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The palm oil industry generates large volumes of biomass waste, 
particularly Empty Fruit Bunches (EFB), which pose environmental 
disposal challenges but offer potential as a renewable energy source. 
This study focuses on the characterization and combustion analysis of 
bottom ash derived from pelletized EFB, with special attention to how 
combustion temperature affects ash quality at a fixed time duration. 
Pelletized EFB offers improved energy density and uniform combustion 
behavior compared to loose EFB. Combustion was conducted for 30 
minutes at three different temperatures: 400°C, 600°C, and 800°C. The 
results showed that combustion temperature significantly influences 
ash yield and composition. Lower temperatures produced darker ash 
with higher residual carbon, while higher temperatures generated 
lighter ash with more fused and mineral-rich phases containing silicon, 
potassium, and calcium. XRD analysis confirmed a transition from 
simple crystalline phases at low temperatures to more complex silicate 
and glassy phases at higher temperatures, suggesting potential for 
construction-related applications. TGA revealed that major mass loss 
occurred between 200-375 °C due to decomposition of hemicellulose 
and cellulose, leaving about 33% inorganic residue forming the ash. 
Overall, this study highlights the critical role of combustion 
temperature in determining the physicochemical and mineralogical 
characteristics of EFB bottom ash and supports its potential for 
sustainable utilization within the palm oil industry. 
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1. Introduction 
The palm oil industry is a significant contributor to Malaysia's economy and a major source of biomass waste, 
particularly in the form of Empty Fruit Bunches (EFB) [1 - 5]. These residues are often discarded or inefficiently 
managed, resulting in negative environmental impacts such as greenhouse gas emissions and landfill overuse. 
However, EFB holds high potential as a renewable biomass fuel due to its lignocellulosic content and abundant 
availability [6 - 11]. 
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Combustion of EFB for energy generation presents a practical and scalable solution, and the use of pelletized 
EFB enhances its energy density, combustion efficiency, and ease of handling [12-17]. However, this process 
generates bottom ash, a by-product that, if not properly managed, may pose further environmental challenges 
[18-22]. An understanding of bottom ash characteristics is therefore essential to promote sustainable reuse and 
reduce disposal issues. 

The composition and quality of bottom ash are greatly influenced by combustion parameters such as 
temperature and time. Previous research has primarily focused on combustion temperature as a variable due to 
its direct effect on ash morphology, chemical transformation, and thermal behavior. Higher temperatures are 
generally associated with more complete combustion, reduced unburned carbon, and improved crystalline 
structure in the ash, making it more suitable for reuse in industries such as construction and agriculture [6] [18]. 

This study investigates the effect of three combustion temperatures (400°C, 600°C, and 800°C) on bottom ash 
produced from EFB pellets over a constant combustion duration of 30 minutes. Through physical, chemical, and 
thermal characterization of the resulting ash, the research aims to identify optimal combustion conditions that 
yield ash suitable for secondary applications [23 - 24]. 
 

 

Fig. 1 Mainly from milling and harvesting oil palm [11] 

Ultimately, the findings of this study are expected to support circular economy practices by promoting the 
valorization of biomass waste into functional materials, reducing reliance on non-renewable resources, and 
contributing to more sustainable energy and waste management systems. 

2. Methodology 
This chapter presents a comprehensive methodology for investigating the characterization and combustion 
analysis of bottom ash derived from the combustion of palm oil Empty Fruit Bunches (EFB). The methodology is 
systematically designed to address the research objectives through a structured experimental approach that 
encompasses sample preparation, controlled combustion processes, and multi-dimensional analytical 
characterization techniques. The experimental framework adopts a rigorous scientific approach to ensure 
reproducible and reliable results that contribute to the understanding of EFB combustion behavior, and the 
subsequent properties of bottom ash produced under varying combustion conditions. 

