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ABSTRACT

This study investigates nanofiltration (NF) and reverse osmosis (RO) treatment of the liquid fraction from digestate of short-fiber residues
from paper recycling mills, focusing on water reuse and ammonium (NH,4-N) recovery. NF removed up to 86% chemical oxygen demand
(COD) and fully retained phosphorus (Py), but separated only 40-55% of total nitrogen (N¢ot) and NH,4-N. RO performed better, removing
96% COD, 86% NH,4-N and Ny, While fully retaining Pyt. RO permeate met the freshwater quality for paper recycling, with small NH,;-N
remaining. To improve NH,-N recovery, natural zeolite was tested with RO in three scenarios: treating the liquid fraction of digestate, RO
retentate, and RO permeate. The highest NH4-N adsorption (79%, 7.8 mg/g) occurred with RO retentate, and the highest desorption
(53%, 2.9 mg/g) with RO permeate. Adsorption performance varied with NH,-N concentration and pretreatment, with higher NH,-N
levels leading to greater adsorption. COD was also reduced by up to 70% during adsorption. RO treatment of digestate in a model paper
mill (0.7 Mt/year production capacity) could recover about 38,000 m® of water annually, saving 71,000 €. Combined savings from water
reuse and avoided digestate disposal could alone reach 0.2 million € annually.
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HIGHLIGHTS

® Reverse osmosis-treated digestate from short-fiber residues largely meets water quality standards for paper recycling.

® Recovered water can replace up to 6% of freshwater in a model paper mill.

® Scanning electron microscopic images reveal minimal scaling and fouling, but considerable particle-membrane interactions on the
membrane.

First study applying natural zeolite to this type of digestate from short-fiber residues.

Zeolite adsorption linked to NH,-N concentration in the treated stream.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).

Downl oaded from http://iwaponline.comjwd/article-pdf/16/1/69/1612393/jw d2026094. pdf

bv auest


https://orcid.org/0000-0001-6752-3322
https://orcid.org/0000-0002-8464-4473
https://orcid.org/0009-0004-6577-0206
https://orcid.org/0000-0003-0357-4379
https://orcid.org/0009-0005-3696-7963
mailto:d.winter@fh-aachen.de
http://orcid.org/
https://orcid.org/0000-0001-6752-3322
https://orcid.org/0000-0002-8464-4473
https://orcid.org/0009-0004-6577-0206
https://orcid.org/0000-0003-0357-4379
https://orcid.org/0009-0005-3696-7963
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/wrd.2026.094&domain=pdf&date_stamp=2026-03-07

GRAPHICAL ABSTRACT

Water Reuse Vol 16 No 1, 70

R
) Lsh ST
q P —_——o T i A < ~
—. ! Surface water
A
External water Fresh water treatment g
3223y |
\( v
=
Water vapour E @
N o g
o
Energy production @
5 Pulp ollo
r\f\ah Deinking preparation Paper ojlo
o0
w)
. _% r&‘ Reverse osmosis
Cooling water @ E = A
o O]
§8§ =
= :g ’g Save all
Y | |
Steam Boiler WWTP MWWTP
A E
Waste water T
Anaerobic Flotation
Waste water
//:/- v
A ',C_ﬂ A ~ Liquid fraction
Biogas B —— > L O
Digestate >
Bl oo
ewaterin

= Primarv === Secondary

Biogas fermenter

Coagulation agent

= Tertiary = Quaternary (potential pathway found from this work)

1. INTRODUCTION

The paper industry ranks among the top five energy-intensive sectors globally, and Germany is the fourth largest industrial
sector in terms of production volume, which accounts for about 25.2% of European paper and board production as of 2023
and 25% of Europe’s consumption as of 2021 (CEPI 2021, 2024). Germany achieved a 99.8% recycling rate for paper and
cardboard packaging in 2021 (Cay¢ et al. 2021). Despite sustainability benefits, paper recycling consumes an average of
2.5 kWh/kg of paper. With 79% of paper production in Germany based on recycled waste paper, residue generation
during recycling has increased (German Federal Environment Agency 2022). Recycling generates various residues, including
organic short-fiber wastes and inorganic components (e.g., mineral pigments and calcium carbonate). Short-fiber residues
are one of those residues produced during paper recycling that include deinking sludge, pellet sludge, and fiber sludge.
Paper can be reused in the recycling process up to 20 times, but short-fiber residues become too weak for reuse. In 2013,
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waste distribution in Germany’s paper industry included 19% deinking sludge and 48% fiber waste, mostly incinerated or
landfilled in some countries (Faubert et al. 2019).

Anaerobic digestion of these short-fiber residues yields biogas with the potential to reduce greenhouse gas emissions com-
pared with fossil fuels (Giuntoli et al. 2015). The EU aims for carbon neutrality by 2050, with Germany targeting 80%
renewable energy share (EEA 2022). Continuous biogas production from short fiber residues has been demonstrated at
lab and pilot scales, with biogas yields reported up to 400 NL/kg organic dry matter (0DM) from various types of short
fiber residues such as deinking sludge (Steffen et al. 2017; Amare et al. 2019; Bareha et al. 2022). Digestate from these
short fiber residues contains 70-90% water, with nutrients such as total nitrogen (N,) and phosphorus (P.,). However,
the direct use of this digestate is prohibited due to its complex composition and strict regulatory constraints (German
Federal Office of Justice 2019). Mismanagement of digestate can cause environmental issues like eutrophication and ammo-
nia emissions, leading to soil fertilization limits of 170 kg N/(ha-year). Additionally, recent findings by the German Federal
Environment Agency have highlighted serious per- and polyfluoroalkyl substances (PFAS) contamination incidents in
Germany, such as in Arnsberg, Mohnetalsperre, and Rastatt. These contaminations arose from the illegal use of paper indus-
try sewage sludge as fertilizer, leading to PFAS pollution of approximately 700 hectares of farmland and groundwater. This
has resulted in the closure of drinking water wells, increased water treatment costs, and forced destruction of crops due to
PFAS presence in food plants. Such events imply the critical need for proper digestate management to avoid persistent
organic pollutant contamination.

Many studies have demonstrated the biogas potential of short-fiber residues for energy recovery. However, the treatment
and further utilization of the resulting digestates have not been addressed to date. Recovering water from these digestates
presents an opportunity to reduce freshwater consumption and wastewater discharge in paper recycling mills. Previous
work of Cheenakula ef al. (2025) characterized digestate from short-fiber residues and explored preliminary ultrafiltration
(UF) treatment. Challenges were identified in meeting water quality standards for immediate reuse in paper mills, necessitat-
ing further treatment, either through downstream processes or by replacing UF with nanofiltration (NF) or reverse osmosis
(RO). Therefore, this study focuses on treating the liquid fraction of the digestate from short fiber residues using NF and RO.
The main objective of this study is to reduce and concentrate nutrients and contaminants, such as chemical oxygen demand
(COD), to recover process water that meets the quality standards for reuse in paper recycling mills. Additionally, a prelimi-
nary economic assessment was conducted in this study to evaluate the necessity of water recovery from these digestates. The
assessment also aimed to estimate potential freshwater savings and economic benefits from integrating these treatment
methods into mill water management systems.

