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Abstract. This study investigates the effect of NaOH molarity (10, 12, and 14 M) on gel 

formation at the geopolymer–artificial aggregate interfacial transition zone (ITZ) for 

sustainable pavement binder courses. The study focuses on microstructural and chemical 

characteristics rather than direct mechanical performance. Using XRF, FTIR, and SEM–

EDX analyses, the evolution of gel phases from N-A-S-H to hybrid N/C-A-S-H at the 

interface was systematically characterized. Increasing NaOH molarity enhanced 

aluminosilicate dissolution and promoted Ca incorporation, as evidenced by the shift of 

the main Si–O–T band from approximately 1080 cm⁻¹ (10 M) to 960–970 cm⁻¹ (14 M) 

and the increase in Ca/Si ratio from 0.15 to 0.22. Among the investigated mixtures, the 

12 M variant exhibited the most homogeneous and compact ITZ microstructure, 

characterized by a continuous reaction rim, balanced Si/Al (2.96) and Ca/Si (0.22) ratios, 

and minimal microcracking observed at the microscopic scale. 

Keywords: geopolymer, interfacial transition zone, alkali activator concentration, 
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1.   Introduction  

The need for sustainable and low-carbon construction materials has intensified research 

exploring substitute binders for ordinary Portland cement, particularly for pavement 

infrastructure. Conventional OPC production contributes approximately 8% of global CO₂ 

emissions due to the calcination of limestone and high energy consumption in clinker 

manufacture [1,2]. In this context, Geopolymers have gained recognition as an attractive low-

carbon binder alternative. Geopolymers are amorphous to semi-crystalline aluminosilicate 

materials formed through the alkaline activation of reactive aluminosilicate sources such as fly 

ash, metakaolin, or slag [1,3,4]. The key binding phases formed during geopolymerization are 

sodium–alumino–silicate–hydrate (N-A-S-H) and, in the presence of calcium, calcium–

(alumino)–silicate–hydrate (C-(A)-S-H) gels or their hybrid combinations (N/C-A-S-H) [5–7]. 

These gels are responsible for the mechanical strength, dimensional stability, and durability of 

geopolymeric systems[8–10].  

In pavement engineering, the binder–aggregate interfacial transition region critically governs 

the adhesion, stiffness, and fatigue resistance of the binder course layer[11–13]. While traditional 

OPC systems depend primarily on C-S-H gel for bonding, geopolymeric binders form more 

complex chemical interactions at the interface, producing amorphous gel networks that bridge 

aggregate surfaces [14,15]. The bonding mechanism is thus not only physical but also chemical, 

involving Si–O–Al and Ca–O–Si linkages that enhance adhesion and interfacial load transfer 

mechanisms across the interface [14,16]. Recent studies highlight that the morphology and oxide 

composition of artificial aggregates also influence ITZ performance; optimized aluminosilicate 

and calcium contents can improve interfacial reactivity and bonding strength [16]. 

One of the most influential factors determining geopolymer structure and gel composition is 

the alkaline activator molarity, which controls the dissolution of Si and Al species and the extent 

of polymerization [17]. Low NaOH molarity often results in incomplete geopolymerization and 

porous N-A-S-H gels, whereas excessively high molarity may accelerate Ca-rich gel 

precipitation and induce microcracking due to rapid reaction kinetics and shrinkage[18,19]. 

Phoo-ngernkham et al. (2018) and Islam et al. (2022) demonstrated that an optimal molar ratio 

is necessary to balance reactivity and gel densification in alkali-activated materials [18–20]. 

Furthermore, He et al. (2022) reported the Si/Al ratio yields a denser microstructure and enhances 

strength performance in geopolymer-based artificial aggregates [17]. These findings indicate that 

microstructural control through activator composition is critical to improving geopolymer–

aggregate adhesion. 

Despite these advances, a significant research gap remains concerning the localized 

identification and transformation of gel phases (from N-A-S-H to C-(A)-S-H) specifically at the 

geopolymer–artificial aggregate interface relevant to pavement binder courses. Prior 

investigations mainly focused on bulk strength and phase characterization of geopolymer 

matrices, with limited emphasis on interfacial-scale chemical evolution and microstructural 

continuity [12,19,21]. Molecular-level studies have shown that the interfacial bonding between 

geopolymer binder and aggregates involves hydrogen bonding, Al–O–Si cross-linking, and Na–

O coordination, all of which depend on the activator concentration and Ca incorporation [22,23]. 

