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Abstract 

Peat soils are highly heterogeneous and considered problematic because they have a high moisture content and low shear 

strength. It requires stabilization to enhance its engineering properties before it is transformed into a viable construction 

material. The use of geopolymers as stabilizer materials for weak soils has been on the rise recently due to their low carbon 

footprint compared to the use of conventional stabilizer materials like cement. Geopolymerization occurs as a result of the 

alkali activation of aluminosilicate materials. In this study, peat soil and the aluminosilicate materials Palm Oil Fuel Ash 

(POFA) and Ground Granulated Blast Furnace Slag (GGBFS) are characterized to assess their suitability as geopolymer 

precursor materials. A series of laboratory studies were carried out to determine the physicochemical properties of the 

materials, such as particle size distribution, moisture and organic content, specific gravity, pH, and electrical conductivity. 

Furthermore, the XRD, XRF, and FESEM tests were carried out to ascertain the mineral characteristics, elemental chemical 

composition, and morphological characteristics of these materials, respectively. The peat soil is classified as hemic peat 

with sufficient aluminosilicate content (Si/Al ratio of 2.11). The POFA is identified as Class F pozzolan with adequate 

Si+Al+Fe oxide content (67.9%), as stipulated by ASTM C618. The GGBFS material was found to be appropriate for 

geopolymer production, with a Si/Al ratio of 2.17, a hydration modulus of 2.38 (good hydration), and a basicity coefficient 

of 1.32 (alkaline material favorable for geopolymerization). Based on the geopolymer precursor material suitability 

assessment criteria, all the materials assessed were deemed suitable for geopolymerization, and the effectiveness of POFA-

GGBFS geopolymer to improve peat soil properties should be studied in depth. At present, there are limited studies 

pertaining to the use of alkali-activated POFA-GGBFS blends to improve peat soil properties. As a result of this material 

characterization phase, planned works involving the compressive strength testing program on alkali-activated POFA-

GGBFS-peat soil blends at ambient temperature will be carried out in the near future. The eventual aim of this research is 

to remediate the peat soil to be repurposed as road subgrade material. 
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1. Introduction 

Peat soils are defined as highly heterogeneous materials, as they are derived from decomposing organic matter, i.e., 

plant leaves and roots, and are typically brown or black in color [1]. Peat soil is considered a problematic soil because it 

has a high natural moisture content and low shear strength [2]. The problems associated with peat soils should be resolved 

by means of soil stabilization. Nicholson [3] defines chemical stabilization as a technique applied to enhance the 

engineering characteristics of problematic soils, i.e., to increase the soil shear strength where stabilizing binders are 

mixed with weak soils found on site. This research work is focused on the use of geopolymers to improve the engineering 

properties of weak soils. 

Geopolymer materials are created from the combination of two precursor materials, namely aluminosilicate materials 

(e.g., fly ash and ground granulated blast furnace slag), and highly alkaline solutions to activate the precursor materials. 

In most cases, geopolymer materials are used to improve the strength of mortar and concrete [4, 5]. More recently, the 

use of agricultural and industrial waste-derived geopolymer materials as soil stabilizers has been applied in the 

geotechnical field, with published studies reporting on the enhancement of engineering properties and improved 

durability of weak soils [6, 7]. Various types of geopolymer source materials were used for soil stabilization purposes, 

such as coffee grounds [8], tea wastes [9], fly ash [10, 11], GGBFS [6, 12], and POFA [13–15]. In the context of this 

study, the outcomes of selected studies conducted on POFA-based geopolymers used as construction and weak soil 

stabilizer materials are discussed below. 

It is important to note that geopolymer synthesis for soil stabilization must take place under ambient temperature 

conditions to emulate the conditions on site. In contrast, most of the existing studies on the strength of geopolymer 

materials are conducted at elevated temperatures, achieved by subjecting the material to oven curing for 24 hours and 

subsequently cured at ambient temperature. For example, the study by Yahya et al. [16] discovered that POFA 

geopolymers cured at ambient temperature produced the lowest compressive strength at 0.4 MPa, while the highest 

compressive strength (11.5 MPa) was achieved at 80°C oven curing. More recently, the findings of Kwek et al. [17], 

which focused on POFA geopolymers synthesized at ambient temperature, showed that the 28-day compressive strength 

of 21.31 MPa is achievable with the appropriate amount of alkaline activator and adequate metal oxides contained in the 

source material. The results of these studies show that POFA geopolymer is a viable source material for creating 

geopolymers with adequate strength. 

On the other hand, the existing studies on the use of POFA-based geopolymer materials are very limited, and the 

outcome of these studies has been discussed in depth in a recent review paper [18]. In the study conducted by Zainuddin 

et al. [15], POFA geopolymer was used as a soil stabilizer for weak laterite soil. They reported that the strength of laterite 

soil improved from 106 kPa to 340 kPa after 7 days of curing, with a 15% POFA geopolymer content. Meanwhile, the 

research carried out by Khasib et al. [14] examined the effect of adding POFA geopolymer on the strength of low- and 

high-plasticity clays. The unconfined compressive strength (UCS) value for the low-plasticity clay improved from 260 

kPa to 4180 kPa, while the UCS value for the high-plasticity clay improved from 130 kPa to 2860 kPa after 28 days of 

curing. Lastly, the findings reported by Abdeldjouad et al. [13] showed that POFA geopolymer treatment was effective 

for low plasticity silt and high plasticity clay, where the soil UCS at 28 days of curing was valued at 1930 kPa for the 

silt and 1320 kPa for the clay. In these studies, it is imperative that an alkaline solution of adequate molarity is used to 

dissolve the alumina and silica contents in the soil-aluminosilicate-alkaline mix to form the soil-geopolymer matrix [19]. 

This is because geopolymer source materials that were not activated by the alkaline solution adversely impact the soil-

geopolymer specimen strength since they act as filler materials, as stated by Pourakbar et al. [20]. As such, in order for 

the POFA geopolymer to effectively stabilize the weak soil, it should consist of substantial amounts of aluminates and 

silicates to facilitate the pozzolanic reactions that enable the soil stabilization process to occur. The results from these 

studies utilizing POFA geopolymer as a soil stabilizer demonstrate that this material can be used to treat other types of 

weak soils, such as fibric, hemic, and sapric peat soils. In addition, the outcome of the review conducted by Amaludin 

et al. [18] stated that the attempt to synthesize POFA and GGBFS geopolymers for soil stabilization purposes has not 

yet been established. 

In the following sections, the material preparation and characterization tests for Klias peat and the aluminosilicate 

materials (POFA and GGBFS) are explained in detail. A series of laboratory studies were designed to determine the 

physicochemical properties of the materials. Furthermore, the XRD, XRF, and FESEM tests were carried out to ascertain 

the mineral characteristics, elemental chemical composition, and morphological characteristics of these materials, 

respectively. These tests were carried out to determine the suitability of the said materials as geopolymer source 

materials, based on the metal oxide requirements of ASTM C618 [21] and ACI Committee 233R-17 [22], and the criteria 

defined by Ghosh & Ghosh [23], with additional references made to book chapters published by Garcia-Lodeiro et al. 

[24] and Manjunath & Narasimhan [25] on the advances of alkali activated binders. The in-depth discussion on the 

geopolymer source suitability check is discussed further in Section 4.5: Geopolymer Precursor Material Suitability 

Assessment. 

Therefore, the objective of this study is to establish the physicochemical, chemical composition, mineralogy, and 

morphology characteristics of Klias peat soil, Lumadan Palm Oil Fuel Ash (POFA), and Ground Granulated Blast 

Furnace Slag (GGBFS). From the acquired characterization test results, the salient parameters will be used to assess the 

suitability of the aforementioned materials as geopolymer precursors. Figure 1 shows the flowchart of the research 
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conducted in this study. Subsequently, the other parameters established in this characterization study are used to detect 

the changes in the physicochemical, chemical composition, mineralogy, and morphology characteristics of the peat, 

POFA, and GGBFS when all three materials are activated with alkali to create a POFA-GGBFS-soil geopolymer matrix. 

