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Abstract

Application of CuO nanoparticles (NPs) deposited via sonochemical synthesis onto polyethersulfone (PES) ultrafiltra-
tion membranes for fouling mitigation in anaerobic digestate treatment was investigated. Modified membranes were
prepared at three sonication intensities (45%, 66% and 95%) and evaluated alongside with unmodified samples using
anaerobic digestate from a pilot-scale AnMBR under continuous and intermittent operation with reverse flow cleaning.
Surface characterization was performed through XPS, FTIR, HRSEM and ICP-OES. The CuO NPs coating on the PES
membrane was 0.11%, 0.65% and 0.90% w/w at sonication intensities of 45%, 66% and 95%. Under constant input
flux conditions, transmembrane pressure decreased with increasing coating intensity, indicating progressive reduction in
hydraulic resistance. Coated membranes exhibited moderately lower average flux reduction (62.1-62.6%) compared to the
unmodified membrane (67.5%), though differences were within experimental uncertainty. When membrane performance
was evaluated based on pressure-normalized permeability, the 66% and 95% coated membranes demonstrated 18.5% and
20.8% increased permeability compared to the unmodified membrane. These findings support CuO surface modification
at moderate sonication intensity as an efficient antifouling strategy for anaerobic membrane digestion systems.
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Abbreviations

NPs Nanoparticles

PES Polyethersulfone

COD  Chemical oxygen demand
PVDF  Poly(vinylidene fluoride)
TMP  Transmembrane pressure
Introduction

Global acceleration of organic waste generation including
food residues, livestock manure and waste-activated sludge,
has become a critical concern for environmental and public
health practices. Conventional disposal treatments, includ-
ing landfilling and incineration are major contributors to
greenhouse gas emissions and resource depletion. In order
to achieve sustainable carbon neutrality, waste management
strategies are oriented towards resource recovery and circu-
lar economy (Awasthi et al. 2023; Zeng et al. 2025).

Anaerobic digestion (AD) is a promising technology,
converting complex organic matter under oxygen-free con-
ditions into valuable biochemical products (Edifor et al.
2020; Liu et al. 2019). Effective treatment or utilization
of digestate plays a key role in the overall sustainability of
the AD process (Skaggs et al. 2018). However, traditional
separation technologies such as adsorption, distillation and
solvent extraction often display limited selectivity and high
energy consumption (Park et al. 2017; Reungoat et al. 2023).
Membrane-based anaerobic digestion technologies have
emerged as promising alternatives due to their scalability,
versatility and reduced environmental footprint (Rongwong
et al. 2018).

Membrane separation is increasingly employed for
digestate treatment, however performance of filtration sys-
tems is often affected by fouling and flux decline. Polyether
sulfone (PES) membranes are widely used for wastewater
treatment=due to their mechanical stability, chemical resis-
tance and enhanced filtration abilities (Zheng et al. 2024).
However, the hydrophobic nature of PES membranes often
leads to membrane fouling by organic contaminants, which
reduces the separation efficiency and stability. Surface mod-
ification with metal oxides into PES membranes addresses
issues of hydrophobicity and fouling by organic pollutants,
significantly enhancing the operational efficiency, as well as
the longterm performance for anaerobic digestion applica-
tions (Maximous et al. 2010).

Recent studies have shown that incorporation of metal
oxide nanoparticles (NPs) such as Al,Os, ZrO,, and TiO,
into PES membranes enhances membrane hydrophilicity,
leading to improved water flux, while in several cases it also
contributes to improved mechanical stability, depending on
filler dispersion and loading conditions (Gao et al. 2025;
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Li et al. 2025; Nhlengethwa et al. 2024; Zhu et al. 2019).
Incorporation of CuO NPs can prove a promising antifoul-
ing approach as well, attributed to improvements in both
surface hydrophilicity and antimicrobial properties. In one
such application, a ceramic membrane anaerobic bioreactor
equipped with CuO NPs-modified membranes demonstrated
93% COD removal efficiency alongside with decreased
transmembrane pressure buildup relatively to the unmodi-
fied membrane (Qiu et al. 2023). Another research involving
PVDF ultrafiltration membranes incorporating CuO in com-
bination with graphene oxide has demonstrated improved
flux recovery ratios, diminished irreversible fouling and
effective antibacterial performance (Zhao et al. 2017). In
addition, integration of morphologically engineered CuO
nanomaterials in PVDF/PVP membranes displayed flux
recovery exceeding 90% during application, alongside with
enhanced hydrophilicity and miniscule release of Cu®" into
the permeate (Pakan et al. 2023).

The deposition method selected for introducing metal
particle coating onto a membrane surface determines both
the particle distribution and their adhesion to the substrate.
Physical blending method disperses nanoparticles through
the bulk of the polymer matrix, which can promote particle
aggregation and the formation of non-selective interfacial
voids that compromise mechanical properties (Arundhathi
et al. 2024), while dip-coating relies on physical adsorp-
tion and tends to produce coatings that are patchy and
weakly attached to the membrane surface (Khorshidi et
al. 2018). Sonochemical deposition instead generates the
CuO nanoparticles in situ, at the membrane surface under
ultrasonic cavitation, promoting closer contact between the
nanoparticles and the membrane surface without modifying
the bulk polymer (Deokar et al. 2021).

