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Agricultural digestate is a nutrient-rich by-product of anaerobic digestion whose sustainable management is
increasingly constrained by environmental regulations and emerging criteria for mineral fertilizers, such as
“REcovered Nitrogen from manURE” (RENURE). This study systematically investigates the influence of different
pretreatment strategies, namely coagulation, polymeric flocculation, acidification and moderate heating, on an
integrated pressure-driven membrane treatment train based on ultrafiltration (UF) and reverse osmosis (RO)
applied to agricultural digestate. The pretreatments were assessed in terms of mass distribution, membrane
permeability, nutrient partitioning and compliance with RENURE-related thresholds. The results demonstrate
that pretreatment selection plays a decisive role in governing both filtration performance and nutrients recovery.
Coagulation improved solid removal and moderately enhanced ultrafiltration stability, while polymeric floccu-
lation increased fouling propensity without significantly improving dewatering efficiency. Thermal conditioning
reduced viscosity but caused substantial ammonium losses due to volatilization (up to ~20% of the initial ni-
trogen mass). In contrast, acidification at pH 4 markedly enhanced ultrafiltration permeability and improved
ammonium concentration in the final RO retentate, representing the best operational compromise among the
tested acidification conditions. The most effective strategy identified at laboratory scale was subsequently
validated at technology readiness level 7 in a demonstrative plant operating under real biogas plant conditions.
The demonstrative results confirmed the laboratory-scale trends, achieving ammonium concentrations above
17.5 g kg! and ammonium mass flows of around 45.9 kg d"}, and highlighted acidification as a key enabling step
for achieving stable membrane operation and improved nitrogen recovery.

1. Introduction nutrients from “REcovered Nitrogen from manURE” (RENURE) mate-

rials [4]. The Commission proposal Ares (2024) 2885619 explicitly

Livestock manure and agricultural digestate (AGRD) management is
both an environmental challenge and an opportunity across the Euro-
pean Union (EU). Large volumes of nutrients-rich, in particular nitrogen,
phosphorus, and potassium effluents are generated every year from
intensive livestock and biogas production. If not controlled, this nutri-
ents surplus may cause eutrophication of surface and groundwater, and
greenhouse gases emissions in the atmosphere [1,2]. However, if
properly treated and valorized, it could potentially supply a substantial
share of the EU fertilizer demand, thus contributing to nutrient circu-
larity and reducing dependency on synthetic fertilizers [3].

In October 2025, the European Commission welcomed the positive
opinion of the Nitrates Committee on the proposal for recovering
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identifies three processing routes that can qualify processed manure as
RENURE: (i) ammonia stripping and scrubbing to produce ammonium
salts, (ii) reverse osmosis (RO) to produce mineral concentrates, and (iii)
struvite precipitation. Under the proposed amendment, Member States
may authorize the use of RENURE materials beyond the standard 170 kg
N hal limit, set up by the EU Nitrates Directive (91/676/EEC) [5] in the
Nitrate Vulnerable Zones, up to an additional 80-100 kg N ha’!, pro-
vided that strict quality criteria are met, such as a mineral N to total N
ratio > 90% or organic carbon to total N ratio < 3) [6].

Within this evolving policy landscape, pressure driven membranes
technologies (PDMT), such as ultrafiltration (UF) and reverse osmosis
(RO) emerge as a promising technique to recover and concentrate
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mineral nutrients from AGRD. These techniques effectively remove
suspended solids (SS) and allow the extraction of N, K and P in a
concentrated form, suitable for direct agricultural use or further pro-
cessing into commercial fertilizers [7]. Specifically on RO, it separates
water from dissolved ions through a semi-permeable membrane,
concentrating ammonium, phosphates and other soluble macronutrients
(such as potassium), thereby producing a potential liquid fertilizer that
could meet RENURE specifications. Despite increasing attention,
experimental research on treating digestates from animal manure by
PDMT and its possible application on pilot or higher technology readi-
ness level (TRL) remain scarcely explored for some bottlenecks corre-
lated to the adoption of PDMT [8]. Although PDMT offer the advantage
of requiring very little use of chemicals, compared to ammonia scrub-
bing or membrane contactors, the high capital and operating costs
associated with their energy-intensive processes (2-6 kWh m™>) remain a
major barrier to their widespread adoption [9]. Another main issue
associated with these processes is represented by the fouling of the
membranes which may cause severe clogging or significantly reduce
filtration rates [9,10]. Several laboratory-scale studies have investigated
PDMT for nutrients recovery from agricultural digestates, demon-
strating high rejection efficiencies for nitrogen and phosphorus when UF
and RO are applied in sequence. Waeger et al. [11], achieved 85 % of
COD removal using only UF, while keeping the nitrogen removal below
20 % to be concentrated by RO. Gienau et al. [12] applied the full
process of UF and RO on AGRD, alongside an enzymatic pretreatments,
achieving a maximum ammonium, and K concentration in the RO
retentate of 5.6, and 9.2 g kg™ respectively; while recovering P in the
solid phase up to 10.4 g kg™ Zielinska et al. [13] achieved 81 and 87 %
of nitrogen and phosphorus respectively. But these works have also
highlighted membrane fouling as a major operational limitation,
strongly influenced by digestate composition and upstream conditioning
strategies [11-14]. These issues emerged also during some recent pilot
scale experiences. Proskynitopoulou et al. [15] tested combination of
sequential processes, including microfiltration, UF, RO at pilot level to a
digestate coming from a mixture of animal wastes, agricultural waste
and food industry by-products. The authors demonstrated the efficacy of
solids and colloids removal with the obtaining of a clarified digestate
rich in nutrients and water as final outputs, only when these systems are
associated with electrodialysis and UV/ozonation. In another recent
work by Qi et al. [16], working on the valorization of swine liquid
digestate by applying an integrated UF-membrane reactor and RO sys-
tem, the authors observed that the system did not achieve good per-
formance in nitrogen and phosphorus recovery, as consequence of the
high turbidity of swine digestate, even if they obtained a concentrate
rich in K, Ca and Mg.

Pretreatments can improve the efficiency of PDMT and, conse-
quently, the nutrients recovery from digestate. Chemical conditioning,
pH adjustment and thermal treatments, have therefore been proposed to
reduce the turbidity of digestate, the solids and colloids concentration in
digestate. Specifically, the role of flocculation and acidification in
digestate-based systems was investigated on improving solid liquid
separation (SLS), demonstrating the good ability to reduce the amount
of SS in the UF [17]. In a work by Meixner et al. [18] it was demon-
strated that the use of precipitating agents significantly improved SS
separation efficiency from 46% to 75%. It led to increasing the ultra-
filtration flux from 45-50 to 79 L m2 h™!. In addition, these agents
enabled an almost complete removal of phosphorus from the superna-
tant. However, it is important to emphasize that this pretreatment was
tested on digestate derived from stillage, rather than on livestock ef-
fluents or AGRD. Van Puffelen et al. [19] investigated an integrated
treatment cascade for swine digestate, combining SLS, membrane
filtration, and chemical-assisted separation steps to evaluate nutrients
partitioning recovery. They observed that pretreatment steps are
generally required before RO treatment of digestate, particularly SLS
and MF/UF filtration, removing about 73% TS and 77% VS overall.
However, the specific effect of chemical additives is not always clear.
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For instance, the use of MgCl, or iron sulphate as flocculants combined
with polymer flocculants did not show a clear improvement in specific
nutrients separation under certain operating conditions. Among other
pretreatment options, acidification is of particular interest because it can
alter nitrogen speciation and nutrients partitioning in digestate [20], yet
its integration with PDMT processes has not been systematically
assessed, especially beyond laboratory scale. Acidification has already
proven to be effective in minimizing NH3 emissions from digestate [21].
Another work by O'Connor et al. [22] the acidification was applied to
stabilize ammonium in digestate and limit nitrogen losses through
ammonia volatilization during the concentration step. Different mineral
acids were used to enhance ammonium retention and produce
nutrient-enriched solid products. However, the investigated matrix was
a stillage-derived digestate, and the concentration route was based on
evaporation rather than on the integrated UF-RO membrane treatment
considered in the present study.

