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1. Introduction 
Among the technologies that are gaining prominence for biomass utilization is the production of biochar obtained by 
pyrolysis. This product is gaining visibility because it is a carbon-rich material with high stability, large surface area, 
and high adsorbent capacity, which makes it relevant for capturing contaminants (Singh Yadav et al., 2023; Andrade 
et al., 2020). In this way, innovation can be combined with sustainable development, enabling the production of 
biochar from spent coffee ground (SCG), an urban and industrial waste product that amounts to around 1.1 million 
tons per year in Brazil (Gewandsznajder et al, 2020). In some cases, modifications to this carbonaceous material are 
necessary to improve its properties. In such cases, magnetization with metal oxides, such as Fe3O4 (MagSCGB), 
increases microporosity (Liu and Huang, 2018), which facilitates the recovery of the adsorbent (Navarathna et al., 
2019) and promotes specific adsorption and chemisorption interactions with CO2, forming stable coordinated 
structures (Pavelec et al., 2017;Lahijani et al., 2018). The environmental relevance of the material, in addition to its 
low cost, exhibits high performance for CO2 capture (Rocha et al., 2009). Given this, the comparison via Life Cycle 
Assessment (LCA) highlights the potential of this approach: while the combustion of spent coffee ground releases 
CO2 directly, their conversion into adsorbent biochar promotes carbon sequestration, adds economic value, and 
contributes significantly to climate change mitigation strategies (Coltro, 2007). Thus, the work is relevant because it 
transforms a widely available waste product into an efficient adsorbent, aligning the circular economy, climate 
mitigation, and potential applications in the Brazilian agro-industrial sector (CONAB, 2024; Samora and Gaier, 2025). 
2. Material and Methods 
In LCA, two different scenarios were used to assess SCG: (i) biomass combustion based on previously published 
experimental yield results and (ii) MagSCGB synthesis based on experimental data and literature. Both scenarios were 
simulated using a calculation basis for scenario design corresponding to a feed flow of 1 ton/h of wet material with a 
moisture content of 59.27%. In Scenario 1, the SCG was dried at 105°C to 6.34% moisture content and then combusted 
at a temperature of 800°C, with a residence time of 3000 s (Allesina et al., 2017), generating SCGC (charcoal), thermal 
energy, and gases. This scenario is represented in Figure 1A. In Scenario 2, after drying under the same conditions, 
the SCG was subjected to pyrolysis at a temperature of 600 °C, with a residence time of 7 min, parameters based on 
experimental data obtained from SCGB via biomass pyrolysis. After the pyrolysis stage, the material was magnetized, 
and MagSCGB was obtained from this process, in addition to gas emissions. The material was subsequently used as 
an adsorbent in CO₂ capture experiments. This scenario is represented in Figure 1B.  

Figure 1. Limitations of the systems for (A) biomass combustion and (B) MagSCGB synthesis for CO2 capture. 
(A) (B) 

  
The environmental assessment was carried out following the LCA methodology, based on ISO 14040 (ABNT, 2021). 
The objective of this study was to determine the carbon footprint of SCG recovery in two different scenarios: its 
combustion for energy generation and the production of magnetized biochar obtained by pyrolysis, with CO₂ 
adsorption potential. The functional unit adopted was 1 ton/h of wet SCG, common to both systems evaluated. The 
system boundaries were defined according to a gate-to-gate approach, considering only the stages of the recovery 
process, without including the phases of raw material extraction or input acquisition. Inventory modeling and 
environmental impact assessment were performed using SimaPro 9.5 software, employing the IPCC GWP 100a 
method to quantify global warming potential, expressed in kg of CO₂ equivalent, over a 100-year time horizon. 
3. Results and Discussions 
LCA was conducted to compare the environmental performance of SCG recovery scenarios: combustion for energy 
generation and production of MagSCGB. For both scenarios, a life cycle inventory (LCI) was prepared (Table 1) 



 
 
covering material inputs, energy consumption, atmospheric emissions, and resources used throughout the drying, 
thermal conversion, and, where applicable, magnetization stages.  