However, systematic correlations linking alkaline activator molarity, gel chemistry, and 

microstructural morphology within the ITZ based on combined SEM, XRF/EDX, and FTIR 

analyses remain scarce. 

To address this gap, the present study investigates the effect of NaOH molarity (10, 12, and 

14 M) on the microstructural and chemical bonding characteristics of the geopolymer–artificial 

aggregate interface. A combination of (FTIR), (XRF), and (SEM–EDX) is employed to identify 

the gel phases and elemental distribution across the ITZ. The novelty of this work lies in its 

interface-focused, multi-technique approach that directly correlates oxide composition, 

vibrational bonding features, and localized microstructural evolution rather than relying solely 

on bulk geopolymer properties. The results reveal the progressive transformation from N-A-S-H 
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to hybrid N/C-A-S-H gels with increasing molar ratio and demonstrate that an an intermediate 

molarity (12 M) promotes a dense and continuous interfacial gel network with balanced Si/Al 

and Ca/Si ratios and minimal microcracking. 

Accordingly, this study is guided by the hypothesis that an intermediate NaOH molarity yields 

an optimal coexistence of N-A-S-H and C-(A)-S-H gels, resulting in a chemically integrated and 

microstructurally stable ITZ, whereas lower or higher molarities lead to incomplete 

polymerization or interfacial instability. This research contributes to a deeper understanding of 

geopolymer interfacial chemistry and supports the development of sustainable, high-

performance materials for road pavement construction. 

 

2.   Methods 

2.1.   Raw Materials 

The geopolymer binder was synthesized using fly ash sourced from the Tanjung Jati B (Jepara, 

Indonesia). The alkaline activator solution consisted of a mixture of sodium hydroxide (NaOH) 

and sodium silicate (Na₂SiO₃) solutions. The NaOH solution was prepared by dissolving 

analytical-grade pellets (≥98% purity) in distilled water and allowed to equilibrate for 24 h prior 

to mixing to ensure stable molarity and temperature. The sodium silicate solution had a modulus 

(SiO₂/Na₂O) of 3.1, with a solid content of 38–40 wt%. 

Artificial coarse aggregates were produced through cold bonding pelletization using geopolymer 

slurry. These aggregates were designed to have comparable particle size distribution and specific 

gravity to natural crushed stone (5–10 mm). The binder course matrix was composed of fly ash 

based geopolymer mortar with fine aggregate (sand) conforming to ASTM C33 gradation 

[23,24]. 

2.2.   Mix Design and Molar Ratio Variation 

Three NaOH molarities (10 M, 12 M, and 14 M) were employed to evaluate the influence of 

alkaline concentration on gel formation and interfacial characteristics. The Na₂SiO₃/NaOH mass 

ratio was kept constant at 2.5 for all mixtures to isolate the effect of NaOH molarity. 

The solid-to-liquid (S/L) ratio was fixed at 2.5, defined as the mass ratio of total solid precursor 

(fly ash) to alkaline activator solution. The binder-to-aggregate ratio in the mortar was 

maintained at 1:2.5 by mass, consistent with typical pavement binder course compositions. Each 

mixture was mechanically mixed for 10 min until a homogeneous paste was achieved and cast 

into 50 mm cubic molds. For each mix composition, three replicate specimens were prepared to 

ensure reproducibility. 

