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The rapid expansion of anaerobic digestion across the European Union has led to a substantial increase in the
production of agricultural digestate, a nutrient-rich material whose management poses both technological and
environmental challenges. The nitrogen, phosphorus and potassium it contains represent a strategic resource for
European agriculture; however, current regulatory frameworks, together with the complex chemical and physical
nature of digestate, limit its direct reuse. The forthcoming revision of the Nitrates Directive and the introduction
of the RENURE criteria have repositioned nutrient recovery as a central objective, especially for technologies
capable of producing mineral-like fertilising products with high ammonium content and low organic load.
Pressure-driven membrane technologies, specifically ultrafiltration followed by reverse osmosis, are widely
recognised as a promising route to achieve these targets. Yet, their performance remains strongly dependent on
upstream solid—liquid separation steps and on the chemical conditioning of the digestate before membrane
treatment. Fouling, concentration polarisation, and the instability of dissolved and particulate species continue to
limit the operational feasibility of membrane cascades, especially when treating digestates originating from
manure-rich feedstocks.

This study investigates the role of key pretreatment strategies in enhancing the performance of a sequential
membrane process treating agricultural digestate. A comprehensive experimental campaign was conducted to
evaluate how coagulation, flocculation, pH adjustment, and thermal conditioning modify the filterability of the
liquid fraction, the distribution of solids and nutrients throughout the separation cascade, and the quality of the
final mineral concentrate. The process under evaluation consisted of four stages: an initial solid—liquid separation,
centrifugation of the liquid fraction, ultrafiltration for the removal of suspended and colloidal matter, and reverse
osmosis for nutrient concentration and water recovery. The pretreatments, listed in Table 1, were applied at specific
stages of this sequence reflecting common operational configurations in full-scale digestate processing.

Table 1. Pretreatment conditions applied to agricultural digestate

Code g’r:;reatment Description Application phase  Reagents and conditions
Untreated liquid
CTR Control agricultural digestate o
COA Coaculation Q?Sg;oilzflilél’)g?- 5 ze; Before Different concentration from
& L p AX% centrifugation 0.25% to 1.00 w/w of TS
. Addition of Superfloc ~ Before Different concentration from
FLO Flocculation C-496 centrifugation 0.25% to 1.00 w/w of TS
POL Floceulation Addition of FLOPAM  Before Different concentration from
4650 centrifugation 0.25% to 1.00 w/w of TS
ACD3-7 Acidification pH adjusted to 3, 4,5,  After centrifugation, H»SO4 (1 M) until target pH
or 7 before UF reached
Thermal . o After centrifugation,
HEAT conditioning Heating at 50 °C before UF -

Each condition was assessed in terms of its ability to improve membrane permeability, reduce fouling propensity,
stabilise nutrient speciation, and support the production of a concentrate that could theoretically comply with
RENURE requirements.

Coagulation and flocculation were selected to investigate the behaviour of destabilised or polymer-bridged
particles during centrifugation and membrane processing. Their evaluation focused on the removal of colloids,
fibres and organic-bound nutrients, as well as on potential interactions with soluble inorganic species such as
ammonium and potassium, which are essential for the production of RENURE-compliant concentrates.
Acidification was explored across a range of pH values to determine how shifts in nitrogen speciation, carbonate
and phosphate equilibria, and colloidal stability may influence ultrafiltration behaviour and downstream nutrient
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concentration. Thermal conditioning at moderate temperature was tested as a strategy to reduce viscosity and
enhance membrane fluxes, while also allowing an evaluation of its possible side effects on nitrogen retention and
mass balance closure.

Across all pretreatments, performance was interpreted through a unified framework combining chemical
speciation, colloidal interactions, and membrane transport mechanisms. Particular attention was devoted to
understanding whether changes introduced upstream translated into measurable improvements downstream,
especially in terms of ammonium enrichment and organic carbon removal, two parameters that are crucial for
meeting the RENURE thresholds. Differences in membrane permeability over extended ultrafiltration runs were
also examined, allowing the identification of pretreatments capable not only of improving initial fluxes but also of
stabilising filtration performance over time.

To bridge laboratory findings with practical implementation, the most promising pretreatment was further
validated at technology readiness level 7 in a demonstrative plant treating real agricultural digestate under
continuous operation. This installation, developed within the context of the LIFE DIMITRA project, integrates
solid-liquid separation, ultrafiltration, and reverse osmosis in a mobile unit (Figure 1). Testing at TRL 7 enabled
an assessment of the replicability of laboratory behaviour at larger scale, provided insights into long-term stability
and operability, and offered a realistic quantification of how pretreatment influences nutrient recovery and water
reclamation in an industrial environment. The comparison with untreated digestate under the same operating
conditions further highlighted the role of upstream conditioning in enhancing nutrient valorisation strategies.
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Figure 1. A detail of the demonstrative plant for the
of LIFE DIMITRA project

pgrade of the agricultural digestate realized in the framework

Overall, the study provides a comprehensive analysis of how different pretreatment strategies influence membrane
performance, nutrient distribution, and the potential compliance of recovered concentrates with the emerging
RENURE framework. By integrating mechanistic interpretation with laboratory and near-industrial results, the
work contributes to a deeper understanding of the operational levers available for optimising digestate valorisation
and supports the development of robust treatment schemes aligned with the evolving European regulatory
landscape. The findings offer practical guidance for both researchers and practitioners seeking to design efficient,
scalable and regulation-ready nutrient recovery solutions.
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