators, performs a critical function 
in the polymerization reaction. An excess of Na₂O improves the solubility of the aluminosilicate 
source “MK750” and facilitates the release of Si⁴⁺ and Al³⁺ ions, thereby promoting more extensive 
gel formation [10] . This contributes to the densification of the geopolymer structure and further 
supports the observed increase in density at elevated liquid to solid ratios [24]. 

For L/S = 0.7, the rise from SS/SH ratio 1 to 1.5 is 1.77%, where the density increases from 2.205 
g/cm³ to 2.244 g/cm³, followed by a 1.11% increase at SS/SH ratio 2 (2.269 g/cm³), a 0.53% 
increase at SS/SH ratio 2.5, leads to a density of 2.281 g/cm³, and a little decrease of 0.04% at SS/SH 
ratio 3, where the density remains almost the same at 2.280 g/cm³, may indicate a saturation point 
of sodium silicate contribution. This trend is remarked upon by Bowen et al. and Shoaei et al.  
[25,26], owing to the higher concentration of sodium silicate (Na₂SiO₃), which promotes ion 
densification and improves the structural cohesion of the geopolymer. Sodium silicate (Na₂SiO₃) 
acts as a binder that reduces porosity by enhancing the gel phase formation N-A-S-H, leading to 
denser and more compact materials [27]. In present investigation, the density slightly decreased 
beyond an SS/SH ratio of 2.5 (e.g., from 2.281 g/cm³ at SS/SH = 2.5 to 2.280 g/cm³ at SS/SH = 3 for 
L/S = 0.7, and from 2.298 to 2.281 g/cm³ for L/S = 0.8), supporting the interpretation that excessive 
sodium silicate content may lead to a viscosity increase and reaction inefficiency, thus limiting 
further densification of the geopolymer matrix. Similarly, these findings are consistent with the 
results reported by Kwek et al. and Jaya et al., who observed a slight decrease in density at higher 
SS/SH ratios in alkali-activated geopolymers. In their studies, this phenomenon was attributed to 
the slowdown of the geopolymerization process in later stages, as well as water loss due to 
evaporation during the reaction [28,29]. 

 

Fig. 4. bulk density of metakaolin-based geopolymer mortar with different L/S and SS/SH ratios 

However, at L/S = 0.8, the rise from SS/SH ratio 1 to 1.5 is 1.19%, where the density increases from 
2.271 g/cm³ to 2.298 g/cm³. With a 0.09% gain at SS/SH ratio 2 (2.300 g/cm³), a 0.09% drop at 
SS/SH ratio 2.5, resulting in a density of 2.298 g/cm³, and a 0.74% decline at SS/SH ratio 3, where 
the density drops to 2.281 g/cm³. An oversaturated geopolymer system may result from an 
excessively high L/S ratio, which could potentially impair the formed structure despite the rise in 
density. This oversaturation can be ascribed to the surplus Na content in the geopolymer system 
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[13,25]. The geopolymerization process may be impeded and the density of the resultant 
geopolymer may be compromised as the SS/SH ratio rises.  

3.2 Total Porosity 

Figure 5 show the total porosity of MK750-based geopolymer mortar with different L/S and SS/SH 
ratios. Porosity decreases as the L/S ratio increases for all SS/SH values.  