Concurrently, this study investigates the use of natural clinoptilolite for ammonium (NH4-N) recovery from this digestate
as part of a hybrid technology combining zeolite adsorption with RO, enabling simultaneous nutrient recovery and water
purification. Recovering NH4-N helps to reduce nutrient-related environmental impacts and supports circular nutrient
use in the paper recycling sector. Natural zeolite is a low-cost and sustainable sorbent and has been applied for heavy
metals, antibiotics, and pathogens (Al Dwairi et al. 2015; Omar 2015; Ma et al. 2018; Zhang et al. 2019). Recent studies
demonstrated NH4-N recovery from several wastewaters, such as municipal wastewater, greywater, dairy wastewater,
urine, and landfill leachate (Aydin Temel & Kuleyin 2016; Tarpeh et al. 2017; Wasielewski et al. 2017; Kotoulas et al.
2019; Guida et al. 2020; Maghfiroh et al. 2023; Zhang et al. 2024). In biogas systems, clinoptilolite has been used mainly
for agricultural digestates (Hajduk et al. 2017; Wasielewski et al. 2017; Leca et al. 2024). Wasielewski et al. (2017) reported
up to 70% NH;,4-N adsorption using a dosage of 0.1 g clinoptilolite per 1 mg NH4-N in high-strength CSTR wastewater.

However, no study has examined clinoptilolite for digestate derived from short-fiber residues in paper recycling. This
digestate contains mineral pigments, elevated Ca>* and Mg®*, organic matter and additives typical for the paper industry.
These constituents may block exchange sites, compete with NH; or modify surface charge and dynamics of ion exchange.
Therefore, we hypothesize that the ion-exchange performance of clinoptilolite would be influenced by this complex matrix,
and that high Ca®*, Mg®*, pigments and organic matter may significantly inhibit or alter NH; adsorption compared with
synthetic or agricultural digestates.

Manufacturer data indicate high NH; affinity under low-ionic-strength conditions, but zeolite behavior in complex indus-
trial digestates remains uncertain. This study, therefore, investigates how matrix constituents influence NH,4-N adsorption at
a similar dosage comparable to the study by Wasilewski ef al. (2017). Clinoptilolite was evaluated in three scenarios: (1)
treating the liquid fraction of digestate before RO, (2) treating the RO concentrate to recover more NH4-N and water,
and (3) treating the RO permeate to improve water quality for reuse in paper recycling.
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2. METHODS

2.1. Digestate

For the experimental study in the present work, digestates of paper recycling residues from lab as well as pilot-scale anaero-
bic fermenters were investigated. The lab-scale anaerobic fermenters (70 L, 50 rpm, residence time 50 days) are fed with
short-fiber residues such as deinking sludge, short-fiber sludge, and pellet sludge from German paper mills and are operated
at the Institute of NOWUM-Energy, Aachen University of Applied Sciences, Germany. The operation of the pilot-scale fer-
menter and the composition of both lab- and pilot-scale digestates were as described in the previous publication
(Cheenakula et al. 2025).

2.2. Experimental set-up

2.2.1. UF, NF, and RO

In this study, the liquid fraction of the pilot-scale digestate was used as the feed for batch filtration using flat-sheet mem-
branes for UF, NF, and reverse RO. From here on, the term feed refers to the liquid fraction of the digestate, in
accordance with membrane filtration terminology. The batch tests were conducted using a laboratory-scale filtration unit
(Minimem, PS Prozesstechnik GmbH) with a membrane area of 0.0117 m?. The dewatering method of the digestate,
along with the experimental setup of the membrane filtration system, including plant design, operating protocol of the
batch tests, and membrane cleaning procedure, has been described in the previous publication (Cheenakula et al. 2025).
Cleaning after the batch tests involved manual removal of the accumulated cake, flushing of the membrane under tap
water (5 min), chemical cleaning by pumping 50% ethanol through the membrane module (10 min), and final pumping
of distilled water (5 min) to remove the traces of ethanol. The filtration unit is not designed for backwash. All batch tests
were performed in triplicate. The operating parameters and membrane specifications for each filtration type are summarized
in Table 1. Feed at the start and permeate and retentate at the end of each batch test were taken for analysis.

2.2.2. Hybrid zeolite and RO approach

Three scenarios were evaluated for NH4-N recovery using zeolite and RO, as shown in Figure 1. In Scenario 1, the liquid
fraction obtained after solid-liquid separation of digestate was treated with zeolite before RO. In Scenario 2, the liquid frac-
tion was first subjected to RO, and the resulting concentrate was treated with zeolite, while in Scenario 3, the permeate was
treated with zeolite.

Table 1 | Process parameters during the batch tests of UF

Filtration Membrane type Series MWCO (Da) Supplier PH (-) Pressure (bar) Temperature (°C)  Rejection
UF PES MT Series 5,000 Synder filtration 7.5-8.0 2-4 20 -
NF PES DK series  150-300 Suez 7.5-8.0 8-10 20 98% MgSO,
RO PA AD series  Approximately 100  Suez 7.5-8.0 10-12 20 99.8% NaCl
effluent
concentrate
digestat » 4 i [ o ue : RO > I
igestate » ewatering feaction ario zeolite
permeate
_> SOIIdS m RO ZEOhte

Figure 1 | Flowchart of the hybrid zeolite-RO treatment scenarios.
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Jar tests were conducted in triplicate using natural zeolite (Clinoptilolite, 84% purity, effective pore diameter: 0.44 nm,
natural zeolite fein B, Fulminant GmbH, Germany). Each test was performed in a 0.6 L glass beaker. Zeolite was added
at a dosage of 0.1 g per 1 mg NH4-N available in the treated stream. This dosage was chosen based on the manufacturer’s
cation-exchange capacity (1.20-1.50 mol/kg) and intentionally exceeded the theoretical NH; binding capacity to account
for competing cations. The mixture was stirred (50 rpm) at room temperature for 20 h to facilitate NH4-N adsorption. It
was followed by a decanting stage to separate the zeolite through centrifugation.

The separated zeolite from the adsorption stage was subjected to a desorption (regeneration) process. Regeneration was
performed using NaCl regenerant solution with a 30-fold molar excess relative to the estimated NH4-N bound available after
the adsorption stage in each scenario. This resulted in different scenario-specific regenerant strengths: 46.5 g/L NaCl in
Scenario 1, 204 g/L in Scenario 2, and 5 g/L in Scenario 3, corresponding to NaCl-to-NH4-N ratios (mg NaCl/mg NH4-N)
of 0.148, 0.703, and 0.053 N, respectively. The zeolite was suspended in the regeneration solution, stirred for 20 h at room
temperature, and decanted to separate the zeolite. The supernatants from both adsorption and desorption stages were sampled
to determine NH; -N removal efficiency, estimate NH4-N uptake by the zeolite, and quantify the recovered NH4-N in the form
of ammonium chloride (NH4Cl).

The liquid fraction from the digestate was separated in all scenarios as described in the previous publication (Cheenakula
et al. 2025). In Scenario 2, the concentrate was produced using a pilot-scale RO unit equipped with a 0.5 L feed container, as
illustrated in Figure S1 in the Supplementary material. This unit employed a spiral-wound membrane module (<300 Da,
ULP 2012, 150 GPD, Vontron®), operated at 25 °C and 8 bar. The permeate in Scenario 3 was generated using the flat-
sheet RO membrane MiniMem lab-scale plant, as described in Table 1.