Finally, while previous studies, which mainly focused on single
pretreatments or isolated separation steps, this work provides a sys-
tematic comparison of multiple pretreatment strategies within an inte-
grated UF-RO process for agricultural digestate and validates the
selected configuration under real biogas plant conditions (TRL 7).
Moreover, a focus has been addressed on the mechanistic insights into
nitrogen speciation under acidification and its direct impact on perme-
ability and RENURE compliance represent a novel contribution to the
design of scalable, regulation-oriented digestate valorization schemes.
By bridging laboratory-scale experimentation with demonstrative
operation, this work advances both the scientific understanding of
membrane-based nutrient recovery and its practical implementation
within the evolving European regulatory framework.

2. Materials and methods
2.1. Origin of the AGRD

The AGRD used in this study was collected from a full-scale anaer-
obic digestion plant located in Northern Italy (Isola della Scala, Verona,
Italy), where bovine manure and crop residues are co-digested under
mesophilic conditions. The main characteristics of the raw AGRD were
reported in Table 1. The feedstock employed for the laboratory tests
corresponded to the supernatant of the agricultural digestate, obtained
after a first SLS of 1.0 kg of raw AGRD assured through the manual
separation with a 2 mm filter followed by the centrifugation step at
laboratory scale to remove the fibers, the biggest particle and the sus-
pended solids. This clarified liquid phase was used as the feedstock for
all subsequent pretreatment and membrane filtration tests (UF and RO).

2.2. Upstream processes applied to the agricultural digestate

To improve filterability and nutrients recovery efficiency during the
membrane processes, several pretreatment strategies were applied to the
liquid digestate. The treatments included acidification, thermal condi-
tioning, coagulation, flocculation, and thermal treatments. Each pre-
treatment was tested either before centrifugation or after centrifugation

Table 1

Physical and chemical main characterization of raw AGRD.
pH 8.04 + 0.05
Total Solids (TS) (% w/w) 7.35 + 0.20
Volatile Solids (VS) (% w/w) 5.04 +£0.11
VS/TS (%) 68.57 + 0.14
Electrical Conductibility (EC) (mS cm™) 13.97 +0.33
Total Kjeldahl Nitrogen (gN L™) 412+ 0.24
NH;-N (gN L) 3.51 + 0.20
PO3-P (gP LY 0.28 + 0.04
Total Phosphorus (gP L) 1.07 + 0.08
Total Potassium (gK L) 4.15 + 0.45
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(on the supernatant entering UF). The operating conditions adopted for
each pretreatment (Table 2) were selected based on values commonly
reported in the literature for digestate and manure conditioning, as well
as on preliminary trials aimed at ensuring process stability and
comparability among treatments [23,24]. For example, the study by
Beggio et al. [23] was used as a starting point to define the dosage ranges
tested in the present work for coagulation and flocculation tests. Since
the operating conditions in that study were reported in g L'}, they were
converted into %TS by taking into account the total solids content of the
digestate matrix investigated by those authors, in order to obtain com-
parable reference ranges for the AGRD used in the present research.
Specifically, aqueous stock solutions of the selected reagents were pre-
pared at 1% w/w. The stock solutions were subsequently dosed into the
AGRD to achieve the dosage levels reported in Table 2.

For acidification, the work of Camilleri-Rumbau et al. [24] was
considered as a conceptual basis, as it showed that pH reduction prior to
membrane treatment can enhance the recovery of soluble nutrients such
as ammonium and potassium. On this basis, different target pH values
(Table 2) were experimentally tested in the present study in order to
identify the most suitable operating condition for the AGRD.

While thermal conditioning (HEAT test, Table 2) was not selected on
the basis of a specific literature protocol, but was introduced in this work
as an exploratory pretreatment to assess whether a moderate increase in
temperature could improve the physical properties, such as the viscos-
ity, of the digestate and, consequently, the efficiency of the subsequent
membrane separation steps.

Each pretreatment condition was tested in three independent
experimental runs. For each run, analytical measurements were per-
formed in triplicate and results are reported as average values. A sum-
mary of these preliminary trials and of the rationale used to define the
final operating conditions is reported in the Supplementary Material
(Table S1).

2.3. Laboratory-scale process description

The overall treatment scheme consisted of four sequential stages
(Fig. 1):

a) SLS of the raw AGRD: this first step was assured by the manual
separation of the AGRD though a sieving mesh of 2 mm, which led to
the obtaining of a Solid Fraction (SF) and a Liquid Fraction (LF),
respectively indicated with SF and LF.

b) Centrifugation (CF): the LF was centrifuged to remove SS and obtain
a clarified supernatant (SUR) for membrane processing, while the
other stream was represented by the sedimentate (SED).

c) Ultrafiltration (UF): the supernatant was filtered using a Vibro-
Lab35P unit (SANI Membranes, Denmark) equipped with a 150
kDa molecular weight cut-off (MWCO), 35 cm? NADIR® UP150P
(MANN-+HUMMEL) polyethersulfone membrane. The system oper-
ated at a transmembrane pressure (TMP) of 1.8-2.0 bar, with feed
and retentate flow rates of 380 rpm and 260 rpm, respectively. The
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UF produced a retentate (UF-RET) and a permeate (UF-PER). The UF
stage represented the critical bottleneck of the process due to severe
fouling phenomena and the resulting decline in membrane perme-
ability [12].

d) Reverse osmosis (RO): the UF-PER was subsequently treated in a RO
step represented by the equipment Sterlitech HP4750 stirred cell at
40 bars under nitrogen pressurization, using TRISEP® ACM2
(MANN+HUMMEL) polyamide membrane with 17 cm? of surface
area. The objective was to concentrate soluble nutrients (NHJ, PO,
K") on the RO retentate (RO-RET) while recovering high-quality
water in the permeate (RO-PER).

The proposed membrane-based configuration does not aim at pro-
ducing final fertilizer products, but rather at generating nutrient-
enriched streams that can be subsequently processed using established
recovery technologies.

2.4. Evaluation parameters

The performance of each pretreatment was assessed based on the
following parameters:

m; ro-
Ri romer = % RO-RET 140 o
myo
Where R; ro-rer is the recovery percentage of nutrient i from RO-
RET, calculated with the mass recovery of the nutrient i from RO-PER
and the total starting mass of the nutrient i (ip) in the AGRD.

My.rO—
Rwro ppr = ———25100 @
My
Where Ry ro.per is the water recovery percentage from RO-PER,
calculated with the water mass recovery from RO-PER and the total
water mass (wg) in the AGRD.

J
AP
Where Lp is the membrane permeability (L h'lm? bar"l), J the trans-
membrane flux (L h! m'z), and AP is the trans-membrane pressure (bar).
The best-performing pretreatment was further evaluated for
compliance with the RENURE quality criteria, as defined in the Euro-
pean Commission proposal Ares [6]: i) Mineral N / Total N > 90 %, or ii)
Organic C / Total N < 3 %. These indicators were used to assess whether
the RO-RET could be classified as a RENURE-compliant fertilizing
product. Organic C was measured as Total Organic Carbon. At this
scope, the following parameter was considered:

Lp = 3

TOC

TKN @

Organic C / Total N (w/w) =

Where TOC is the Total Organic Carbon (g L'l), and TKN is the Total
Kjeldahl Nitrogen (g L'™%).