Total porosity typically declines with raise in the SS/SH ratio, particularly at lower L/S ratios. 
At an L/S ratio of 0.5, porosity exhibits an 11.5% reduction as the SS/SH ratio rises from 1 to 1.5, 
decreasing from 25.71% to 22.75%. This trend continues with a further decline to 20.33% at an 
SS/SH ratio of 2, representing a 10.6% decrease. The porosity then decreases to 18.46% at an 
SS/SH ratio of 2.5, indicating a 9.2% reduction, and ultimately falls to 17.13% at an SS/SH ratio of 
3, corresponding to a 7.2% decrease. At L/S = 0.6, porosity decreases by 15.4% as the SS/SH ratio 
rises from 1 to 1.5, changing from 14.92% to 12.63%. It further declines to 10.88% at an SS/SH 
ratio of 2, representing a 13.9% decrease, and continues to 9.67% at an SS/SH ratio of 2.5, 
indicating an 11.1% decrease. Finally, it drops to 9.04% at an SS/SH ratio of 3, reflecting a 6.5% 
decrease. At an L/S ratio of 0.7, porosity exhibits a decrease of 19.9% as the SS/SH ratio rises from 
1 to 1.5, transitioning from 8.12% to 6.5%. Subsequently, it further declines to 5.46% at an SS/SH 
ratio of 2, representing a 16.0% reduction, and then experiences a minor decrease to 4.96% at an 
SS/SH ratio of 2.5, corresponding to a 9.2% reduction. At an SS/SH ratio of 3, a marginal rise of 
0.8% is noted, with porosity rising to 5%. Higher SS/SH ratios correspond to increased sodium 
silicate content, which enhances gel formation, fills the pores, and leads to a denser microstructure 
with reduced porosity [30]. 

 

Fig. 5. Total porosity of metakaolin-based geopolymer mortar with different L/S and SS/SH 
ratios. 

At an L/S ratio of 0.8, porosity decreases by 15.6% as the SS/SH ratio increases from 1 to 1.5, 
changing from 5.38% to 4.54%. This trend continues, with a further decrease to 4.17% at an SS/SH 
ratio of 2, representing an 8.1% reduction. These values indicate the lowest porosity observed, 
indicating a stronger influence of sodium silicate on reducing porosity. During the 
geopolymerization process, MK750 significantly contributes to the reduction of porosity. by 
enhancing the generation of polymeric gels that tightly bond the particles together. This aligns with 
the results of Zhou et al. [31], who highlighted the importance of alkali activators in dissolving the 
aluminosilicate source (MK). Additionally, Ibrahim et al. highlighted that the mechanical properties 
of the geopolymer are enhance and, and its porosity is further reduced due to the formation of Si-
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O-Si bonds, which demonstrate superior strength relative to Si-O-Al bonds, owing to the increased 
SiO₂ content [32]. 

A 1.9% increase in porosity is observed at an SS/SH ratio of 2.5, raising it to 4.25%. At an SS/SH 
ratio of 3, porosity increases by 16.7%, reaching 4.96%.  Total porosity starts to stabilize or slightly 
increase in total porosity for SS/SH ratio more than 2, likely due to excessive the alkaline activator 
causing reduced cohesion [27]. further increases in Na2O content destabilize oligomeric silicate 
species, shifting the equilibrium towards the formation of mononuclear silicate species SiO₂(OH)₂²⁻ 
and SiO(OH)₃⁻ and generating excess hydroxide ions (OH⁻). Ultimately, the polycondensation 
process is rendered less effective by the presence of these excess hydroxide ions, which results in 
an increase in total porosity [33]. 

3.3 Compressive Strength  

Compressive strength (Cs28) rises with an increase in the L/S ratio for most SS/SH ratios, as 
indicated in figure 6. The compressive strength typically increases with rising SS/SH ratios, peaking 
at the second increment (SS/SH = 2), particularly at lower L/S ratios. At an L/S ratio of 0.5, the 
compressive strength exhibits an increase of 121.51%, rising from 5.44 MPa at SS/SH ratio 1 to 
12.05 MPa at SS/SH ratio 2. However, it subsequently decreases by 18.84%, falling from 12.05 MPa 
at SS/SH ratio 2 to 9.78 MPa at SS/SH ratio 3. At L/S = 0.6, a 28.18% increase is noted from the 
SS/SH ratio of 1 (13.59 MPa) to the SS/SH ratio of 1.5 (17.42 MPa), followed by a decrease of 
10.51% at the SS/SH ratio of 3 (15.59 MPa). At L/S = 0.7, the compressive strength exhibits an 
increase of 17.70% from an SS/SH ratio of 1 (18.19 MPa) to an SS/SH ratio of 1.5 (21.41 MPa). 
However, there is a notable decrease of 16.04% from an SS/SH ratio of 2.5 (21.26 MPa) to an SS/SH 
ratio of 3 (17.85 MPa). For L/S = 0.8, the increase from SS/SH ratio 1 (13.23 MPa) to SS/SH ratio 
1.5 (21.89 MPa) is 65.46%, followed by a decrease of 24.44% at SS/SH ratio 3 (16.54 MPa).  