Building on the aforementioned reports, the present work
explores the application of CuO NPs coated PES mem-
branes as a method for fouling control and improved sepa-
ration in anaerobic membrane bioreactor systems. Through
membrane performance evaluation with digestate samples
from a pilot plant reactor, the findings of this work aim to
facilitate the adoption of surface-modified membranes in
full scale anaerobic wastewater treatment infrastructures.

Materials and methods

NADIR® UP150 T Polyethersulfone (PES) ultrafiltration
membranes (MANN+HUMMEL GmbH, Germany), with a
nominal pore size of 40 nm and a molecular weight cutoff
(MWCO) of 150 kDa, were used in this study. The CuO
NPs coating process required Copper (II) acetate mono-
hydrate (ACS reagent, >98%) and Ammonium hydroxide
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Table 1 Main sludge characteristics of interest for the filtration process
Total Suspended Solids (g/L) Volatile Suspended Solids (g/L) pH
3.0 1.6 7.2

solution (ACS reagent, 28.0-30.0%), both obtained from
Sigma-Aldrich.

Greek EcoSite - Anaerobic digester

This research was conducted within the framework of
the Horizon Europe SYMSITES project, which aims to
advance Industrial-Urban (I-U) symbiosis by transforming
waste streams and by-products into value-added materials
with reduced environmental impact. Throughout its imple-
mentation the project has explored and validated a range of
technologies and approaches with stakeholder involvement
at four designated EcoSites spread across Europe. These
sites span across a broad geographic and socioeconomic
spectrum, from Scandinavia (Denmark) and central Europe
(Austria) to the Mediterranean (Spain and Greece). At the
EcoSite establishment in Greece, a 5.5m> anaerobic mem-
brane bioreactor (AnMBR) served as the primary treatment
unit, enabling the recovery of energy (methane), irrigation
water and compost. The anaerobic sludge utilized to assess
the performance of the modified membrane was collected
from the AnMBR operating at the Greek EcoSite. Its main
characteristics are displayed in Table 1.

CuO nanoparticle deposition

Membrane functionalization with NPs was achieved via a
sonochemical deposition process. Initially, copper(I) ace-
tate was introduced into the sonochemical reactor (Fig. 1),
followed by ultrasonic treatment for 1 h while maintaining
the solution temperature at 60 °C. Afterward, ammonium
hydroxide was added to adjust the pH to 8.5, promoting the

1 —sonochemical tank; 2 —-magnetostictive transducer [IMC-2,5-18
3 — fabric moving mechanism; 4 — carriage

5 ~magnetostrictive transducer [IMC-2,5-22; 6

in situ formation of CuO nanoparticles through the reactions
presented in Eqgs. (1) and (2).

Culi) +4NHg - HyO — [Cu(NHg),|iw + 4H20 (1)

2 _
[Cu(NH3),] (0 +20H ) +3H20

2

During synthesis, the membrane was continuously passed
through the suspension to facilitate nanoparticle immobi-
lization onto its surface under ultrasonic irradiation. The
influence of sonotrode intensity was examined at 45.0, 66.0,
and 95.0%. A schematic representation of the overall modi-
fication procedure is provided in Fig. 2.

Membrane characterization

The elemental analysis was carried out by X-ray photoelec-
tron spectroscopy with the XPS, Nexsaspectrometer (Eng-
land). The functional groups of CuO coated PES membranes
were examined by FTIR spectrometer (Tensor 27 spectrom-
eter (Bruker, Germany)) in the range of 4000—400 cm™'. To
analyse the morphologies of CuO/PES membrane, HRSEM
(Quanta FEG 250, Thermo Fisher Scientific) was employed
with various magnifications. To identify the concentration
of CuO particles on the PES membranes, Inductively Cou-
pled Plasma (ICP) was employed by SPECTRO ARCOS
ICP- OES Multi view FHX22. For sample preparation,
1.5x 1.5 cm? CuO-coated PES membranes were submerged
in diluted nitric acid (HNOs) and heated at 50 °C for 30 min.
The resulting copper-containing solutions were then diluted
to a final volume of 50 mL and analyzed using ICP-OES.