Table 2
Pretreatment conditions applied to AGRD.
Code Pretreatment type Description Application phase Reagents and conditions Ref.
CTR Control Untreated liquid AGRD — — —
COA Coagulation Addition of hybrid Fe-Al coagulant (PIX-323 + Before centrifugation Different concentration from 0.25% to 1.00 w/w [23]
PAX) of TS
FLO Flocculation Addition of Superfloc C-496 Before centrifugation Different concentration from 0.25% to 1.00 w/w [23]
of TS
POL Flocculation Addition of FLOPAM 4650 Before centrifugation Different concentration from 0.25% to 1.00 w/w [23]
of TS
ACD Acidification pH adjusted to 3, 4, 5, or 7 After centrifugation, before H,SO4 (1 M) until target pH reached [24]
3-7 UF
HEAT Thermal Heating at 50°C After centrifugation, before — —
conditioning UF
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Solid-Liquid Separation, whit the obtaining of a Solid Fraction (SLS-SF) and a

Liquid Fraction (SLS-LF), ii) the Centrifugation (CF) of the SLS-LF, with the obtaining of a Supernatant (CF-SUR) and a Sedimentate (CF-SED), iii) the Ultrafiltration
(UF) of the CF-SUR with the obtaining of a permeate (UF-PER) and a retentate (UF-RET) and iv) the Reverse Osmosis (RO), with the obtaining of a permeate RO-PER

and a retentate (RO-RET).

2.5. Validation of the best pretreatment at TRL 7

The best pretreatment was then tested in a demonstrative plant
(DEMO) which was designed, constructed and installed within the LIFE
DIMITRA project to upgrade AGRD into concentrated nutrient streams
through sequential mechanical and membrane-based separations.
DEMO was implemented at the agricultural company La Torre (Isola
della Scala, Verona, Italy), which operates a 0.99 MWe anaerobic
digestion facility treating cattle manure and lignocellulosic residues.
The DEMO plant was installed inside a compact modular container (2.4
x 3.0 x 5.8 m) to ensure transportability and operability under real farm
conditions. DEMO 2 consists of three consecutive unit operations
(Fig. 2): i) a Solid-Liquid Separation (SLS), ii) an UF, and iii) a RO step.
This configuration was selected following an extensive laboratory
campaign aimed at identifying the most effective combination of
filtration technologies for nutrient concentration and water recovery
from AGRD [3].

The SLS stage is performed using a conical-disc filtration system
(PRIMESCREEN®), which retains fibers, large particles, and colloidal
aggregates (100 — 2000 um) while producing a clarified liquid fraction
suitable for membrane processing. This step ensures the removal of most
phosphorus-rich solids and reduces the fouling potential of downstream
membranes. The UF unit (ceramic membranes, total filtration area 1.4
m?, operated at 4 bar) concentrates microorganisms, organic nitrogen,
and residual phosphorus in the retentate, while allowing monovalent
salts such as ammonium and potassium to permeate. The final RO stage
(polyamide membrane, up to 70 bar) treats the UF permeate to simul-
taneously recover purified water and a nutrient-rich concentrate
enriched in ammonium and potassium salts. All equipment is integrated
with automated control, level sensors, and cleaning procedures,
enabling continuous operation under real working conditions. The sys-
tem treats approximately 20 tonnes of AGRD per day.

Liquid
Fraction
(SLS-LF)
- Solid Liuid
Separation (SLS)
AGRD

Solid

Fraction (SLS-

SF)

The performance of the best pretreatment was compared with the
one from AGRD without any previous upstream process (CTR-DEMO
test). The parameters considered for the evaluation of the CTR-DEMO
and the best pretreatment were the same ones used for the laboratory
tests and reported in Section 2.4.

2.6. Analytical methods

Total (TS) and volatile solids (VS), the Chemical Oxygen Demand
(COD), the Total Kjeldahl Nitrogen (TKN) ammonium content, the Total
Phosphorous (TP) compounds and the Total Organic Carbon (TOC) of
the AGRD and the derived streams from the different filtration steps
were analyzed according to APHA Standards Methods [25]. pH and
electrical conductibility (EC) were measured using CO 3000H portable
analyzer by VWR. While potassium (TK) and TOC contents were
measured by a spectrophotometric method supplied by Hach Lange.

2.7. Statistical analysis

Pretreatments and filtrations were made in triplicate. Data were
analyzed using Microsoft Office Excel and RStudio (Posit Software) for
ANOVA. The sequent significance levels were used: statistically signifi-
cant (p < 0.05); highly significant (p < 0.01); very highly significant (p
< 0.001).

3. Results and discussion
Figs. 3, 4, 5, 6 and 7 show the TS, COD and ammonium, potassium

and phosphorus distributions along all the sequential filtration steps for
the CTR test and the different pretreatments on AGRD.

RO-PER
UF-PER (Water)
Reverse
Ultrafiltration |:> . |:>
(UF) Osmosis (RO)
UF-RET RO-RET

Fig. 2. Scheme of the mechanical and the pressure driven membranes technologies and of the corresponding inlet and outlet streams for the DEMO plant.
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HEAT
ACD3
ACD4
ACD5
ACD7
POL
FLO
COA
CTR

0% 20% 40% 60% 80% 100%

mSLS-SF WCF-SED ®UF-RET ®RO-PER ®RO-RET #LOSS
Fig. 3. Mass distribution of TS along the biorefinery line for the different
pretreatment conditions applied to AGRD. Bars represent the fraction (%) of the
initial TS mass recovered in each process stream. Bars represent the fraction (%)
of the initial TS mass recovered in each stream. Process steps and streams
include solid-liquid separation (SLS), solid fraction (SF), centrifugation (CF),
sediment (SED), ultrafiltration (UF), retentate (RET), permeate (PER) and
reverse osmosis (RO).

HEAT
ACD3
ACD4
ACDS5
ACD7
POL
FLO
COA
CTR

0% 20% 40% 60% 80% 100%
mSLS-SF ®CF-SED ®UF-RET ®RO-PER ®RO-RET #LOSS
Fig. 4. Mass distribution of COD along the biorefinery line for the different
pretreatment conditions applied to AGRD. Bars represent the fraction (%) of the
initial COD mass recovered in each process stream. Process steps and streams
include solid-liquid separation (SLS), solid fraction (SF), centrifugation (CF),

sediment (SED), ultrafiltration (UF), retentate (RET), permeate (PER) and
reverse osmosis (RO).

HEAT I /00000555
ACD3
ACD4
ACDS
ACD7
POL
FLO
COA
CTR

N\

0% 20% 40% 60% 80% 100%
mSLS-SF mCF-SED ®mUF-RET =RO-PER ®RO-RET #LOSS

Fig. 5. Mass distribution of ammonium along the biorefinery line for the
different pretreatment conditions applied to AGRD. Bars represent the fraction
(%) of the initial ammonium mass recovered in each process stream. Process
steps and streams include solid-liquid separation (SLS), solid fraction (SF),
centrifugation (CF), sediment (SED), ultrafiltration (UF), retentate (RET),
permeate (PER) and reverse osmosis (RO).
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HEAT
ACD3
ACD4
ACDS
ACD7
POL
FLO
COA
CTR
0% 20% 40% 60% 80% 100%
mSLS-SF ®mCF-SED ®UF-RET RO-PER ®mRO-RET #LOSS

Fig. 6. Mass distribution of phosphorus along the biorefinery line for the
different pretreatment conditions applied to AGRD. Bars represent the fraction
(%) of the initial phosphorous mass recovered in each process stream. Process
steps and streams include solid-liquid separation (SLS), solid fraction (SF),

centrifugation (CF), sediment (SED), ultrafiltration (UF), retentate (RET),
permeate (PER) and reverse osmosis (RO).

HEAT
ACD3
ACD4
ACDS
ACD7
POL
FLO
COA
CTR

0% 20% 40% 60% 80% 100%
ESLS-SF mCF-SED ®mUF-RET =RO-PER ®RO-RET ~#LOSS

Fig. 7. Mass distribution of potassium along the biorefinery line for the
different pretreatment conditions applied to AGRD. Process steps and streams
include solid-liquid separation (SLS), solid fraction (SF), centrifugation (CF),
sedimentate (SED), ultrafiltration (UF), retentate (RET), permeate (PER) and
reverse osmosis (RO). Bars represent the fraction (%) of the initial potassium
mass recovered in each process stream.