The rising in strength is due to improved workability and better distribution of components at 
higher L/S ratios, resulting in improved structural integrity [20]. As a liquid content increases, 
results in augmentation of the Na2O content, leaching of silica and alumina from the source 
materials (MK750) is enhanced, leading to the formation of more polymeric networks and a 
consequent increase in compressive strength. However, at very high L/S ratios (e.g., 0.8), 
compressive strength starts to stabilize or slightly decrease for some SS/SH ratios, likely due to 
excessive liquid content causing reduced cohesion [27]. 

At each L/S ratio, compressive strength rises with higher SS/SH ratios up to around 2.0. Higher 
sodium silicate content promotes stronger gel formation, enhancing structural cohesion and 
mechanical strength [34,35]. The mixture's silica content is enhanced as the Na2SiO3/NaOH ratio 
increases. The kinetics of the geopolymerization reaction and the promotion of the formation of 
NASH gel are directly influenced by the presence of soluble silica, which is advantageous for the 
development of strength [32,36]. Beyond SS/SH = 2.5, compressive strength either stabilizes or 
slightly decreases due to reduced reactivity and possible oversaturation of activators [37]. A higher 
concentration of silicate in the system is responsible for the decrease in compressive strengths as 
the Na2SiO3/NaOH ratio increases. This is because an excessive amount of Na2SiO3 impedes the 
evaporation of water and the formation of the structure [38]. This outcome aligns with the results 
of Moutaoukil et al[36] and Mustafa Al Bakri et al [39]. 

It is important to highlight that similar L/S ratios cannot be attained for both fly ash and MK-
geopolymers due to differences in workability. Metakaolin exhibits a greater aqueous demand 
compared to fly ash, primarily because of the variations in particle morphology; metakaolin has a 
layered structure, whereas fly ash particles are spherical, resulting in lower water requirements 
for fly ash-based systems [40]. Kong et al. and Yong-Sing et al. [23,41] indicated that the higher 
liquid-to-solid ratios for MK-based geopolymers and FA-based geopolymers are 1.25 and 0.33, 
respectively. The strength of the final product is closely related to the void volume and porosity of 
the material, which are the direct result of the geopolymer paste's workability limitations [42]. 

As demonstrated by Joanna Marczyk et al. [43], the optimal L/S ratio is contingent upon the 
antecedent material's composition (fly ash or metakaolin); nevertheless, a lesser L/S ratio, 
approximately 0.30, was determined to be the most favorable for attaining a higher compressive 
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strength. In the research undertaken by Maheswaran et al. [44], the compressive strength of the 
geopolymer was enhanced from 27.75 MPa to 45 MPa by substituting with slag and fly ash. 
However, the workability was diminished as a consequence. Additionally, the introduction of 
industrial byproducts, such as slag, rice husk ash (RHA), fly ash, and nano-silica (NS), significantly 
enhanced the effectiveness of geopolymer concrete, so positioning it as a viable and ecologically 
friendly substitute for typical Portland cement concrete. 

 

Fig. 6. compressive strength of metakaolin-based geopolymer mortar with different L/S and 
SS/SH ratios. 