 

Table 1. Mix Design Parameters of Geopolymer Paste with Artificial Aggregate 

Parameter MOL 10 MOL 12 MOL 14 Remarks 

Binder type Fly ash Fly ash Fly ash Same fly ash source 

for all mixtures 

NaOH molarity (M) 10 12 14 Main variable of the 

study 

Na₂SiO₃/NaOH 

ratio 

2,5 2,5 2,5 Kept constant 

Target Si/Al ratio 2.0–2.1 2.3–2.4 2.6–2.7 Calculated based on 

chemical 

composition 

Solid-to-liquid ratio 1 : 0.45 1 : 0.45 1 : 0.45 Fly ash to alkaline 

activator solution 
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Mixture type Geopolymer 

paste 

Geopolymer 

paste 

Geopolymer 

paste 

Without coarse 

aggregate 

Binder-to-fine 

aggregate ratio 

1 : 2.5 1 : 2.5 1 : 2.5 Using fine 

aggregate 

Number of samples 

per parameter 

10 10 10 Total of 30 samples 

per mixture 

Each mixture was stirred for 10 min until homogeneous and then poured into 50 mm cubic molds 

[17], [18]. After casting, all specimens were sealed to prevent moisture loss and cured at ambient 

laboratory conditions (25 ± 2 °C and relative humidity of 65–75%). Demolding was conducted 

after 24 h, followed by continued curing under the same conditions until testing age. 

All microstructural and chemical analyses were performed on specimens cured for 28 days, 

ensuring sufficient geopolymerization and gel development prior to characterization. 

2.3.   Preparation of Geopolymer–Aggregate Interface Samples 

To examine the interfacial transition zone (ITZ), artificial aggregate particles were embedded in 

fresh geopolymer mortar prepared with identical mix proportions. After curing, the hardened 

specimens were sectioned perpendicular to the binder–aggregate interface using a precision 

diamond saw. The cut surfaces were polished and carbon-coated prior to SEM–EDX analysis. 

2.4.   X-Ray Fluorescence (XRF) Analysis 

Bulk oxide compositions of both the fly ash precursor and the hardened geopolymer binder were 

determined using X-Ray Fluorescence (XRF) (PANalytical Axios, wavelength-dispersive 

spectrometer). Samples were ground to pass a 75 μm sieve and fused with lithium tetraborate 

flux. Each composition was analyzed in duplicate to verify consistency and average oxide values 

were used to calculate Si/Al and Ca/Si ratios as indicators of dominant gel types. The obtained 

oxide composition was used to calculate Si/Al and Ca/Si ratios, which are essential indicators of 

gel type dominance (N-A-S-H vs. C-(A)-S-H) [13,20]. 

2.5.   Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded using a PerkinElmer Spectrum Two spectrometer within the range 

of 4000–400 cm⁻¹ at a resolution of 4 cm⁻¹, averaging 32 scans per sample. The powdered 

geopolymer samples (≤63 μm) were mixed with KBr (1:100 ratio) and pressed into transparent 

pellets. For each NaOH molarity, two independent measurements were conducted to confirm 

spectral reproducibility. Peak shifts were interpreted qualitatively to assess changes in 

aluminosilicate polymerization.. 

2.6.   Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy (SEM–

EDX) 

SEM–EDX analyses were performed using a JEOL JSM-IT500 microscope operated at 15 kV 

with a working distance of 10 mm. Backscattered electron imaging was used to enhance 

compositional contrast across the ITZ. For each specimen, at least five representative EDX spot 

analyses were conducted within the ITZ and three spots in the bulk matrix, and average elemental 

ratios (Si/Al and Ca/Si) were reported to minimize local heterogeneity effects. Variability among 

measurements was assessed qualitatively by comparing trends across replicate specimens rather 

than relying on single-point analyses. 

2.7.   Analytical Approach and Data Reliability 

The combined results of XRF, FTIR, and SEM–EDX were used to establish correlations among 

oxide composition, gel type, and microstructural morphology. Although no direct mechanical or 

interfacial performance tests were conducted, data reliability was ensured through replicate 

specimen preparation, repeated measurements, and consistent trends observed across all 
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characterization techniques. This integrated approach provides a robust qualitative assessment 

of how NaOH molarity governs gel evolution at the geopolymer–artificial aggregate interface. 