2.1 Sample Preparation 
EFB dried to 15%, pulverized, and compacted into uniform cylindrical pallets using a palletizer. Fig. 2 shows the 
process of EFB pellet production.  Each combustion experiment utilized 1kg of prepared EFB pallet samples, which 
represent an optimal quantity for achieving complete combustion while generating sufficient bottom ash for 
comprehensive characterization. During preparation, pallet EFB was ground and sieved to remove particles 
smaller than 250 microns using stainless-steel mesh size 69 microns. After that, the samples were prepared 
according to the experimental setup for each test. Before each experiment, the combustion chamber underwent 
thorough cleaning and preheating procedures to eliminate any residual materials from previous experiments and 
establish stable thermal conditions. 
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The loading procedure involved careful placement of the prepared EFB pallet samples to maximize surface 
area exposure to the combustion air while preventing sample agglomeration that could lead to incomplete 
combustion. The mesh platform design facilitated efficient ash separation, allowing bottom ash to settle at the 
chamber base while enabling proper air circulation throughout the fuel bed. Temperature monitoring was 
continuously maintained using multiple thermocouples positioned at different locations within the combustion 
zone to ensure uniform thermal conditions throughout the experimental duration. 
 

 

Fig. 2 EFB pallet production procedure [3] 

2.2 Combustion Process 
EFB pellets were combusted in a muffle furnace for 30 minutes. Combustion was carried out at three different 
temperatures: 400°C, 600°C, and 800°C. Fig. 3 shows the schematic diagram and actual combustion chamber for 
this experiment. 
 

  
(a) (b) 

Fig. 3 (a) Schematic diagram of combustion chamber; (b) Actual combustion chamber 
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2.3 Ash Collection and Storage 
Bottom ash collection was performed immediately after the cooling process to minimize exposure to atmospheric 
moisture and prevent contamination. The collected ash samples were carefully separated from any unburned 
material through mechanical sieving to 70-micron sizes, ensuring the purity of the ash samples for subsequent 
characterization. Fig. 4 shows the sample collection after the sieving process. 
 

 

Fig. 4 Sample collection 

2.4 Analytical Techniques 
In this study, several analytical techniques were employed to comprehensively characterize the bottom ash 
derived from the combustion of palm oil Empty Fruit Bunch (EFB), as listed in Table 1. Scanning Electron 
Microscopy (SEM) was used to observe the surface morphology of the ash, providing detailed information on 
particle shape and texture. The elemental composition of the sample was determined using Energy Dispersive X-
ray Spectroscopy (EDX), which identifies key elements such as silicon (Si), potassium (K), calcium (Ca), and 
magnesium (Mg) commonly present in biomass ash. Meanwhile, X-ray Diffraction (XRD) analysis was conducted 
to investigate the crystal structure of the ash, distinguishing between amorphous and crystalline mineral phases 
that influence its reactivity and potential applications. Additionally, Thermogravimetric Analysis (TGA) was 
utilized to study the thermal decomposition behaviours of the bottom ash, revealing its degradation profile, mass 
loss characteristics, and overall thermal stability. Collectively, these techniques provided a comprehensive 
understanding of the physicochemical and structural properties of EFB bottom ash. 

Table 1 Analytical techniques for biomass ash characterization 
Technique Purpose Information provided 

Scanning Electron Microscopy (SEM) Surface morphology Porosity, particle shape and 
texture 

Energy Dispersive X-ray Spectroscopy (EDX) Elemental composition Key elements (Si, K, Ca, Mg) 
X-ray Diffraction (XRD) Crystal structure analysis Amorphous vs crystalline 

