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The current context of sustained industrial and demographic growth increases the global demand for energy and 

food. This intensifies the demand for fossil fuels and the expansion of agricultural land (Sagastume Gutiérrez et 

al., 2020). This leads to the depletion of fossil fuels and ecosystem resources, raising concerns about climate 

change, energy security, soil degradation, and environmental pollution (Wang & Azam, 2024). However, the 

transition to renewable energy is increasingly present in the global energy matrix as a way to address this scenario. 

Biomass is the fourth most important energy source, after wind, solar, and fossil fuels, and is therefore a promising 

decarbonization alternative (Xu et al., 2025).  

 This feedstock can be applied in different processes, such as thermochemical, biological, and chemical 

processes. Thermochemical technologies decompose biomass at high temperatures to produce liquid, solid, or 

gaseous biofuels. The solid products of thermochemical routes, such as pyrolysis and hydrothermal carbonization 

(HTC), are carbon-rich materials that exhibit properties including specific surface area, pore volume, calorific 

value, cation exchange capacity, structural stability, and surface chemical functional groups (Leng et al., 2021; Li 

et al., 2023). These characteristics make them attractive materials for applications such as adsorbents for 

contaminants in water, soil, and air, biofertilizers or soil conditioners, catalyst supports and energy generation 

through combustion (Dong et al., 2021; Nie et al., 2021).  

 In this context, Colombia, as a country with a significant agricultural frontier, generates substantial amounts 

of agricultural residues (Ministerio de Agricultura y Desarrollo Rural, 2021). It is estimated that by 2024, 2.6 

million tons of plantains were produced, with 5.1 % being exported, and the remaining amount retained within the 

country for domestic consumption (Asociación Nacional de Comercio Exterior, 2024). Thus, this value chain 

generates large volumes of residues, with a fruit:residue ratio of 1:4, comprising 73 % pseudostem, 4 % rachis, 12 

% leaves, and 11 % peel  (Fernandes et al., 2013). Thus, the agricultural frontier dedicated to plantain cultivation 

has become a fundamental economic activity in the country. However, these residues are generally disposed of in 

open environments, causing contamination problems in soils and water sources due to runoff and the proliferation 

of disease vectors (Koul et al., 2022), (Nwokolo et al., 2020). Therefore, this work aims to evaluate and compare 

the potential of biochar and hydrochar obtained from the pyrolysis and HTC of plantain rachis as adsorbent 

materials for contaminant removal and for electricity generation through an exergy analysis, to reintegrate them 

into the production chain and promote a circular economy. 

 Initially, the plantain rachis used in this study was obtained from a municipality that produces plantains in 

the Risaralda department of Colombia. The physicochemical characterization of the plantain rachis was conducted 

according to ASTM (American Society for Testing and Materials) standards. Proximate analysis involved the 

determination of moisture content in accordance with the ASTM E871-82 (ASTM International, 2019), ash content 

following ASTM E1755-01 (ASTM International, 2015), and volatile matter according to ASTM E872-82 (ASTM 

International, 2013b). Finally, fixed carbon was calculated by difference in accordance with the ASTM E870-82 

(ASTM International, 2013a). Chemical analysis was initially performed by determining the content of water-

soluble extractives, followed by ethanol-soluble extractives (Sluiter et al., 2008). The cellulose and hemicellulose 

contents were determined according to ASTM D1104 (Rowell, 1997). Acid-insoluble lignin (Klason lignin) was 

quantified following the procedure described by (A. Sluiter et al., 2012). Finally, the higher heating value was 

measured using a bomb calorimeter following ASTM E711-87 (ASTM International, 2004). 

