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Anaerobic digestion (AD) is a mature and versatile technology for biowaste valorisation, enabling mass reduction and
biomass stabilisation while generating renewable energy (Atelge et al., 2020). Rapid expansion of biomethane
infrastructure, driven by mandatory separate biowaste collection and ambitious decarbonisation targets, has
simultaneously intensified the production of digestate across Europe. In early 2020s, European biomethane plants doubled
from 483 units in 2018 to 729 in 2020 (Savickis et al., 2020) and generated an estimated 222-258 Mt (fresh weight) of
digestate, creating both a substantial resource stream and a significant environmental management challenge. Inadequate
handling can result in residual methane emissions, nutrient runoff, heavy metal accumulation, and pathogen dissemination

(EBA, 2022) (EUR-Lex - 52022DC0230).

Digestate represents a microbially transformed organic matrix enriched in humic substances (HS), including
humic acids (HA) and fulvic acids (FA), which have growing relevance as agri-environmental biostimulants (Guan et al.,
2024; Sarlaki et al., 2024). This study advances an integrated digestate biorefinery framework that treats digested sewage
sludge (DSS) as a feedstock for HS recovery, with downstream residues directed to thermochemical conversion for

biochar production, thereby aligning waste management with circular bioeconomy principles.

Process intensification was achieved through combined ultrasound—microwave (USMW) assisted extraction in
a 5 L reactor system. The hybrid treatment significantly enhanced HS recovery, yielding 251.86 mg g™! (db) HA and
342.03 mg g ! (db) FA. These recoveries exceed previously reported values for pre-treated DSS (Lei et al., 2024; Marecka
etal., 2023; Niewes et al., 2024). Regression modelling demonstrated strong predictive performance for HA recovery (R?

=0.975; adjusted R? = 0.966) with high statistical significance (F(3,8) = 69.79, p <0.001).

Table 1. Humic substance yields obtained using combined ultrasound—microwave (USMW) extraction, expressed as

mean + standard deviation on a dry basis (d.b).

US power MW power Code HA FA
W) W) (mg.gav™) (mg.gav™)
50 420 (L,L) 90.25+1.04 362.09+12.97
75 840 M, M) 126.57+0.93 341.3+10.71

200 1260 (H,H) 251.86+1.6 342.03+9.61



mailto:shon.shiju@ucc.ie

Structural and compositional impacts of high-energy extraction were evaluated using FTIR spectroscopy,
fluorescence excitation—emission matrix analysis, and elemental characterisation. Results indicate enhanced functional
group diversity and increased macro-mineral association relative to standard reference HA (Table 2), confirming the
production of chemically enriched HS fractions. The USMW approach constitutes a scalable, energy-efficient, and
environmentally compatible extraction strategy for high-quality HS production from AD by-products. The proposed
framework supports compliance with EU Fertilising Products Regulation (EU 2019/1009) and reinforces the circular
bioeconomy by valorising AD by-products. By embracing zero-waste principles, this study underscores the potential of
DSS as a feedstock in the circular, cleaner production pathway, contributing to sustainable material recovery from

otherwise waste streams.

Table 2. Elemental composition of the feedstock (digested sewage sludge, DSS), standard humic acid (STD—HA), and

humic acids extracted using ultrasound—microwave pretreatment (USMW).

Label % Carbon % Nitrogen % Sulfur
(mean £ S.D) (mean £ S.D) (mean £ S.D)
Feed - DSS 32.289 + 0.304 4.62 £0.044 1.054 £ 0.136
STD - HA 38.819 £0.42 1.927 £0.343 0.477 £0.094
USMW (L, L) 43.614 £ 0.528 7.895+£0.073 2.356 +£0.007
USMW (M, M) 45.182 +£1.003 7.964 £ 0.087 2.101 £0.034
USMW (H, H) 44.658 £ 0.65 7.722 £0.072 1.688 £0.134
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