 

3.   Results and Discussion 

3.1.   Komposisi oksida bulk - XRF 

XRF analysis provides the mass oxide composition (%) for the artificial aggregate (AB) and 

geopolymer samples MOL 10, MOL 12, and MOL 14. The bulk oxide composition results are 

as shown in Figure 1 below : 

 

 
Figure 1. Bulk Oxide Composition 

 

The oxide compositions of the fly ash–based geopolymer binder and artificial aggregate were 

determined by XRF (Table 3). The artificial aggregate (AB) contained 32.8% SiO₂, 12.5% Al₂O₃, 

and 5.3% CaO, resulting in a Si/Al ratio of 2.62 and Ca/Si ratio of 0.16. In contrast, the 

geopolymer matrices exhibited compositional variations with increasing molar ratios (MOL 10, 

MOL 12, and MOL 14). At MOL 10, the binder contained 33.5% SiO₂ and 4.99% CaO, giving 

a Si/Al of 3.74 and Ca/Si of 0.15. At MOL 12, CaO increased to 7.18% while Si/Al decreased to 

2.96 indicating enhanced Ca incorporation and greater Al substitution within the aluminosilicate 

network. At MOL 14, SiO₂ decreased slightly (30.2%) with CaO 6.37%, maintaining a Ca/Si 

ratio near 0.21. These quantitative trends demonstrate that NaOH molarity governs bulk chemical 

availability for gel formation, with MOL 12 providing a balanced Si–Al–Ca composition 

conducive to hybrid gel development. XRF measurements confirmed consistent compositional 

trends across all mixtures. The moderate Ca enrichment at MOL 12 reflects a favorable balance 

between geopolymerization and secondary hydration, consistent with the coexistence of N-A-S-

H and C-(A)-S-H gels [25–27]. 

3.2.   FTIR results  identification of key bands and shift of Si–O–T bands 

From the spectrum results (4000–400 cm⁻¹) in the sample, there are dominant bands around as 

in Figure 2 below : 
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Figure 2. Spectrum Results (4000–400 Cm⁻¹) 

Overall, the FTIR spectrum shows the typical characteristics of geopolymer materials with a 

dominant band in the 900–1100 cm⁻¹ region which confirms the formation of aluminosilicate 

bonds (N–A–S–H or (N,C)–A–S–H gel). The presence of –OH and H–O–H bands indicates that 

the sample still contains bound water which contributes to the mechanical properties and 

microstructure. 

 

Table 2. FTIR Characteristic Bands of Geopolymer Binders (MOL 10–14) 

No Peak position 

(cm⁻¹) 

General interpretation Information 

1 ~3238 O–H stretching (air/gel 

struktural) 

Indicates the presence of bound water 

in the geopolymer gel. 

2 ~1620 H–O–H bending vibration Molecular water or light hydration 

3 ~1080 Asymmetric Si–O–T (T = 

Si/Al) stretching 

The main peak of geopolymer gel 

formation 

4 ~927 Si–O–Al vibration Strong indication of N-A-S-H 

formation 

5 ~742 – 657 Si–O bending / quartz atau 

feldspar residual 

Aggregate non-reactive phase 

6 ~555 – 457 Al–O dan Si–O–Si bending Amorphous aluminosilicate network 

 

Table 3. Peak shift analysis between MOLs by comparing the main peaks of Si–O–T (~1080 

cm⁻¹): 

Sampel Main position (cm⁻¹) Interpretation 

MOL 

10 

~1080 The structure is still similar to the initial silicate 

source, the reaction is not yet optimal. 

MOL 

12 

~1010 – 1000 

(diperkirakan dari pola 

spektrum gabungan) 

Shift to lower wave numbers → Al substitution 

increases → formation of dominant N-A-S-H gel 

MOL 

14 

~970 – 950 Further shift → indicates further polymerization & 

emergence of Ca-rich phase (C-(A)-S-H) due to high 

alkali and Ca ratio of artificial aggregates 
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FTIR spectra of the geopolymer samples revealed distinct vibrational changes in the Si–O–T (T 

= Si or Al) framework, as summarized in Figure 5. The main asymmetric stretching band for Si–

O–T shifted systematically toward lower wavenumbers as the molar ratio increased: 

• MOL 10: main band at ≈1080 cm⁻¹, characteristic of unreacted silicate or early N-A-S-H 

gel. 

• MOL 12: shifted to ≈1000–1010 cm⁻¹, indicating enhanced Al substitution and formation 

of a more polymerized aluminosilicate network. 