Fig. 1 Sonochemical tank, reagent tank and rolling mechanism used for membrane modification

@ Springer
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Fig.2 Schematic representation of
membrane modification process
with CuO nanoparticles

Reagent Tank (1L )

0.01M solution of Cu(Ac),

Sonochemical Tank (10L)

9L of water is added to the solution of metal acectate

Sonotrods heating the solution up to 60°C for 1h

pH adjusted to 8.5 with NH,OH

Reactions take place and CuO

nanoparticles are formed

Fig. 3 Experimental setup, 1: Digestate, 2: Magnetic Stirrer, 3: Inlet
& Outlet pumps, 4: Lab35 Membrane Module, 5: Manometer, 6:
Permeate

Performance of modified membranes with AD
sludge

The performance of both non-modified and modified mem-
branes was investigated under continuous and intermittent
operating conditions in order to assess permeate flux behav-
ior and the effectiveness of reverse-flow cleaning. Each
experiment consisted of 4 h of uninterrupted operation fol-
lowed by a 4 h cycle incorporating reverse-flow cleaning at
60 min intervals. For consistency, identical permeate vol-
umes were applied during each cleaning step. Throughout
all tests, the anaerobic digestate feed flux and inlet/outlet

@ Springer

Rolling of the membrane after the
color of the solution changed

CuO NP coated membranes

pump rotational speeds remained constant. Permeate flow
and transmembrane pressure (TMP) evolution were contin-
uously recorded. Experimental trials were conducted using
a Lab35 membrane module supplied by SANI Membranes.
and the experimental setup is presented in Fig. 3.

Results and discussion
Characterization of modified membranes

The surface modification of the CuO nanoparticles on the
PES membrane was supported by ICP-OES analysis. Induc-
tively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) was used to quantify the concentration of cop-
per ions loading from CuO-coated PES membranes. The
amount of copper deposited on the PES membrane was
quantified as 0.11%, 0.65%, and 0.90% (w/w) at sonication
intensities of 45%, 66%, and 95%, respectively. The cop-
per loading on the PES membrane increased with increasing
sonication intensity.

XPS analysis of CuO/PES membrane determines the
surface properties, elemental composition and presence of
functional groups including carbon, oxygen, copper and
sulphur and the results are shown in Fig. 4. The CuO/PES-
45 and CuO/PES-95 samples contain the prominent peaks
Cls, Ols, Cu2p and S2p around 284 eV, 532 eV, 935 eV
and 168 eV respectively. High resolution Cls spectra of
CuO/PES-45 and CuO/PES-95 depicted in Fig. 4a. The Cls
deconvoluted spectra of CuO/PES-45 exhibit the four Cls
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Fig.4 XPS of CuO/PES-45 and
CuO/PES-95 shows the presence a) Cls 95% b) Ots 95%
of C, O, CuandS. (a) C Is, (b) Cu-0/C=0
O 1s, (¢) Cu2p and (d) S2p XPS
spectra with respective deconvo-
luted profiles
E 3
s s |
£ z
@ ]
c c
2 ]
£ £
292 290 288 286 284 282 53 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
Cu2 95% 8§2 95%
C) u2p 2,75 d) p b
2p,, Cu® ji
Cu Cu?! I 1
3 3 FoNs
g > pAaaa Va1
% a5%| @ o 45%
§ g A
E & p#h-
1
B FY
ARAES o AR
K. 3
960 950 940 930 174 172 170 168 166 164
Binding Energy (eV) Binding Energy (eV)

peaks at 284.7 eV, 286.1 eV, 287.3 eV, and 288.7 eV corre-
sponds to the C=C, C-0O, C=0, O-C=0 functional groups.
The Cls deconvoluted spectra of CuO/PES-95 exhibit
the four Cls peaks at 284.7 eV, 285.2 eV, 286.3 eV, and
288.4 eV corresponds to the C=C, C-OH, C-O, O-C=0
functional groups. Due to the accumulation of CuO NPs
and the intensity of ultrasonication, the reduction in Cls
observed in CuO/PES-95 (Al-Ghafti et al. 2022). In Fig. 4b.
the Ols high resolution spectra of CuO/PES-45 is divided
into three peaks of Cu-O/C=0, C-O-C and adsorbed H,O at
531.5¢eV, 532.7 ¢V and 534.1 eV respectively. In the case of
CuO/PES-95 membrane showed two Ols peaks at 531.9 eV
(C=0), and 532.9 ¢V (C-O-C). Deconvoluted Cu2p spectra
of CuO/PES-45 and CuO/PES-95 is depicted in Figure.4c.
Cu2p spectra shown two distinct peaks for Cu 2p3/2 and
Cu 2pl1/2 at 935 eV and 952.2 eV accompanied with two
satellite peaks at 943, and 965 eV. The Cu 2p3/2 XPS region
deconvoluted into two peaks at 932.8 eV and 934.6 assigned
to the Cu® and Cu?" oxidation states. The Cu 2p1/2 XPS
spectrum deconvoluted into two peaks at 952.6 eV and
954.5 assigned to the Cu® and Cu®" oxidation states (Xu et

al. 2023). High resolution S2p spectrum in Fig. 4d reveals
that peak at 168 ¢V indicating the presence of S-O func-
tional group in the CuO/PES membrane.