2.3. Analytical methods

All the samples generated in this study, including digestates, the liquid fractions from the digestate, i.e., feed, permeate, and
retentate, and the samples from the zeolite experiments, were analyzed at FH Aachen. N, (LCK 238), NH,4-N (LCK 303),
Pt and PO4-P (LCK 350, LCK 349), COD (LCK 380), TOC (LCK 303), hardness, Ca®>* and Mg>* (LCK 327) were measured
using cuvette kits and the DR2800 photometer from Hach Lange®, Diisseldorf. pH and electrical conductivity (EC) were
analyzed using electrodes from Greisinger™ (DIN EN ISO 10523-C5) and Hanna Instruments® (DIN EN 27888), respect-
ively. The determination of dry matter (DM), oDM, and suspended solids was carried out according to respective DIN
standards.

The morphology of the membrane and the structure of the fouling, as well as the surface of fresh zeolite and the zeolite
after adsorption and desorption, were observed and analyzed using a Thermo Fisher Volumescope (FEG), which was
equipped with an EDAX Octane Elect EDS detector. The membrane samples were mounted on standard pin stubs and
coated with a 20 nm carbon layer to ensure EC, while the zeolite samples were coated with a 25 nm carbon layer.

2.4. Formulas

Nutrient retention (NR) is defined as:

(G- V) — (G- V)

NR% =
0 G v

1)

here C; is the nutrient concentration in feed at the start of the cycle (mg/L); C, is the nutrient concentration in permeate at
the end of the cycle (mg/L); V; is the volume of feed at the start of the cycle (L); Vp is the volume of permeate at the end of
cycle (L).

Permeate flux (J) is defined as:

;-Q @

here J is the permeate flow (L/(m%h)); Q is the volume flow of the permeate (L/h); and A is the membrane surface
area (m?).
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Flux recovery rate (FRR) is defined as:

FRR (%) = (1JPWM> - 100 3)

o

here Jpww is the permeate flux of pure water after the UF cycle following membrane wash [L/(m*h)] and J, is the initial
permeate flux of pure water by the membrane before the cycle (L/(m2h)).

The pure water permeability (PWP) was calculated by the ratio of the pure water flux (Jpw) to the applied pressure (TMP):

PWP ( L ) Jew @

m2-h-bar) TMP

The amount of NH4-N adsorbed onto the zeolite is calculated based on the concentration difference between the treated
influent and the effluent after the adsorption process:

NH4'Nadsorbed = NH4'Ninﬂuent - NH4'Nefﬂuent (5)

The amount of NH4-N desorbed from the zeolite is determined by calculating the difference between the total NH4-N
adsorbed (i.e., available for desorption) and the NH4-N measured in the solution (NH,4Cl) after desorption:

N H4'N desorbed = N H4'Nadsorbed -N H4'Nretained (6)

3. RESULTS AND DISCUSSION
3.1. Separation efficiencies
This study builds upon the findings presented in the previous work (Cheenakula ef al. 2025), where UF achieved removal
efficiencies of up to 62% for COD, and significant reductions in Ny, (37%), NH4-N (25%), Pyt (65%), and PO4-P (49%).
While these results showed the potential of UF for partial treatment, the permeate quality did not meet the reuse standards
for process water in paper recycling mills. To address this, the current study evaluates the performance of NF and RO pro-
cesses for the treatment of the liquid fraction of digestate, aiming to fulfil the quality requirements for water reuse in the
paper recycling mill. Due to the limitations of UF (5,000 Da) in separating dissolved compounds from the feed stream,
NF and RO membranes with a MWCO < 300 Da were selected to achieve higher separation efficiencies. PES membrane
was used for NF, while PA membrane was employed for RO, due to their proven chemical resistance and selectivity in treat-
ing complex wastewater matrices.

To enable economic feasibility on an industrial scale, the NF and RO processes were investigated individually rather than
in combined stages of filtration. Figure 2 shows the separation efficiencies of COD, Ny, NH4-N, Py and PO?{-P, achieved

100%
80%
60%
40%
20%

0%

Separation efficiency

Ptot

UF BNF BRO
Figure 2 | Separation efficiencies of COD, Ny, NHs-N, Py, and PO4-P by UF, NF and RO, respectively.
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through the NF and RO processes. The permeate quality data for UF, NF, and RO are presented in the upcoming section for
comprehensive comparison with quality requirements for reuse in a paper recycling mill.

In this study, NF and RO achieved COD separation efficiencies of up to 86 and 96%, respectively. These results align with
available literature on the treatment of liquid fractions of digestate and industrial and municipal wastewaters using mem-
brane technologies. A full-scale study conducted by Digested Organics LLC (2020) in Michigan at a food waste digester
facility with a capacity of 100,000 GPD demonstrated the feasibility of RO for this application. A three-stage RO process
achieved over 99.9% COD separation, while a separate two-stage RO setup reported a 97% separation efficiency, reducing
COD levels from 800 to 22 mg/L. Hafiz ef al. (2021) investigated tertiary-treated municipal wastewater for reuse in irrigation
and reported that NF achieved 68% COD removal with a final concentration of 20 mg/L, while RO achieved 87% removal,
reducing COD to below 8 mg/L. Zieliriska & Mikucka (2021) treated digestate from anaerobic treatment of distillery stillage
using RO and observed COD removal efficiencies exceeding 90%, with final concentrations around 80 mg/L. Similarly,
Gienau ef al. (2018) conducted pilot-scale NF tests on anaerobic sludge at a 2.5 MWe biogas plant and achieved significant
nutrient retention, although with comparatively moderate COD reduction (~70%), owing to the larger pore sizes typical of
NF membranes. In comparison, the current study achieved 86 and 96% COD removal through NF and RO, reducing the
levels to 106 and 41 mg/L, respectively. These outcomes in the current study reflect the high efficiency of RO in treating
the liquid fraction of digestate derived from short-fiber residues in paper recycling processes, despite the complex matrix.
NF offers partial purification, but it falls short of achieving the water quality needed for reuse.

Despite the significantly larger MWCO (5,000 Da) of the UF compared with the NF (300 Da), the UF achieved a Ny, sep-
aration of 40%, while the NF showed a slightly higher separation of 44%. Similarly, the UF achieved a 25% separation of
NH,4-N, compared with 37% by the NF. This suggests that the separation in UF is not purely size-based. It is hypothesized
that N-containing complexes may form or interact with organic and colloidal foulants. Huang et al. (2023) observed that NF
membranes treating UF permeate from biogas-slurry developed dense organic-rich contamination layers. These layers con-
tained macromolecular N-compounds, which contributed to unexpected N retention. These interactions could increase the
apparent size of N-species and hinder passage through the membrane. Concentration polarization at the membrane surface
may also enhance local ammonium concentration. It enhances diffusive back-transport and reduces apparent rejection.
Fouling layers or organic deposits may block pores and interact with NH4-N, contributing to partial retention. Recent
work by Foorginezhad et al. (2025) emphasizes that real wastewater treatment must account for complex interactions
between solutes, fouling layers, and membrane surface charge.