• MOL 14: further shifted to ≈960–970 cm⁻¹, attributed to the incorporation of Ca into the 

geopolymer matrix and formation of hybrid N/C-A-S-H gel. 

Broad O–H stretching at 3230–3400 cm⁻¹ and H–O–H bending around 1630 cm⁻¹ were detected 

in all samples, reflecting bound water and hydrated gel phases. Minor bands near 1420–1450 

cm⁻¹ correspond to carbonate stretching, suggesting limited atmospheric carbonation[21]. 

The progressive shift of the Si–O–T band from ~1080 to ~960 cm⁻¹ with increasing molar ratio 

is a strong indicator of polymerization progression and gel transformation. This trend confirms 

that higher alkalinity enhances dissolution and reorganization of the aluminosilicate network, 

while the appearance of Ca–O–Si linkages at MOL 12–14 marks the onset of C-(A)-S-H 

formation [28–30]. 

3.3.   SEM observation (interface morphology) - 500× 

SEM micrographs at 500× magnification (Figure 3) clearly illustrate the morphological evolution 

of the binder–aggregate interface with molar ratio variation. 

 
MOL 10 

 
MOL 12 

 
MOL 14 

Figure 3. SEM observation (interface morphology) -500× 

MOL 10 exhibited a porous, granular microstructure with a discontinuous reaction rim and 

visible interfacial gaps between binder and aggregate. The surface appears rough and 

heterogeneous, indicating incomplete geopolymerization and limited bonding. MOL 12 

presented a dense, compact matrix with a continuous reaction rim tightly adhering to the 

aggregate surface. The interfacial transition zone (ITZ) was well integrated and largely free of 

microvoids, demonstrating enhanced chemical bonding. MOL 14 displayed a fully densified 

structure with smoother gel phases and few open pores, yet local shrinkage cracks were observed 

near the ITZ, suggesting microstructural stress due to rapid polymerization and water loss. 

The morphological transition from porous to dense ITZ across the molar series aligns with 

chemical data, signifying that MOL 12 achieves the most balanced interfacial densification. The 

excessive densification at MOL 14, although beneficial for mechanical strength, may increase 

the risk of microcracking under thermal or drying conditions [31,32] 

3.4.   SEM–EDX — local composition in the ITZ (spot & oxide analysis) 

SEM–EDX spot analyses at the interface confirm compositional variations consistent with gel 

evolution (Table 4). 

Table 4. SEM–EDX — local composition in the ITZ (spot & oxide analysis) 

Sample Na₂O 

(wt%) 

Al₂O₃ 

(wt%) 

SiO₂ 

(wt%) 

CaO 

(wt%) 

FeO 

(wt%) 

Interpretation 
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MOL 

10 

12.99 14.97 40.02 5.35 4.24 Na–Al–Si-rich surface; N-

A-S-H dominant 

MOL 

12 

12.60 8.74 40.97 5.73 8.01 Balanced Na–Si–Ca 

composition; mixed N-A-S-

H / C-(A)-S-H 

MOL 

14 

6.13 12.17 42.53 10.41 9.16 Ca-enriched region; C-(A)-

S-H / hybrid gel dominant 

At MOL 10, the high Na₂O and Al₂O₃ contents suggest the presence of a sodium aluminosilicate 

network typical of N-A-S-H gels. The CaO content (5.35 wt%) remains relatively low, consistent 

with limited Ca participation. MOL 12 displays a more balanced composition, with moderate 

CaO (5.73 wt%) and uniform SiO₂ distribution, confirming the coexistence of N-A-S-H and C-

(A)-S-H phases at the ITZ. MOL 14 shows significant Ca enrichment (10.41 wt%), indicative of 

a dominant C-(A)-S-H phase and hybrid gel formation. 

The increasing Ca/Si ratio across the samples (from ~0.15 in MOL 10 to ~0.22 in MOL 12 and 

~0.21 in MOL 14) mirrors the observed FTIR shifts and XRF results, confirming that gel 

chemistry transitions from Na–Al–Si to Ca–Si-based structures as alkalinity increases [33–35] 

3.5.   Integration: XRF ↔ FTIR ↔ SEM–EDX correlation (gel formation mechanism in ITZ) 

The integrated findings from XRF, FTIR, SEM, and EDX collectively describe the 

transformation mechanism of the geopolymer–aggregate interface: 

1. MOL 10: High Si/Al (3.74), low Ca/Si (0.15), FTIR at 1080 cm⁻¹, and porous ITZ 

morphology indicate a sodium aluminosilicate gel (N-A-S-H) with limited polymerization. 