The findings presented in this paper are part of ongoing research that focuses on the application of alkali-activated 

POFA-GGBFS blends to improve the shear strength of Klias peat soil. 

 

Figure 1. Research flowchart for this study 

2. Materials 

2.1. Klias Peat Soil 

In April 2022, around 80 kg of Klias peat soil was obtained from a palm oil plantation area bordering the Klias Peat 

Swamp Field Centre (KPSFC), Beaufort, Sabah, Malaysia (coordinates: 5° 19.571’ N, 115° 40.363’ E), as shown in 

Figure 2. The peat samples were obtained from a depth of 0–0.3 m, since the ground water table (GWT) was located at 
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0.34 m beneath the soil surface [26]. The peat samples were sealed in polythene bags to preserve their natural moisture 

content and were subsequently transported to the Geotechnical Engineering laboratory, Block E, Faculty of Engineering, 

UMS. Figures 3-a to 3-c show the site coordinates near KPSFC, the GWT measurement, and the peat sampling site, 

respectively. The collected samples were classified as disturbed samples and were air-dried for 24 hours at an ambient 

temperature of 30 ± 3°C with adequate ventilation before being oven-dried for another 24 hours at 100 ± 5°C to ensure 

that the soil was dried to a constant weight. The oven-dried soil was then sieved with a 2-mm sieve opening to produce 

the samples required for the soil characterization tests. An array of characterization tests were conducted, such as particle 

size distribution, natural moisture content and organic content, specific gravity, pH, and electrical conductivity tests. 

Meanwhile, several tests were conducted on site, such as the von Post test and the bulk density test. A detailed 

explanation of these in-situ and laboratory tests will be covered in Section 3: Experimental Methodology, while the 

physicochemical properties of the peat soil will be presented in Section 4: Results and Discussion. 

 

Figure 2. Location of Klias Peat Swamp Field Centre (KPSFC), Beaufort, Sabah, Malaysia 

 

Figure 3. (a) Site coordinates; (b) GWT at 0.34m depth; (c) Peat sampling site 

2.2. Lumadan Palm Oil Fuel Ash (POFA) 

For this study, around 50 kg of POFA material was collected from Lumadan Palm Oil Mill, Beaufort (courtesy of 

Sawit Kinabalu Sdn. Bhd.) in the month of April 2022, which will be used as a geopolymer source material. This 

material was previously used in studies conducted by Asrah et al. [27] and Tonduba et al. [28] for the production of 

POFA-based mortar and bricks, and the material was classified as a Class C pozzolan based on the ASTM C618-19 

standard based on the sum of its major oxides [21]. The classification of the POFA material used in this study will be 

discussed further in Section 4.2, which will compare the findings of this study with the results of previous  studies. 

Unprocessed or raw POFA obtained from the palm oil mill is not suitable for direct use as geopolymer precursor 

material since it still contains much unburned residue, as evidenced by its elevated value of loss on ignition (LOI), as 

reported by Asrah et al. [27]. Furthermore, since the POFA material is derived from burning palm oil waste materials 

in a boiler machine [29], the partially ashed agricultural waste contains debris material that should be sieved and 

treated before it is used as a stabilizer material. The process of treating unprocessed POFA into pre-treated POFA 

(oven dried for 24 hours at 100 ± 5°C and sieved with a 300 mm sieve) was done as recommended by previous 

researchers to ensure that the material is free from moisture prior to its use as a geopolymer precursor material [20, 

30, 31]. Subsequently, the dried and sieved POFA (otherwise known as pre-treated POFA) were collected and 

subjected to mechanical activation using a planetary grinding ball mill. 
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Approximately 600 g of POFA was ground with the ball mill for three (3) hours at 300 rpm to produce ground POFA, 

as recommended by Tonduba et al. [32]. Figure 4 illustrates the process of treating the raw POFA to create ground POFA 

for the purpose of geopolymerization. 

 

Figure 4. Processing raw POFA to produce ground POFA 

2.3. Ground Granulated Blast Furnace Slag (GGBFS) 

Ground Granulated Blast Furnace Slag (GGBFS) is a material derived from steel and iron manufacturing, mainly 

comprising calcium oxide, silica, and aluminum oxide [23]. In recent times, the use of GGBFS as supplementary 

cementitious material (SCM) has seen an uptick across the construction industry due to its high content of calcium and 

silicon oxides that enhance the cementation process and are considered a viable material for engineering applications 

[33]. The GGBFS used in this study was sourced from the Concrete Laboratory, Faculty of Engineering, Universiti 

Malaysia Sabah. In the aspect of geopolymer production, GGBFS is used to improve the production of POFA 

geopolymer at ambient temperature, as recommended by recent research findings that used fly ash-GGBFS mixtures to 

create geopolymers [11, 34]. 

3. Experimental Methodology 

The current study focuses on establishing the physicochemical, mineralogy, and morphology characteristics of Klias 

peat, Lumadan POFA, and GGBFS materials. It was designed based on the existing engineering standards, such as ISO 

13320: 2020 for laser particle size distribution, BS1377: Part 2 for soil moisture content and organic content, and ASTM 

D2976-22 for pH and electrical conductivity. Furthermore, for the analytical studies, the X-ray Diffraction (XRD) test 

was conducted for mineral characterization, the X-ray Fluorescence (XRF) test was conducted for the purpose of 

chemical composition characterization, and lastly, the Field Emission Scanning Electron Microscopy (FESEM) test was 

carried out to define the morphology characteristics of the materials. The research flowchart for this study was presented 

previously in Figure 1. 

3.1. Particle Size Distribution 

The particle size distribution (PSD) characterization was determined using a laser diffraction particle size analyzer 

(Model: Shimadzu SALD-2300), available in the Analytical Laboratory, Malaysia-Japan International Institute of 

Technology (MJIIT), Universiti Teknologi Malaysia, Kuala Lumpur. The peat soil, POFA, and GGBFS samples were 

sent to the analytical laboratory to ascertain their PSD characteristics, and the tests were carried out based on the ISO 

13320: 2020 [35] standard. According to Arvaniti et al. [36], the Laser Diffraction (LD) method was able to 

characterize the full PSD, specifically via the measurement of light scattered by the particles subjected to the test. The 

two optical models used to convert the light scattering data to PSD are the Fraunhofer diffraction model and the Mie 

theory. In this study, the Mie theory was chosen because it is suitable for materials with small particles of ≤ 50 mm in 

size. To use Mie theory effectively, the optical properties, i.e., refractive index and absorption index, were provided 

to the LD machine technicians to ensure that the PSD results for the peat, POFA, and GGBFS samples were correctly 

reported. The works of Arvaniti et al. [36] and Cyr and Tagnit-Hamou [37] were instrumental in the selection of the 

values for refractive and absorption indices used in this study, as both studies focused on the optical properties of 

cementitious materials. Table 1 shows the refractive and absorption indices used for the LD measurement and the 

corresponding references for these values. 
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Table 1. Refractive and absorption indices for LD measurement of geopolymer materials 

Material Refractive index, n Absorption index, k Reference 

Peat soil 1.52 0.1 Polakowski et al. [38] 

Palm Oil Fuel Ash (POFA) 1.56 1.0 Jewell & Rathbone [39] 

Ground Granulated Blast Furnace Slag (GGBFS) 1.62 0.1 Jewell & Rathbone [39] 

3.2. Degree of Decomposition/ von Post Classification 

This in-situ test is based on the von Post classification system [40]. Some peat soil was squeezed by hand until the 

water was drained from the soil. The extruded soil between the fingers was then subjected to a visual inspection by 

observing the amount of plant structure contained in the peat sample, indicating the degree of peat soil decomposition. 