3.1. Performance of CTR AGRD tests

AGRD was treated through four sequential filtration stages, without
any pretreatment: SLS, CF and the two PDMT steps, the UF followed by
RO. SLS and CF was used to separate the fibers, biggest solids and
colloidal particles from the AGRD, allowing the obtaining of a SF and a
LF. Specifically, SF and LF accounted for 35.06 + 1.02 and 64.94 +
1.97% w/w, respectively. The LF was sent to a CF step which led to a
SUR and SED fraction of about 54.16 + 2.01 and 10.78 + 1.54% w/w
calculated based on the initial amount of the AGRD. TS were essentially
recovered in these two first separation steps: the SF from SLS and the
SED from CF exhibited a TS concentration of 11.35 + 0.36% w/w and
18.50 + 0.47% w/w, respectively. While the TS removal from SLS and
CF was 51.02 + 1.93% and 25.57 + 3.41% w/w for a total of about
76.6% w/w of the total TS (Fig. 3). UF provided a physical clarification
step, effectively removing SS and colloidal particles, while the RO stage
was responsible for the concentration of dissolved salts and nutrients.
Specifically, during UF, the SUR from CF was subjected to a selective
separation based primarily on size exclusion [26]. Particles and mac-
romolecules larger than the membrane pores were retained, whereas
water and dissolved ions readily passed through. This step efficiently
removed fine colloids, organic residues, and microbial debris that
remained after the preliminary centrifugation, thereby producing a
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clarified effluent with reduced turbidity. The removal of these colloidal
fractions was particularly important because such particles are
deformable and tend to form compressible cakes on membrane surfaces,
which would otherwise accelerate fouling and flux decline in the sub-
sequent RO unit [27]. By eliminating this fouling potential, the UF step
created favorable hydrodynamic conditions for RO operation, allowing
stable fluxes and extended membrane life. Chemically, the UF process
did not significantly alter the ionic composition of the digestate.
Ammonium, potassium ions, and soluble phosphates were unaffected by
UF and thus remained in the permeate [27,28]. As a result, the UF stage
served as a clarification rather than a nutrient-removal step, trans-
mitting the dissolved species to the downstream RO system for con-
centration. The clarified UF-PER exhibited an overall reduction of TS of
about 90% w/w compared with the raw AGRD, confirming that most
particulate matter had been effectively eliminated before entering the
RO unit.

In the RO, the separation mechanism shifted from mechanical
sieving to molecular diffusion through a dense, semi-permeable mem-
brane [29]. Driven by high hydraulic pressure, water molecules diffused
across the membrane while ions and dissolved organics were largely
rejected, resulting in a clean water permeate and a nutrient-enriched
retentate. The RO membrane, characterized by extremely small
free-volume pathways (< 0.001 pym), imposed a strong barrier to the
passage of hydrated ions. Electrostatic repulsion between the negatively
charged membrane surface and the ionic solutes (the so-called Donnan
exclusion effect) further enhanced selectivity, particularly for multiva-
lent species [30]. In this stage, most of the ammonium, potassium and
soluble phosphorus were concentrated, while the permeate displayed a
very low electrical conductivity, confirming its high purity. Conse-
quentially, in terms of nutrients behavior, the CTR tests achieved re-
coveries in the RO-RET of approximately 38.45 + 1.74% w/w for
ammonium with a NH{/TKN value of 78.05% w/w, 41.81% w/w for
potassium, all expressed based on amount of these nutrients in the initial
AGRD. These recovery yields corresponded to 12.80 + 1.01 g kg'!, 1.67
+0.04 gkg™ and 17.43 + 1.25 g kg'! for ammonium, phosphorous and
potassium, respectively in RO-RET stream (Supplementary Materials,
Table S1). The near equivalence between ammonium and TKN
confirmed that most nitrogen was present in the ammonium form, as
expected after AD. EC values supported this interpretation: they
remained nearly constant across the UF step, indicating that dissolved
salts were not retained, and rose markedly in the RO-RET, reaching
about 40 + 1 mS cm’. The concentration effect therefore resulted
exclusively from the osmotic rejection of solutes by the RO membrane,
not from any prior removal.

Phosphorus followed a different pattern: 61.59 + 2.84% w/w of the
TP was already captured in the SF from SLS while 14.95 + 1.76% w/w
was removed in the next CF step. This is attributed to the strong ten-
dency of phosphate ions to adsorb onto fibrous or organic matter and to
co-precipitate with calcium, magnesium or iron naturally present in the
digestate [31,32]. In the UF + RO sequence, only the remaining soluble
phosphate fraction was available for concentration in the RO permeate.
Thus, in this configuration, phosphorus separation was primarily gov-
erned by earlier solid-liquid interactions rather than by membrane
selectivity.

The RO-RET obtained in the present configuration did not yet
comply with the new RENURE regulatory criteria, which require NH}/
TKN ratio higher than 90% and COD/TKN ratio lower than 3. In our
case, the RO-RET showed an NHZ /TKN ratio of approximately 80% and
a TOC/TKN ratio of about 3.2, indicating that without additional pre-
treatments or conditioning steps, the recovered concentrate does not
yet meet the RENURE requirements. This justifies the need for further
upstream treatments of the AGRD to enhance the mineralization of
organic nitrogen and reduce the residual organic load before RO con-
centration. Regarding the water recovery (Equation 2), RO-PER repre-
sented 27% w/w of the raw AGRD.
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3.2. Performance of coagulation and flocculation on AGRD valorization

In the context of this study, the addition of the different coagulants
and flocculants, COA, FLO and POL, each of one tested in a TS con-
centration range among 0.25 and 1.00% w/w (Table 2), was carried out
before the CF, that is, immediately after the initial SLS step. In this
configuration, the reagents acted directly on the LF of the AGRD, pro-
moting aggregation of residual colloids and fibrous particles lower than
2 mm, while facilitating the removal of organic-bound nitrogen and the
residual phosphorus species. Consequently, the CF was expected to yield
a clearer SUR with reduced SS and organic load, improving the perfor-
mance of subsequent pressure driven membranes processes (UF and RO)
in terms of permeability and nutrients concentration efficiency.

COA, FLO and POL tests were optimized with an addition of the
correspondent coagulants and flocculants of the 0.5% w/w of TS on
AGRD. At 0.25% w/w of TS, the performances in terms of solids removal
were lower, while at higher concentrations (0.75 and 1.00% w/w of TS)
non-significant improvements were appreciated.

Specifically, coagulants addition (COA test, Table 2) had a first effect
on solid removal from SUR during the CF unit operation. The TS con-
centration on SED phase increased significantly from 18.50 & 0.47% w/
w of the untreated AGRD to 19.80 + 0.09% w/w in COA test (p < 0.05),
while the COD concentration increased from 171.5 + 10.6 to 189.6 +
20.4 g kg'}, respectively. The amount of the SED phase also increased of
9% w/w compared to the no pretreated AGRD (CTR test). Consequently,
the fractions of the initial TS and COD which are recollected in the SED
phase increased from 25.5 + 0.41 to 30.6 + 0.46% w/w and from 28.3
+ 0.82 to 34.8 + 0.45% w/w compared to CTR tests (p < 0.05),
respectively (Figs. 3, 4). These results can be justified considering the
principles of the mechanisms governing the coagulants. The LF of AGRD
typically contains a complex suspension of organic and inorganic col-
loids, residual fibers, humic substances, microbial cells, and soluble
macronutrients such as ammonium, potassium, and phosphates. These
colloidal particles are negatively charged and stabilized by electrostatic
repulsion and hydration forces, which prevent their aggregation and
settling under natural conditions [33]. Coagulants, such as ferric or
aluminum salts, act primarily through charge neutralization and sweep
flocculation. When added to the liquid digestate, hydrolyzed metal ions
(e.g., Fej, Alf) form polymeric hydroxides capable of destabilizing
negatively charged colloids. This reduces the zeta potential, promoting
particle aggregation and sedimentation during the CF step [34,35]

Regarding the main nutrients, the ammonium, potassium and
phosphorous recoveries in the RO-RET decreased compared to CTR tests,
passing from 38.45 + 1.74 to 36.89 + 0.78% w/w for ammonium (p <
0.05) (Fig. 5), from 41.89 + 1.80 to 39.42 + 0.68% w/w for potassium
compounds (p < 0.05) (Fig. 7), and from 15.05 + 0.60 to 9.01 + 0.06%
w/w for phosphorus (p < 0.01) (Fig. 6). These recovery yields corre-
sponded to 12.70 + 1.00 g kg, 1.00 = 0.06 g kg™ and 16.43 + 2.01 g
kg for ammonium, phosphorous and potassium, respectively in RO-
RET stream (Supplementary Materials, Table S1). Considering the
scope to maximize the ammonium and potassium recovery in the RO-
RET, these results are not good. On the contrary, the lower amount of
phosphorous in RO-RET can be considered a positive aspect, as it is
usually recovered for other applications, such as struvite production, in
the more solid fractions of the digestates, such as the SF from SLS and
SED from CF step.