mineral phases 
Thermogravimetric analysis (TGA) Thermal decomposition 

behaviour 
Degradation profile, mass loss, 

thermal stability 

3. Results and Discussion 
The study was conducted using a constant combustion duration of 30 minutes and three different temperatures: 
400°C, 600°C, and 800°C. For each experiment, 1 kg of EFB pellets was combusted in a controlled laboratory 
reactor. The resulting bottom ash samples were then analyzed using Scanning Electron Microscopy coupled with 
Energy Dispersive X-ray Spectroscopy (SEM-EDX), X-ray Diffraction (XRD) and Thermogravimetric Analysis 
(TGA) to evaluate their morphological, elemental, and thermal characteristics. The main objective of this chapter 
is to report the observed differences in ash morphology, elemental composition, and thermal stability as a function 
of combustion temperature. The findings provide valuable insights into the combustion behavior of EFB pellets 
and the potential for bottom ash reuse or further processing. 
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3.1 Visual Observation and Ash Yield 
After each combustion experiment, the bottom ash was collected and visually inspected. The appearance, color, 
and texture of the ash varied noticeably with combustion temperature. At a combustion temperature of 400°C, the 
bottom ash appeared dark grey to black in color, indicating the presence of unburned carbon and suggesting 
incomplete combustion at this relatively low temperature. When the temperature increased to 600°C, the ash 
colour lightened to grey and exhibited a finer, more powdery texture, reflecting a more complete combustion 
process with reduced carbon content, as shown in Fig. 5. At the highest temperature tested, 800°C, the ash was 
light grey to almost white. It displayed a more fused and granular appearance, implying significant mineral 
transformation and near-complete removal of organic matter during combustion. 
 

 
Fig. 5 Visual observation of EFB after combustion 

3.2 SEM Analysis 
The surface morphology of the bottom ash derived from palm oil Empty Fruit Bunch (EFB) combustion was 
examined using Scanning Electron Microscopy (SEM) to evaluate the influence of temperature on particle 
structure and texture. SEM analysis provides detailed visual evidence of changes in particle size, shape, and 
surface characteristics as the combustion temperature increases. Through this method, agglomeration and degree 
of sintering have been observed, offering valuable insights into the thermal transformation and physical behavior 
of the ash. Understanding these morphological changes is essential for determining the suitability of EFB bottom 
ash for further utilization, such as in construction materials or environmental applications. Fig. 6 shows the SEM 
images of EFB combustion at 400°C at different magnifications. 
 

  
(a) (b) 

Fig. 6 Magnifying SEM (a) 400°C x100; (b) 400°C x1000 

Based on Fig. 6, SEM observations of the bottom ash derived from EFB combustion at 400°C reveal that 
particles retained irregular and non-spherical shapes with porous, rough, and jagged surfaces. Many particles 
form loose agglomerates, possibly resulting from condensation of vapors onto cooler particles or mechanical 
clustering during cooling, and traces of unburned organic matter or fibrous residues are still evident. The porous 
structure likely imparts a moderate specific surface area, enabling better penetration of reactive agents but also 
introducing structural weaknesses or sites liable to ingress of unwanted species. These morphological traits are 
consistent with the behavior of biomass ashes reported in the literature. For instance, non-wood biomass ashes 
often display angular, aggregated particles with fine fragments adhering to larger ones, and variable morphology 
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among biomass ashes has been correlated with differences in reactivity and suitability for applications such as 
alkali-activation or adsorption processes [11], [12].  

At 600 °C (Fig. 7), the ash particles show a transition toward more fragmented and less fibrous morphology. 
The surfaces appear smoother than at 400 °C, and edges become more defined, indicating that thermal 
decomposition has progressed further and some degree of coalescence or sintering has occurred. The reduction 
in fibrous remnants suggests more complete burnout of organic matter, while the smoother surfaces and sharper 
particle boundaries point toward partial densification of the mineral phases. At 800 °C (Fig. 8), the ash particles 
appear notably more compact, with clear evidence of partial melting, fusion, or vitrification in localized zones. 
Surfaces may show glassy or glazed patches, and the internal porosity is reduced, giving a denser, less porous 
structure overall. Some particles may have partially fused, indicating that at this higher temperature, mineral 
phases began to soften or re-crystallize and bond at contact points, reducing free voids and increasing structural 
rigidity. 
 