The classification ranges from H1-H3 for fibric peat with an insignificant amount of decomposition, H4-H6 for hemic 

peat with moderate decomposition and indistinct plant structures, while H7-H10 is designated for sapric peat that has 

undergone advanced decomposition. As a reference, the peat soil studied in this paper is hemic peat with moderate 

decomposition (H4-H6). 

3.3. Natural Moisture Content and Organic Content 

To determine the natural moisture content of peat soils, this analysis was carried out in accordance with BS 1377: 

Part 2: 1990: Clause 3.2 [41]. Peat soil of approximately 30 g was placed in empty crucibles and placed in an oven set 

at 105 ± 5°C for 24 hours. The natural moisture content was then obtained by dividing the amount of moisture loss by 

the weight of the oven-dried peat soil. 

The organic content of peat soils was determined by taking the remains of the natural moisture content test specimens 

and burning the oven-dried peat specimens in a muffle furnace at 550°C for 5 hours. This test was carried out based on 

BS 1377: Part 3: 1990: Clause 4.0 [42]. First, the ash content (AC) is acquired, which is the weight of soil after it was 

ashed in the furnace. Subsequently, the organic content is calculated by subtracting the value of AC from 100%. 

O’Kelly [43] stated that for peat and organic soils, the measurements obtained from a series of laboratory tests, i.e., 

natural moisture content, organic content, and its degree of decomposition, are more appropriate parameters to reflect 

the geoengineering behavior of organic soils. Typical soil index properties such as liquid limit and plastic limit (or 

consistency limits) are unsuitable for organic soils and better suited for clayey or silty soils. This is because many 

correlations have been made between the peat natural moisture content and the organic content, von Post classification, 

and bulk density of peat soils [44]. 

3.4. Bulk Density and Specific Gravity 

During the site visit, the bulk density of the peat soil was determined on site using the Core Cutter method, as 

stipulated in BS 1377: Part 9: Clause 2.4 [45]. The core cutter is a steel cylinder with a 10 cm diameter and 12.7 cm 

height. It was driven into the ground using a 9 kg rammer. While the rammer is used to push the core cutter into the 

ground, a steel dolly with a 2.5 cm height is placed on top of the cutter to avoid any distortion to the core cutter. The 

bulk density is calculated by dividing the weight of soil contained in the cutter by its volume. Figure 5-a shows the 

driving rammer, 5-b shows the core cutter and steel dolly, and 5-c shows the core cutter driven into the ground, 

respectively. 

 

Figure 5. (a) Driving rammer; (b) Core cutter and steel dolly; (c) Core cutter driven into peat soil 
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Specific gravity is the ratio of the density of a material with reference to the density of water (Specific Gravity, Gs of 

Water is 1.00). To determine the specific gravity of peat, the tests were conducted based on BS 1377: Part 2: 1990 [41], 

but instead of using water, kerosene is used since the specific gravity of peat soils is typically lower than water. With 10 

g of oven-dried peat specimens (passing a 425 mm sieve), the soil specific gravity was determined using a 50 ml 

pycnometer bottle, and triplicate samples were made to obtain the average reading. 

3.5. pH and Electrical Conductivity 

The pH (potential hydrogen) value of the peat, POFA, and GGBFS material is a crucial parameter to be established 

in this study since the soil stabilization process involves the ionic interactions between the soil and the stabilizer material. 

Based on ASTM D2976-22 [46], the pH value is obtained by weighing 3 g of the material and diluting it with 50 ml of 

ultrapure water [47] inside a 100 ml beaker, where it was soaked with occasional stirring at 180 rpm for 30 minutes. The 

pH measurement was carried out using a HANNA HI9810302 HALO2 GroLine pH meter. Subsequently, electrical 

conductivity (EC) measures the ability of a material to conduct electricity, measured in microSiemens per cm (μS/cm). 

Using the same solution prepared for the pH measurement, the EC of the peat soil and POFA material were measured 

using the HANNA HI98331 GroLine EC meter. The EC reading indicates the amount of calcium and hydroxyl ions 

available for the pozzolanic reaction between soil particles and stabilizer materials. The pH and EC meters were 

calibrated according to the manufacturer’s standards before the commencement of both tests. 

3.6. X-Ray Diffraction (XRD) 

The X-ray diffraction (XRD) testing was performed with the Rigaku SmartLab X-ray diffractometer. XRD testing is 

a type of non-destructive chemical analysis of materials done with samples prepared in the form of a thin film or powder. 

Establishing the crystal structure and orientation, phase identification, and detection of trace chemicals in a sample can 

all be carried out with the XRD test. In the event that the layers of atoms in a crystalline mineral scatter the X-rays of a 

given wavelength, the diffraction of the rays will create a pattern of peaks that are unique to the mineral [48, 49]. More 

specifically, the vertical scale (peak height) of an XRD pattern represents the intensity of the diffracted ray, while the 

horizontal scale (diffraction angle) gives an indication of the crystal lattice spacing. 

For this study, the XRD analysis was conducted with Cu-Kα radiation using the following equipment settings: 40 kV 

tube voltage and 35 mA current. Subsequently, the XRD patterns were acquired using a sweep between 3° to 80° at a 

rate of 1° (2θ) per minute and a 0.01° step size. The results of the test were compared to the International Centre for 

Diffraction Data (ICDD) database [50]. 

3.7. X-Ray Fluorescence (XRF) 

In order to establish the chemical composition of the peat, POFA, and GGBFS materials, the X-ray fluorescence 

(XRF) test was carried out. According to Yusuf [51], the XRF test starts with the material being irradiated with a primary 

X-ray beam from a radioisotope, causing the electron from the sample to be dislodged. After the irradiated material has 

stabilized, it will emit fluorescent X-rays, and this fluorescent X-ray energy released by the material can therefore be 

measured to quantify the chemical composition of a given material. 

The XRF test was carried out using the XRF machine (Model: Malvern Panalytical Epsilon 1), located in MJIIT, 

UTM Kuala Lumpur. The peat, POFA, and GGBFS samples (passing 75 mm and weighing 10 g each) were sent to the 

analytical laboratory to ascertain their chemical composition, and the tests were carried out based on the ASTM E1621-

21 standard [52]. Results obtained from this test will determine if the chosen POFA and GGBFS materials possess 

adequate metal oxides, as required by the ASTM C618-19 standard, which states that the total metal oxides (SiO2, Al2O3, 

Fe2O3) should amount to at least 50% [21]. 

3.8. Field Emission Scanning Electron Microscopy (FESEM) 

The Field Emission Scanning Electron Micrograph (FESEM) tests have been carried out to analyze the morphological 

characteristics of the peat, POFA, and GGBFS materials. A scanning electron microscope (SEM) allows the researcher 

to obtain the material surface texture morphology [53], specifically using incident electron beams that are scanned in a 

raster pattern across the sample surface, and the backscattered or emission of secondary electrons is then identified [54]. 

Additionally, the term field-emission (FE)-SEM refers to the use of a high-energy electrical field to emit electrons with 

a cathode called a field emitter [54], which strikes the material to produce magnified images as a result of the electron-

material interaction. The testing procedure was carried out as specified in the ASTM E986-04 standard [55]. 

