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In recent years, multiple industrial sectors have shown great interest in vegetable residual biomass due to its energy potential. This renewable resource contributes to the diversification of the national energy matrix, promoting sustainability and reducing greenhouse gas emissions. This study proposes a comprehensive pyrolysis strategy for converting waste plant biomass from oil palm shells and rice husks into biofuels. This can be considered an alternative for renewable energy sources and energy security in Colombia. Pyrolysis tests were conducted in a tubular reactor at temperatures ranging from 600 to 900 °C, with a controlled heating rate of 50 °C/min and a nitrogen flow rate of 60 ml/min. The two plant biomass residues and the pyrolysis process products were characterized by thermogravimetric analysis (TGA), infrared spectroscopy (FTIR-ATR), and gas chromatography (GC). 

The thermogravimetric analysis results confirm that the selected reaction temperature above 600 °C is sufficient to promote the decomposition and volatilization of the components. However, the mass loss ranges depend on the chemical nature of the plant biomass. The infrared spectral information confirms the presence of aromatic, aliphatic, and oxygenated compounds, which are associated with lignocellulosic compounds. Gas chromatography results confirm that the content of hydrocarbons (C1-C4+) and hydrogen (H2) ranges from 19.6 to 18.1% and from 19.9 to 21.8% molar, respectively. Based on the gas composition at 600 and 750 °C, an energy efficiency with an average calorific value of 54.1 and 55.9 MJ-kg-1 was observed. Furthermore, calculations indicate that the electrical energy potential was approximately 4000 kWh per ton. Therefore, these values ​​represent a significant contribution to the Colombian energy sector.
Introduction
Nowadays, many industrial sectors have shown great interest in the search for and development of new energy sources. The adoption of these alternative energies is mainly due to the challenges associated with climate change and the depletion of fossil fuels. Given this, the use of agro-industrial residues can be considered valuable due to its potential as a renewable energy source, its contribution to the circular bioeconomy, and its role in the energetic transition. Colombia, given its geographic location and climatic diversity, has a significant availability of agricultural biomass. It is estimated that the country's agro-industrial activities generate approximately 15 million tons of residues annually, primarily from crops such as coffee, plantain, sugarcane, oil palm, corn, banana, and rice. Specifically, these activities generate approximately 72 million tons of agricultural residues annually (Peñaranda et al., 2017). On average, the production of fresh fruit bunches (FFB) in Colombia is approximately 17.4 t /ha/year, with palm oil yields reaching about 3.7 t/ha/year. Although palm oil production reached approximately 1.8 million t in 2023, residual biomass generation has been estimated at about 76 wt% of fresh fruit bunch (FFB) production (wet basis), mainly comprising empty fruit bunches (EFB), mesocarp fiber, and palm kernel shell (Beltrán et al., 2023). Furthermore, rice production in Colombia is estimated at approximately 3.0 million t/year (metric ton per year), from which the sector generates about 0.4 million t/year of organic solid residues (INVIMA, 2023). The results above show that organic residues from oil palm and rice husk represent significant potential for bioenergy generation due to its availability and lignocellulosic composition. Therefore, recent research has explored the characteristics, thermochemical behavior, and energy valorization pathways for different types of residual plant biomass, temperature ranges, and heating rates. It is important to note that the yield and quality of solid, liquid, and gaseous products vary depending on the operating conditions of thermochemical processes such as pyrolysis, gasification, and combustion, among others (Zsinka et al., 2023; Vilas-Boas et al., 2024).