Table 1. Life Cycle Inventory of the two proposed scenarios. 
Inputs Outputs Inputs Outputs 

Scenario 1 (combustion) Scenario 2 (pyrolysis + magnetization) 
Drying Drying 

SGC (kg) 1000.03 Water vapor (kg) 565.26 SGC (kg) 1000.029 Water vapor (kg)  565.26 
Electricity (kWh) 425.73   Electricity (kWh) 425.73   

Combustion Pyrolysis + cooling 
Air (kg) 665.21 CO2 (kg) 852.87 Nitrogen (kg) 497.70 Phenol (kg) 7.33 

  CH4 (kg) 1.69 Electricity (kWh) 225.38 Acetic acid (kg) 37.27 
  NOx (kg) 8.00   Caffeine (kg) 18.81 
  Toluene (kg) 0.0026   CH3OH (kg) 16.33 
  2-butene, 2-methyl- (kg) 0.024   Ketones (kg) 127,95 
  Acetonitrile (kg) 0.0074   C4H8O2 (kg) 13.55 
  Hexane (kg) 0.023   Furanone (kg) 11.12 
  Benzene (kg) 0.018   Pyridine (kg) 9.03 
  Ethylbenzene (kg) 0.0013   CO2 (kg) 57.13 
  p-xylene 0.0013   CO (kg) 20.87 
  o-xylene 0.0013   H2 (kg) 1.98 
  Benzene, 1,2,4-trimethyl- 0.0015   CH4 (kg) 4.36 
    Magnetization + filtration 

 Iron (III) chloride (kg) 8.97 FeCl3 (kg) 3.74 
 Iron sulfate (kg) 7.98 FeSO4 (kg) 1.51 
 NaOH (kg) 17.47 NaCl (kg) 5.51 

    Water (m3) 0.522 Na2SO4 (kg) 6.36 
      NaOH (kg) 14.06 

   Waste water (kg) 356.07 
    Drying 
    Electricity (kWh) 126.69 Water vapor (kg) 167.56 
    Air (kg) 5000   

It should be noted that, although auxiliary services are consumed, the drying stage stands out as one of the main 
contributors to energy consumption in both scenarios, especially in Scenario 2, due to the greater number of pieces of 
equipment involved in the synthesis of MagSCGB. In relation to carbon dioxide emissions, Scenario 1 presents the 
highest values, with direct release of approximately 8,000 kg of CO2 during the combustion stage, which reinforces 
the need to develop new materials aimed at capturing this pollutant. On the other hand, Scenario 2 is more promising, 
with significantly lower direct emissions (about 57 kg of CO2 from pyrolysis), in addition to enabling better use of 
residual biomass.  
To assess the impact of greenhouse gas (GHG) emissions on the production processes of magnetized biochar, the 
IPCC GWP 100a impact category was adopted. Consequently, Scenario 1 (biomasss combustion) presented the 
greatest environmental impact, with an impact of 935 kg CO2 eq, mainly due to direct emissions of CO2, CH4, and 
NOx. The environmental impacts of biomass combustion are not exclusively related to burning, since in a real scenario, 
combustion can be carried out by mixing biomass or agro-industrial waste and wood to make energy generation more 
efficient. In this case, a mixture of wood and spent coffee grounds can result in an increase in CO2 concentrations 
emitted, as demonstrated in the article by Nosek et al., 2020, which is more problematic than the ideal burning of 
SCG. In contrast, MagSCGB synthesis showed significantly lower impacts (246 kg CO2 eq), indicating reduced 
emissions associated with pyrolysis and magnetization steps. When the material is applied in a CO2 capture context, 
a slight increase in equivalent emissions is observed due to additional processing requirements (309 kg CO2 eq). This 
increase is directly related to the inclusion of complementary operations in the system, such as the use of adsorbent 
material in addition to the energy consumption required to operate the adsorption system. Although these steps require 
additional inputs and energy, contributing to higher indirect greenhouse gas emissions over the life cycle, the overall 
environmental impact remains significantly lower than that associated with direct biomass combustion. Therefore, it 
can be concluded that the pyrolysis route associated with magnetization is more environmentally favorable than 
conventional biomass combustion, reducing equivalent CO2 emissions by up to about 70%, in addition to promoting 
the sustainable use of waste and the production of materials with the potential to mitigate greenhouse gases. 
4. Conclusions 
The Life Cycle Assessment (LCA) effectively compared the two scenarios for spent coffee ground (SCG) valorization: 
direct combustion for energy and the production of a magnetized biochar (MagSCGB) via pyrolysis and 
magnetization. The results demonstrate that the MagSCGB synthesis route is significantly more environmentally 
favorable, primarily by avoiding the large direct CO2 emissions associated with combustion. This approach reduces 
the equivalent CO2 emissions by approximately 70% compared to the combustion scenario. Furthermore, the 
innovative magnetization process yields a high-performance carbonaceous material that is designed for efficient CO2 
capture, transforming a major urban/industrial waste product into a valuable environmental adsorbent. Therefore, the 
conversion of SCG into magnetized biochar represents a technically and environmentally viable strategy, successfully 
aligning circular economy principles with impactful climate change mitigation efforts.  
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