Prior to testing, the specimen was thoroughly dried and coated with a conductive material using a sputter coater 

machine (Model: JEOL JEC-3000FC). The conductive material chosen was platinum powder because the gold coating 

used in normal SEM is too coarse and could hide the morphological features seen in the ultra-high-resolution images 

produced by the FESEM machine [56]. In the sputter coater, the platinum powder was spread evenly onto the specimen 
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surface using a vacuum chamber containing argon gas. The electrical charges induced within the chamber cause the 

platinum coating to form on the surface of the sample [57]. After undergoing sufficient coating, the sample was then 

placed inside the JEOL JSM-7900F FESEM machine to characterize the morphological data of the peat soil, POFA, and 

GGBFS particles. 

4. Results and Discussion 

4.1. Physical Properties 

The physicochemical properties of Klias peat soil are presented in Table 2, and comparisons were made between the 

results obtained in this study and past research findings. According to the Particle Size Distribution (PSD) test, it was 

found that the peat soil consists of 41.1% coarse-grained material, while the fine-grained material amounted to 58.9%, 

and the mean particle size (d50) was found to be 55.48 m. The PSD graph for Klias peat is shown in Figure 6. 

Table 2. Physicochemical properties of Klias peat and hemic peat in past studies 

 
Physicochemical 

properties 
Unit Engineering standard 

Present 

study 

Mohamad 

et al. [58] 

Paul &               

Hussain [61] 

Particle Size 

Distribution 

Coarse Grained % 

ISO 13320: 2020 

(Laser Diffraction) [35] 

41.1 - - 

Fine Grained (< 75 m) % 58.9 - - 

d50 m 55.48 - - 

 Degree of Decomposition - von Post criteria [40] Hemic (H6) Hemic (H6) Hemic (H5-H7) 

 Natural Moisture Content % BS 1377: Part 2: Cl. 3.2 [41] 657 682 404 

 Organic Content % BS 1377: Part 3: Cl. 4.0 [42] 96.57 98.43 76 

 Bulk Density g/cm3 BS 1377: Part 9: Cl. 2.4 [45] 1.01 - 1.15 

 Specific Gravity - BS 1377: Part 2: Cl. 8.3 [41] 1.68 1.42 1.22 

 pH - ASTM D2976-22 [46] 3.42 4.25 4.5 

 Electrical Conductivity S/cm ASTM D2976-22 [46] 201 - 333 

 

Figure 6. Particle size distribution of Klias peat, raw POFA, GPOFA, and GGBFS 

Additionally, based on the von Post criteria, the Klias peat soil was classified as hemic peat (H6). The natural moisture 

content obtained was 657%, within the range of previously published values for peat originating from Klias, Beaufort, 

and Sabah [58, 59]. The organic content was valued at 96.57%, and conventional values of organic content for peat soils 

from East Malaysia are within the range of 50–98% [1]. It seems that the natural moisture content can be correlated with 

its organic content, where peats with organic contents are directly proportional to their natural moisture content, as seen 

with the low moisture content recorded for Indian peat at 404% moisture content with 76% organic content, as reported 

by Paul and Hussain [60]. The bulk density of Klias peat was valued at 1.01 g/cm3, which is slightly less dense compared 
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to Indian hemic soil at 1.15 g/cm3 [61]. This is because Huat et al. [1] stated that the bulk density of peat can be correlated 

to its von Post classification, where a higher decomposition of peat results in a higher bulk density. More specifically, 

Klias peat is classified as hemic (H6) while the Indian peat is classified as hemic (H7) with a higher level of 

decomposition; therefore, this corresponds to the higher bulk density value of the Indian peat with a value of 1.15 g/cm3, 

as previously mentioned. The specific gravity value of Klias peat was determined to be 1.68, which is relatively high 

compared to the findings of Mohamad et al. [58] and Paul & Hussain [61], with values ranging between 1.37-1.42. 

According to Huat et al. [1], higher specific gravity indicates the presence of higher mineral contents, and this will be 

discussed further in Section 4.2: Mineral Characteristics (XRD). 

Subsequently, the pH and EC tests were also performed on Klias peat soil. For the pH value of Klias peat, it was 

found that the pH 3.02 value is slightly more acidic than the values found in previous studies by Mohamad et al. [58] 

and Paul & Hussain [61]. However, the author’s findings are similar to the findings of [59] with pH 3, and the pH value 

of 3.6 reported by Lau et al. [62] for Irish Hemic Bog Peat. Furthermore, Huat et al. [1] stated that the typical pH value 

for tropical peat is within the range of pH 3–4. Therefore, Klias peat can be classified as highly acidic peat, as stipulated 

by ASTM D2976-22 [46]. Soils with organic acids possessing pH values below 9 are detrimental to the formation of 

cementitious products [63], which interferes with the soil stabilization mechanism, and therefore the acidic nature of 

peat soil must be balanced with the alkalinity from the geopolymer source materials, i.e., POFA and GGBFS. 

In the case of EC, this parameter for peat soil has recently been reported by researchers working on peat soils [12, 

61]. For Klias peat, the EC value was found to be 201 μS/cm, while for the Indian hemic peat, the EC value was 333 

μS/cm [61]. It was suggested by Khanday et al. [12] that the value of EC is inversely proportional to its organic content, 

with higher organic content peats yielding lower values of EC. Klias peat has an EC value of 201 μS/cm with 96.57% 

organic content, while Indian peat has an EC value of 333 μS/cm at 76% organic content; therefore, the correlation 

proposed by Khanday et al. [12] can be applied to the findings of the current research. In addition, Paul and Hussain [64] 

concluded in their study that EC values in peat soils are directly correlated to the value of pH, where higher pH values 

(more alkaline material) produce higher values of EC. For instance, the EC value for Klias peat at 201 μS/cm has a pH 

value of 3.42, while the EC value of Indian peat at 333 μS/cm has a higher pH value of 4.5, and both studies are in 

agreement with the conclusion made by Paul and Hussain [64]. 

Table 3 shows the physicochemical properties of the chosen geopolymer precursor materials: raw palm oil fuel ash 

(POFA), ground POFA (GPOFA), and ground granulated blast furnace slag (GGBFS). As mentioned previously, the 

PSD of the geopolymer precursor materials was measured with a laser particle size analyzer, and the resulting PSD graph 

is shown in Figure 6, with the mean particle size (d50) for raw POFA, GPOFA, and GGBFS being 49.6, 17.33, and 13.21 

mm, respectively. With a d50 value of 17.33 mm for the GPOFA, it is classified as a medium-sized POFA [27] and does 

not fall under the ultrafine category [28]. Similar sizes for GPOFA were reported by Khalid et al. [65] with a mean 

particle size (d50) of 14.21 mm, while Kroehong et al. [66] reported the d50 of GPOFA as 15.6 mm, and Lim et al. [67] 

stated that the d50 of GPOFA was 14.58 mm. It is apparent that the mechanical activation by grinding had managed to 

reduce the mean particle size of the POFA by 65%. This resulted in a higher percentage of fine-grained material for 

GPOFA, where 90.98% of the sample had passed the 75-mm sieve. Based on ASTM C618-19, the allowable percentage 

of particles finer than 45 mm for fly ash material is 34% at most. From Table 3, it is apparent that raw POFA with 54.9% 

retention on a 45-mm sieve is classified as “off-specification” since the limit is set at 34% [21]. Therefore, after the 

mechanical activation, the GPOFA had a 19.2% retention on the 45-mm sieve and is therefore acceptable to be used as 

calcined natural pozzolan. 

Table 3. Physicochemical properties of raw POFA, ground POFA and GGBFS 

 Physicochemical properties Unit Raw POFA Ground POFA Ultrafine POFA [28] GGBFS GGBFS [12] 

P
article S

ize D
istrib

u
tio

n
 

Coarse Grained % 28.01 9.02 - 4.69 0 

Fine Grained (< 75 m) % 71.99 90.98 - 95.31 100.00 

d50 m 49.6 17.33 1.5 13.21 11.16 

Retained on 45 m % 54.9 19.2 - 11.7 3.0 

Natural Moisture Content % 69.14 1.87 2.23 0.93 - 

pH - 9.00 8.97 - 8.68 8.5 

Electrical Conductivity S/cm 658 405 - 996 - 

According to Lim et al. [68], grinding the aluminosilicate material to a smaller size improves its pozzolanic activity. 