The HRSEM images of the CuO-coated membranes
and uncoated membranes are shown in Fig. 5. The origi-
nal (uncoated) PES membrane exhibits a smooth and uni-
form surface at various magnifications (Fig. 5a, b). In the
CuO/PES-45 sample (Fig. 5c, d), CuO particles are depos-
ited on the PES membrane with a predominantly spherical
morphology, exhibiting good homogeneity and a uniform
distribution. The particle diameters range from approxi-
mately 400 to 600 nm, consistent with secondary aggre-
gates formed from smaller, sonochemically nucleated CuO
nanocrystals rather than discrete nanoparticles. Figure Se,
and f present the HRSEM images of the In CuO/PES-95
membrane, where the CuO particles maintain a spherical
and isolated nature but appear closely bound on the mem-
brane surface. Additionally, copper oxide flakes with sizes
less than 100 nm - within the conventional nanoparticle size
range - were observed on the PES membrane,, likely formed
due to the influence of high-intensity ultrasonic treatment

@ Springer
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Fig. 5 HRSEM images of (a, b)
Pristine PES, (¢, d) PES/Cu0-45
and (e, f) PES/Cu0-95 at different
magnifications
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Fig.6 FTIR images of the pristine and CuO coated PES membrane
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during deposition (Kajau et al. 2021). The presence of both
spherical particles and sub-100 nm nanoparticle flakes indi-
cates diverse CuO morphologies on the membrane surface,
spanning nanoscale features to larger micron-range aggre-
gates. The particle size range for the spherical aggregates in
both sample types remains between 400 and 600 nm.

The FTIR spectra of CuO/PES exhibited typical Cu-O
and PES functional groups depicted in Fig. 6. The peaks
at 3317 cm™ and 1577 cm™! corresponds to the stretching
OH and plane bending OH functional group. The peaks at
1660 cm™ and 1147 cm™! assigned to the stretching vibra-
tions of C=0 and C-O-C groups respectively. The peaks
at 1320 cm ! and 711 ecm™ corresponds to the presence of
0=S=0 and C-S functional groups respectively. Compared
to PES membrane, a new peak is occurring in CuO/PES-45
and CuO/PES-95 spectra at 533 cm’' which is due to the
presence of CuO nanoparticles on the PES membrane. These
observations are consistent with an interaction between
CuO nanoparticles and PES functional groups; confirm-
ing the precise nature of this interaction (e.g. coordination
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Fig.7 NADIR® UP150 T mem-
brane samples a: non-modified,
b: coated 45% intensity, ¢: coated
95% intensity, d: coated 66%
intensity (default)

Fig. 8 Evolution of permeate flux
(L/m?-h) for non-modified and
modified membrane samples under

Permeate Flow per Membrane Area

. . 100
continuous filtration
90 .
* 40nm PES
80 .
.
f, 70
=
_g 0 . * 40nm PES Coated
£ 45%
Q o~
== 50
BE
24 H * 40nm PES Coated
2 ‘ . 66%
= 30
o . .
£ . .
5 20 . .
o . . . . b * 40nm PES Coated
10 ° 95%
0
0 50 100 150 200 250 300
t (min)

bonding) would require complementary techniques such as
XPS binding-energy shifts or DFT-supported vibrational
analysis (Al-Ghafti et al. 2022; Mobarak et al. 2022).

The ultrasonically-driven formation of CuO from the
copper-ammine complex (Egs. 1-2) nucleates nanoparticles
that are immobilized onto the PES surface under cavita-
tion, producing both physical surface coverage (seen by
HRSEM) and a measurable surface interaction (the new
533 cm™ FTIR band).The increasing Cu loading with soni-
cation intensity (ICP-OES) is consistent with more extensive
nanoparticle immobilization at higher cavitation energy.

Performance of modified membranes with AD
sludge

Pictures of: the original NADIR® UP150 T (a) and the 3
modified samples at 45 (b), 95 (c¢) and 66% (d) sonotrod
intensity are presented in Fig. 7. Samples from each mem-
brane sheet were cut appropriately to fit the Lab35 Mem-
brane Module and activated with DI water / isopropanol
rinse before use.

Continuous operation

During continuous operation, the non-modified PES mem-
brane exhibited the highest initial permeate flux of 91.4 L/
m?*h, while the CuO-coated membranes showed lower
initial values of approximately 62.9, 80.0 and 74.3 L/m*h
for 45%, 66% and 95% sonication intensities respectively
(Fig. 8). The reduction in initial flux for coated membranes
is consistent with the increased hydraulic resistance result-
ing from CuO nanoparticle deposition on the membrane sur-
face, which partially occludes the pore structure, an effect
also reported for other metal oxide-modified PES mem-
branes (Maximous et al. 2010; Pakan et al. 2023). Despite
its higher starting flux, the non-modified membrane exhib-
ited a steep decline within the first 60 min of operation,
losing 56.3% of its initial flux, while operating at higher
Transmembrane Pressure (TMP, 1 bar) in comparison to
coated membranes (0.6—0.8 bar). These observations are
indicative of rapid pore blocking and cake layer formation
by the matter present in the anaerobic sludge. In contrast,
the coated membranes displayed a more gradual and sta-
ble flux decline over the same period. After approximately

