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Introduction

Municipal solid waste (MSW) is a heterogeneous stream of organic matter, paper, plastics, glass, and
metals, whose composition varies regionally and seasonally, complicating effective management [1].
In the European Union, MSW generation reached 511 kg per capita in 2023, and despite policies
reducing landfill disposal, significant fractions remain underutilized [2]. The organic fraction of
MSW (OFMSW), representing nearly half of total waste, is commonly treated via mechanical—
biological processes (MBT), which produce a residual fraction typically sent to incineration or
landfill, with considerable recovery potential [3]. Slow pyrolysis offers a promising route to convert
this residual waste into high-carbon biochar, along with liquid and gaseous byproducts, while
chemical leaching can improve biochar properties and enable phosphorus recovery [4]. This study
evaluates a pilot-scale integration of slow pyrolysis and leaching, aiming to maximize biochar quality
and phosphorus recovery, advancing sustainable resource management and circular economy
strategies.

Material and Methods

Residual waste from an OFMSW mechanical treatment plant in Lombardy, Italy, was used as
feedstock and pelletized into 8 mm pellets for uniform feeding. Slow pyrolysis was carried out in a
pilot-scale screw reactor (SPYRO, capacity 5kgh™) at 500 °C with a residence time of 30 min
(Figure 1). The produced char was milled to particles smaller than 500 um to ensure homogeneity for
subsequent processing. Laboratory-scale leaching experiments were first conducted using nitric acid
(HNO:s) and hydrochloric acid (HCI) to identify optimal conditions for phosphorus recovery and
biochar enhancement. The selected parameters were then applied in a pilot-scale chemical leaching
unit (CHARLENE, 50 L) using 65 % nitric acid at a solid-to-liquid ratio of 1:10 and an acid-to-char
ratio of 0.5, under controlled conditions (70 °C, 2 h, 55 Hz agitation). Post-leaching, the char was
washed with hot water, filtered via a filter press, oven-dried at 105 °C, and characterized. The
nutrient-rich leachate was treated with 5 % calcium hydroxide to pH 7, precipitating phosphorus- and
metal-enriched solids for recovery and reuse.

Figure 1: Pilot-scale experimental setup for biochar production and treatment: (a) SPYRO reactor for slow pyrolysis; (b) CHARLENE unit for
chemical leaching of biochar.



Results and discussion

The residual waste from mechanical treatment of OFMSW exhibited promising characteristics for
valorization, with a high volatile content (77 wt%) and low ash content (13.7 wt%). Major inorganic
elements included calcium, phosphorus, potassium, sodium, iron, and aluminum, highlighting the
potential for nutrient recovery.

Slow pyrolysis of the material produced 35 % biochar, characterized by a reduced volatile fraction
(23.8 wt%) and lower chemical energy (HHV 14.6 MJ/kg), while concentrating metals (48.3 wt%).
Approximately 23 % of the original chemical energy was retained in the biochar. Chemical leaching
was explored at the laboratory scale using both nitric acid (HNOs) and hydrochloric acid (HCI). While
both acids yielded similar metal removal, HCI presented higher corrosion risks, whereas HNOs
enabled the formation of a nitrogen-rich liquid suitable for potential fertilizer production (NPK),
making it the preferred choice for pilot-scale testing [5].

Pilot-scale leaching improved biochar yield to 50 % and effectively removed most metals, reducing
ash content to 15.2 wt% and extracting over 90 % of phosphorus and calcium. Post-treatment, the
biochar was enriched in carbon (59 wt%) and exhibited a higher energy content (HHV 22.3 MJ/kg),
making it suitable for energy applications or other value-added uses [6]. Phosphorus was successfully
recovered from the leachate with 99.9 % efficiency as a solid enriched in calcium (20.0 %),
phosphorus (12.5 %), potassium (1.3 %), and nitrogen (2.7 %). This nutrient-rich solid represents a
valuable fertilizer resource, demonstrating that the integrated approach can simultaneously produce
high-quality biochar and recover critical nutrients from residual OFMSW.

Conclusion

The pilot-scale results demonstrate the efficiency and robustness of the process, confirming its
feasibility beyond laboratory conditions. The combined application of slow pyrolysis and chemical
leaching successfully converted OFMSW residuals into high-carbon biochar while enabling effective
phosphorus recovery, supporting the valorization of waste into added-value products.
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