The interface bonding is primarily physical with minimal chemical continuity. 

2. MOL 12: Si/Al reduced (2.96), Ca/Si increased (0.22), FTIR shift to ~1000 cm⁻¹, and 

formation of a continuous reaction rim reveal a mixed gel structure combining N-A-S-H 

and C-(A)-S-H. This balanced composition yields the densest and most chemically 

integrated interface. 

3. MOL 14: High CaO (10.41 wt%), strong FTIR shift (~960 cm⁻¹), and microcrack 

development confirm the dominance of Ca-rich hybrid gels (N/C-A-S-H). Excess alkalinity 

accelerates reaction kinetics, leading to local stress and potential shrinkage. 

These observations validate that the molar ratio plays a pivotal role in governing the 

microstructure and chemistry of the ITZ, determining the extent of polymerization and hybrid 

gel formation. Optimal interface densification occurs at MOL 12, where simultaneous 

geopolymerization and calcium incorporation yield a cohesive microstructure without excessive 

brittleness. 

3.6.   Technical implications for road pavement binder course 

From a pavement materials perspective, the geopolymer–artificial aggregate system with MOL 

12 demonstrates the most promising microstructural characteristics. The continuous and dense 

ITZ promotes superior load transfer and improved fatigue resistance, essential for binder course 

layers subjected to repetitive traffic loads. The excessive Ca-rich phase at MOL 14, though 

beneficial for early strength, may introduce micro-shrinkage or durability concerns under field 

curing conditions. Thus, moderate alkalinity (MOL 12) is recommended to achieve a balanced 

N-A-S-H / C-(A)-S-H network, combining adequate strength with microstructural stability. 

These findings align with Figure 4. Los Angeles Abrasion 
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Figure 4. Los Angeles Abrasion 

 

Based on the average values obtained from five samples, MOL 10 shows the highest Los Angeles 

abrasion loss (40.96%), indicating lower resistance to abrasion. This result suggests that the 

geopolymer matrix formed at 10 M NaOH is not sufficiently dense to withstand mechanical 

wear. The lowest abrasion loss is observed for MOL 12, with an average value of 31.12%. The 

consistent results across all samples indicate that 12 M NaOH provides an optimum activator 

concentration, leading to better geopolymerization and improved aggregate durability. For MOL 

14, the average abrasion loss slightly increases to 32.16%. Although higher alkalinity enhances 

geopolymerization, excessive NaOH concentration may negatively affect the internal structure 

of the aggregates, resulting in a minor reduction in abrasion resistance compared to MOL 12. 

Overall, the results show that abrasion resistance improves with increasing NaOH molarity up to 

12 M, after which a slight decline occurs. Both MOL 12 and MOL 14 meet the general abrasion 

requirement for pavement aggregates (≤40%), while MOL 10 approaches the limit. These 

findings align with prior studies on alkali-activated pavements where intermediate activator 

concentrations provided optimal adhesion and long-term performance [36,37]. 

4.   Conclusion 

This study evaluated the effect of NaOH molarity (10 M, 12 M, and 14 M) on gel formation and 

interfacial microstructure at the geopolymer–artificial aggregate interface. Direct microstructural 

and chemical analyses (XRF, FTIR, and SEM–EDX) showed that increasing molarity enhanced 

aluminosilicate dissolution and calcium incorporation, leading to a transition from N-A-S-H-

dominated gels to hybrid N/C-A-S-H structures. Among the investigated mixtures, the 12 M 

system exhibited the most balanced ITZ, characterized by a dense and continuous reaction rim 

with intermediate Si/Al and Ca/Si ratios and minimal microcracking. The compact and 

chemically integrated ITZ observed at 12 M is considered a favorable prerequisite for binder–

aggregate interaction in pavement binder course materials. 
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