@ Springer
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Fig. 9 Cumulative permeate flow
per membrane area (L/m?) for non- 180

~+-40nm PES -+-40nm PES Coated 45% —+-40nm PES Coated 66% -+-40nm PES Coated 95%
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Table 2 Average flux reduction AVG Flux Recov- AVG Flux ~ Cumulative TMP  Perme-
and recovery after cleaning, ery after cleaning Reduction Permeate Volume/ (bar) ability
cumulative permeate volume/ (%) (%) Area (L/m?) (L/m/h/
area, Transmembrane Pressure bar)
(TMP), and Permeability for each  75% - prg o0 Coated 68.7+5.1 67.542.6 1543 12 32.1
membrane tested during intermit-— 1 pEg coated 45° 66.5+2.1 62638 1214 11 276
tent operation nm coate % ) : : ’ ’ ) ’
40 nm PES coated 66% 71.8+4.1 62.6+4.9 137.1 0.9 38.1
40 nm PES coated 95% 67.0+3.6 62.1+2.2 124.3 0.8 38.8

150 min of operation however, all membrane samples con-
verged toward a similar steady-state flux range of 14-17 L/
m?/h, suggesting that at this stage fouling layer development
dominates the membrane resistance, regardless of surface
modification. This behavior is consistent with the transition
from pore blocking to cake filtration mechanisms, observed
in long-term UF membrane operation with anaerobic sludge
(Le-Clech et al. 2006; Meng et al. 2009).

Intermittent operation

The cumulative permeate volume per unit membrane area
during intermittent operation with reverse flow cleaning
every 60 min is presented in Fig. 9. The dotted vertical lines
indicate the cleaning events at 60, 120 and 180 min. During
the first operational interval (0—60 min), the non-modified
PES membrane accumulated the highest cumulative volume,
reaching 34.3 L/m?, while the coated membranes produced
lower cumulative volumes of 21.4, 31.4 and 21.4 L/m? for
45%, 66% and 95% intensities respectively. By the end of
the 240-minute experiment, the non-modified membrane
achieved the highest total cumulative volume of 154.3 L/
m?, followed by the 66% coated membrane at 137.1 L/m?,
while the 45% and 95% coated membranes reached similar
final values of 121.4 and 124.3 L/m? respectively.

@ Springer

Operation under a stable input flow, resulted in varying
transmembrane pressure (TMP) between the different mem-
brane samples tested. Table 2 presents Average flux reduc-
tion and recovery after cleaning (%), cumulative permeate
volume/area (L/m?), Transmembrane Pressure (TMP - bar),
and Permeability (L/m?/h/bar) for each membrane tested
during intermittent operation. All CuO-coated membranes
exhibited moderately lower average flux reduction com-
pared to the non-coated PES membrane (62.1-62.6% versus
67.5+£2.6%), indicating a consistent improvement in foul-
ing resistance upon surface modification. However, given
the overlapping standard deviations across all samples,
these differences cannot be considered statistically conclu-
sive. Similarly, flux recovery after cleaning ranged from
66.5+2.1% to 71.8+4.1% across all membranes, with the
66% coated sample appearing to perform best. However, the
substantial overlap between confidence intervals - particu-
larly between the non-coated (68.7+5.1%) and coated 66%
(71.8+4.1%) samples - prevents a definitive conclusion
regarding the superiority of any specific coating intensity on
the basis of flux recovery alone.

A substancial differentiation in membrane sample per-
formance emerges when permeability - normalised for
transmembrane pressure - is taken into consideration. The
non-coated membrane, while achieving the highest cumu-
lative permeate volume (154.3 L/m?), operated at the



Euro-Mediterranean Journal for Environmental Integration

(2026) 11:298

Page9of 11 298

highest TMP of 1.2 bar, yielding a permeability of 32.1 L/
m?/h/bar. In contrast, the 66% and 95% coated membranes
achieved permeability values of 38.1 and 38.8 L/m*/h/bar
respectively, an increase of 18.5 and 20.8% over the non-
coated membrane, while operating at a reduced TMP of 0.9
and 0.8 bar. This decrease in TMP with increasing coating
intensity can be an indicator of the progressive reduction
in hydraulic resistance associated with the increased CuO
surface coverage.

The progressive increase in Cu loading with sonication
intensity (Sect. 3.1) parallels the progressive decrease in
TMP and increase in permeability observed for the 66% and
95% coated membranes (Sect. 3.2), supporting a coating-
density-dependent reduction in hydraulic resistance. It is
also noted that the 45% coated membrane, despite having
a measurable CuO loading, does not show a proportional
performance improvement. This is discussed as a threshold
effect below which the coating is too sparse to meaningfully
reduce fouling.