Both the UF and NF membranes in the current study are PES-based. The lower surface charge density of PES limits its
electrostatic repulsion against small, positively charged ions like NH;, resulting in lower separation rates compared with
NF for this specific ion. Additionally, even with a larger MWCO, UF can still achieve the separation of a portion of nitro-
gen-containing organic macromolecules, contributing to the overall Ny separation. In contrast, the PA-based RO membrane
achieved higher Ny and NHy4-N rejection (both 86%). The similar separation rates for Ny and NH4-N in the RO process
indicate that the majority of the Ny in the digestate is in the form of dissolved NH,4-N. The increased performance of PA-
based RO membrane in this study can be explained by its highly cross-linked polyamide structure, which forms a dense and
selective active layer, effectively rejecting small, charged ions like NH; despite having a similar MWCO range (150-300 Da)
as the NF. In the study of Mai ef al. (2025), separation efficiencies above 95% are reported using a PA-based RO membrane
for rare earth wastewater containing high NH4-N concentrations up to 5,000 mg/L. Similarly, Anari ef al. (2023) observed
NHy-N separation efficiencies exceeding 95% using a PA-based RO membrane from DOW FilmTec, Minneapolis, MN, for
the treatment of synthetic wastewater containing NH4-N concentrations up to 1,000 mg/L. Unlike PA-based membranes, the
PES-based membranes used in this study, while also designed for tight separation, generally have a more open pore structure
and lower charge density, which can reduce their ability to reject monovalent ions. However, PA membranes typically pos-
sess a negatively charged surface due to the presence of functional groups such as carboxyl (-COOH) and amine (-NH,)
groups. These groups can ionize depending on the pH value of the solution, leading to a net negative or positive surface
charge that enhances the electrostatic repulsion of negatively or positively charged ions like NHj, thereby improving sep-
aration rates. This characteristic makes the PA membrane particularly effective for separating dissolved ionic species.
However, Fujioka et al. (2019) found a phenomenon that compounds with more N-atoms tend to have lower rejection
rates, likely due to hydrogen bonding interactions between the N-atoms and the amide groups in PA membranes, which
can facilitate their passage. This phenomenon can be possibly prevented by increasing the pH of the solution to increase
negatively charged functional groups on the PA membrane. Liu ef al. (2025) used molecular dynamics simulations to
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investigate solute transport through charged PA membranes. Their study showed that the retention of symmetrical salts
improves at both high and low pH, while for asymmetrical salts, retention depends on the ion with the higher charge
valency. This behavior is explained by the coupling of cations and anions, which are either sterically repelled or attracted
by the membrane’s charge, leading to ion clustering. Increasing the concentration of charged functional groups on the mem-
brane surface enhances ion rejection, particularly for ions with higher valency, which in turn improves the rejection of their
co-ions. The simulations of Liu ef al. (2025) further suggested that counter-ions associate with oppositely charged functional
groups, while co-ions are repelled by groups of the same charge. This implies that at high pH, the presence of negatively
charged COO™ groups on the membrane surface increases salt rejection. However, their experimental results showed the
highest retention at low pH, highlighting the complex interplay between membrane charge and solute retention.

The 100% separation efficiencies for Py,; and PO,4-P were observed in both the NF and RO processes in the current study.
It indicates that the P in digestate is predominantly present in the form of particulate-bound phosphates, polyphosphates, or
organic phosphorus compounds, which are substantially larger and less soluble than NHj ions. Consequently, these larger
P-compounds are inherently easier to retain, even by membranes with slightly larger pore sizes or looser structures, irrespec-
tive of PES and PA membranes. Having said that, the UF membrane in this study only achieved 29% separation for Py,
reflecting its inability to retain smaller, dissolved P-species effectively. In digestates from paper mill wastewater, P com-
pounds are often present as low molecular weight species like glucose-6-phosphate (260 Da), and adenosine
monophosphate (347 Da) (Leiviskéd et al. 2008). These small, soluble compounds can easily permeate UF membranes
with a 5,000 Da MWCO, leading to low retention rates. In the study by Anari et al. (2023) on pressure-driven membrane
nutrient preconcentration for downstream electrochemical struvite recovery, the performance of various membranes was
evaluated and reported P separation rates ranging from 90 to 100% across these different membrane materials. High P sep-
aration is less dependent on the specific membrane material and more influenced by the characteristics of the P-species
present in the feed stream, as well as the pore size of the membrane. Additionally, PO?{ ions carry a higher negative
charge density compared with the monovalent NH, ion, leading to stronger electrostatic repulsion within the negatively
charged layers of membranes. This charge effect, combined with size exclusion, likely contributes to the complete retention
of P-compounds in both RO and NF membranes with lower MWCO, aligning with the principle that membranes generally
perform better at rejecting multivalent ions than monovalent ions.

3.2. Membrane performance

The permeate flux profiles during the 120-min batch filtration of the liquid fraction of digestate revealed distinct behaviors
for UF, NF, and RO membranes (Figure 3(a)). Initially, NF demonstrated the highest flux at 22 L/(m?h), followed by UF at
15.8 L/(m*h) and RO at 3.8 L/(m?>h). In the literature, PES-based UF membranes with a MWCO around 5,000 Dalton have
demonstrated permeate fluxes ranging from approximately 15 L/(m?h) at 1 bar to about 40 L/(m?h) at 4 bar while treating
polymer-flooding produced water and laundry wastewater, respectively (Liu et al. 2016; Kaya & Dayanir 2020). For PES-
based NF membranes, flux values typically range between 12 and 25 L/(m?2h) under pressures from 6 to 15 bar when treat-
ing tertiary treated municipal wastewater and industrial wastewater, respectively (Cséfalvay ef al. 2008; Hafiz ef al. 2021).

PA-based RO membranes, despite operating at high pressures (10-30 bar), typically exhibit lower permeate fluxes due to
their dense selective layers. In this study, fluxes ranged from 3.0 to 3.8 L/(m?h) when treating the liquid fraction of short
fiber digestate at 10-12 bar. Preliminary work for this study involved a three-stage filtration system (UF — NF — RO). The
liquid fraction of short-fiber digestate was first treated by UF, followed by NF treating the UF permeate, and RO treating
the NF permeate at 24 bar. In this setup, RO achieved a flux of 21.4 L/(m?h) when operating at 24 bar (Figure S2 in the
Supplementary material). This demonstrates that higher operating pressure combined with improved feed quality increases
RO throughput. Higher permeate flux enhances water recovery but also increases energy consumption. Moreover, the UF
and NF pre-treatment required for higher RO flux adds further operational energy and capital costs. By contrast, Adam
et al. (2018) reported significantly higher fluxes of 12-15 L/(m%h) at 30 bar for industrial digestate. The three-stage RO
system in the preliminary experiments of this current study achieved higher flux than the RO treating the liquid fraction
of short-fiber digestate. These observations highlight the strong influence of both pressure and feed pre-treatment. Low-
pressure operation limits flux and permeate production but reduces energy input. In contrast, higher-pressure operation
increases throughput, but at the expense of higher energy use and additional pre-treatment costs.

Despite the larger MWCO of the UF membrane (5,000 Da) in this study, its initial flux was lower than that of NF. This
difference might be primarily due to the operational modes. UF was operated in dead-end mode, whereas NF employed
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Figure 3 | (a) Permeate flux of UF, NF, and RO during the filtration of liquid fraction of digestate from short fiber residues, (b) Pure water:
permeate flux and flux recovery rate of UF, NF, and RO.

cross-flow filtration. It is well-known that dead-end filtration encourages rapid particle deposition and cake layer formation
on the membrane surface, resulting in fouling, whereas cross-flow filtration continuously sweeps the membrane surface, pre-
venting fouling by reducing cake build-up. A very thick cake layer formation on the UF membrane postfiltration is seen in
Figure S2 in the Supplementary material. Such rapid fouling is a well-known phenomenon in dead-end filtration, especially
when treating feeds rich in suspended solids and organic matter. But the feed in this study contained low suspended solids
(<0.2 mg/L). The elevated concentration of calcium ions (Ca®*), approximately 200 mg/L, might have accelerated the foul-
ing. Liu et al. (2016) reported that Ca*>* promotes fouling by increasing adhesion forces between foulants, leading to dense
cake layers that are difficult to remove. The presence of divalent cations like Ca®* facilitates bridging between organic and
particulate foulants, promoting fouling severity.