However, Ghosh and Ghosh [23] recommend that for the Class F fly ash material (with more amorphous content vs. 

Class C fly ash), the fineness of the fly ash should not be too high as more energy is required for the geopolymerization 

process. Ghosh and Ghosh [23] clarified that for alkali activation of fly ash at ambient temperatures on site, Class F fly 

ash with moderate fineness is most suitable, as heat curing in-situ is not a plausible solution. In addition, the effect of 

grinding POFA on its morphology will be discussed in Section 4.4. 
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On the other hand, for Ground Granulated Blast Furnace Slag (GGBFS), ASTM C989-09 states that the allowed 

amount of material passing the 45 m sieve is 20% at most [69]. It can be seen from Table 3 that the chosen GGBFS 

material is within the specification stated in the said ASTM standard, with only 11.7% material retention on the 45 m 

sieve. The mean particle size of the GGBFS used in this study is also comparable to the findings of Khanday et al. [12], 

where the d50 value for GGBFS originating from India was found to be 11.16 m. 

For the evaluation of the natural moisture content, the ASTM C618-19 standard applies to the POFA material as well. 

The requirement of maximum moisture content for materials according to ASTM C618-19 is at 3%, and for this study, 

it is apparent that the natural moisture content of raw POFA at 69.14% is “off-specification” and should be subjected to 

further treatment before it is used as a geopolymer precursor material. After treatment and grinding, the moisture content 

was valued at 1.87% and is compliant with the requirements of the ASTM standard. The value obtained for this study is 

also comparable to that obtained by Tonduba et al. [28], with a moisture content value of 2.23%. In the case of GGBFS, 

the moisture content was valued at 0.93%. Chesner et al. [70] stated that the presence of moisture in GGBFS due to the 

granulation process is a concern, and the moisture should be removed prior to its use. As such, care is taken to avoid any 

instances of moisture intrusion into the GGBFS by storing it in an airtight container. 

Meanwhile, for the alkalinity assessment, raw POFA was valued at pH 9, for GPOFA the pH had dropped slightly to 

8.97, and for GGBFS the pH value was found to be 8.68. The highly alkaline values for POFA and GGBFS are indicative 

of their ability to create an alkaline environment that is conducive to the dissolution of the aluminosilicate materials [61] 

and the production of geopolymeric compounds. Subsequently, for the EC values of the geopolymer precursor materials, 

raw POFA had an EC value of 658 μS/cm, GPOFA had an EC value of 405 μS/cm, and GGBFS had the highest EC 

value at 996 μS/cm. Shehata et al. [71], as cited by Dinakar et al. [72], stated that the EC value is determined by the 

composition of the pore solution, where fly ash materials with lower lime and alkali content (compared to Portland 

cement) resulted in lower concentrations of alkali ions and associated hydroxyl ions. This statement is in line with the 

findings of the current study, where the GPOFA produced a lower EC value because it was subjected to oven drying and 

therefore possessed a lower moisture content compared to raw POFA. For GGBFS, this material has a significant amount 

of lime (which will be discussed in Section 4.3), resulting in the highest EC value among the three geopolymer precursor 

materials, valued at 996 μS/cm. The GGBFS EC result is also in good agreement with the findings of Shehata et al. [71] 

and Dinakar et al. [72]. 

4.2. Phase Analysis and Mineral Characteristics (XRD) 

Figure 7 shows the X-ray diffraction patterns for Klias peat, GPOFA, and GGBFS. For Klias peat, Figure 7-a shows 

that the major mineralogical component of the soil is quartz (SiO2) (ICDD reference: 01-089-8936), with peaks detected 

at 2θ = 26.56°, 59.75°, and 68.1°. The presence of quartz in peats was also reported by Khanday et al. [12], Paul and 

Hussain [61], and Abdila et al. [73], although instances of other compounds such as kaolinite, calcite, and hydrated 

halloysite were not detected in this study. This occurrence of quartz, otherwise known as silicon oxide (SiO2), was also 

seen in the X-ray fluorescence (XRF) results, amounting to 21.9% of the material compound, which will be further 

discussed in Section 4.3. 

 

Figure 7. X-Ray Diffractometer of (a) Klias peat, (b) GPOFA, and (c) GGBFS 
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Meanwhile, Figure 7-b reveals that the GPOFA has detected the presence of three main compounds. The first 

compound detected was quartz (SiO2) (ICDD reference: 01-086-1630), with peaks at 2θ = 20.84°, 26.65°, 36.54°, 39.47°, 

40.24°, 42.42°, 45.67°, 50.09°, 59.95°, 67.68°, and 68.13°. The highest peak at 2θ = 26.65° shows a substantial content 

of quartz in its crystalline form, similar to the reports published by Alias Tudin et al. [74]. Furthermore, cristobalite 

(ICDD reference: 01-076-0941), another form of SiO2, was also detected, with peaks at 2θ = 21.92°, 42.42°, 59.95°, 

67.68°, and 68.12°. The occurrence of quartz and cristobalite reported in this study is consistent with the findings reported 

by Kroehong et al. [66] and Chandara et al. [75], as cited by Salih et al. [76]. Subsequently, Salih et al. [76] stated that 

the location of the highest hump was seen from 2θ ranging between 20° and 40°, which indicates an amorphous phase, 

and this finding was also supported by the results reported by Alias Tudin et al. [74] and Bayer Ozturk and Eren Gultekin 

[77]. The cristobalite compound is a product of heating the quartz contained in the palm oil waste materials to form raw 

POFA at high temperatures. Richet et al. [78], as cited by Mysen and Richet [79], stated that the temperature of the 

quartz-cristobalite transition is at 830°C, and the typical POFA furnace burns at approximately 1000°C [80]. Next, the 

calcite compound (ICDD reference: 00-005-0586) was also discovered within the GPOFA material, with peaks at 2θ = 

29.37° and 39.47°. The presence of calcite can be correlated with the presence of a 12.9% lime (CaO) compound detected 

in the XRF results. 

On the other hand, Figure 7-c presents the mineralogical compound of GGBFS, which did not return any distinctive 

chemical compounds. However, Figure 7-c showed a characteristic hump at 2θ = 20–30°, which is an indication of the 

occurrence of quartz in an amorphous phase, and similar findings were reported by [73, 81–83]. The presence of quartz 

(SiO2) was also confirmed via the XRF test results, which showed that the GGBFS material contained 27.8% quartz. 

4.3. Chemical Composition Characteristics (XRF) 

Table 4 shows the breakdown of chemical composition for Klias peat, GPOFA, and GGBFS used in this study in 

comparison with the findings of other studies. In addition, not only is the XRF test method able to show the major oxides 

in the sample, but the same XRF data can be further analyzed to show the chemical elements contained within each 

sample in the similar method done by de Borba et al. [84], Rahgozar & Saberian [85], and Saberian & Rahgozar [86], 

and the results of the analysis are shown in Table 5. 