When the cumulative permeate volume is contextualized
against operating pressure, the apparent advantage of the
non-coated membrane is diminished, as its higher through-
put is achieved at the cost of higher applied pressure com-
pared to the 66% and 95% coated membranes, which can
be further translated into higher energy demand. The 66%
coated membrane produces 137.1 L/m? at 0.9 bar versus
154.3 L/m? at 1.2 bar for the non-coated, offering a more
energy-efficient operating point with comparable output.
Overall, permeability provides a clearer basis for compari-
son, on which CuO-modified membranes at 66% and 95%
intensity demonstrate superior efficiency, supporting CuO
surface modification as an energy-efficient antifouling strat-
egy for anaerobic digestate treatment.

Conclusions

CuO nanoparticles were successfully deposited onto PES
ultrafiltration membranes via sonochemical synthesis, with
ICP-OES analysis showing that the Copper coating density
increased from 0.11%w/w at 45% sonication intensity to
0.90%w/w at 95% intensity. XPS, FTIR and HRSEM char-
acterization confirmed the presence and distribution of CuO
on the membrane surface. CuO-coated membranes exhib-
ited moderately reduced average flux decline compared to
the unmodified membrane (62.1-62.6% versus 67.5%).
However, given the overlapping standard deviations, these
differences were not statistically conclusive. Under constant
input flux operation, transmembrane pressure decreased
with increasing sonication intensity, suggesting that CuO
NPs presence progressively reduced membrane hydraulic

resistance. Permeability provided a more solid comparison
basis, as the 66% and 95% coated membranes achieved
38.1 and 38.8 L/m*h/bar respectively, which correspond
to 18.5% and 20.8% increase compared to the unmodi-
fied membrane (32.1 L/m*/h/bar), while the latter’s higher
cumulative permeate volume (154.3 L/m?) was attributed
to its elevated TMP (1.2 bar). Further studies under longer
operational duration and Cu loading quantification are rec-
ommended to fully characterize the long-term performance
and environmental safety of CuO-modified membranes in
anaerobic membrane digestion.

Acknowledgements The research project has received funding from
the European Unions’ Horizon Europe program under GA Project
101058426 SYMSITES- HORIZON-CL4-2021-TWIN-TRANSI-
TION-01-14. Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the European
Union. Neither the European Union nor the granting authority can be
held responsible for them.

s

SYMSITES

Funded by the
European Union

Author contributions K.P.: Investigation, Conceptualization, Method-
ology, Writing — original draft, Writing — review & editing, Project ad-
ministration, Supervision. C.P.: Methodology, Validation, Data Cura-
tion, Writing — review & editing. D.R.: Investigation, Formal analysis,
Writing — original draft. I.P.: Methodology, Conceptualization, Writ-
ing — review & editing, Supervision. P.M.: Investigation, Validation.
D.A.: Methodology, Conceptualization, Writing — review & editing
and G.L.: Supervision, Methodology, Conceptualization, Writing — re-
view & editing.

Funding Open access funding provided by HEAL-Link Greece.

Data availability The data presented in this study are available on
request from the corresponding author.

Declarations

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

298 Page 10 of 11

Euro-Mediterranean Journal for Environmental Integration

(2026) 11:298

References

Al-Ghafri B, Kyaw HH, Al-Abri M, Lau W-J (2022) Performance
study of novel PES membrane using electrospray deposition
method for organic contaminants separation. Chem Eng Res Des
186:73-81. https://doi.org/10.1016/j.cherd.2022.07.028

Arundhathi B, Pabba M, Raj SS, Sahu N, Sridhar S (2024) Advance-
ments in mixed-matrix membranes for various separation
applications: State of the art and future prospects. Membranes
14(11):224. https://doi.org/10.3390/membranes 14110224

Awasthi MK, Ganeshan P, Gohil N, Kumar V, Singh V, Rajendran K,
Harirchi S, Solanki MK, Sindhu R, Binod P, Zhang Z, Taherza-
deh MJ (2023) Advanced approaches for resource recovery from
wastewater and activated sludge: A review. Bioresour Technol
384:129250. https://doi.org/10.1016/j.biortech.2023.129250

Deokar AR, Perelshtein I, Saibene M, Perkas N, Mantecca P, Nitzan Y,
Gedanken A (2021) Antibacterial and in vivo studies of a green,
one-pot preparation of copper/zinc oxide nanoparticle-coated
bandages. Membranes 11(7):462. https://doi.org/10.3390/memb
ranes11070462

Edifor SY, van Eyk P, Biller P, Lewis DMP (2020) The influence of
feedstock characteristics on processability of biosolid slurries for
conversion to renewable crude oil via hydrothermal liquefaction.
Chem Eng Res Des 162:284-294. https://doi.org/10.1016/j.cher
d.2020.08.016

Gao S, Mu L, Yang H, Zhou B, Fang H, Sheng S (2025) Abrasion-
resistant polyethersulfone/Al:Os membranes with excellent
permeability: Fabrication, evaluation, and molecular dynamics
simulation. J Water Process Eng 71:107544. https://doi.org/10.10
16/j.jwpe.2025.107544