  
(a) (b) 

Fig. 7 Magnifying SEM (a) 600°C x 100; (b) 600°C x 1000 

  
(a) (b) 

Fig. 8 Magnifying SEM (a) 800°C x 100; (b) 00°C x 1000 

3.3 Elemental Composition 
The elemental composition of the bottom ash samples was analyzed using Energy Dispersive X-ray Spectroscopy 
(EDX) coupled with Scanning Electron Microscopy (SEM). The results reveal significant variations in the elemental 
distribution as a function of combustion temperature, reflecting the chemical transformations occurring during 
the thermal degradation of EFB pellets. EDX spectra at all temperatures showed the presence of major inorganic 
elements such as silicon (Si), potassium (K), calcium (Ca), magnesium (Mg), and trace amounts of iron (Fe) and 
aluminum (Al). These elements are typical constituents of biomass ash and originate from the inherent mineral 
content of the original EFB material, as well as from the combustion process itself. 

The carbon content is notably high at the lowest combustion temperature of 400°C, indicating incomplete 
combustion and the presence of residual unburned organic matter. As the temperature increases to 600°C and 
800°C, the carbon content decreases substantially, demonstrating more complete oxidation of organic compounds 
and enhanced combustion efficiency. This carbon reduction is consistent with the visual observation of ash color 
lightening, and the transition from porous to more fused ash morphology [13]. 

Silicon, primarily present as silica (SiO₂), shows an increasing trend with temperature. This is attributed to 
the concentration of inorganic minerals as organic matter volatilizes and combusts away. Silicon plays a crucial 
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role in determining the physical properties of ash, including its melting behavior and potential for forming 
crystalline silicate phases, which are confirmed by XRD analysis. 

Potassium and calcium are among the most abundant alkali and alkaline earth metals detected in the ash. 
Their concentrations increase with combustion temperature due to the volatilization of other elements and the 
relative enrichment of these minerals in the residual ash. Potassium, in particular, is known to influence slagging 
and fouling tendencies in combustion systems due to its low-melting-point compounds. Calcium contributes to 
ash stability and can form compounds such as calcium silicates and carbonates, which affect the ash’s structural 
properties. Magnesium, iron, and aluminum are present in smaller but significant amounts. These elements 
contribute to the formation of various mineral phases and influence the chemical reactivity and thermal stability 
of the ash. For instance, iron oxides can act as catalysts during combustion, while aluminum oxides contribute to 
ash hardness and durability. 

Overall, the elemental composition analysis highlights the dynamic in ash chemistry with increasing 
combustion temperature (Table 2). The enrichment of mineral elements and depletion of carbon reflect the 
progressive conversion of biomass into inorganic residues. These chemical changes directly impact the physical 
behavior, thermal stability, and potential applications of bottom ash, such as its suitability for use in construction 
or as a soil amendment.  

Table 2 Summary of elemental composition of ash at different temperatures 
Element Temperature 

400°C 600°C 800°C 

C 12.0 8.5 2.2 
O 49.76 46.30 41.64 
Si 10.84 13.83 15.52 
K 18.05 20.57 24.96 
Ca 6.06 4.81 6.70 
Mg 3.80 2.13 3.84 
Fe 2.24 3.23 2.72 
Al 2.02 4.64 2.14 

3.4 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis (TGA) was conducted on raw Empty Fruit Bunch (EFB) pellets to investigate their 
thermal decomposition behavior under controlled heating. The TGA curve, along with its derivative (DTG) and 
heat flow data, provides insights into the stages of mass loss and the thermal stability of the raw biomass prior to 
combustion. 

The TGA curve for raw EFB pellets (Fig. 9) reveals several distinct stages of mass loss as the temperature 
increases from room temperature to 1000°C. The initial mass loss, occurring below 200°C, is relatively minor and 
is primarily attributed to the evaporation of moisture and the release of physically bound water from the EFB 
pellets. The most significant mass loss takes place during the main decomposition stage, between approximately 
204°C (onset) and 373°C (offset), as indicated by the DTG peak centered at 319°C. This stage corresponds to the 
rapid decomposition of hemicellulose and cellulose, which are the main organic components of EFB.  