Pyrolysis is a thermal process carried out in the absence of oxygen, and temperature has been identified as one of the most influential variables that affect the product quality. In context, bio-oil yield tends to increase at temperatures close to 550 °C. However, at higher temperatures, gas production increases (Santos et al., 2024). Various studies have established that products such as bio-oils, gas, and biochar have lower heating value (LHV) values ​​of approximately 15 to 20 MJ-kg-1, 5.4 to 9.7 MJ/Nm³, and 24.2 to 30.5 MJ-kg-1, respectively. Considering the above, this work aims to evaluate the energy potential of products obtained from the pyrolysis of residual biomass derived from palm kernels shells and rice husks. Additionally, the average compositional analysis of the liquid, gaseous, and solid products was determined using FTIR-ATR spectroscopy and gas chromatography (GC).
Materials and methods
2.1 Materials
In this study, residual biomass derived from palm kernels shells and rice husks sourced form Colombian agricultural production was used. The palm kernels were ground in a TRAPP TRF 300 mill. The sample was then subjected to a natural drying stage for 60 h. Subsequently, the milled palm kernels shells were classified into particle size fractions ranging from 8 to 120 mesh using a Gran Test-Pinzuar sieve shaker.
2.2 Biomass Pyrolysis Experiments
Figure 1 shows that the pyrolysis tests were performed in a tubular reactor inside a Carbolite UN 110 furnace, under an inert nitrogen atmosphere with a flow rate of 50 ml/min. The stainless-steel tubular reactor has a diameter and length of 8 cm and 50 cm. For the tests, three reaction temperature values ​​were selected at 600, 750, and 900 °C, based on the thermogravimetric decomposition profiles (TGA) of each residual plant biomass. The liquid products were subsequently collected, and the non-condensable gases were captured downstream of the fiberglass filtration unit for analysis by gas chromatography (GC). 
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[bookmark: _Ref185181992]Figure 1: Pyrolysis process diagram: 1. Nitrogen gas cylinder, 2. Temperature controller, 3. Tubular reactor, 4. Liquid collector, 5. Fiberglass.
The mass balance of the obtained products was determined gravimetrically using Eq 1 – 3. 
								(1)
								(2)
							(3)
Where minitial, mLiquids and mSolids correspond to the initial biomass mass and the masses of the liquid and solid products, respectively. 
2.3 Characterization
2.3.1 FTIR-ATR spectroscopy
The characterization of the samples by FTIR-ATR spectroscopy were carried out using a Thermo Scientific Nicolet Summit X spectrophotometer. The instrument has a single-pass ATR cell with a diamond reflecting crystal. Spectral measurements were performed at 32 scans to obtain higher quality and definition. Initially, the samples were prepared to ensure homogeneity prior to analysis. Before each measurement, the instrument was calibrated using ambient air as background reference. After configuring the acquisition parameters, spectra were recorded across the instrument’s operating range, and the characteristic absorption bands were used to identify the functional groups present in the residual biomass (palm kernel shells and rice husks) as well as in the resulting liquid and solid products.
2.3.2 Thermogravimetric analyses (TGA)
Thermogravimetric analyses (TGA) were performed using an Athlon thermogravimetric analyzer. Approximately 10 ± 0.02 mg of oven-dried biomass (palm kernel shells and rice husks) were analyzed over a temperature range of 25 – 800 °C. The heating rate was set to 10 °C min-1 under a nitrogen flow of 50 mL min-1.
2.3.3 Gas chromatography (GC)
The composition of the gases produced during the pyrolysis experiments was determined by gas chromatography (GC). The gaseous samples were collected in 1 L multi-layer foil Tedlar® gas sampling bags (Restek, 7″ × 7″, polypropylene valve). Hydrocarbons C1 – C6 were quantified using a flame ionization detector (GC/FID) with helium as the carrier gas. Permanent gases (H2, CO, O2 y CO2) were analyzed using a thermal conductivity detector (GC–TCD).
Results and Discussion
Granulometry by the sieving process confirmed that the residual plant biomass residues presented a particle size distribution of 8 - 20 mesh (2 to 0.84 mm), 40 mesh (0.4 mm), and between 60 - 120 mesh (0.25 to 0.13 mm), with values ​​of 35, 38 and 27% by weight, respectively. Figure 2 shows the thermogravimetric analysis (TGA) results for the residual biomass from palm kernel shells and rice husks.
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Figure 2: Thermogravimetric curves of palm kernel shells and rice husk biomass at 10 °C-min-1.
For both biomasses, thermal degradation begins at approximately 200 °C, with the highest mass loss occurring between 200 and 380 °C. This behavior is mainly attributed to the decomposition of hemicellulose and cellulose. In addition, cumulative mass losses of approximately 57 wt% and 68 wt% are observed at around 400 °C for palm kernel shells and rice husks, respectively. As temperature increases further, the rate of mass loss decreases for both biomasses. In the 400–700 °C range, mass losses of about 11 wt% (palm kernel shells) and 14 wt% (rice husks) are observed, reaching cumulative mass losses of 80.5 wt% and 76.7 wt% at 800 °C, respectively. Overall, three distinct stages can be identified across the ranges of 20–200 °C, 200–450 °C, and 450–800 °C. These stages are associated with (i) moisture and light volatile removal, (ii) the main devolatilization/decomposition region, and (iii) the gradual decomposition of more recalcitrant components such as lignin, where the lowest mass loss occurs. These decomposition patterns are consistent with those reported in studies on the thermal degradation of residual biomass (León et al., 2022; Komala et al., 2025).

Figure 3a presents the product yields obtained from rice husk pyrolysis at 600, 750, and 900 °C. The results indicate that both solid residue and gas yields increase with temperature. The solid residue yield does not vary significantly within the 700 – 900 °C range; however, the gas yield increases markedly due to enhanced thermal cracking of liquid intermediates and the progressive secondary decomposition of both liquid and solid fractions.
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Figure 3: Product distribution from the pyrolysis of residual biomass: (a) rice husk (600 – 900 °C) and (b) palm kernel shells and rice husk at 750 °C.

Furthermore, Figure 3b indicates that product yields at 750 °C vary with the feedstock’s chemical composition. Compared to palm kernel shells, rice husks exhibit a lower liquid yield and higher gas and solid yields. This behavior may be attributed to the higher contents of cellulose, hemicellulose, and silica (SiO2) in rice husks (Aisyah et al., 2024). 