Table 4. Chemical composition of the geopolymer precursor materials from XRF and LOI tests 

Material SiO2 Al2O3  CaO Fe2O3 K2O TiO2 MgO SO3 Others LOI Si/Al Si+Al+Fe 

Klias Peat 21.9 10.4  8.4 37.5 1.5 0.7 0 10.5 9.1 3.43 2.11 69.8 

Peat [86] 13.7 3.7  26.8 2.9 0.5 0.2 1.6 1.2 49.4 - 3.70 20.3 

Raw POFA 48.7 0.9  23.4 5.7 9.4 0.4 4.6 0.5 6.4 1.59 54.11 55.3 

GPOFA 62.3 2.3  12.9 3.3 6.8 0.2 6.1 0.3 5.8 0.98 27.09 67.9 

GPOFA [27] 45.4 2.1  6.0 2.8 7.1 - 4.8 0.2 31.6 4.96 21.62 50.3 

GPOFA [32] 59.8 1.8  10.5 3.2 10.2 0.2 7.2 - 7.1 - 33.2 64.8 

GGBFS 27.8 12.8  47.9 0.3 0.3 0.6 5.5 3.6 1.2 2.08 2.17 40.9 

GGBFS [31] 34.1 13.5  42.7 0.4 - - 4.5 - 4.8 1.4 2.53 48.0 

GGBFS [11] 31.6 15.3  43.2 0.2 0.5 0.7 6.7 - 1.6 1.4 2.07 47.1 

According to the XRF analysis in Table 4, it is found that silicon oxide, aluminum oxide, and iron (III) oxides 

constitute the major oxides within Klias peat soil. The total of the Si, Al, and Fe oxides for Klias peat amounted to 

69.8%, which is an indication that the peat soil itself is a good aluminosilicate source material and fulfills the 50% 

minimum oxide content required for Class F or Class C pozzolanic compounds [21]. The rat io of Si to Al oxide was 

valued at 2.11 and is an indication of the good mechanical strength of the compound when the material is activated 

with alkali, where the recommended Si/Al ratio for geopolymerization is between 2–4 [24]. In a recent work by 

Saberian & Rahgozar [86], they reported the data on Gavkhuni hemic peat (H5) obtained from 1.5 m depth from the 

soil surface, which is obtained at a greater depth compared to the hemic peat studied in this paper. As seen in Table 

3, the Gavkhuni hemic peat has a higher amount of silicon oxide and a slightly higher amount of aluminum oxide, 

but a lower iron (III) oxide content. In addition, the pH value of the Gavkhuni Hemic peat is pH 8.1, which is 

considered a more alkaline material compared to the pH 3.42 of Klias peat. This is because Klias peat is a tropical 

peat originating from peat swamp forests and is inherently very acidic [1], while Gavkhuni peat is taken from a fen 

peatland [86]. Overall, the Si, Al, and Fe oxide total of the Gavkhuni peat (20.9%) is much lower than the sum 

reported for Klias peat. Despite the same level of decomposition for both peat materials, Huat et al. [1] stated that the 

chemical composition of peat is dependent on the peat surface altitudes, plant species composition situated near  the 

peatland, the nature of the subsoil, and the peat thickness, which explains the difference between the chemical 

composition and pH values between both peats. 
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Table 5. Elements in the Klias peat, raw POFA, GPOFA and GGBFS calculated from XRF data 

(expressed as percentages of dry mass) 

Element Symbol Peat Raw POFA GPOFA GGBFS 

Aluminum Al 5.51 0.50 1.23 6.76 

Silicon Si 10.22 22.75 29.11 13.00 

Calcium Ca 5.99 16.71 9.25 34.23 

Ferum Fe 26.21 3.97 2.30 0.24 

Oxygen O 39.91 41.64 45.69 39.56 

Magnesium Mg - 2.76 3.69 3.32 

Manganese Mn 0.23 0.25 0.16 0.33 

Phosphorus P 2.06 2.21 2.11 0.17 

Potassium K 1.25 7.82 5.66 0.31 

Strontium Sr 0.05 0.23 0.09 0.06 

Sulphur S 4.22 0.22 0.11 1.43 

Titanium Ti 0.40 0.20 0.16 0.35 

Zirconium Zr 0.04 0.06 0.03 0.03 

Chloride Cl 3.06 0.42 0.16 0.13 

Lead* Pb 0.18 - - - 

Chromium* Cr 0.10 0.01 0.11 - 

Copper* Cu 0.09 0.10 0.04 - 

Zinc* Zn 0.07 0.04 0.01 - 

Nickel* Ni 0.06 0.01 0.03 - 

Arsenic* As 0.03 - - - 

Total  99.36 99.88 99.84 99.93 

* NOTE: Pb, Cr, Cu, Zn, Ni and As are hazardous heavy metals 

For POFA material, it can be seen in Table 4 that the mechanical activation (grinding) and oven-drying pre-treatment 

of raw POFA have managed to change the chemical composition of GPOFA by increasing its silica (SiO2) content (48.7 

to 62.3%) and alumina (Al2O3) content (0.9 to 2.3%) but showing a reduction in the lime (CaO) content (23.4 to 12.9%) 

and hematite (Fe2O3) content (5.7 to 3.3%). The substantial amount of lime in raw POFA is attributed to the use of 

fertilizers in the palm oil estate, as stated by Chindaprasirt et al. [87] and cited by Salih et al. [76]. Subsequently, the 

chemical composition of GPOFA was found to mainly consist of silica and alumina, with other compounds such as 

hematite, lime, and periclase (MgO) also observed. According to ASTM C618-19, the GPOFA used in this study has a 

lime content of 12.9%, which is less than the 18% threshold stipulated in the standard for Class C (high calcium) fly ash 

[21]. As such, the GPOFA used in this study is classified as Class F and is considered a pozzolan. Ghosh and Ghosh [23] 

stated that only Class F and Class C pozzolans are considered for geopolymer production in the industry. When compared 

to the findings of the XRF results published by Asrah et al. [27] and Tonduba et al. [32] for POFA sourced from the 

same palm oil mill (Lumadan Mill), it can be concluded that the Lumadan POFA used in this study typically has a high 

silica content ranging from 45–62%, with low amounts of alumina content of 0.9–2.3% and reasonable amounts of lime 

ranging from 6–23%. The POFA material was classified as Class C pozzolan by Asrah et al. [27] and Tonduba et al. [32] 

and is different from the classification made by the author’s Lumadan POFA classification of Class F pozzolan due to 

changes made in ASTM C618-19, which saw a revised update to the pozzolan material classification criteria. 

The sum of Si, Al, and Fe oxides in Lumadan GPOFA amounts to 67.9%, which also fulfills the 50% oxide 

requirement outlined in ASTM C618-19. This marks an increase of 12.6% in the total sum of Si, Al, and Fe oxides after 

grinding. Mashri et al. [88] stated that the increase of these oxides will increase the amount of tobermorite (CSH) formed 

in the resulting geopolymer mix, which is responsible for the improvement of its mechanical properties. Conversely, the 

Si/Al ratio of Lumadan GPOFA valued at 27.09 is much higher than the range of 2-4 recommended by Garcia-Lodeiro 

et al. [24]. This issue will be further discussed in Section 4.5. The POFA characteristics will be analyzed based on a 

series of criteria, which will determine its suitability as a geopolymer source material. 

Subsequently, for the GGBFS material, the main constituents of the material are lime (CaO) and silica (SiO2), which 

comprise 75.7% of the total chemical composition. The GGBFS also contains other compounds, such as alumina (Al2O3) 

with 12.8% content and periclase (MgO) at 5.5% content. The presence of 47.9% of lime (CaO) in the GGBFS is 

significant due to the high concentration of lime, creating a conducive alkaline environment to promote the pozzolanic 

reaction with the aluminosilicate compounds and contributing to the development of compressive strength and robust 
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microstructure, as stated by Tsai et al. [89] and cited by Wu et al. [90]. The reaction between GGBFS and the alkali 

activator solution will produce tobermorite, or Calcium Silicate Hydrate (CSH), and calcite (CaCO3) compounds within 

the geopolymer matrix [23, 91]. These hydration products, along with the aluminosilicate structure in the slag samples, 

are expected to contribute to the high strength gain [12]. 