 An experimental design was used to produce carbonaceous products for both technologies. For the HTC 

process, a central composite design (CCD) with three factors and an alpha value of 1.68 was employed. The 

evaluated conditions included a dry biomass-to-water ratio ranging from 3:1 to 1:9, a residence time ranging from 

2 to 4 hours, and a temperature ranging from 180 to 300 °C. For the pyrolysis process, a CCD with k = 2 factors 

and α = 1.414 was used to evaluate operating conditions of a temperature range of 450 to 550 °C and a residence 

time range of 0.5 to 4 hours, while maintaining a constant heating rate of 15 °C/min. 
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 The adsorption capacity analysis was carried out following the methodology reported by (Morales-Herrera 

et al., 2024) and (Lokman et al., 2023). Adsorption tests were performed with methylmercury (CH3Hg)+ solutions 

and lead nitrate Pb(NO3)2 at concentrations ranging from 0.5-2.5mg/L. Adsorption isotherms were evaluated at 

room temperature using decreasing agitation rates of 300, 42, 22, 12, and 0 rpm, each applied for 9 min. The final 

concentrations in each solution were quantified using graphite furnace atomic absorption spectroscopy for lead 

and the cold vapor technique for mercury. Calibration curves were used in accordance with the guidelines 

established by the Environmental Protection Agency (EPA) (Martin et al., 1994). An exergy analysis was carried 

out to evaluate the maximum theoretical useful work of an energy conversion system in a thermoelectric power 

plant fuelled by carbonaceous products obtained from HTC and pyrolysis, following the methodology reported by  

(Uysal et al., 2017). The system is composed of fans, an air preheater, a coal-fired steam boiler, heat exchangers, 

high- and low-pressure turbines, a generator, a condenser, and a pump. The calculations were performed 

considering the second law of thermodynamics. 

 The results of the physicochemical characterization of plantain rachis provides an overall perspective on 

the applicability of the biomass in the investigated thermochemical routes.  

Table 1 presents the results of the physicochemical characterization of plantain rachis obtained in this study, in 

comparison to those reported by other authors for the same biomass. In general, the data obtained in this study are 

consistent with those reported by the cited authors. For the proximal analysis, the high moisture content is an 

advantage for HTC application, as it would save costs associated with energy consumption during drying (Wu et 

al., 2025). As for ash content, it can technically affect reactors due to slag formation, although it can promote 

reactions that modify the structure of hydrochar and biochar  (Quintero-Naucil et al., 2024). Based on the 

thermochemical processes studied, promising results have been observed under different operating conditions, 

demonstrating that the obtained solid products are promising for metal removal and energy recovery. In addition, 

volatile material promotes the generation of liquid and gaseous products also associated with the chemical 

composition in terms of cellulose and hemicellulose  (Quintero-Naucil et al., 2024). Finally, fixed carbon and 

lignin contents favor the yield, characteristics and stability of biochar and hydrochar.  As a conclusion, this work 

provides an overview of the application of carbonaceous solids obtained through thermochemical routes. The 

characteristics of these products depend on the process variables, which impart specific structural properties to the 

biochar or hydrochar, making them promising materials for applications such as soil amendment, contaminant 

adsorption, or use as biofertilizers and production of energy (Lu & Gu, 2022).  

 

Table 1. Physicochemical characterisation of plantain rachis on a dry basis. 

Plantain rachis References This work 

Component (Mendonça et al., 

2025) 

(Cardona Alzate et 

al., 2025) 

(Galiwango et al., 

2020) 

 

Proximal analysis 

Moisture (%) 91.73 ± 0.01 71.00 6.72 ± 0.40 10.07 ± 0.31 

Ash (%) 12.18 ± 0.01 21.14 ± 0.32 6.12 ± 0.10 21.36 ± 0.18 

Volatile material 

(%) 

73.03 ± 0.01 

 

70.28 ± 0.62 

 

78.62 ± 0.04 63.85 ± 1.07 

Fixed carbon (%) 14.79 ± 0.01 

 

11.65 ± 0.30 

 

5.40 ± 0.01 14.79 ± 1.27 

Chemical Analysis 

Extractives 43.80 ± 0.02 29.06 ± 6.55 21.07 ± 0.40  24.14 ± 0.01 

Cellulose NR 31.48 ± 1.11 32.00 ± 0.01 37.25 ± 3.63 

Hemicellulose NR 11.20 ± 0.52 19.00 ± 0.01 18.01 ± 7.67 

Lignin 28.09 ± 4.17 7.13 ± 0.44 16.03 ± 0.10 8.32 ± 1.75 

Ash NR 21.14 ± 0.32 NR 12.28 ± 0.18 

HHV* (MJ/Kg) 15.48 ± 0.50 16.45 17.28 16.49 ± 0.29 

*High heating value 
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