Over the 120-min filtration, the UF permeate flux decreased from 22 to 5 L/(m?h), while NF flux dropped from 15.8 to
3 L/(m%h). Both PES-based UF and NF membranes experienced a similar flux decline of approximately 77-78%, despite
their differing pore sizes. Although the relative decline is similar, the underlying fouling mechanisms likely differ. Studies
indicate that UF membranes with larger pores are more susceptible to internal pore blocking by colloids and macromol-
ecules, whereas NF membranes with smaller pores are more affected by surface fouling from particulate and organic
matter. The RO membrane flux decreased from 3.8 to 3.0 L/(m?h), showing an absolute reduction and a notable change
over the short-term test. PA-based RO membranes usually possess a dense, highly cross-linked PA active layer (as seen in
Figure 4(f)), which provides strong resistance against particulate and colloidal fouling, unlike the more porous PES mem-
branes. However, the overall flux was low in this study, likely because the applied pressure (10-12 bar) was much lower
than typical industrial RO operations at around 30 bar (Adam et al. 2018).

Scanning electron microscopic (SEM) images of the fouled RO membrane surface, taken at the same magnification and
detector settings as the fresh membrane, reveal a smooth, film-like fouling layer that completely obscures the original pore
structure (Figure 4(a)). In contrast, the fresh membrane displays clearly defined pores and textured surface features. The
dark, homogenous regions on the fouled membrane shown in Figure 4(b) and 4(c) are indicative of organic fouling,
while embedded particles suggest a mixed fouling layer. EDS images shown in Figure 5(a) and spectra shown in Figure 5(c)
further support this interpretation. Distinct Ca and P peaks were detected only in the fouled membrane, indicating calcium
phosphate scaling, while minor signals of iron, copper, and zinc in the spectra indicate the trace contamination. As EDS

Downl oaded from http://iwaponline.comjwd/article-pdf/16/1/69/1612393/jw d2026094. pdf

bv auest



Water Reuse Vol 16 No 1, 78

Figure 4 | SEM images comparing fouled (left) and fresh (right) PA-based RO membranes at different magnifications: (a) left: Fouled surface
deposits; (b) left: organic fouling on smooth dark areas, (yellow arrows) and deposited particle (green arrow); (c) left: organic regions (yellow
arrows), crystals or particle (green area).

cannot confirm organic matter due to the carbon coating of membrane samples for SEM, surface morphology becomes
essential in identifying organic fouling. The presence of smooth surface areas lacking visible pores on the fouled RO mem-
brane shown in Figure 4 supports this conclusion. In the context of pre-treatment, polyDADMAC was used as a flocculant
during digestate dewatering, but no chloride (Cl) signals were detected in the EDS spectra, indicating either the absence of
residual Cl in the permeate or a lack of interaction with membrane surface elements.

Importantly, calcium phosphate scaling is typically irreversible and often requires acidic or chemical cleaning (Mangal
et al. 2021). In contrast, the organic fouling layer, although visually dominant in SEM, may be partially reversible, depending
on its composition and bonding mechanisms. This is presented as a hypothesis, since no chemical cleaning specific to
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Figure 5 | (a) Mapping of fouled PA-based RO membrane showing the distribution and presence of key elements, (b) composition of
elements on fouled PA-based RO membrane, and (c) EDS elemental spectra of fresh and fouled RO membrane.

organics (e.g., NaOH) or flux recovery measurements were performed. Additionally, as organic content cannot be quantified
by EDS, this hypothesis is based solely on morphological evidence (e.g., smooth films and obscured pores). However, it is
important to note that SEM and EDS analyses were conducted on a small section of the RO membrane, and the findings
may not be representative of the entire membrane surface.

Following the batch tests, flux recovery was assessed by comparing the pure water permeate flux rate of UF, NF, and RO
membranes before and after batch tests. The initial pure water flux values were 117.5 L/(m?h) for UF, 39 L/(m?h) for NF,
and 7.8 L/(m%h) for RO (Figure 3(b)). After filtration, these values declined to 111, 35, and 7 L/(m?2h), respectively, corre-
sponding to flux recovery rates of 97% for UF and 91% for both NF and RO. These results suggest that UF experienced
mainly reversible fouling, likely dominated by loosely bound particles and cake layers. In contrast, the only partial flux recov-
ery of the RO membrane, along with SEM and EDS evidence, indicates a combination of organic fouling (partially
reversible) and inorganic scaling (irreversible), particularly calcium phosphate. The initial pure water flux of the RO mem-
brane was 7.8 L/(m?h), which decreased to 7.1 L/(m?h) after the batch test, corresponding to a flux recovery rate of 91%. As
can be seen in the cake diagram of Figure 5(b), EDS analysis detected trace amounts of calcium (2.4%) and phosphate (1.1%)
on the RO membrane. Although calcium phosphate is generally considered irreversible, the SEM morphology indicates loosely
attached particulate scale rather than dense crystalline layers. It explains the observed flux loss from 3.8 to 3.0 L/(m*h) during
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short-term operation in this study and did not cause a permanent flux decline. Manual cleaning removed part of these deposits
under lab-scale conditions, although such removability cannot be assumed for industrial systems. This observation is limited to
short-term laboratory operation and should not be extrapolated to long-term or full-scale systems, where calcium phosphate scal-
ing is typically more persistent and difficult to remove.

The slightly lower recovery in NF and RO membranes also shows the presence of irreversible foulants or suboptimal clean-
ing protocols. Although the PA layer of RO membranes offers excellent resistance and rejection properties, it is still
susceptible to persistent surface fouling under inadequate cleaning. Furthermore, denser membranes tend to accumulate
more compact, less permeable fouling layers, which can limit recovery even after cleaning. These findings also highlight
the influence of operating pressure. The applied pressure of 10-12 bar in this study is significantly lower than the industrial
standards of 20-30 bar, potentially affecting both flux performance and the characteristics of the fouling layer (Zieliriska &
Mikucka 2021). A more aggressive cleaning strategy or operation under higher pressure might have improved flux recovery,
especially for the RO membrane. These factors remain open to further investigation.

3.3. Pre-assessment of the economic view on water reuse from digestate in a model paper recycling mill

To reduce the freshwater demand and discharge volumes, this study initiated the pre-assessment of the potential for water
reuse from the liquid fraction of anaerobically digested short-fiber residues in the model paper recycling mill-A (Figure 6).
The assessment is based on water quality obtained (Table 2) from this study and information provided by the paper recy-
cling mills in Germany, with assumptions detailed in Table 3. Despite extensive internal recycling, most paper recycling mills
continue to rely heavily on freshwater, particularly for high-quality applications such as paper formation, sealing water, and
boiler feed. In the model paper recycling mill-A with a production capacity of 0.7 million t/a using 100% recovered paper,
total freshwater demand is approximately 3 million m®/a (4.4 m3/t paper). Around 72% of this water is biologically treated
on-site as part of the tertiary water circuit, involving anaerobic digestion followed by activated sludge treatment and second-
ary clarification to reduce COD levels. The treated water is then directed to the municipal treatment plant for further
purification and discharge into water bodies. The remaining 28% water, i.e. 0.6 million m>/a, constitutes net water consump-
tion by the model paper mill, due to evaporation in the boilers, high contamination, or incorporation into the final paper
product (Schoellershammer GmbH 2023). About 6-12% of the water is retained alone in the final paper product.