Furthermore, the mass loss in this region is substantial, with a reaction step at 319°C resulting in a 47.1% 
reduction in mass, consistent with the thermal degradation of polysaccharides that typically decompose within 
this temperature range. Following this, a secondary decomposition phase occurs from 375°C to about 500°C, 
during which further mass loss brings the total mass change to 59.4% (Table 3). This phase is associated with the 
breakdown of more thermally stable components, such as lignin, and the continued volatilization of organic 
matter. Beyond 500°C, the rate of mass loss slows considerably, with only minor changes observed up to 1000°C. 
The final residual mass at 1000°C is approximately 33% of the initial sample mass, indicating that about 67% of 
the original mass has been lost as volatiles and gases. The remaining material is primarily composed of inorganic 
minerals and ash-forming constituents, reflecting the mineral residue left after complete thermal decomposition 
of the organic matter in the EFB pellets. 
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Fig. 9 TGA and DTG curves of raw EFB pellets 

Table 3 Summary of TGA data testing 
Temperature (°C) Mass change (%) Stage description 

~100 -5% Moisture evaporation 
204–373 -47.1% Rapid decomposition of hemicellulose/cellulose 
Up to 500 -59.4% Continued lignin degradation, further volatiles 

3.5 X-ray Diffraction (XRD) Analysis 
An X-ray Diffraction (XRD) analysis was conducted to identify the crystalline phases present in the bottom ash 
samples produced at 400°C, 600°C, and 800°C. The results indicate a clear transformation of mineral phases and 
crystalline structures depending on the combustion temperature, which reflects the extent of thermal 
decomposition and mineral restructuring in the ash. According to Fig. 10, at 400°C, the bottom ash primarily 
consisted of Chlorocalcite (KCaCl₃) with a relative intensity (Y%) of 90.45%, along with Bartonite (K₃Fe₁₀S₁₄) at 
69.21%. Other minor compounds such as Sylvite (KCl), Potassium Sulfide (K₂S₃), and Troilite (FeS) were also 
identified. The relatively moderate intensities and peak broadness at this temperature indicate incomplete 
combustion and limited crystalline development, as not enough thermal energy was supplied to fully convert the 
organic matrix into stable mineral forms. 

At 600°C, as shown in Fig. 11, the XRD profile exhibited more defined and sharper peaks, indicating increased 
crystallinity. Chlorocalcite remained the dominant phase, with a significantly higher intensity of 129.60%, 
followed by Bartonite at 88.93%. The continued presence of Sylvite (64.90%) and Potassium Sulfide (43.65%) 
suggests more thorough mineral evolution. Troilite was still detectable but appeared less intense. These results 
align with earlier TGA and SEM findings, confirming that 600°C is the optimal combustion temperature at which 
sufficient thermal decomposition occurs without excessive sintering, resulting in balanced mineral formation and 
a stable ash structure. 

Fig. 12 presents the XRD results at 800 °C, where the diffraction patterns exhibit clear signs of intense 
crystallization and mineral densification, as indicated by sharper and more symmetrical peaks. Similar high-
temperature transformations have been reported in biomass ash studies, where increasing temperature promotes 
mineral ordering, recrystallization, and structural consolidation [14]. The emergence of a highly crystalline 
elemental sulfur phase may be attributed to sulfur volatilization followed by redeposition at elevated 
temperatures; a behavior commonly observed in biomass ash systems undergoing volatilization and condensation 
cycles. The persistence of K–Cl minerals such as chlorocalcite and sylvite is consistent with previous reports 
showing that alkali salts can remain stable or reform under high-temperature combustion conditions. 
Furthermore, the increased sharpness and symmetry of the diffraction peaks indicate enhanced mineral 
alignment, suggesting potential ash fusion or slagging, which aligns with earlier findings that higher crystallinity 
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and reduced porosity can limit ash reactivity in reuse applications [15]. The summary of the XRD findings is 
tabulated in Table 4. 
 