According to Chen et al. [3], As the L/S ratio grew, the compressive strength declined, as evidenced 
by the "Coal Gasification Slag-Based" study. An L/S ratio of 0.25 yielded the maximum compressive 
strength of 48.31 MPa, whereas an L/S ratio of 0.45 produced the minimum compressive strength 
of 2.41 MPa. Concurrently, the porosity of the material increased as the L/S ratio increased. The 
microstructure was denser at L/S = 0.25, as evidenced by the lowest total porosity of 1.45%. 
Conversely, the structural integrity was compromised and cavity formation was increased as the 
L/S ratio raised. According to the findings of Maheswaran et al [45], the split tensile and 
compressive strengths of geopolymer are enhanced by an increase in the slag content, despite the 
fact that workability is diminished. Using a constant binding agent concentration of 550 kg/m³ and 
an alkaline solution ratio of 1 to 2.5, the optimal performance was attained with a 70:30 FA:GGBS 
ratio, a 13 M NaOH concentration, and an L/S ratio of 0.55. In summary, MK750-based geopolymers 
exhibit increased compressive strength, with studies indicating an enhancement to 45 MPa through 
the incorporation of slag and fly ash. Fly ash and GGBS demonstrate cost-effectiveness and offer 
comparable performance with enhanced workability, whereas RHA presents greater variability. 
The selection of material is contingent upon the particular application, necessitating a balance 
among performance, cost, and environmental impact. 

3.4 Flexural Strength 

Figure 7 showed flexural strength of metakaolin-based geopolymer mortar with different L/S and 
SS/SH ratios. Flexural strength (Fs28) increases consistently as the L/S ratio rises, regardless of the 
SS/SH ratio. The flexural strength exhibits a rise with elevated SS/SH ratios; however, the rate of 
rise diminishes at higher SS/SH ratios. For L/S = 0.5, the rise in the SS/SH ratio from 1 (3.97 MPa) 
to 1.5 (5.83 MPa) is 46.85%, followed by a decrease of 6.08% from the SS/SH ratio of 2.5 (6.41 MPa) 
to 3 (6.02 MPa). At L/S = 0.6, there is a 13.72% rise from the SS/SH ratio of 1 (9.04 MPa) to 1.5 
(10.28 MPa), followed by a decrease of 5.11% at the SS/SH ratio of 3 (10.39 MPa). At an L/S ratio 
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of 0.7, the flexural strength exhibits a rise of 8.68% from an SS/SH ratio of 1 (12.21 MPa) to 1.5 
(13.27 MPa), while a decrease of 20.09% is observed at an SS/SH ratio of 3 (10.86 MPa). For L/S = 
0.8, the rise in the SS/SH ratio from 1 (13.47 MPa) to 1.5 (14.35 MPa) is 6.53%, followed by a 
decrease of 6.48% at an SS/SH ratio of 3 (13.42 MPa). The findings indicate that rise in the SS/SH 
ratio initially enhances flexural strength; however, further rises result in diminishing or adverse 
effects. 

 

Fig. 7. Flexural strength of metakaolin-based geopolymer mortar with different L/S and SS/SH 
ratios 

At lower L/S ratios, the material exhibits lower flexural strength due to insufficient liquid content, 
which hinders proper compaction and matrix formation [46]. Higher L/S ratios improve 
workability and enhance the bond between components, resulting in stronger flexural 
performance. Flexural strength improves with increasing SS/SH ratios, peaking around SS/SH = 2.0 
and 2.5. Higher sodium silicate (Na₂SiO₃) content enhances gel formation and structural cohesion, 
leading to better load distribution and higher flexural resistance [47]. At SS/SH = 3.0, the flexural 
strength shows a slight stabilization or reduction at high L/S ratios, likely due to oversaturation of 
activators affecting the matrix's homogeneity [48]. Thus, the phenomenon where compressive 
strength decreases and flexural strength increases at optimal L/S ratios is noted by Shilar et al. and 
Shoaei et al. [26,49], it can be generally explained by the interaction between the liquid content, 
compaction efficiency, and the chemical activation of the geopolymer. The reduction in 
compressive strength can be assigned to the excessive alkaline activator content, particularly 
Na₂SiO₃, which initially enhanced the dissolution of reactive particles. However, beyond a certain 
threshold, free and unreacted silicates accumulated, leading to the formation of irregular, weak gel 
structures. Additionally, the surplus liquid increased porosity, weakening the internal cohesion of 
the geopolymer matrix. Alkali frosting phenomena were also observed on the specimen surfaces, 
resulting in reduced network density and diminished compressive strength [49]. 