From a mechanistic standpoint, metal-salt coagulation targets par-
ticulate and colloidal fractions and promotes orthophosphate removal
by charge neutralization, sweep flocculation and formation of poorly
soluble Fe/Al phosphates; thus, it shifts P from the liquid to the solid
phase prior to membranes [36,37]. In contrast, NH and K™ remain
largely dissolved and are not directly removed by coagulation, as their
separation typically requires ion exchange/adsorption, air stripping, or
crystallization (e.g. struvite) rather than charge destabilization of col-
loids [38,39]. Consistent with this theory, the slight decrease in RO-RET
recoveries of NHj and K" observed after coagulant dosing is best
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explained by indirect retention: a minor fraction of NH; can associate
with organic-mineral flocs (electrostatic association/ion pairing and
physical entrapment), and K™ may be weakly co-entrained, so that
enhanced floc formation and subsequent centrifugation remove more of
these floc-bound species upstream, leaving less to be concentrated by RO
[3,40].

FLO and POL tests adopted two different flocculants to try to removal
solids from the LF of AGRD after SLS (Table 2). Flocculants, typically
long-chain organic polymers such as polyacrylamides, act through
bridging and entrapment mechanisms. Their high molecular weight and
flexible structure allow them to adsorb onto multiple colloidal surfaces
simultaneously, creating inter-particle bridges and forming large, dense
flocs that settle rapidly during CF [41]. However, their performances in
TS (Fig. 3) and COD removal (Fig. 4) were lower than coagulant in COA
test, whose improvements were of only few percentual values compared
to CTR test. It is consistent with the underlying mechanisms of action of
these reagents. Cationic flocculants act mainly through polymer
bridging and inter-particle aggregation, adsorbing onto negatively
charged colloids and linking them into larger but relatively porous flocs.
Their role is therefore to enhance particle aggregation and settling ve-
locity, rather than to destabilize colloids or induce precipitation [42]. In
contrast, metal-based coagulants such as ferric or aluminum salts, such
the ones used in COA test, promote charge neutralization and sweep
flocculation, leading to the formation of denser, more compact aggre-
gates with higher water-drainage capacity. These mechanisms not only
enhance solid-liquid separation but also induce chemical precipitation
of phosphorus compounds (e.g., FePO4, AIPO4) [43], as previously re-
ported. Similar findings have been reported for agricultural digestates
and manure-derived slurries, where polyacrylamide-based flocculants
primarily improve particle aggregation but have limited effect on the
final dry matter content, whereas ferric or aluminum coagulants lead to
higher solids recovery and more effective dewatering [43].

Regarding nutrients recovered in the RO-RET, the addition of
cationic flocculants in FLO and POL tests before CF step did not signif-
icantly affect their distribution in the subsequent membrane process
(Figs. 3-7). Ammonium, present as a soluble monovalent ion, remained
almost entirely in the liquid phase and its recovery in the RO concentrate
was unchanged, confirming that polymeric flocculants do not interact
chemically with NHZ [44]. A slight decrease of about three percentage
points in the recovery of potassium and phosphorus was observed
compared with the untreated digestate. Specifically, for FLO tests, the
concentrations for ammonium, phosphorous and potassium in the
RO-RET were 12.17 + 0.85 g kg?, 1.32 £ 0.08 gkg ' and 15.43 + 0.14 g
kg, respectively. While for POL tests were 12.76 + 0.92 g kg'!, 1.36 +
0.08 g kg and 16.04 + 0.25 g kg™, respectively (Supplementary Ma-
terials, Table S1). This minor reduction is attributed not to chemical
removal but to indirect physical entrapment and adsorption of these ions
within the flocs formed during flocculation and their subsequent
removal in the centrifugation step [23,44]. Similar behavior has been
reported for agricultural digestates and manure slurries, where
polymer-assisted solid-liquid separation improves clarity and solid
removal efficiency without substantially altering the overall nutrient
composition of the liquid fraction entering downstream membrane units
[24].

Finally, considering the previous discussed low changes compared
the CTR test, especially in terms of nutrients recovery in the RO-RET,
COA, FLO and POL did not achieve the two required RENURE criteria
of a NH /TKN over 90% w/w and TOC/TKN lower than 3, being not
suitable to obtain a final product which can be classified as bio-fertilizer.
Regarding the water recovery, FLO and POL tests increased a little bit
the amount of RO-PER, passing from 27 to 29% w/w.

3.3. Performance of pH reduction on AGRD valorization (ACD3, 4, 5, 7
tests)

Among the pretreatment strategies summarized in Table 2,
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acidification consisted of adjusting the pH of the SUR phase to values
between 3 and 7 by addition of sulfuric acid (1 M) after the CF step and
before UF. This treatment was introduced to modify the physicochem-
ical characteristics of the digestate liquid fraction, with potential effects
on nutrient partitioning, colloidal stability, inorganic precipitation
tendency and membrane processability. The acidification demands of
the SUR corresponded to sulfuric acid consumptions of approximately
0.80, 1.01, 1.13 and 1.23 kg H,SO4 per tonne of SUR to reach pH 7, 5, 4
and 3, respectively. These values indicate a moderate buffering capacity
of the digestate liquid fraction and provide a first quantitative indication
of the acid demand associated with the acidification pretreatment.

ACD3, 4, 5 and 7 tests, respectively performed at pH 3, 4, 5 and 7,
showed that the effect of acidification on nutrients concentration in the
final RO-RET was markedly pH-dependent. In particular, ammonium
concentration in the RO-RET progressively increased from 12.80 + 1.01
gkglin the CTR to 13.54 + 0.08, 15.54 £ 0.17, 16.65 + 1.52 and 16.09
+ 0.26 g kg! for the ACD7, ACD5, ACD4 and ACD3 tests, respectively
(Supplementary Materials, Table S1). These results indicate that acidi-
fication significantly improved the overall efficiency of ammonium
concentration in the integrated UF-RO chain. However, no substantial
further benefit was observed when decreasing the pH from 4 to 3,
despite the higher acid consumption required. For this reason, the sub-
sequent discussion focuses on the ACD4 condition, which represented
the best compromise between nutrient recovery improvement, mem-
brane performance and acid demand.

The acidification of the SUR phase prior to UF did not produce any
significant change in the subsequent mass distribution among the pro-
cess streams during UF and RO. The proportion of the UF-RET slightly
increased from 15.97 + 1.19 % w/w in the CTR to 16.91 + 0.38 % w/w
in the ACD4 test, while the TS and COD concentrations in the UF-RET
were 6.70 £ 0.03 % w/w and 47.31 + 4.36 g kg'!, respectively, values
very close to those obtained under control conditions (6.50 + 0.06 % w/
w and 46.35 + 5.10 g kg™!) (Figs. 3 and 4). These differences were non-
significant (p > 0.05) and therefore indicate that acidification did not
substantially affect the bulk solids and COD distribution along the
treatment chain, in agreement with previous observations reported in
the literature [11,19].

In contrast, acidification produced a very highly significant increase
in ammonium recovery in the RO-RET, which rose from 38.45 + 1.74 %
w/w in the CTR to 50.14 + 0.85 % w/w in the ACD4 test (p < 0.001)
(Fig. 5). At the same time, phosphorus and potassium recoveries
remained almost unchanged and non-significant (p > 0.05), varying
from 15.05 £ 0.60 % to 14.91 + 0.15 % w/w and from 41.81 + 1.80 %
to 42.26 + 0.58 % w/w, respectively (Figs. 6 and 7). These findings
indicate that the beneficial effect of acidification was selective and
mainly concerned ammonium recovery. This result was consistent with
some previous works on scientific literature, which demonstrated that
reducing the pH of the digestate leads to the stabilization of NH4-N,
reducing its potential to be volatilized and, consequently, improving the
possibility to be recovered [22,45].