The large uncertainties in Ca®*, Mg?*, and total hardness explain the complex composition of the digestates. The diges-
tates were mixtures derived from short-fiber residues supplied by multiple paper mills producing different paper products,
resulting in variable mineral and organic contents. High DM (10 + 3 wt%) and COD (41,435 * 10,514 mg/L) indicate a het-
erogeneous matrix. pH (7.38 + 0.17) and alkalinity may further influence Ca®* and Mg?* through carbonate equilibria. This
heterogeneity propagates through downstream processes, such as solid-liquid separation and UF, so residual solids, organ-
ics, and minor pH/alkalinity variations in the liquid fraction and UF permeate contribute to the observed uncertainties.

Figure 6 shows the potential water circuit in the model paper recycling mill-A through water recovery from the digestate of
short fiber residues. The paper recycling mill-A generates approximately 81,121 t/a of short-fiber residues (at 15% DM and
4% oDM), with a biogas potential of 0.4 m®*/kgoDM, corresponding to an energy yield of 6,490 MWh and a fuel capacity of
1 MW (at 5 kWh/Nm?® for 50% CHy,). Integration of a combined heat power plant unit with ca. 220 kWel installed capacity
and 40% electrical and 55% thermal efficiency would generate approximately 2,390 MWh of electricity and 2,560 MWh of
heat annually. This equates to cost savings of 455,000 €/a for electricity (0.19€/kWh) and 204,800 €/a for heat (0.08€/kWh).

According to the oDM content and the biogas potential (0.4 Nm?®/kg oDM), only about 1,684 t/a of the short-fiber resi-
dues actually convert to biogas. Avoiding disposal of this fraction at 50 €/t results in a cost saving of approximately
84,200 €/a. The remaining mass after anaerobic digestion results in 79,434 t/a of digestate, composed of 80% water and
20% solids. Without any treatment, the entire digestate would require management. The solids fraction (15,887 t/a)
would be disposed of as sludge at a cost amounting to 794,350 €/a. The liquid fraction (63,547 m®/a) would be sent to
municipal wastewater treatment plants at a typical fee of 1.3 €/m>, resulting in a cost of 82,611 €/a. Thus, total untreated
digestate management costs would amount to 876,961 €/a.

Applying RO treatment (e.g., SUEZ Proflex 12-2S unit) to the liquid fraction enables the recovery of up to 60% of water,
equivalent to 38,128 m>/a. This volume of recovered water avoids both freshwater procurement and wastewater discharge,
translating into savings of 71,300 €/a for freshwater (at 1.87 €/m>), and 49,566 €/a in avoided wastewater discharge fees
(38,128 m* x 1.3 €/m>). This results in combined savings of approximately 120,866 €/a from water recovery. However,
the disposal of the remaining solid fraction still incurs a cost of 794,350 €/a. The electricity required to operate the RO
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Figure 6 | Potential water circuit in a model paper recycling mill (icons from www.flaticon.com).

system adds another 63,547 € annually (1 kWh/m> wastewater). Overall, the combined savings from electricity (455,000 €/a)
and heat (204,800 €/a) recovery through biogas production from short-fiber residues, including 84,200 €/a in avoided disposal
costs for the 1,684 t/a of short fibers converted to biogas, along with savings of freshwater procurement (71,300 €/a) and
avoided municipal wastewater treatment fees (49,566 €/a) through digestate water recovery, could total 0.86 million € annually
for the model mill-A. After deducting residual disposal (794,350 €/a) and RO operational costs already discussed, the net sav-
ings are approximately 2,000 €/a, reflecting nearly cost-neutral.

Beyond digestate, the tertiary-treated effluent from the mill’s biological wastewater treatment system presents another sig-
nificant opportunity for water recovery. This effluent, accounting for 72% of the total wastewater volume, could be further
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Table 2 | Permeate quality of UF, NF, and RO in this study with respect to water reuse in the paper mill

Liquid fraction Fresh water standards
Parameter unit Digestate® of digestate Permeate UF Permeate NF Permeate UO in a paper mill
Niot mg/L 1,212 * 316 484 + 21 283 + 105 278 + 12 68 +5 -
NH4-N mg/L 560 + 246 446 + 45 336 + 64 295 £ 10 58 +2 -
Piot mg/L 748 * 316 32 £ 13 11 +8 <LODP <LOD <0.1
PO,4-P mg/L 326 + 138 17+ 3 8+2 <LOD <LOD -
Ca®* mg/L 492 197 + 118 58 + 27 153 17 £ 4 <75
Mg+ mg/L 610 + 144.25 413 + 202 65 * 15 43 20 £ 7 <15
COD mg/L 41,435+10,514 1,456 + 680 940 *+ 212 106 * 46 41 + 14 <30
DM wt% 10+ 3 04 +0.1 0.3 + 0.01 <0.01 <0.01
TDS mg/L 3,102.90 + 3,991 3,537 £ 145 <5,730 2,008 + 38 335 + 16 <450
Colour Pt-Co - 413 + 202 - 32 3+2 <0.5
pH - 7.38 £ 0.17 8+ 04 8.1+ 02 85+ 0 8 +0.1 6.5-8
Total hardness °dH 508.00 + 390.32 43 + 24 23 + 17 30 7%2 <14
EC¢ uS/cm 11,850 6,848 * 82 9,647 + 1,810 4,025 + 87 672 + 38 <900

ALiquid fraction of lab- and pilot-scale digestates.
PMethod detection limit (LOD = 0.05 mg/L PO,-P for LCK 349 and LOD =2 mg/| PO,-P for LCK 350).
CElectrical conductivity.

Table 3 | Assumptions of model paper recycling mill-A

Model paper recycling mill-A unit
Production capacity 700,000 t/a

Fresh water demand 3,092,034 m>/a

Water consumption 773,009 m3/a
Wastewater 2,215,925 m3/a

Short fiber residues (SFR) 81,121 t/a

Biogas potential of SFR 0.4 Nm®/kg oDM
Digestate from SFR 79,434 t/a

Water recovery through RO 33,362 m’/a

Solids in digestate 15,887 t/a

polished using RO to produce high-quality water suitable for reuse across the mill. Full reuse of this stream could potentially
replace up to 1.3 million m*/a of freshwater demand, corresponding to savings of approximately 2.4 million €/a in freshwater
procurement and 2.8 million €/a in wastewater discharge to municipal treatment facilities. However, implementing a near-
closed water loop requires careful consideration. Zero-liquid-discharge concepts in paper recycling mills, such as in Zuelpich
Mill of Kappa Paper, are well known, but they lead to operational issues such as CaCOj5 scaling (Han ef al. 2021). Further-
more, RO systems also involve not only high energy demand but also chemical use and maintenance costs.

To ensure economic and technical feasibility, further development of low-cost, high-performance membranes and efficient
cleaning strategies is needed. This economic pre-assessment highlights the potential for reducing environmental impact,
saving water, and advancing circularity. However, a detailed life cycle assessment is needed to include investment, mainten-
ance, chemical use, and other factors for a complete evaluation. Furthermore, RO for tertiary effluent remains to be
investigated. Process-specific water quality demands must be matched to the recovered water to optimize reuse potential.
The economic assessment presented here is preliminary and focuses on water recovery. A full evaluation, including zeolite
integration, NH4-N recovery, and associated CAPEX/OPEX, will be addressed in future work
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3.4. Advanced NH;-N recovery via hybrid RO and zeolite technology

NH,4-N removal and recovery were investigated using three hybrid scenarios integrating RO with natural zeolite-based ion
exchange using clinoptilolite. Table 4 presents the characteristics of the influent and treated effluent streams by zeolite in
each scenario. Figure 7 shows the percentage distribution of NH4-N mass in each scenario, and Figure 8 presents the
ion-exchange capacity of natural zeolite relative to NH4-N mass in the treated stream.

