
Use of biochar and biosurfactants produced from agricultural waste to remediate 
hydrocarbon-contaminated soils: performances and environmental impacts

Dilshan Sandaruwan Premathilake1,2, Arumadura Aruna Manoj Prasad Silva1, W.A.M.A.N. Illankoon3, Asia 
Rosatelli3, Fabrizio Beltrametti4, Adriana Bava4, Francesco Battaglia5, Marco Mendola6, Filippo Passaro6, 

Alessandro Abbà1, Andrea Franzetti3, Mentore Vaccari1,*

1 Department of Civil, Environmental, Architectural Engineering and Mathematics, University of Brescia, Via 
Branze 43, 25123 Brescia, Italy

2 Institute of Technology Assessment and System Analysis, Karlsruhe Institute of Technology, Karlstraße 11, 
Karlsruhe 76133, Germany

3 Department of Earth and Environmental Science, University of Milano-Bicocca, Piazza dell’Ateneo Nuovo 1, 
20126, Milano, Italy.

4 BioC-CheM Solutions S.r.l, Via R. Lepetit 34, 20140 Gerenzano (VA), Italy.
5 Biontek Robotic S.r.l, Contrada San Cusumano 96011, Siracusa, Italy.

6 Petroltecnica S.p.A, Contrada Piana del Signore s.n. 93012, Gela (CL), Italy.

Keywords: biopile, environmental remediation, LCA, mass flow analysis, soil treatment
* Presenting author email: mentore.vaccari@unibs.it

Introduction
Soil  remediation  has  gained  increasing  attention  due  to  the  shrinking  availability  of  arable  land  and  rapid 
urbanization.  Restoring  contaminated  soil  is  therefore  essential  to  ensure  future  food  security.  Petroleum 
hydrocarbon-contaminated sites remain particularly difficult to treat, while conventional remediation techniques 
(e.g., incineration, thermal desorption, and chemical oxidation) often involve high energy consumption and may 
generate toxic by-products (Ambaye et al., 2024). Consequently, there is growing interest in sustainable, bio-based 
remediation materials such as biochar and biosurfactants.
    Biochar,  a  carbon-rich  material  produced  through  biomass  pyrolysis  in  the  absence  of  oxygen,  exhibits  
physicochemical properties strongly dependent on feedstock composition and processing conditions (Premathilake 
et al., 2026). In lignocellulosic feedstocks, these properties can be predicted with high accuracy (adj R² = 0.98),  
while carbon content influences reactivity (Tao et al., 2024).  Due to its high surface area and cation-exchange 
capacity, biochar is widely used in soil remediation  (Illankoon et al.,  2023).   Biosurfactants are amphiphilic 
compounds produced through microbial fermentation that reduce surface tension and enhance pollutant solubility 
(Bava  et  al.,  2025).   Biosurfactants,  in  contrast,  are  amphiphilic  compounds  produced  through  microbial 
fermentation that reduce surface tension and enhance pollutant solubility (Ambaye et al., 2023). They also promote 
microbial activity, supporting hydrocarbon degradation and reducing metal mobility. Their combined use can 
enhance remediation efficiency, although interactions may affect performance. This study addresses this gap by 
evaluating their sustainability using a mass-flow framework for one hectare of contaminated land.

Methodology
This study adopts a comparative mass flow analysis (MFA) framework to evaluate the environmental, economic, 
and social trade-offs of biochar- and biosurfactant-based soil  remediation. A functional unit  of 1 hectare of 
contaminated  land  is  selected  to  enable  a  consistent  and  realistic  comparison  between  the  two  materials, 
overcoming limitations of conventional mass-based comparisons.
   A system boundary approach is applied, covering the full life cycle stages, including production, transportation, 
application, and post-use. Data for material inputs, energy consumption, emissions, and yields are collected from 
peer-reviewed literature and synthesized to establish representative value ranges for both biochar and biosurfactant 
systems. The required application dosages are first identified from reported studies and converted into mass  
requirements per hectare, allowing the estimation of total material flows for each scenario. 
    Energy and emission flows are quantified by multiplying unit process data (per kg of material) by the calculated 
dosage, resulting in total impacts per hectare. Where data ranges are available, values are treated using a uniform  
distribution to estimate mean values and associated uncertainties. The mass and energy flows are then visualized 
through flow diagrams to compare the overall system performance.
    Economic assessment is conducted by estimating material costs, production expenses, and potential benefits 
based on market data and application requirements per hectare. Social impacts are qualitatively evaluated through 
literature-based indicators, including employment generation, health implications, and accessibility constraints.  
This integrated framework enables a comprehensive comparison of biochar and biosurfactant soil remediation  
systems in terms of sustainability.

Results and Discussion
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The MFA highlights  significant  differences between biochar  and biosurfactant-based soil  remediation when 
evaluated under a common functional unit of 1 hectare of contaminated land. The results indicate that the overall  
performance of each material is highly dependent on the life cycle stage considered, particularly energy demand, 
emissions, and application dosage (Figure 1).

Figure 1: Material and emissions flow with energy consumption to treat 1 hectare of contaminated land under different life  
cycle stages using (a) biochar or (b)biosurfactant (adopted from Premathilake et al., 2026)

    Considering the production phase, biochar exhibits a comparatively lower energy requirement (≈79 GJ/ha) than 
biosurfactants (≈2340 GJ/ha), mainly due to the high energy intensity of fermentation and purification processes  
in biosurfactant production. In contrast, biochar production allows partial recovery of energy through syngas 
recirculation, resulting in a net positive energy balance. However, biochar production is associated with higher 
emissions, including methane, nitrous oxide, particulate matter, and polycyclic aromatic hydrocarbons, while 
biosurfactants generate negligible direct emissions during production.
    In the transportation and application stages, biochar shows higher environmental burdens due to the larger 
material  requirement  (10–100  t/ha),  compared  to  biosurfactants  (1–3  t/ha).  This  increases  transport-related 
emissions and handling impacts. Nonetheless, during the use phase, biochar provides substantial benefits through 
carbon sequestration and reduction of greenhouse gas emissions, whereas biosurfactants enhance contaminant  
bioavailability and degradation with minimal residual pollution.
    From an economic perspective, biochar currently offers higher returns (approximately $60,000 per ha) than 
biosurfactants (approximately $9,750 per ha). However, biosurfactants provide additional benefits by promoting 
enhanced biodegradation rather than simply facilitating sequestration.
    Socially, both materials contribute to employment and environmental health improvements, but challenges such 
as land use conflicts (biochar) and high production costs or patent limitations (biosurfactants) may restrict wider 
adoption.

Conclusion
These findings highlight that neither approach is universally superior. Instead, the selection of an appropriate 
remediation strategy should depend on site-specific conditions, energy availability, and sustainability priorities.  
Integrated or hybrid applications may offer a promising pathway to balance these trade-offs and improve overall  
performance.
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