It is important to underline that the superiority of ACD4 cannot be
explained by NH3/NHJ equilibrium alone. Although acidification con-
tributes to maintaining nitrogen in the protonated NH} form, the frac-
tion of free ammonia is already very low under mildly acidic conditions.
Therefore, the choice of pH 4 as the best pretreatment cannot be
attributed solely to acid-base equilibrium considerations. Rather, the
results suggest that pH 4 represents the best operational compromise for
the integrated UF-RO treatment chain, reflecting the combined effect of
several favorable phenomena occurring simultaneously in the digesta-
te-membrane system.

In fact, acidic conditions can reduce the tendency to form carbonate-
and phosphate-based precipitates, which are known to occur in diges-
tates under neutral or slightly alkaline conditions, reducing the risk of
the fouling of the membrane, even underline by some previous works
[19,46-48]. A further contribution is likely associated with modified
colloidal interactions in the liquid digestate, which can affect the
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structure and compactness of the fouling layer and, consequently, the
membrane processability. Specifically, acidification may have contrib-
uted to fouling mitigation by altering the electrostatic stability of
colloidal and biopolymeric fractions. This interpretation is supported by
studies showing that pH reduction can shift zeta potential, promote
protein—polysaccharide aggregation, increase particle size, and improve
UF flux in anaerobic sludge supernatants, while acidification of slurry
has been associated with larger particles and reduced electrical charges
during solid-liquid separation [49-51]. This interpretation is supported
by the permeability results discussed in Section 3.5. In fact, the acidi-
fication tests performed at different pH values clearly showed that the
highest UF permeability was obtained at pH 4, whereas significantly
lower values were observed at pH 7 and 5, and no substantial additional
improvement was achieved at pH 3. Therefore, the selection of ACD4 as
the best pretreatment was not based on a single isolated mechanism, but
on the combined evidence of: (i) the highest ammonium recovery and
concentration in the RO-RET, (ii) the best membrane permeability, and
(iii) the absence of a substantial further advantage at pH 3 despite the
higher acid demand.

Phosphorus and potassium, on the contrary, exhibited conservative
behavior. Phosphorus in the liquid digestate is largely present as
orthophosphate (H,PO2/HPO?F) and as weakly bound forms associated
with colloidal matter. Within the investigated pH range, phosphate
speciation changes only moderately, without major precipitation or
dissolution phenomena, except under more extreme acidic conditions
[32]. Similarly, potassium behaves as a conservative cation in diges-
tates, existing predominantly as K* in solution and not forming stable
precipitates or complexes under the investigated acidification condi-
tions. For this reason, its distribution remained mainly governed by
physical separation and membrane concentration effects [24].

Under these conditions, the RO-RET reached NHJ/TKN and TOC/
TKN values of 91.69% w/w and 2.06, respectively, thus complying with
the mineral N/total N and TOC/TKN thresholds considered in this study.
Water recovery was not significantly affected by the ACD4 pretreatment,
with RO-PER values remaining close to those of the CTR test
(27.0-27.5% w/w). In a practical implementation scenario, a final
conditioning step, such as controlled neutralization or dilution within
irrigation water, may be integrated downstream of RO-RET depending
on the intended application.

The role of acidification in enhancing nutrient availability prior to
downstream recovery has also been highlighted in other integrated
manure-processing schemes. For instance, the ManureEcoMine
approach [52], combining anaerobic digestion with ammonia stripping,
SLS, UF and struvite precipitation, demonstrated that acidification can
increase soluble nitrogen and phosphorus concentrations. Although the
recovery pathways investigated in that study differ from the
membrane-based concentration strategy adopted here, the results are
consistent with the interpretation that acidification can improve
nutrient solubilization and influence nutrient partitioning before mem-
brane separation.

3.4. Performance of thermal conditioning on AGRD valorization (HEAT
test)

As reported in Table 2, the HEAT test consisted of maintaining the
SUR obtained after CF step at 50°C during the UF, with the aim of
reducing its viscosity and thereby improving the filtration performance.
The first interesting result was that, in contrast to the other pre-
treatments, the overall mass balance obtained for this test showed a
noticeable deviation, with a deficit of approximately 5 % of the total
initial AGRD mass. Up to the CF step, the process mass distribution
remained almost identical to that of the CTR test, as the pretreatment
was not applied to the SLS and CF steps. Differences became evident only
during the UF stage. The proportion of the UF-PER and UF-RET with
respect to the initial AGRD mass decreased from 38.18 + 3.03% w/w to
35.32 + 1.14% w/w and from 15.97 + 1.19% w/w to 14.03 + 0.32%
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w/w, respectively, when comparing the HEAT test with the CTR. These
significant reductions (p < 0.001) are attributed to evaporation losses
occurring during the heating of the SUR at 50°C, since no other phase
transformations or chemical reactions could account for such discrep-
ancies. The temperature rise likely caused partial water evaporation
from the open system, thereby reducing the total mass available for
downstream membrane filtration. Apart from this evaporation-related
mass loss, the overall distribution of solids and solutes across the UF
and RO steps remained comparable to that of the CTR test, indicating
that the applied thermal conditioning mainly affected the physical
properties, particularly viscosity and density, rather than the chemical
composition of the SUR phase.

The mass balance analysis applied to nutrients provided additional
insights into their fractioning across the process streams. As shown by
the mass distribution data, the fractions of potassium (Fig. 7) and
phosphorus (Fig. 6) recovered in the RO retentate (RO-RET) remained
non-significant (p > 0.05) compared to the CTR test, accounting for
38.72 4+ 0.47% w/w and 15.28 &+ 0.20% w/w of the initial mass,
respectively. In contrast, the fraction of ammonium recovered in the RO-
RET markedly decreased from 38.45 + 1.74% in the CTR test to 16.43 +
0.16% in the HEAT test (p < 0.001), as derived from the mass distri-
bution reported in Fig. 5. These yields corresponded to the following
ammonium, phosphorous and potassium concentrations in the RO-RET
of 6.42 + 0.78 g kg}, 1.99 + 0.13 g kg'! and 18.94 + 1.63 g kg'!,
respectively (Supplementary Materials, Table S1). The main result was
represented by the sharp decline of ammonium recovery yield and
concentration in the RO-RET compared to the CTR test. It can be
attributed to ammonia volatilization during the heating stage.
Increasing the temperature to 50°C shifts the NHz/NH} equilibrium
toward the gaseous form, since the pKa of the conjugate acid decreases
with temperature, thereby enhancing the fraction of free ammonia and
its loss to the atmosphere if the system is not hermetically closed [53,
54]. As a result, part of the total ammoniacal nitrogen was removed
before entering the membrane stages, leading to the reduced recovery
observed in the RO-RET. In contrast, potassium and phosphorus species
are thermally stable and non-volatile under the applied conditions. Po-
tassium remains as K* in solution and does not form
temperature-dependent complexes, whereas orthophosphate ions
maintain their solubility between 20 and 50°C, showing no evidence of
precipitation or release [24,32].

As a consequence of the significant ammonium loss observed during
the heating stage, the HEAT test failed to comply with the key criteria
established by the RENURE guidance. In particular, the NHZ /TKN ratio
in the RO retentate dropped well below the 90 % threshold required for
RENURE-compliant fertilizers, while the TOC/TKN ratio exceeded the
limit value of 3. These deviations are directly linked to the volatilization
of ammonia during thermal conditioning, which reduced the mineral
nitrogen content and increased the relative proportion of organic mat-
ter. Therefore, although heating at 50°C may reduce viscosity and
slightly improve filtration behavior, it cannot be considered an appro-
priate pretreatment when the objective is to produce a RENURE-
compliant recovered fertilizer.