Kajau A, Motsa MM, Mamba BB, Mahlangu O (2021) Leaching of
CuO nanoparticles from polyethersulfone ultrafiltration mem-
branes. ACS Omega 6:31797-31809. https://doi.org/10.1021/ac
somega.1c04431

Khorshidi B, Biswas I, Ghosh T, Thundat T, Sadrzadeh M (2018)
Robust fabrication of thin film polyamide-TiO2 nanocomposite
membranes with enhanced thermal stability and anti-biofouling
propensity. Sci Rep 8:784. https://doi.org/10.1038/s41598-017-1
8724-w

Le-Clech P, Chen V, Fane TAG (2006) Fouling in membrane biore-
actors used in wastewater treatment. J] Membr Sci 284:17-53.
https://doi.org/10.1016/j.memsci.2006.08.019

LiJ, Yang W, Xu Y, Sun C, Zhu Y, Chen G (2025) Metal oxide-modi-
fied PES membranes for efficient separation of oil-in-water emul-
sions and trace organic compounds. Catalysts 15:604. https://doi.
org/10.3390/catal 15060604

Liu H, Wang L, Zhang X, Fu B, Liu H, Li Y, Lu X (2019) A viable
approach for commercial VFAs production from sludge: liquid
fermentation in anaerobic dynamic membrane reactor. J Hazard
Mater 365:912-920. https://doi.org/10.1016/j.jhazmat.2018.11.0
82

Maximous N, Nakhla G, Wong K, Wong W (2010) Effect of the metal
oxide particle distributions on modified PES membranes charac-
teristics and performance. ] Membr Sci 361:213-222. https://doi.
org/10.1016/j.memsci.2010.05.051

Meng F, Chae SR, Drews A, Kraume M, Shin HS, Yang F (2009)
Recent advances in membrane bioreactors (MBRs): membrane
fouling and membrane material. Water Res 43:1489—1512. https:/
/doi.org/10.1016/j.watres.2008.12.044

@ Springer

Mobarak MB, Hossain MS, Chowdhury F, Ahmed S (2022) Synthe-
sis and characterization of CuO nanoparticles utilizing waste fish
scale and exploitation of XRD peak profile analysis for approxi-
mating the structural parameters. Arab J Chem 15:104117. https:/
/doi.org/10.1016/j.arabjc.2022.104117

Nhlengethwa ST, Tshangana CS, Mamba BB, Muleja AA (2024) The
application of TiO2/ZrO--modified nanocomposite PES mem-
brane for improved permeability of textile dye in water. Mem-
branes 14:222. https://doi.org/10.3390/membranes 14100222

Pakan M, Mirabi M, Valipour A (2023) Effectiveness of different CuO
morphologies nanomaterials on the permeability, antifouling, and
mechanical properties of PVDF/PVP/CuO ultrafiltration mem-
brane for water treatment. Chemosphere 337:139333. https://do
i.org/10.1016/j.chemosphere.2023.139333

Park HB, Kamcev J, Robeson LM, Elimelech M, Freeman BD (2017)
Maximizing the right stuff: The trade-off between membrane per-
meability and selectivity. Science 356:eaab0530. https://doi.org/1
0.1126/science.aab0530

Qiu Q, Gao M, Shao C, Sun S, Liu Y, Zhang H (2023) Copper nanopar-
ticles coupled with fine-powdered active carbon-modified ceramic
membranes for improved filtration performance in a membrane
bioreactor. Water 15:4141. https://doi.org/10.3390/w15234141

Reungoat V, Chadni M, Mouterde LMM, Brunissen F, Allais F, Duca-
tel H, Toannou I (2023) Liquid-liquid extraction of sinapic acid
from a mustard seed by-product using a hollow fiber membrane
contactor. Sep Purif Technol 325:125615. https://doi.org/10.1016
/j.seppur.2023.125615

Rongwong W, Lee J, Goh K, Karahan HE, Bae TH (2018) Membrane-
based technologies for post-treatment of anaerobic effluents. npj
Clean Water 1:21. https://doi.org/10.1038/s41545-018-0021-y

Skaggs RL, Coleman AM, Seiple TE, Milbrandt AR (2018) Waste-
to-energy biofuel production potential for selected feedstocks
in the conterminous United States. Renew Sustain Energy Rev
82:2640-2651. https://doi.org/10.1016/j.rser.2017.09.107

Xu G, Huang J, Li X, Chen Q, Xie Y, Liu Z, Kajiyoshi K, Wu L, Cao L,
Feng L (2023) Heterostructured Cu/CuO nanoparticles embedded
within N-doped carbon nanosheets for efficient oxygen reduction
reaction. Catalysts 13:255. https://doi.org/10.3390/catal1302025
5

Zeng B, Chen L, Zhai S, Chen K, Pan Z, Yang L, Khan NA, Zuo K,
Zhu H (2025) A critical review of membrane-based strategies for
sustainable recovery of volatile fatty acids from anaerobic fer-
mentation broths. Chem Eng J 522:167425. https://doi.org/10.10
16/j.cej.2025.167425

