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Abstract  

This study investigates the oxidative thermal decomposition (combustion) 

behaviour of oil palm empty fruit bunch (OPEFB) with and without a bentonite 

additive, characterized by thermogravimetric and differential thermal analysis (TG–

DTA). Samples were heated from 30 to 1000 °C at 10 °C min⁻¹ under a flowing air 

atmosphere (0.5 L min⁻¹). Under air, OPEFB burned in three stages: moisture release 

(<150 °C), combustion of volatile matter, and combustion of the residual char, 

leaving an inorganic ash residue. For raw OPEFB, the moisture loss was about 5.1%, 

the ignition temperature (tangent method) was about 230 °C, the volatile- and char-

combustion DTG peaks occurred at approximately 251 and 400 °C, and the ash 

residue was 12.9%. Adding bentonite (OPEFB:bentonite = 1:0.1) raised the ignition 

temperature to about 250 °C, shifted the volatile-combustion peak to about 276 °C, 

and increased the ash residue to about 19.5%. These effects are interpreted 

physically: the inert aluminosilicate acts as a thermal ballast and an oxygen-

transport barrier that delays ignition and volatile combustion, while its thermally 

stable framework dominates the residual ash. Because only a single heating rate was 

used, no isoconversional kinetic parameters were derived. The results provide 

baseline combustion-characterization data supporting the use of OPEFB as a solid 

fuel. 
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1. Introduction 

Indonesia is one of the world's largest producers of palm oil, and its processing 

generates very large quantities of solid residues, of which oil palm empty fruit bunch 

(OPEFB) is among the most abundant; every tonne of fresh fruit bunch processed 

yields roughly 220–250 kg of OPEFB [1]. Its lignocellulosic nature and a higher 

heating value of about 15.4 MJ kg⁻¹ [2] place OPEFB within the range of low-rank 

solid fuels and make it a promising renewable fuel, provided its combustion 

behavior is well understood [3]. 

From a physical standpoint, the combustion of a solid fuel in air is a sequence 

of coupled heat- and mass-transfer and reaction steps: the endothermic desorption 

of moisture, the release (devolatilization) and homogeneous gas-phase oxidation of 

volatile matter, and the heterogeneous (gas–solid) oxidation of the residual char [9], 

[10]. Thermogravimetric analysis (TGA) under an oxidizing (air) atmosphere 

resolves these steps as distinct mass-loss stages, from which characteristic 

parameters ignition temperature, peak temperature, and residual ash are obtained 

[3], [11]. Ignition is a thermal-balance phenomenon: self-sustaining combustion 

begins only when the local rate of heat release from oxidation exceeds the rate of 

heat loss to the surroundings [4]. 

Unlike coal, lignocellulosic biomass such as OPEFB has a high volatile-matter 

content and an oxygen-rich, reactive structure. Physically, the weaker, oxygenated 

bonds and the early, abundant release of volatiles lower the energy barrier to 

ignition, so biomass ignites and burns at markedly lower temperatures than coal [3], 

[12]. This high reactivity is advantageous for ignition but also makes the combustion 

sensitive to the mineral matter present in or added to the fuel [8]. 

The combustion behavior of solid fuels can be modified by additives. 

Catalytically active metal oxides can lower the ignition temperature and accelerate 

combustion [14], [17], whereas inert mineral additives act instead as thermal ballast 

and as physical barriers to oxygen transport, and they contribute non-combustible 

material to the ash [3]. Natural bentonite is an attractive, low-cost additive of the 

latter type an abundant aluminosilicate dominated by montmorillonite, a 2:1 layered 

Al₂O₃–SiO₂ structure [13], [14]. Indonesian and sodium-modified bentonite have 

been used as inexpensive catalysts or additives in biomass thermochemical 

conversion [1], [15], [16]. 