  
Fig. 10 XRD result for 400°C 30 minutes Fig. 11 XRD Result for 600°C 30 minutes 

 
Fig. 12 XRD result for 800°C 30 minutes 
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Table 4 Summary of XRD Results for Bottom Ash Samples Produced at 400°C, 600°C, and 800°C 
Temperature 
(°C) 

Major compound 
Identified 

Chemical 
formula 

Crystalline 
structure 

Relative intensity 
(Y%) 

Remarks 

400 Chlorocalcite KCaCl₃ Orthorhombic 90.45% Primary phase, 
moderate 

crystallinity 
Bartonite K₃Fe₁₀S₁₄ Monoclinic 69.21% Sulfide compound, 

iron-rich 
Sylvite KCl Cubic 56.70% Common in alkali-

rich biomass ash 
Potassium sulfide K₂S₃ Unknown 40.31% Minor phase 

Troilite FeS Hexagonal 47.08% Sulfur-bound iron 
600 Chlorocalcite KCaCl₃ Orthorhombic 129.60% Dominant, highly 

crystalline 
Bartonite K₃Fe₁₀S₁₄ Monoclinic 88.93% More intense, stable 

phase 
Sylvite KCl Cubic 64.90% Stable at elevated 

temperature 
Potassium sulfide K₂S Unknown 43.65% Trace presence 

remains 
Troilite FeS Hexagonal 45.12% Slight evolution 

from 400°C 
800 Bartonite K₃Fe₁₀S₁₄ Monoclinic 93.71% Peak crystallinity, 

dominant phase 
Sulfur S Face-centered 

cubic 
93.66% New peak, possibly 

from sulfur 
sublimation 

Chlorocalcite KCaCl₃ Orthorhombic 89.30% Still present, less 
intense than at 

600°C 
Sylvite KCl Cubic 62.55% Retained from 

earlier phases 
Potassium sulfide K₂S Unknown 35.45% Fused structure 

suspected 
 

Overall, the XRD results demonstrate that combustion temperature plays a vital role in determining the 
mineralogical composition and crystalline behavior of bottom ash. While 400°C resulted in underdeveloped ash 
with weak crystalline structure, 600°C yielded optimal phase formation with balanced properties. In contrast, 
800°C enhanced crystalline intensity but introduced structural fusion, making the ash less suitable for pozzolanic 
or soil applications due to reduced surface activity. These insights are critical for selecting the appropriate 
combustion condition for bottom ash management and value-added reuse. 

4. Conclusions 
This study successfully derived and characterized bottom ash produced from the controlled combustion of palm 
oil empty fruit bunch (EFB) pellets at 400°C, 600°C, and 800°C. The systematic experiments confirmed that 
combustion temperature critically governs the physical, chemical, and mineralogical properties of the resulting 
ash. At lower temperatures, the ash exhibited darker coloration, higher residual carbon, and incomplete 
combustion, whereas higher temperatures produced lighter-coloured, more fused ash rich in inorganic 
constituents such as Si, K, and Ca. The SEM analysis revealed a progressive transformation from porous, fibrous 
particles to denser, sintered structures, while XRD confirmed the transition from simple crystalline phases at 400 
°C to complex silicate and glassy phases at 800°C. TGA further validated that major mass losses occurred during 
the decomposition of hemicellulose and cellulose, leaving approximately one-third inorganic residue as bottom 
ash. Overall, the successful derivation and detailed characterization of EFB bottom ash demonstrate that 
combustion temperature plays a decisive role in determining ash formation, structure, and potential reuse. These 
outcomes not only strengthen the understanding of biomass ash behaviour but also highlight the potential of EFB 
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bottom ash as a value-added by-product for sustainable material applications and waste minimization in the palm 
oil industry. 
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