Zhao C, Lv J, Xu X, Zhang G, Yang Y, Yang F (2017) Highly anti-
fouling and antibacterial performance of poly(vinylidene fluo-
ride) ultrafiltration membranes blending with copper oxide and
graphene oxide nanofillers for effective wastewater treatment. J
Colloid Interface Sci 505:341-351. https://doi.org/10.1016/j.jcis
.2017.05.074

Zheng S, Ding L, Hu F, Zhang Y, Ouyang Z, Yang S (2024) Construc-
tion of PES composite ultrafiltration membrane with high per-
meability and selectivity assisted by three-dimensional Ni-Zn
MOF@Multi CNC. Sep Purif Technol 360:129091. https://doi.or
2/10.1016/j.seppur.2024.129091

Zhu W, Liu Y, Guan K, Peng C, Wu J (2019) Preparation of ZrO: fiber
modified A:O; membrane supports with enhanced strength and
permeability. J Eur Ceram Soc 39:1712-1720. https://doi.org/10.
1016/j.jeurceramsoc.2018.12.009


https://doi.org/10.1016/j.cherd.2022.07.028
https://doi.org/10.3390/membranes14110224
https://doi.org/10.1016/j.biortech.2023.129250
https://doi.org/10.3390/membranes11070462
https://doi.org/10.3390/membranes11070462
https://doi.org/10.1016/j.cherd.2020.08.016
https://doi.org/10.1016/j.cherd.2020.08.016
https://doi.org/10.1016/j.jwpe.2025.107544
https://doi.org/10.1016/j.jwpe.2025.107544
https://doi.org/10.1021/acsomega.1c04431
https://doi.org/10.1021/acsomega.1c04431
https://doi.org/10.1038/s41598-017-18724-w
https://doi.org/10.1038/s41598-017-18724-w
https://doi.org/10.1016/j.memsci.2006.08.019
https://doi.org/10.3390/catal15060604
https://doi.org/10.3390/catal15060604
https://doi.org/10.1016/j.jhazmat.2018.11.082
https://doi.org/10.1016/j.jhazmat.2018.11.082
https://doi.org/10.1016/j.memsci.2010.05.051
https://doi.org/10.1016/j.memsci.2010.05.051
https://doi.org/10.1016/j.watres.2008.12.044
https://doi.org/10.1016/j.watres.2008.12.044
https://doi.org/10.1016/j.arabjc.2022.104117
https://doi.org/10.1016/j.arabjc.2022.104117
https://doi.org/10.3390/membranes14100222
https://doi.org/10.1016/j.chemosphere.2023.139333
https://doi.org/10.1016/j.chemosphere.2023.139333
https://doi.org/10.1126/science.aab0530
https://doi.org/10.1126/science.aab0530
https://doi.org/10.3390/w15234141
https://doi.org/10.1016/j.seppur.2023.125615
https://doi.org/10.1016/j.seppur.2023.125615
https://doi.org/10.1038/s41545-018-0021-y
https://doi.org/10.1016/j.rser.2017.09.107
https://doi.org/10.3390/catal13020255
https://doi.org/10.3390/catal13020255
https://doi.org/10.1016/j.cej.2025.167425
https://doi.org/10.1016/j.cej.2025.167425
https://doi.org/10.1016/j.jcis.2017.05.074
https://doi.org/10.1016/j.jcis.2017.05.074
https://doi.org/10.1016/j.seppur.2024.129091
https://doi.org/10.1016/j.seppur.2024.129091
https://doi.org/10.1016/j.jeurceramsoc.2018.12.009
https://doi.org/10.1016/j.jeurceramsoc.2018.12.009

Euro-Mediterranean Journal for Environmental Integration (2026) 11:298 Page 11 of 11 298

Authors and Affiliations

Konstantina Papadopoulou’® . Charalampos Pavlopoulos’ - Arulappan Durairaj? - llana Perelshtein? -
Panagiota Markouli' - Daniela Anton3 - Gerasimos Lyberatos'*

P< Konstantina Papadopoulou 2 Bar-Ilan Institute for Nanotechnology and Advanced
kpapado@chemeng.ntua.gr Materials (BINA), Bar-Ilan University, Ramat Gan, Israel
3 .
' School of Chemical Engineering, National Technical DAVO STAR IMPEX SRL, Bucharest, Romania
University of Athens, Athens, Greece 4 Institute of Chemical Engineering Sciences (ICE-HT),

Platani, Patras, Greece

@ Springer


http://orcid.org/0000-0001-7098-4306
mailto:kpapado@chemeng.ntua.gr

	﻿CuO nanoparticles as surface additives for membranes in anaerobic digestate treatment applications
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Greek EcoSite - Anaerobic digester
	﻿CuO nanoparticle deposition
	﻿Membrane characterization
	﻿Performance of modified membranes with AD sludge

	﻿Results and discussion
	﻿﻿Characterization of modified membranes