From Table 5, we can observe that the Klias peat consists mainly of oxygen (O), ferum (Fe), silicon (Si), calcium 

(Ca), aluminum (Al), and sulphur (S), with the remainder of the elements amounting to 7.92% of the soil mass. According 

to Garcia-Lodeiro et al. [24], the elements that contribute to the alkaline activated binder reactions from the 

aluminosilicate materials are Ca, Al, and Si. In the case of Klias peat, the sum of these elements is 21.72% of the dry 

sample mass, which is relatively high compared to the findings of Andriesse [92]. Moreover, the high percentage of Ca, 

Si, and Al is imperative to ensure that the peat soil is also a contributor to the geopolymer source material, since these 

elements are the key to the formation of the cementitious compounds of CASH and NASH compounds through alkali 

activation [88]. On the other hand, the occurrence of heavy metals in Klias peat, where instances of lead (Pb), chromium 

(Cr), copper (Cu), zinc (Zn), nickel (Ni), and arsenic (As) were recorded, was similar to the findings reported by Wahab 

et al. [93]. Previous studies on the presence of heavy metals in Sabah soils were done in limited attempts by Makinda et 

al. [94] and Soehady Erfen et al. [95]. Further investigation shall be made to ascertain the toxicity levels for these 

hazardous heavy metals to ensure that the levels comply with local by-laws as specified in MOH Malaysia [96]. 

Meanwhile, POFA primarily consists of oxygen (O), silicon (Si), calcium (Ca), potassium (K), and ferum (Fe), with 

the other elements constituting 7.01% (raw POFA) and 7.93% (GPOFA) of the total mass. Mashri et al. [88] stated that 

the workability and resulting compressive strength of the GPOFA-based geopolymer will be better than those of the raw 

POFA due to the refined particle size of the GPOFA, which promotes better dissolution of the aluminosilicate material 

during geopolymerization and improved development of mechanical properties. Furthermore, similar to Klias peat, the 

POFA materials recorded the presence of chromium, copper, zinc, and nickel elements. An investigation will be carried 

out on the POFA-based geopolymer compounds to examine the effects of these heavy metals on their compressive 

strength properties. 

Subsequently, for GGBFS, its main constituents are oxygen (O), calcium (Ca), silicon (Si), and aluminum (Al), with 

the rest of the elements amounting to 6.37% of the sample mass. The GGBFS material was chosen as the second 

aluminosilicate source to produce geopolymer compounds due to its ability to improve the mechanical and durability 

properties of fly ash-based geopolymer mixes, as reported by recent studies [11, 82, 97]. This is due to the contribution 

of the oxygen (O) and calcium (Ca) elements within the GGBFS material, and the GGBFS presence is required in the 

geopolymer mix in order to maintain the Si/Al ratio of the geopolymer so that it remains between the required range of 

2–4, as recommended by Khanday et al. [98]. It is also worth noting that GGBFS does not contain any hazardous heavy 

metal substances, unlike the Klias peat and Lumadan POFA materials. 

4.4. Morphology Characteristics (FESEM Micrographs) 

Figures 8-a to 8-d illustrate the FESEM micrographs for Klias peat, GGBFS, pre-treated POFA, and GPOFA used in 

this research. In Figure 8-a, Klias peat showed the presence of voids, similar to those reported by Sutarno & Mohamad 

[26], Latifi et al. [99], and Hassan et al. [100], interspersed with particles possessing honeycomb structures, an indication 

that the peat soil is fibrous [101]. Meanwhile, the GGBFS material seen in Figure 8-b shows particles that are smooth 

and possess semi-polygonal shapes [102], that are angular [97], and that are sharp-edged in nature [73]. 

In the case of pre-treated POFA, Figure 8-c shows that it consists of particles with a porous cellular surface, as 

reported by Khalid et al. [65] and Noorvand et al. [103], which denotes the presence of fibric content [101] and is 

consistent with the origins of the POFA material produced by burning palm oil waste [29]. Figure 8-c shows that the 

pre-treated POFA contains clustered spherical particles with minimal voids between these particles, similar to the 

findings of Lim et al. [67]. Meanwhile, Figure 8-d shows the GPOFA, where upon mechanical activation, the porous 

cellular surfaces and spherical particles were crushed into particles of smaller sizes, similar to the findings of Salih et al. 

[76] and Jaturapitakkul et al. [104]. The porous cellular surfaces were seen to have collapsed within the GPOFA due to 

the grinding action, as reported by Khalid et al. [65]. 

4.5. Geopolymer Precursor Material Suitability Assessment 

Based on the characterization of GPOFA and GGBFS materials made in this section, Ghosh & Ghosh [23] proposed 

the evaluation of the suitability of both geopolymer precursor materials according to several criteria, as shown in Table 

6. For this paper, the listed criteria mainly refer to the ASTM C618-19 [21] standard for the assessment of POFA and 

the ACI PRC-233-17 Report [22] for the assessment of GGBFS. 
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Figure 8. SEM micrographs of (a) Peat, (b) GGBFS, (c) Pre-treated POFA, and (d) GPOFA at 10 µm scale 

Table 6. Geopolymer material suitability check for GPOFA and GGBFS  

Criteria Properties of GPOFA Value Desired range Reference Remarks 

1 CaO Content for 12.9 Class F [21] Class F 

2 SiO2+Al2O3+Fe2O3 67.90 Min. 50% [21] Acceptable 

3 SiO2 62.30 Min. 40% [24] Acceptable 

4 SiO2/Al2O3 Ratio 27.09 2 – 4 [23] Add GGBFS to lower ratio 

5 LOI % 0.98 6.0 Max. [21] Acceptable 

6 Moisture Content 1.87 3.0 Max. [21] Acceptable 

7 MgO % 6.10 17% Max. [23] Acceptable 

8 SO3 % 0.30 5% Max. [21] Acceptable 

Criteria Properties of GGBFS Value Desired Range Reference Remarks 

1 CaO/SiO2 ratio 1.72 0.5 – 2.0 [23] Acceptable 

2 SiO2/Al2O3 ratio 2.17 1.6 – 3.0 [23] Acceptable 

3 
Hydration Modulus 

(HM) = [(CaO + MgO + Al2O3) / SiO2] 
2.38 

Good Hydration 

HM > 1.4 
[25, 105] Acceptable 

4 
Basicity Coefficient 

Kb = (CaO + MgO)/ (SiO2 + Al2O3) 
1.32 

Alkaline 

(Kb > 1.1) 
[106, 107] Acceptable 

5 LOI % 2.08 5% Max. [23] Acceptable 

6 MgO % 5.5 5 – 15% [22] Acceptable 

7 SO3 % 3.6 5% Max. [22] Acceptable 

For GPOFA, the lime content was valued at 12.9% and is classified as Class F pozzolan, which is the preferred 

pozzolanic material for geopolymerization [23]. The total Si, Al, and Fe oxides surpassed the minimum 50% limit, 

valued at 67.9% (as previously reported in Section 4.3). Meanwhile, the silica content of 62.3% is deemed adequate 
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based on the recommended minimum content of 35%. However, the Si/Al ratio of GPOFA was found to be 27.09, 

much higher than the recommended value between 2–4 [24]. Furthermore, Davidovits [108], as cited by Ram and 

Mohanty [109], stated that for materials with a Si/Al ratio between 20 to 35, the aluminosilicate material could be used 

to produce fire-resistant geopolymer compounds. However, for the current study, the Si/Al ratio will be balanced out 

to achieve the target ratio of 2-4 by adding GGBFS and alkali activator solutions in the geopolymer mix to produce 

low-carbon footprint geopolymer compounds with adequate compressive strength. Subsequently, the LOI% was 

valued at 0.98%, which follows the 6% limit. The moisture content of GPOFA was reported to be 1.87%, which is 

also below the 3% threshold. Meanwhile, the periclase (MgO) content had a value of 6.1%, which complies with the 

17% maximum limit proposed by [23]. The sulphur trioxide (SO3) content of 0.3% was in line with the requirement 

of a 5% maximum limit stipulated in [21]. Therefore, the GPOFA material is found to be satisfactory based on seven 

out of the eight criteria listed in Table 5. 

