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Introduction  

The pressing challenges posed by climate change and fossil fuel depletion necessitate the development of 

sustainable energy alternatives that keep ensuring modern standards of living while minimizing environmental 

impact. To achieve carbon neutrality and energy security, a transition towards low-impact alternative fuels is 

imperative. Second-generation biofuels, also known as advanced biofuels, particularly those derived from waste, 

offer a viable solution by avoiding competition with food production and minimizing environmental impact while 

benefiting from low-cost feedstocks (Gan et al (2024)). In this regard, wastewater treatment by-products, often 

overlooked as waste, represent an underutilized resource with great potential for biofuel production. Among these, 

sewage scum (SS) is particularly promising due to its high lipid content, which can reach up to 60% (Mu et al 

(2016)). This study presents an integrated strategy for the valorization of sewage scum, a wastewater treatment-

derived waste, into biodiesel (FAEE) through a low-impact process that combines solvent-free lipid extraction and 

its catalytic conversion using AlCl₃·6H₂O, a cost-effective and sustainable catalyst. The research was conducted 

in four main stages: (i) recovery of raw grease from sewage scum, (ii) optimization of the AlCl₃·6H₂O-catalyzed 

esterification reaction using a model fatty acid mixture, (iii) application of the optimized reaction conditions on 

lipids extracted from SS through a previously optimized solvent-free approach and (iv) isolation and purification 

of the ethyl esters. The results demonstrate the feasibility of producing FAEEs from wastewater-derived lipids 

thorough a simple, sustainable and effective process, contributing to the advancement of second generation-

biofuels production and reinforcing the circular bioeconomy paradigm. 

 

Results and Discussion 

Sample of sewage scum uptaken from the WWTP of Bari West (Puglia, Italy) were characterised and opportunely 

treated. The recovery of lipids from sewage scum (total solids, TS: 29 wt.%) was investigated through a solvent-

free acid–thermal extraction process, as already reported in literature by di Bitonto et al (2016, 2024, 2025). 

Sewage scum was treated with inorganic acids (HCl or H₂SO₄), adjusting the pH to 3.0, at 80 °C, followed by hot 

centrifugation. Raw grease were efficiently recovered and directly used in the direct esterification with ethanol. 

The esterification reaction was first optimized using a standard mixture of palmitic and stearic acids (SPM), the 

two most abundant fatty acids in lipids extracted from sewage scum, with ethanol as the alcohol and AlCl₃·6H₂O 

as an acid catalyst. A central composite design (CCD) combined with response surface methodology (RSM) was 

employed to evaluate the effects of reaction time, ethanol-to-fatty acid molar ratio, and catalyst loading on 

conversion of fatty acids to ethyl esters.  

 
Figure 1. a) Three-dimensional response surface plot showing the interaction between Time and R on the 

conversion percentage. b) Time-course of the reaction conversion over 20 h. Reaction conditions: 75 °C, FFAs : 

ethanol : AlCl3⸱6H2O: 1: 7.7: 0.2 mol. 

Under the optimized conditions (75 °C, 18 h, EtOH/FFAs molar ratio 7.7:1, 7.2 mol% AlCl₃·6H₂O), the model 

SPM was predicted to achieve a conversion of 100.6% into the corresponding ethyl esters, which was confirmed 

experimentally, yielding 99.7 ± 0.5%.  

These conditions were subsequently applied to lipids extracted from sewage scum (~80 wt.% fatty acid content). 

The reaction produced a biphasic system, in which the ethyl esters preferentially partitioned into the upper phase 

(93%), while the catalyst and the water formed during the reaction concentrated in the lower phase. 



 

 

The upper phase was neutralized with calcium oxide (4 wt.% relative to the upper phase) to precipitate residual 

free fatty acids (FFAs) as calcium salts, followed by centrifugation to remove the solids. The collected supernatants 

were then subjected to sequential distillation steps: first, ethanol was removed with a distillation yield of 

approximately 95%, and subsequently, ethyl esters were distilled under vacuum (180 °C, 0–5 mbar), obtaining a 

high-purity ester fraction suitable for motor fuel applications. 

 

4 Conclusions 

This study establishes a robust, integrated biorefinery strategy for the valorization of sewage scum into fuel-grade 

fatty acid ethyl esters (FAEEs). The synergy between solvent-free extraction and AlCl3⸱6H2O-catalyzed 

esterification, coupled with an high performant isolation and purification protocol, enabled the recovery of high-

purity products (>97%) with a significant overall yield of 86%. 

By transforming a high-disposal-cost waste into a sustainable biofuel compliant with international standards, this 

approach offers a scalable, cost-effective, and low-impact pathway for advanced biofuel production. These results 

provide a tangible solution to wastewater management challenges while directly advancing the goals of the circular 

bioeconomy. 

 

Acknowledgement 

The authors thank the PRIN 2022-Project ReFil “Renewable liquid Fuel of new generation from wastewater 

sludge: a step towards circular economy” funded by the European Union-Next Generation, EU, Mission 4 

Component 1 (code 2022KA5WL8, CUP B53D23006130006). 

 

References 

di Bitonto et al (2025) Chem. Eng. J., 521, 166501. 

di Bitonto et al (2024) Chem. Eng. J., 494, 152991. 

di Bitonto et al (2016) Ren. Energy, 90, 55-61. 

Gan et al. (2024) J. Clean. Prod. 472, 143370. 

Mu et al (2016) Bioresour. Technol. 204 (2016) 89–97. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 