Despite this interest, data on the effect of bentonite on the combustion behavior 

of OPEFB characterized directly by TG–DTA in air remain limited. The present study 

therefore evaluates the oxidative thermal-decomposition (combustion) behavior of 

OPEFB, with and without bentonite, in order to (1) resolve the successive 

combustion stages and their characteristic temperatures, (2) assess the influence of 
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bentonite on the ignition temperature, peak temperatures, and ash residue, and (3) 

interpret these effects in terms of the underlying physical mechanisms. 

 
2. Methods 

2.1 Materials 

Oil palm empty fruit bunch (OPEFB) was obtained as solid residue from palm 

oil processing. It was ground and sieved into a fine, homogeneous powder and oven-

dried at approximately 50 °C for about 1 h prior to analysis. Natural bentonite 

powder was used as the additive. Two sample conditions were prepared: OPEFB 

without additive, and OPEFB mixed with bentonite at a mass ratio of 1:0.1 

(OPEFB:bentonite). For reference, the HHV of raw OPEFB has been reported at 

approximately 15.4 MJ kg⁻¹ [12], within the range of low-rank solid fuels. 

2.2 Thermal analysis 

The combustion behavior was characterized using a METTLER TOLEDO 

simultaneous thermal analyzer (TGA/DTA) at the Central Laboratory of Minerals 

and Advanced Materials, Faculty of Mathematics and Natural Sciences, Universitas 

Negeri Malang. Each sample was heated from 30 to 1000 °C at a constant heating 

rate of 10 °C min⁻¹ under a flowing air atmosphere at 0.5 L min⁻¹, using α-Al₂O₃ as 

the DTA reference. The analyzer simultaneously recorded the thermogravimetric 

(TG) mass-loss curve, its derivative (DTG), and the differential thermal analysis 

(DTA) signal as functions of temperature. The initial sample masses were 15.8 mg 

(OPEFB) and 7.45 mg (OPEFB–bentonite). 

2.3 Data analysis 

The TG/DTG/DTA curves were used to determine, for each sample, the 

moisture loss below 150 °C, the ignition temperature (by the tangent method applied 

at the first combustion peak), the peak (DTG) temperatures of the volatile- and char-

combustion stages, and the residual ash. Because the analysis was conducted under 

air, the process corresponds to oxidative thermal decomposition (combustion) rather 

than inert pyrolysis or gasification. Only a single heating rate was applied; 

consequently, no isoconversional kinetic analysis (e.g., Flynn–Wall–Ozawa) was 

performed, because valid isoconversional kinetics require thermograms at several 

heating rates [18], [19] [18,19]. The interpretation below is therefore qualitative rather 

than a kinetic determination. 

 
3.Results and Discussion 

3.1 Combustion behavior of OPEFB without additive 

The TG and DTG curves of raw OPEFB heated in air are shown in Figure 1. 

Three successive stages are evident, consistent with the typical combustion profile 

of lignocellulosic biomass [6], [10]. The first stage, below about 150 °C, corresponds 
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to moisture release and accounts for a mass loss of approximately 5.1%. The second 

stage, with a sharp DTG peak at about 251 °C, corresponds to the devolatilization 

and combustion of volatile matter released from hemicellulose and cellulose. The 

third stage, with a broader DTG peak near 400 °C, corresponds to the combustion of 

the residual char. By the tangent method, the ignition temperature was about 230 °C 

a low value that reflects the high volatile-matter content and reactivity of biomass 

[3], [12] and the final ash residue was 12.9%. The DTA signal was exothermic across 

both combustion stages, confirming oxidative behavior. 

 
Figure 1. TG–DTG curves of OPEFB (without additive) in air at 10 °C min⁻¹ 

 

3.2 Combustion behavior of OPEFB with bentonite additive 

The TG and DTG curves of the OPEFB–bentonite mixture are shown in Figure 

2. The same three stages are observed, with a lower moisture loss (about 2.2%). The 

ignition temperature rose to about 250 °C and the volatile-combustion DTG peak 

shifted to about 276 °C, while the char-combustion peak remained near 407 °C. Most 

notably, the ash residue increased markedly, from 12.9% to about 19.5%. 