3.5. Analysis of the performance of permeability

Table 3 shows the average values of permeability at 1, 5 and 10 h
since the beginning of the UF step for the CTR test and the different
pretreatments on AGRD.

All configurations show a monotonic decline from 1 to 10 h, prob-
ably justified by progressive fouling and concentration polarization. The
CTR tests dropped from 2.52 after 1 h, to 2.11 after 5 h until 1.71 kg m™
bar? after 10 h, which means a decline of 32% of the permeability
performances. This a quite typical trend for UF-PER as colloids and
macromolecules accumulate on the membrane, forming a cake which
caused the fouling of porosity of the layer. Comparable flux decline
profiles on digestate are widely reported for polymeric UF modules, with
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Table 3

Permeability values of AGRD along the different pretreatments.
(kg m™ bar) 1h 5h 10h
CTR 2.52 £ 0.28 2.11 £ 0.19 1.71 £ 0.09
COA 2.64 £ 0.31 2.23 +£0.23 1.80 + 0.08
FLO 2.26 £ 0.36 1.89 + 0.24 1.52 +£0.17
POL 3.30 £ 0.45 1.96 + 0.11 1.59 + 0.12
ACD4 4.55 + 0.41 3.18 £ 0.17 2.04 £0.14
ACD7 2.77 £0.21 2.02 + 0.04 1.73 £ 0.10
ACD5 2.82 +£0.14 1.91 + 0.07 1.63 + 0.03
ACD3 4.01 £ 0.30 2.34+£0.15 1.95 + 0.09
HEAT 4.25 £+ 0.35 2.07 £ 0.14 1.70 + 0.23

the exact magnitude depending on Molecular Weight Cutoff (MWCO),
Crossflow Velocity (CFV) and pretreatment intensity [55].

COA test maintained slightly higher permeability than CTR
throughout, moving from 2.64 to 2.23 and 1.80 kg m™ bar’! after 1, 5
and 10h, respectively (p < 0.05). It was consistent with the idea that
charge neutralization/sweep floc remove colloids that dominate irre-
versible fouling. Some previous studies confirm how coagulation/floc-
culation upstream of low-pressure membranes reduces fouling rates and
cake resistance [56,57].

The performance of the flocculant-based tests (FLO and POL) fol-
lowed a different pattern compared with the COA sample. In the FLO
test, the permeability was relatively low from the beginning (2.26 kg m™
bar? after 1 h) and continued to decline steadily over time, reaching
only 1.52 kg m? bar? after 10 h. Although the difference is non-
significant, this behavior suggests that the flocs formed by the poly-
meric flocculant were probably soft and highly compressible, leading to
the development of a dense and resistant cake layer on the membrane
surface. These flocs, typically generated through polymer bridging, are
large but fragile: while they initially help clarify the liquid phase, they
collapse under filtration pressure, reducing porosity and increasing hy-
draulic resistance. Furthermore, part of the polymer may have adsorbed
directly onto the membrane surface, contributing to pore blocking and
an additional loss of permeability over time [58]. The trend of the POL
test, which also involved a polymer-based pretreatment, was slightly
different (p < 0.05). Here, the initial permeability was the highest
among all tests (3.30 kg m™2 bar™! after 1 h), indicating that the treatment
temporarily reduced the viscosity of the feed and improved the hydro-
dynamic conditions for filtration. However, the permeability dropped
sharply after 5 h (1.96 kg m™ bar'!) and continued to decline to 1.59 kg
m? bar?! after 10 h. This rapid flux decay suggests that the initial
improvement was short-lived, and that polymer residues may have
accelerated fouling by increasing the deposition of organic matter on the
membrane and by forming a more compact fouling layer as filtration
progressed. Therefore, although polymer-based pretreatments can
initially enhance permeability, they tend to promote faster fouling in the
long term, particularly when the flocs are unstable or the polymer in-
teracts with the membrane surface [58,59].

Acidification to pH 4 (ACD4 test) significantly (p < 0.01) out-
performs all others across the window, moving from a value of 4.55 +
0.41 after 1 hto 3.18 + 0.17 and 2.04 + 0.14 kg m™2 bar™! after 5 and 10
h, respectively. Two mechanisms align with the literature: (i) proton-
ation of organic/colloidal surfaces reduces electrostatic interactions and
cohesion within the fouling layer, improving permeability; (ii) reduced
inorganic scaling propensity (e.g., carbonate) at low pH.

With specific reference to acidification tests at different pH values, it
was observed that reduced permeability values were found at pH 7 and 5
(p < 0.05), while at pH 3 permeability was very close to the one at pH 4
(p < 0.01) (Table 3). Consequently, the choice to consider the ACD4 test
as the best pretreatment to AGRD is not only due to NH3/NH} equilib-
rium, which depends on the pH reduction, as the NHj fraction at pH 6 is
already negligible. Rather, the benefit of stronger acidification is likely
associated with improved processability of the AGRD as reflected by the
higher UF permeability values, together with reduced formation of
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carbonate and phosphate precipitates and modified colloidal in-
teractions under more acidic conditions. These effects can enhance nu-
trients retention in the liquid phase and improve the overall efficiency of
the ammonium recovery in the RO-RET, as described in the previous
sections.

Reviews and experimental studies on digestate and related feeds
show that suitable pretreatment (including pH adjustment) stabilizes
flux and mitigates fouling; studies on pH-controlled coagulation also
report lower UF fouling under acidic conditions [57,60]. It is important
to underline that ACD4 resulted in a larger relative decrease in mem-
brane permeability over the investigated operating period (—55% after
10 h) compared to the CTR test (—32%). Anyway, as previously reported
in Table 3, it should be noted that the initial permeability under acidi-
fied conditions was substantially higher. As a consequence, the absolute
permeability values remained consistently higher for the acidified
digestate throughout the entire filtration test. Therefore, the relative
decline in permeability alone does not fully describe fouling severity,
and absolute permeability values must be considered to properly assess
membrane performance.

HEAT test began high (4.25 = 0.35 kg m™ bar™! at 1 h), probably as
effect of the viscosity decrease, but converged to CTR by 10 h (1.70 +
0.23 kg m? bar), indicating the thermal benefit is transient and
overshadowed by faster foulant transport/aggregation at elevated tem-
perature (p < 0.05). Temperature both lowers viscosity allowing the
raising of the initial flux, but also modifies fouling behavior, acceler-
ating organic deposition on the UF membrane [61].

In conclusion, over 10 h, ACD4 is the only pretreatment that sustains
a meaningfully higher permeability, while COA offers a modest, steady
benefit; FLO/POL suffer from polymer-related fouling dynamics; HEAT
gives a short-lived gain that vanishes with time.

3.6. Validation of the best pretreatment at TRL 7

DEMO was designed to treat approximately 20 tonnes per day of
AGRD. Table 4 shows the daily flow and the concentrations of all the
streams in presence of the best pretreatment from lab scale (ACD4-
DEMO test) and without it (CTR-DEMO test).