For comparison purposes, the NH,4-N concentration in the digestate at the start of each scenario was considered as 100%,
since initial concentrations varied among scenarios. In all three scenarios, about 2% of NH,4-N remained in the solid fraction
after digestate dewatering. Since NH;-N is mostly dissolved, this small portion likely comes from residual moisture held
between solids in this laboratory case. In larger systems with better dewatering, this fraction would be expected to be
negligible.

The clinoptilolite used contained 84% clinoptilolite, with minor minerals (plagioclase 3-49%, cristobalite 8%, rutile 0.1-
0.3%, clay/mica 4%, trace quartz) that do not participate in ammonium ion exchange. While these minor minerals slightly
dilute the effective cation exchange capacity per unit mass, the observed NH; adsorption shows the activity of the clinopti-
lolite fraction (Jha & Hayashi 2009). This occurs alongside influences from fouling, agglomeration, and competing cations.

Muscarella et al. (2021) used larger particles (2.0-2.5 mm) than here (0.05 mm), while Canellas et al. (2019) reported
higher adsorption (17.1 and 20.7 mg NH,4-N/g clinoptilolite) using particles of 0.8-1.7 mm. Although smaller particles
(0.05 mm) are usually better for adsorption, this was not observed in this study. We hypothesize that in this digestate
matrix, the very fine particles (0.05 mm) tended to agglomerate, reducing the accessible surface area and masking exchange
sites. Microscope images (Figure S4, Supplementary material) confirm extensive agglomeration of used zeolite compared
with well-dispersed fresh particles. This agglomeration, together with fouling by organic matter and suspended solids,
likely limited NHj access to exchange sites, resulting in the lower adsorption efficiency observed for the small particles.

The influence of competing cations on NH; adsorption is illustrated by the measured NH; /Ca** and NH; /Mg*"* ratios
(Table 4). In Scenario 1, NH; /Ca** dropped from 441 to 2.42 (182-fold decrease) and NH; /Mg>* from 1,324 to 8.51 (155-
fold decrease). Scenario 2 showed a decrease from 29.79 to 6.90 (4.3-fold) for NH; /Ca** and from 147.37 to 5.80 (25-fold)
for NH;/Mg®*. Scenario 3 decreased from 188 to 2.71 (69-fold) for NH;/Ca** and from 188 to 15.81 (12-fold) for
NH; /Mg>*. These quantitative comparisons show that NH; adsorption is associated with simultaneous displacement of
Ca®* and Mg®* from the zeolite. EDS elemental analysis of Scenario 1 (Table 1 in the Supplementary material) supports
this, showing an increase in Ca (from 0.7 to 1.66 wt%) and Mg (from 0.3 to 0.44 wt%) on the zeolite after adsorption.
Ca®* shows the largest relative change in most scenarios. It has a stronger influence on NH; adsorption, but the exact
effect is partly uncertain and varies depending on the feed composition.

RO retentate (Scenario 2) contained concentrated NH; -N, multivalent cations (Ca®*, Mg>*), and organic matter, all com-
peting for zeolite exchange sites. This is supported by observed reductions in electrical conductivity of up to 90% during

Table 4 | Characteristics of the influent and treated effluent streams of zeolite-adsorption

Scenario 1 Scenario 2 Scenario 3 Sscenario 1 Scenario 2 Scenario 3
Influent Treated effluent after zeolite-adsorption
Parameter Unit LFD? Retentate RO Permeate RO LFD Retentate RO Permeate RO
NH4-N mg/L 1,324 1,400 188 315 * 16 200 + 2 95 +9
Ca?* mg/L 3 47 <1 130 £ 5 42 £ 9 35+ 4
Mg>* mg/L <1 9.5 <1 37 £2 50 + 1 61
COD mg/L 943 1,922 558 540 £ 3 753 £ 3 250 = 5
pH - 8.3 83+ 03 7.6 £ 0.1 780
Total hardness °dH <1 8.8 <1 270 17 £ 1 5%1
EC? uS/cm 10.752 1,185 5,285 %+ 36 1,305 *+ 38 1,245 + 67
NHj}/Ca?* 441.3 29.79 188 242 £ 0.22 6.90 £ 1.53 2.71 £ 0.57
NH;/Mg** 1,324 147.37 188 8.51 + 0.89 5.80 = 0.16 15.81 + 4.14

ALiquid fraction of digestate.
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adsorption. It indicates simultaneous removal of multiple ionic species rather than NH; alone. COD removal (40% in Scen-
ario 1, 55% in Scenario 2, and 70% in Scenario 3) likewise demonstrates co-adsorption or entrapment of organic constituents.
Reported selectivity sequences (Hankins ef al. 2005; Wang & Peng 2010) as well as the manufacturer’s ranking for the zeolite
used in this study (Cs* > NHj > Pb** > K* > Na* > Ca®* > Mg?* > Ba?* > Cu®* > Zn?*) confirm that K*, Ca®*, and Mg®* can
outcompete NH; in complex wastewaters, further reducing adsorption efficiency.

Although Scenario 3 treated RO permeate with negligible Ca®*, Mg®*, electrical conductivity (1,185 uS/cm), and COD
(558 mg/L), it showed the lowest adsorption efficiency (49%). This discrepancy is likely due to material-specific properties
of the zeolite, such as its geological origin, which can influence ion-exchange capacity (Langwaldt 2008; Wang & Peng
2010). It suggests that solution composition alone does not fully determine adsorption efficiency and testing different zeolite
sources could improve performance.