Figure 4a shows the ATR–FTIR spectra of palm kernel shells and rice husks. The spectra exhibit bands associated with aromatic structures (C=C stretching) at approximately 1450 and 1630 cm-1, which may be attributed to ester and phenolic type aromatic fractions. In addition, carbonyl stretching vibrations (C=O) are observed around 1650 and 1720 cm-1, potentially related to carboxylic acids and other oxygenated functionalities. Palm kernel shells display higher intensities in the 1365–1420 cm-1 region, assigned to aliphatic C – H bending, which is consistent with the C–H stretching bands observed at 2920–2850 cm-1. The broad band centered near 3300 cm-1 corresponds to O–H stretching and may reflect the presence of alcohol/phenolic groups as well as adsorbed moisture. Moreover, rice husks show more intense bands near 790 and 1030 cm-1, commonly associated with SiO2 related vibrations, possibly linked to cyclic siloxane structures (Rodríguez et al., 2007). 
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Figure 4: ATR–FTIR spectra: (a) palm kernel shells and rice husks; (b) rice husks and their pyrolysis products.
The ATR–FTIR spectrum of the solid fraction (biochar) in Figure 4b indicates that pyrolysis at 750 °C substantially reduces the intensity of bands associated with C–H and C=O functionalities, consistent with thermal degradation and deoxygenation reactions. However, the bands at approximately 790 and 1030 cm-1, commonly attributed to SiO2 related vibrations, remain particularly prominent in the solid samples. In addition, the ATR–FTIR spectra of the liquid pyrolysis products exhibit band patterns broadly similar to those of the rice husk feedstock across the analyzed wavenumber range. The dominant bands may be associated with aromatic (C=C), aliphatic (C–H), carbonyl (C=O), and hydroxyl (O–H) functionalities. Overall, the functional groups identified in this study are consistent with those reported in the literature for rice husk-derived pyrolysis products (Rahmat et al., 2023; Wakatuntu et al., 2023).

Figure 5 shows the gas chromatographic composition of the gases from the pyrolysis of rice husks at 600 and 750 °C. The increase in temperature favors secondary cracking reactions, resulting in higher yields of hydrogen (H₂) and carbon monoxide (CO). Conversely, the relative amounts of carbon dioxide (CO₂) and light hydrocarbons (C₁–C₄+) decrease. These results may be associated with greater dehydrogenation and decarboxylation/decarbonylation, which occur at higher temperatures. In general, the selected operating conditions promote the formation of energy-rich gaseous species. 

Figure 5 presents the gas composition obtained from the pyrolysis of rice husks at 600 and 750 °C. Gas chromatography (GC) analysis indicates that increasing temperature favors secondary cracking reactions, resulting in higher yields of hydrogen (H2) and carbon monoxide (CO). Conversely, the relative amounts of carbon dioxide (CO₂) and light hydrocarbons (C1-C4+) decrease. These results may be associated with greater dehydrogenation and decarboxylation/decarbonylation reactions, which occur at higher temperatures (Liu et al., 2022). In general, the selected operating conditions promote the formation of energy-rich gaseous species.
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Figure 5: Gas Composition of gaseous products obtained from rice husk pyrolysis.
The gaseous products obtained from rice husk pyrolysis at 600 and 750 °C exhibited calorific values of 54.1 and 55.9 MJ-kg-1, respectively. Using an average calorific value of 55 MJ-kg⁻¹, an electrical energy potential of approximately 4000 kWh per ton can be estimated (Salcedo-Puerto et al., 2025). These results are corroborated by studies conducted by other researchers, which demonstrate that pilot-scale pyrolysis of rice husks at a capacity of 3 t/h produces compounds with potential for sustainable bioenergy. Furthermore, a large fraction of the energy potential of the gases is due to the influence of their hydrogen content (Cia et al., 2018). Overall, this research indicates that the thermochemical conversion of residual plant biomass can significantly contribute to the energy mix in Colombia. 
Conclusions
· Thermogravimetric analysis (TGA) shows that most of the mass loss of the residual biomass occurs between 200 and 450 °C. For the pyrolysis of rice husks between 600 and 900 °C, the liquid and gas yields ranged from 39.5 to 27.5 and from 29.5 to 43.2 wt%, respectively. The increase in gas yield is mainly due to the progressive secondary decomposition of the liquid and solid intermediates.

· The ATR–FTIR spectra of the solid products indicate that pyrolysis of residual biomass substantially reduces bands associated with C–H and C=O functionalities, consistent with thermal degradation and deoxygenation reactions. The spectra of solids derived from rice husks show particularly intense bands at 790 and 1030 cm-1, commonly attributed to SiO2 related vibrations. In the liquid products, the dominant bands are consistent with aromatic (C=C), aliphatic (C–H), and hydroxyl-containing (O–H) compounds, among other oxygenated functionalities.

· The composition of the gas obtained from the pyrolysis of rice husks at 600 and 750 °C showed an increase in hydrogen (H₂) content. This H₂ enrichment can generate gas mixtures with an average calorific value of 55 MJ-kg⁻¹, a value higher than that of typical natural gas (48 MJ-kg⁻¹). Finally, calculations showed that the conversion of biomass to gas produces a theoretical electrical energy potential of around 4000 kWh per ton.
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