Conversely, the improvement in flexural strength due to enhanced workability from the higher 
liquid content, which promoted better stress distribution under flexural loading. Furthermore, the 
increased SiO₂/Al₂O₃ ratio favored promoted to generate of more robust Si–O–Si bonds relative to 
Si–O–Al bonds, contributing to better bending resistance despite the higher porosity. Early-stage 
polymerization also produced partially flexible gel structures, supporting flexural strength even 
though the overall material density was reduced [50]. 
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3.5 Microstructural Analysis Based on L/S Ratios  

3.5.1 SEM Analysis 

The microstructural behavior of geopolymer materials at varying liquid-to-solid (L/S) ratios 
reveals significant differences in the density, porosity, and overall mechanical properties of the 
material. The analysis at each ratio is described as follows: 

Figure 8(A) presents the SEM results for a sample with an L/S ratio of 0.5, The microstructure 
exhibits high porosity with large voids due to insufficient liquid content to adequately activate the 
binder and fill the voids. A significant portion of the metakaolin particles remains unreacted, 
resulting in a weak and poorly connected geopolymer network. The bonds between particles are 
weak and lack cohesion, leading to poor compaction and low material density. In addition to the 
visible surface efflorescence, internal carbonation (sub-fluorescence) is also evident, with 
carbonate crystals forming within the pore network near the surface, as shown in Fig. 8 (A). These 
carbonate crystals can induce cracks and internal stresses in the porous matrix and pore network 
[51]. 

Figure 8(B) illustrates the SEM results for a sample with an L/S ratio of 0.6, The microstructure 
shows noticeable improvement, with reduced porosity and fewer voids compared to L/S = 0.5. 
More particles are chemically activated, forming a better-connected geopolymer network. 
However, some voids are still present due to slightly inadequate liquid content. 

Figure 8(C) shows the SEM results for a sample with an L/S ratio of 0.7, The geopolymer matrix 
achieves a dense and well-connected network with significantly reduced porosity and a uniform 
structure. The bonds between the components are strong, and almost all metakaolin particles are 
fully reacted, contributing to a cohesive and robust material. Voids are minimized, leading to a 
compact microstructure. This morphology clearly displayed the amorphous geopolymer phase [52] 
which is in agreement with the XRD pattern. 

Figure 8(D) presents the SEM results for a sample with an L/S ratio of 0.8, The microstructure 
becomes denser and more homogeneous, with further reductions in porosity compared to L/S = 
0.7. Most particles are fully reacted, and the matrix is nearly void-free. Several needle-like 
structures were observed on the surface of the geopolymer binder in the SEM micrograph of 
sample. However, excessive liquid content may create thin films between particles, weakening the 
mechanical interlocking within the matrix. The slight over-saturation of liquid results in reduced 
cohesion and strength under compression. 
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Fig. 8. SEM images of metakaolin based geopolymers with increasing L/S ratio of 0.5 (A), 0.6 

(B), 0.7 (C), and 0.8 (D) 