Consequently, in the case of GGBFS, the Lime/Silica ratio was reported to be 1.72, and the Silica/Alumina ratio was 

valued at 2.17; both ratios were found to be within the desired range recommended by Ghosh & Ghosh [23]. The 

Hydration Modulus (HM) parameter was introduced by Chang [105], as cited by Manjunath & Narasimhan [25], that 

quantified the hydration properties for a given material, where the preferred value is 1.4, which indicates good hydration. 

The GGBFS material has an HM value of 2.38 and is therefore classified as a material with good hydration properties. 

Another metric to quantify the hydraulic activity of GGBFS is the Basicity Coefficient, Kb, that was proposed by 

McGannon [110] and was later simplified by Wang et al. [107] and Bakharev et al. [106], which classified a material 

into three (3) groups, namely: alkaline (Kb > 1.1), neutral (Kb = 0.9–1.1), and acidic (Kb < 0.9). According to Manjunath 

and Narasimhan [25], neutral and alkaline slags are the ideal source materials for geopolymerization purposes. The 

GGBFS material used in this study has a Kb value of 1.32 and is classified as an alkaline slag. Subsequently, the LOI 

registered a value of 2.08%, which is well below the 5% limit. The periclase (MgO) content for GGBFS had a value of 

5.5% and is within the range of 5–15% outlined in ACI 233R-17 [22]. Furthermore, the sulphur trioxide (SO3) content 

of 3.6% was in line with the requirement of a 5% maximum limit specified in ACI 233R-17 [22]. 

5. Conclusions 

In this study, the physicochemical, chemical composition, mineralogy, and morphology characteristics of Klias peat 

soil, Lumadan Palm Oil Fuel Ash (POFA), and Ground Granulated Blast Furnace Slag (GGBFS) were established. From 

the acquired characterization test results, the metal oxides and chemical composition parameters of the aluminosilicate 

materials (POFA and GGBFS) were used to assess their potential as geopolymer precursor materials. Subsequently, the 

other parameters established in this characterization study will be used to detect the changes in the physicochemical, 

chemical composition, mineralogy, and morphology characteristics of the peat, POFA, and GGBFS when all three 

materials are activated with alkali to create a POFA-GGBFS-soil geopolymer matrix. The findings presented in this 

paper are part of ongoing research that focuses on the application of alkali-activated POFA-GGBFS blends to improve 

the shear strength of Klias peat soil. The following conclusions were drawn: 

 Based on the results of this study, peat soil, POFA, and GGBFS are found to be suitable materials for the production 

of geopolymers applied for peat soil stabilization; 

 In this paper, Klias peat soil comprises 41.1% coarse grains and 58.9% fine grains, with a mean particle size of 

55.48 µm. The natural moisture content and organic content of Klias soil are valued at 657% and 96.57%, 

respectively. The bulk density of Klias peat was found to be 1.01 g/cm3, while the specific gravity value was 

determined to be 1.68. The pH value of 3.02 for the Klias peat is an indication of a highly acidic environment in 

the peat deposit. Meanwhile, the EC value for Klias peat acquired was 201 μS/cm, and this value is inversely 

proportional to its organic content. The XRD and XRF tests show that the major component of Klias peat is quartz 

(SiO2). FESEM micrographs of Klias peat exhibited the presence of voids with particles possessing honeycomb 

structures. Therefore, Klias peat can be classified as hemic peat with sufficient aluminosilicate content (Si/Al ratio 

of 2.11); 

 The POFA is identified as a Class F pozzolan. Raw POFA is treated and processed to produce ground POFA with 

a lower mean particle size in order to promote better geopolymerization. The mean particle size of ground POFA 

was valued at 17.33 µm, where the material consists of 9.02% coarse grains and 90.98% fine grains. Likewise, the 

ground POFA moisture content of 1.87% is in compliance with the requirement of ASTM C618-19. The pH value 

of ground POFA was found to be 8.97, which indicates the highly alkaline nature of the material. Moreover, ground 

POFA had an EC value of 405 μS/cm that was attributed to lower concentrations of alkali ions and associated 

hydroxyl ions. In the context of chemical composition, ground POFA contained three main compounds: quartz 

(SiO2), cristobalite (SiO2 in another form), and calcite (CaCO3), which were detected via XRD and XRF tests. The 

morphology of raw POFA showed the presence of fibric material with a porous cellular surface. With mechanical 

activation, the raw POFA was crushed into smaller particles, and the cellular surfaces were found to have collapsed 

as well. Based on the geopolymer suitability criteria, ground POFA is a viable material with adequate Si+Al+Fe 

oxide content (67.9%), as stipulated by ASTM C618-19; 
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 The GGBFS material will be used as an enhancer to improve POFA geopolymer production. The GGBFS consists 

of 95.31% fine grains and 4.69% coarse grains, with the lowest mean particle size of 13.21 µm (in comparison 

with the peat and POFA materials). Furthermore, the GGBFS has a very low moisture content of 0.93% and is in 

line with the requirements of ASTM C618-19. The pH value of GGBFS is 8.68, while the EC value was found to 

be 996 μS/cm. The high EC value is attributed to the significant presence of lime within the material, which was 

confirmed by the findings from the XRF test showing that the GGBFS chemical composition had 47.9% lime 

content. Additionally, the material also comprises 27.8% quartz. The micrograph of GGBFS showed that the slag 

particles are characterized by their semi-polygonal shapes with angular and sharp edges. Based on the geopolymer 

suitability criteria, GGBFS was found to be suitable for geopolymer production, with a Si/Al ratio of 2.17, a 

hydration modulus of 2.38 (good hydration), and a Coefficient of 1.32 (alkaline material favorable for 

geopolymerization); 

 According to the geopolymer precursor suitability assessment criteria proposed by Ghosh & Ghosh [23], all the 

precursor materials were deemed suitable for geopolymerization. Typically, the existing studies on geopolymer 

materials focus on the metal oxides and chemical composition parameters to assess their suitability as geopolymer 

source materials. However, the works of Ghosh & Ghosh [23], Garcia-Lodeiro et al., and Manjunath and 

Narasimhan [25] were incorporated to improve the material suitability criteria, which include new parameters such 

as hydration modulus and basicity coefficient. Subsequently, the authors found that this study is the first attempt 

at assessing POFA as a viable geopolymer source material based on the requirements listed in Table 6, Section 

4.5. Therefore, it is hoped that the example of suitability assessment carried out in Section 4.5 serves as a reference 

for future research works pertaining to geopolymer material studies. Furthermore, the authors believe that the 

desired ranges for the 15 criteria proposed in Table 6 can be improved further with the inclusion of more datasets 

published by other researchers with a wider range of physical and chemical characteristics of the precursor 

materials derived from other industrial and agricultural wastes, since the current assessment criteria is based on fly 

ash, raw or calcined natural pozzolans, and blast furnace slag materials only; 

 Based on the results of this study, planned works involving the testing program on the geopolymerization of POFA-

GGBFS-peat soil blends at ambient temperature will be carried out in the near future. As stated in a recent review 

carried out by the author, a thorough experimental investigation should be carried out to examine the effectiveness 

of POFA-GGBFS geopolymer as a soil stabilizer material for Klias peat. The optimal use of alkali-activated POFA-

GGBFS blends to produce geopolymers results in an effective way to manage agricultural and industrial wastes, 

which promotes sustainable development solutions for the construction industry [5]. 
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