To directly verify the ion-exchange and fouling mechanisms suggested by solution chemistry, fresh, spent (after adsorp-
tion), and regenerated zeolite were analyzed via EDS (Figures S5-S7 in the Supplementary material). Clinoptilolite is a
natural zeolite with a negatively charged framework that holds exchangeable cations, such as Na*, K*, Ca®*, and Mg?*.
During NH; adsorption, ammonium ions can replace these cations at the zeolite surface. EDS analysis showed that Ca
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and Mg on the zeolite surface increased from 0.72 and 0.34 wt% in the fresh zeolite to 1.66 and 0.46 wt% after adsorption.
The simultaneous appearance of phosphorus (0.2 wt%) in localized spots that spatially overlapped with Ca-rich regions indi-
cates the formation or deposition of calcium phosphate particles on the zeolite surface. This observation matches the same
Ca-P clusters identified on the RO membrane surface. It explains that calcium phosphate precipitation occurred during treat-
ment and contributed to surface fouling. At the same time, Ca®* and Mg®* concentrations in the effluent increased to over
100 mg/L (Scenario 1) and 35 mg/l (Scenario 3). This apparent contradiction can likely involve three processes: (i) displace-
ment by NH;, in which ammonium ions can push loosely bound Ca®* and Mg®* from weak sites on the zeolite into solution.
The increase in Na on zeolite from 0.20 to 0.60 wt% (Table S1 in the Supplementary material) during adsorption confirms
this ion-exchange activity, where some cations are redistributed rather than completely removed. (ii) Dissolution of solid Ca/
Mg compounds: the digestate contains Ca and Mg in solid forms (e.g., carbonates or phosphates from Table 2) that partially
dissolve in water, increasing effluent concentrations; and (iii) release from weakly bound surface sites: some Ca®* and Mg>*
on the zeolite surface are not tightly incorporated into the crystal structure and can be released during NH; adsorption.
However, it must be emphasized that NH; exchange cannot be directly confirmed via quantitative EDS. Nitrogen is not
reliably detectable in standard EDS analysis, and any N signal must be manually forced into the quantification routine.
Although localized N peaks were occasionally visible on the zeolite surface after adsorption (Figure S6 in the Supplementary
material) and desorption, these signals are qualitative and not suitable for quantification. NH, uptake is therefore demon-
strated by comparing NH, concentrations in the feed and the treated effluent after adsorption rather than through EDS.
After desorption, Ca and Mg on the zeolite in this study slightly decreased to 1.56 and 0.38 wt%, while NH; removal
remained substantial (Scenario 1 from 1,324 to 315 mg/L) and Scenario 3 from 188 to 95 mg/L, showing partial regener-
ation. These observations demonstrate that NH; adsorption involves simultaneous cation exchange with divalent ions.
According to Hankins ef al. (2005), the presence of competing cations can reduce ammonium uptake because zeolite pre-
ferentially adsorbs K* > NH; > Na* > Ca®*, while Essington (2015) noted that ion-exchange in complex matrices often
shows simultaneous uptake and release due to competition and matrix composition. Pre-treatment studies by Muscarella
et al. (2021) show that pre-treatment of zeolite with NaCl or HCI can enhance NH; adsorption and minimize hardness.
It should be noted that increased water hardness in the effluent is undesirable for paper industry reuse.

Trace heavy metals in the digestate (Table S2 in the Supplementary material), such as Zn?*, Cu®*, Pb>*, and Ni**, may
have further competed for binding sites or been released during NH4-N adsorption (Blanchard ef al. 1984; Aprianti et al.
2018). EDS analysis showed that Ni (0.3 wt%) was present on fresh zeolite and remained after adsorption but was no
longer detected after desorption, indicating adsorption during the process and partial removal during regeneration. Cu
and Zn were detected at trace levels in the liquid fraction of digestate and on fouled RO membranes (Figure 5). It explains
limited adsorption and partial removal during desorption. Pb and Cd were present at very low concentrations in the diges-
tate (<0.005 mg/L) and showed negligible uptake on the zeolite. These results highlight that, besides Ca** and Mg?*, trace
metals like Ni, Cu, and Zn contribute to the complexity of ion-exchange dynamics, though their adsorption is generally
minor.

Desorption experiments achieved up to 52% NHy-N recovery (Scenario 3) using a 30-fold Na* excess in the regenerant
solution. To account for varying NH,4-N loadings, scenario-specific NaCl concentrations were applied: 46.5 g/L for Scenario
1, 204 g/L for Scenario 2, and 5 g/L for Scenario 3, corresponding to NaCl-to-NH,4-N ratios of 0.148, 0.703, and 0.053 mg
NaCl/mg NH,4-N, respectively. It ensured proportional Na* and Cl~ availability for desorption, allowing comparable regen-
eration despite differing NH; loadings. Scenario 2 showed the highest ion-exchange capacity at 2.9 mg NH4N/g
clinoptilolite, followed by Scenario 3 with 2.6 mg NH4-N/g. Compared with previous studies, Wasielewski et al. (2017)
achieved 75% desorption efficiency at a Na*:NH, molar ratio of 30:1 using 2 g of zeolite, and Muscarella et al. (2021)
reached 80% at 20:1 with 1g zeolite. Although the same 30-fold molar ratio as Wasielewski et al. (2017) was applied,
the larger zeolite masses in this study (80 g in Scenarios 1 and 2, 1.88 g in Scenario 3) and the fixed regenerant volume
showed the lower desorption efficiency (maximum 52%). This indicates that regeneration process is influenced not only
by the Na™:NH, molar ratio but also by the zeolite-to-regenerant volume ratio. A detailed EDS-analysis were carried out
for Scenario 1. During adsorption in Scenario 1, NH; should have replaced exchangeable cations such as K, Al, Si, and
Ti in the zeolite, while residual Ca, Mg, and Na slightly increased during adsorption, as shown by EDS analysis. Moreover,
Fe increased from 1.2 to 1.6% and P appeared at 0.2%, showing that these elements were temporarily adsorbed onto the
zeolite surface during NH} uptake. During desorption, Na from the regenerant displaced NH; from the zeolite, and CI~
entered the structure (from 0 to 1.1%) to maintain charge balance. The displaced NH; enters the solution, where it can
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combine with Cl~ to form NH,ClI, but no solid NH,4Cl forms inside the zeolite. During the desorption stage, K decreased to
1.9%, and Ca stabilized at 1.6%, indicating partial displacement of other cations. Fe and P decreased to 0.7 and 0%, respect-
ively, indicating their removal during desorption. Si and Al also decreased, and carbon dropped from 34.2 to 10.2%, likely
due to surface coverage and removal of organics. These results clearly demonstrate the ion-exchange dynamics, showing that
NH;, adsorption occurs via cation replacement, and desorption might have depended on Na*/Cl~ availability and the zeo-
lite-to-regenerant ratio. During adsorption, NH; should have replaced K, Ca, and other cations in the zeolite. EDS analysis
show Na slightly increased from 0.2 to 0.6% after adsorption, reflecting residual Na* in the zeolite, while Cl remained at 0%.
After desorption, Na remained at 0.5% and Cl increased to 1.1%, directly proving that ClI~ from the regenerant entered the
zeolite to maintain charge balance during NH; displacement. K decreased from 2.9 to 1.9%, and Ca stabilized at 1.6%,
showing partial displacement of other cations. Si and Al decreased, and carbon dropped from 34.2 to 10.2%, likely due
to surface coverage and removal of organics. These observations confirm that NH; desorption depends on both Na*/Cl~
availability and the zeolite-to-regenerant ratio.

4. CONCLUSIONS

The study confirms the technical feasibility of using membrane filtration for treating the liquid fraction of digestate from
short-fiber residues. RO produced permeate meeting fresh water standards except for some NH4-N. The low permeate
yield of RO in this study was due to the limited pressure applied in lab tests and does not reflect industrial conditions. Mem-
brane fouling remains a key scale-up concern under low-pressure conditions. The apparent removability of calcium
phosphate scaling observed here is limited to short-term laboratory operation and should not be extrapolated to full-scale
systems. Pilot trials using containerized RO units are therefore recommended. The preliminary assessment indicated that
water recovery from digestate using RO can be nearly cost-neutral. However, a full life cycle and economic analysis is essen-
tial to confirm feasibility under industrial conditions.

This study confirmed that the complex matrix of industrial streams strongly affects the ion-exchange performance of natu-
ral clinoptilolite (zeolite). NH4-N removal was measurable only in the more concentrated streams, while removal from RO
permeate was negligible. High Ca?* and Mg?* concentrations released during adsorption limited the zeolite’s suitability for
water reuse in the paper industry, where low hardness is critical. Regeneration achieved only partial NH4-N recovery, high-
lighting the need for optimization. Without modification or additional pre-/posttreatment, the tested natural clinoptilolite is
not suitable as a standalone NH,4-N recovery step. The long-term stability should be addressed in future work.
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