Chenafi et al. / Research on Engineering Structures & Materials () ()- 
 

14 

3.5.2 XRD Analysis 

Figure 9 presents the XRD patterns of metakaolin and geopolymer mortars (GPMs) synthesized at 
various liquid-to-solid (L/S) ratios. To investigate the relationship between L/S ratios, compressive 
strength, and phase composition, GPM samples with the lowest (L/S = 0.5), medium (L/S = 0.7), 
and highest (L/S = 0.8) compressive strength values were analyzed for intensity variations. The 
XRD pattern of raw metakaolin exhibited characteristic diffraction peaks corresponding to quartz, 
muscovite, and orthoclase, which are indicative of its crystalline mineralogical composition. The 
GPMs synthesized at an L/S ratio of 0.8 exhibited characteristic peaks corresponding to zeolite, 
indicating a significant presence of crystalline zeolite [53]. This high zeolite content is associated 
with a relatively lower compressive strength of approximately 22.33 MPa compared to the sample 
with an L/S ratio of 0.7, as illustrated in Fig. 9. However, the GPMs synthesized at an L/S ratio of 
0.7 displayed predominantly amorphous XRD patterns characterized by unclear hump within the 
range of 2θ = 20°–40°. This amorphous nature, though slightly influenced by impurities present in 
the MK750 precursor, aligns well with previously reported patterns of geopolymers, indicating 
effective geopolymerization [54]. Conversely, the GPMs synthesized at an L/S ratio of 0.5 exhibited 
the appearance of natron (Na₂CO₃·10H₂O), which is indicative of unreacted alkali components. The 
presence of natron adversely affected the physical and mechanical properties of the geopolymer, 
resulting in a less cohesive and mechanically inferior matrix [51]. This is corroborated by the 
results of the physical and chemical tests, as well as the SEM image analysis (Fig.8A). 

 

Fig. 9. XRD patterns of metakaolin and geopolymer mortars (GPMs) synthesized at various 
liquid-to-solid (L/S) ratios 

4. Conclusions 

This study investigated the influence of liquid-to-solid (L/S) and sodium silicate-to-sodium 
hydroxide (SS/SH) ratios on the microstructural, physical, and mechanical properties of MK750-
based geopolymer mortars. The results demonstrated that increasing both L/S and SS/SH ratios 
improved the bulk density and reduced the porosity of the geopolymer mortars. The highest bulk 
density was observed at L/S = 0.7 and SS/SH = 2.5, while the lowest porosity occurred at the same 
L/S ratio and SS/SH ratio of 2.5. These findings confirm that an optimal balance between the L/S 
and SS/SH ratios is crucial for improving the geopolymer material's structural properties. 

Regarding mechanical performance, the compressive strength peaked at 22.46 MPa at L/S = 0.7 
and SS/SH = 2.0, while the greatest flexural strength was observed at L/S = 0.8. These results 
indicate that both compressive and flexural strength are significantly influenced by the interaction 
between the L/S and SS/SH ratios, with the optimal values for each ratio identified in this study. 



Chenafi et al. / Research on Engineering Structures & Materials () ()- 
 

15 

Furthermore, the observed slight decrease in bulk density at L/S = 0.8 and SS/SH = 3.0, compared 
to L/S = 0.7 and SS/SH = 2.5, highlights the detrimental effect of excessive liquid or alkali content. 
This phenomenon can be attributed to the oversaturation of the geopolymer system, which may 
hinder the polymerization process and promote increased porosity due to water loss and 
insufficient gel formation. 

Microstructural analysis, conducted using scanning electron microscopy (SEM), revealed that the 
geopolymer matrix became denser and more cohesive at higher L/S ratios, indicating improved 
mechanical performance. X-ray diffraction (XRD) analysis confirmed the dominance of an 
amorphous phase at L/S = 0.7, which was associated with the highest compressive strength. At L/S 
= 0.8, however, crystalline zeolite peaks were identified, which correlated with reduced mechanical 
strength. 

Based on these findings, an L/S ratio of 0.7 and an SS/SH ratio between 2.0 and 2.5 are 
recommended for achieving the optimal mechanical and microstructural performance in 
geopolymer mortars. These optimal conditions ensure the best balance between density, porosity, 
and strength, making them highly suitable for applications in sustainable construction materials. 
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