3.6.1. CTR-DEMO test

DEMO-SLS step generated about 4 tonnes per day of DEMO-SLS-SF,
with TS content of 16.50% w/w, and 16 tonnes per day of DEMO-SLS-
LF with TS content of 4.50% w/w. The DEMO-SLS-SF consisted mainly
of fibrous material and coarse particles with equivalent diameters above
250-500 um. Nutrient partitioning at this stage was strongly size- and
solids-driven: more than 60% w/w of the phosphorus originally present
in the AGRD accumulated in the DEMO-SLS-SF, whereas only 17.00%,
16.00% and 20.50% w/w of TKN, ammonium and potassium, respec-
tively, were recovered in this fraction. This confirms that nitrogen- and
potassium-based species were largely solubilized and therefore trans-
ferred to the DEMO-SLS-LF, in agreement with the laboratory-scale
observations. Then, DEMO-SLS-LF was treated by DEMO-UF yielding
3.2 tonnes per day of a retentate (DEMO-UF-RET) with 13.5% w/w TS
and 12.8 tonnes per day of permeate (DEMO-UF-PER) with 2.20% w/w
TS. Colloidal material, microorganisms, organic nitrogen and non-
soluble phosphorus species were mostly retained in DEMO-UF-RET,
whereas ammonium, soluble phosphorus and potassium permeated
the membrane and accumulated in DEMO-UF-PER. As a consequence,
the ammonium/TKN ratio, which was close to 70% in the AGRD and in
all previous streams, increased to 77.90% in DEMO-UF-RET and
decreased to 54.55% in DEMO-UF-PER. The recovery yields of TKN,
ammonium, phosphorus and potassium in DEMO-UF-RET were 28.80%,
22.40%, 21.30% and 17.95% w/w, respectively. The DEMO-UF-PER
stream was then processed through RO, producing 2.8 tonnes per day
of RO retentate (DEMO-RO-RET) with a TS content of 9.00% w/w,
enriched in ammonium, potassium and the remaining soluble phos-
phate. The permeate (DEMO-RO-PER), consisting of approximately 10
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Table 4

Mass flow rates and chemical composition of the main process streams from DEMO plant operated without pretreatment (CTR) and with ACD4 pretreatment. AGRD: raw agricultural digestate fed to the demonstrative
plant; DEMO-SLS-LF: liquid fraction obtained after the primary solid-liquid separation; DEMO-SLS-SF: solid fraction obtained after SLS; DEMO-UF-PER: ultrafiltration permeate; DEMO-UF-RET: ultrafiltration retentate;
DEMO-RO-PER: reverse osmosis permeate; DEMO-RO-RET: reverse osmosis retentate.

Flow rates (tonne TS % w/ TStonned”  COD (g kg COD (tonne TKN (gkg® TKN (kgd® Ammonium (gkg" Ammonium (kgd™ TP (gkg TP (kgd  KyO(gkg KO (kgd
1
)

dah w) p) P dh D) D) D) Pl D) p) D]
CTR- AGRD 20.0 7.0 1.4 780.0 15.6 5.0 100.0 3.5 70.0 1.5 30.0 4.1 82.0
DEMO
DEMO- SLS 16.0 4.5 0.7 500.0 8.0 5.2 83.2 3.7 59.2 0.7 11.2 4.1 65.6
-LF
DEMO- SLS 4.0 16.5 0.7 1,850.0 7.4 4.2 16.6 2.8 11.0 4.6 18.4 4.0 16.0
-SF
DEMO-UF 12.8 2.2 0.3 245.0 3.1 4.3 55.0 3.4 43.5 0.4 5.2 4.0 50.6
-PER
DEMO-UF- 3.2 13.5 0.4 1,450.0 4.6 8.9 28.5 4.8 15.4 1.9 5.9 4.7 15.0
RET
DEMO-RO- 10.0 0.2 0.0 5.0 0.0 0.1 0.9 0.1 0.5 0.0 0.0 0.1 0.5
PER
DEMO-RO- 2.8 9.0 0.3 1,100.0 3.1 19.1 53.8 15.2 42.8 1.8 5.1 17.6 49.6
RET
ACD4- AGRD 20.0 7.0 1.4 780.0 15.6 5.0 100.0 3.5 70.0 1.5 30.0 4.1 82.0
DEMO
DEMO- SLS 16.0 4.5 0.7 500.0 8.0 5.2 83.2 3.7 59.2 0.7 11.2 4.0 64.0
-LF
DEMO- SLS 4.0 16.5 0.7 1,850.0 7.4 4.2 16.6 2.8 11.0 4.6 18.4 4.2 16.8
-SF
DEMO-UF 13.1 2.2 0.3 245.0 3.2 3.7 48.5 3.6 47.2 0.4 5.2 3.9 50.4
-PER
DEMO-UF- 2.9 13.5 0.4 1,450.0 4.2 11.9 34.5 4.2 12.2 2.0 5.8 4.6 13.3
RET
DEMO-RO- 10.5 0.2 0.0 5.0 0.1 0.1 1.0 0.1 1.0 0.0 0.0 0.1 0.5
PER
DEMO-RO- 2.6 9.0 0.2 1,100.0 2.9 18.1 47.4 17.5 45.9 1.8 4.7 17.3 45.3
RET
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tonnes per day, was essentially purified water with a TS content of only
0.20% w/w. Recovery yields of TKN, ammonium, phosphorus and po-
tassium in DEMO-RO-RET were 53.22%, 60.75%, 16.90% and 49.80%
w/w, respectively, demonstrating a clear fractionation of nutrients
across the DEMO outstreams. Regarding the RENURE criteria, DEMO-
RO-RET met the TOC/TKN requirement, with a value of 1.35 (<3),
but did not satisfy the NH{ /TKN threshold, reaching 79.60%, which is
lower than the required 90%. These findings indicate that an upstream
pretreatment of the AGRD is necessary to achieve a RENURE-compliant
fertilizer product.

3.6.2. ACD4-DEMO test

The most effective pretreatment identified at laboratory scale,
namely ACD4, was subsequently implemented at demonstrative scale by
applying it to the DEMO-SLS-LF after the SLS. In line with the
laboratory-scale results, ACD4 did not significantly affect the mass dis-
tribution during the DEMO-UF step, with the DEMO-UF-PER and DEMO-
UF-RET fractions remaining close to 80% and 20% w/w, respectively.
Likewise, the recovery yields of total phosphorus and potassium were
not substantially influenced by the acidification step, confirming the
conservative behavior of these nutrients under the applied conditions. In
contrast, ACD4-DEMO exerted a clear positive effect on ammonium
concentration in the final RO retentate. Specifically, the ammonium
concentration increased from 15.2 g kg™ in the CTR-DEMO test to 17.5 g
kg in the ACD4-DEMO test, while the NHZ /TKN ratio increased from
79.60% to 96.65% w/w. These results confirm, also at demonstrative
scale, that acidification at pH 4 improves the effectiveness of the inte-
grated membrane treatment chain for ammonium concentration. As
already discussed for laboratory-scale trials, this effect should not be
interpreted as the consequence of a single isolated mechanism. Rather,
the demonstrative-scale results are consistent with the combined action
of several favorable effects induced by stronger acidification, including
improved retention of ammonium in the liquid phase, reduced tendency
to precipitation phenomena, and improved processability of the feed
stream entering the membrane units. In this sense, the DEMO results
validate the choice of ACD4 as the best operational compromise previ-
ously identified at laboratory scale. Direct comparison of this work with
previous demonstrative- or full-scale results remains challenging, as
only limited and heterogeneous data are available in the literature for
AGRD treatment chains. Nevertheless, comparable full-scale field
studies have evaluated different SLS systems in agricultural biogas
plants. In such studies, nitrogen diversion to the solid fraction ranged
from approximately 13-14% for screw and roller separators up to about
38% for centrifuges operated as part of multi-stage processes, while
phosphorus diversion values as high as 80% were reported in the solid
fraction. These results highlight the strong influence of separation
technology and operating conditions on nutrient partitioning and are
consistent with the trends observed at demonstrative scale in the present
study. It should be noted, however, that these studies primarily focused
on mechanical separation performance, whereas the present work
further investigates the integration with membrane-based concentration
steps [62].

4. Conclusions

This work demonstrates that pretreatment is a fundamental design
variable in membrane-based processing of AGRD. Among the investi-
gated strategies, acidification at pH 4 emerged as the most effective
approach, as it provided the best overall compromise between ammo-
nium recovery, UF permeability and process stability. Coagulation
provided only limited improvements in solids removal and membrane
operability, whereas polymeric flocculation promoted faster fouling.
Moderate heating, although initially reducing viscosity, proved detri-
mental to nitrogen recovery due to significant ammonium losses and
therefore was not suitable for RENURE-oriented applications. Phos-
phorus and potassium exhibited a more conservative trend across the
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different pretreatments, indicating that their recovery was mainly gov-
erned by physical separation rather than chemical conditioning under
the investigated conditions.

The validation of ACD4 at TRL 7 confirmed the transferability of the
laboratory findings to real operating conditions and highlighted its po-
tential for producing RENURE-oriented nutrient concentrates. Further
work should address final product conditioning and the optimization of
acid consumption at larger scale.
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