3.3 Comparison and physical interpretation 

Figure 3 compares the two samples, and the characteristic combustion 

parameters are summarized in Table 1. Adding bentonite raised the ignition 

temperature (from ~230 to ~250 °C), shifted the volatile-combustion peak upward 

(from ~251 to ~276 °C), and increased the ash residue from 12.9% to about 19.5%. A 

shift of the ignition and combustion temperatures to higher values together with an 

increase in residue upon addition of an aluminosilicate clay is consistent with 

previous reports on clay additives in solid-fuel combustion [8]. 
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Figure 2. TG–DTG curves of OPEFB–bentonite (1:0.1) in air at 10 °C min⁻¹ 

 

These observations can be rationalized on physical grounds rather than as a 

change in intrinsic reactivity. First, bentonite acts as a thermal ballast: being 

chemically inert in this temperature range, it adds heat capacity but no exothermic 

heat release, so it dilutes the heat generated by the burning fraction and lowers the 

temperature that the fuel experiences at a given furnace temperature; ignition and 

the volatile-combustion peak are therefore shifted upward [8]. Second, the fine clay 

particles partly coat the biomass and char and obstruct the transport of oxygen to 

the reacting surface, further delaying oxidation [17]. Third, the thermally stable Si–

O and Al–O framework of montmorillonite survives the heating program and 

remains almost entirely in the solid product, which is why the ash rises from 12.9% 

to about 19.5% [13], [14].  

Table 1. Combustion parameters of OPEFB and OPEFB–bentonite (TG–DTA in air, 

10 °C min⁻¹) 

Parameter OPEFB OPEFB–bentonite 

Initial mass (mg) 15.8 7.45 

Moisture loss, 30–150 °C (%) 5.1 2.2 

Ignition temperature, Ti (tangent) (°C) ~230 ~250 

Volatile-combustion peak, Tp1 (°C) ~251 ~276 

Char-combustion peak, Tp2 (°C) ~400 ~407 

Ash residue at 600 °C (%) 12.9 19.5 

Importantly, this behavior is opposite to that of catalytically active metal 

oxides, which lower the ignition temperature and accelerate combustion [14]: an 

inert aluminosilicate such as bentonite delays ignition and raises the ash rather than 

accelerating combustion, indicating a ballast-and-barrier role rather than a catalytic 
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one. Because only a single heating rate was used, no activation energy or kinetic 

parameters were determined; a full isoconversional analysis would require 

experiments at multiple heating rates. 

 
Figure 3. Comparison of (a) TG and (b) DTG curves of OPEFB and OPEFB–

bentonite in air at 10 °C min⁻¹ 

 
4. Conclusion 

The oxidative thermal-decomposition (combustion) behavior of OPEFB in air 

was characterized by TG–DTA, with and without a bentonite additive. Raw OPEFB 

burned in three stages  moisture release (~5.1%), volatile combustion (DTG peak 

~251 °C), and char combustion (DTG peak ~400 °C) with a low ignition temperature 

(~230 °C, tangent method) reflecting its high volatile-matter content, and an ash 

residue of 12.9%. Adding bentonite (1:0.1) raised the ignition temperature to ~250 

°C, shifted the volatile-combustion peak to ~276 °C, and increased the ash residue to 

~19.5%. These effects are consistent with bentonite acting as an inert thermal ballast 

and an oxygen-transport barrier that delays ignition and volatile combustion, while 

its thermally stable aluminosilicate framework dominates the residual ash, rather 

than with any catalytic enhancement. Because a single heating rate was used, no 

kinetic parameters were determined; multiple heating rates would be required for 

isoconversional kinetic analysis. Overall, the results provide baseline combustion-

characterization data for OPEFB and show that low-cost bentonite measurably 

modifies its combustion profile and ash yield. 
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