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Abstract

Nanofiltration (NF) is an effective process for micro-/nano-plastics (MNPs)
interception, but the impact of accumulated MNPs on the microbial community
structure and metabolic pathways of biofilms on NF membranes remains unclear. This
provides uncertainty with respect to membrane biofouling behavior and the risks to
efficient NF operations. In this study, the size-dependent (20 nm-25 pm) and
concentration-dependent (0.1-50 mg-L!) effects of MNPs on the biofouling of a NF
membrane treating secondary wastewater effluent were studied. Three MNPs-tolerant,
hypermetabolic and  polystyrene-degradable genera (i.e.,  Acinetobacter,
Novosphingobium and Asticcacaulis) were detected in biofilms as dominant
taxonomic compositions. MNPs led to an increase of 19.3%—76.7% in biomass
contents and a more rapid decrease in permeate flux, with 0.1 mg-L! of 80 nm NPs
causing the most severe membrane biofouling. Metagenomic analysis revealed that
MNPs upregulated enzymes involved in exopolysaccharide (ExoA/L/M/P/Q/X/Y/Z)
and tyrosine (COMT, FeaB and AOC3) biosynthesis and quorum sensing (PhzF and
CiaH/R), and suppressed cell motility pathways including flagellar assembly and
bacterial chemotaxis. Novel types of perforated column spacer (PCS) enhanced the
hydrodynamics of the membrane feed with a lower pressure drop and higher fluid
velocity, introduced micro-jets and greater mass transfer inside feed channels, thus
eliminating the deposition of MNPs and mitigating membrane biofouling. Overall, a
greater understanding of the interaction mechanisms between MNPs and membrane

biofouling in secondary effluent filtration will help develop more effective MNPs
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management strategies and achieve more sustainable NF operations.
Keywords: Nanofiltration (NF); Micro-/nano-plastics (MNPs); Membrane biofouling;

Effluent treatment; Spacer modification; Computational fluid dynamics (CFD)

1. Introduction

The presence of micro-plastics (MPs) and nano-plastics (NPs) in wastewater
treatment plants (WWTPs) has attracted extensive attention because of their ubiquitous
occurrence and persistent ecological hazards (Dronjak et al., 2022; Mintenig et al.,
2017; Sarkar et al., 2021). Nanofiltration (NF) has the advantages of producing an
excellent permeate quality and high resource recovery, which make it suitable as a
tertiary treatment process and it has shown promise in mitigating the efflux of
micro-/nano-plastics (MNPs) (Wang et al., 2020; Ye et al., 2019). However, the MNPs
particles deposition on the NF membrane surface tend to increase water transfer
resistance (reduced permeability) and pose potential membrane fouling issues (Toh et
al., 2020; 2022). Polystyrene NPs have been reported to promote heterogeneous
nucleation of silica and humic acid (HA) adsorption, and induce the formation of
stable composite pollutants on the membrane surface (Yang et al., 2024). To date, little
is known about the effect of MNPs on the development of membrane biofouling, which
remains the primary challenge in full-scale NF applications because of the associated
increase in operational costs.

MNPs can have a significant impact on microbial taxonomical structure and

biosynthetic metabolism (Kang et al., 2022; Yang et al., 2020). It has been found that
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MNPs diminished the abundance of denitrifiers in activated sludge, suppressed the
expression of functional genes involved in nitrogen transformations and reduced
denitrification efficiency (Huang et al., 2023). In another study, MNPs enriched the
potential hosts of antibiotic resistance genes (ARGs) Thauera and Dokdonella, and
increased the propagation of ARGs in sequencing batch reactors (Zhou et al., 2022). In
addition, MPs reshaped the fate of aqueous carbon by enriching heterotrophic
microbes and stimulating the tricarboxylic acid (TCA) cycle to accelerate the
bio-degradation process of dissolved organic matter (DOM) (Liu et al., 2023b).
Therefore, as MNPs are rejected by NF and interact with the membrane surface bacteria,
they might have positive or negative effects on the membrane biofouling behavior by
altering the composition and functions of the microbial community. Considering the
potential interactions of MNPs—MNPs, MNPs—bacteria and MNPs—membrane surface,
during nanofiltration, it is necessary to investigate the occurrence and mechanisms of
MNPs effects on membrane biofouling as NF is being to be widely adopted for water
reuse.

Biofilm attachment and growth on membrane surface are significantly influenced
by localized hydrodynamics within the feed channel, where inducing turbulence is
essential to alleviate membrane biofouling and support long-term NF operations (Kerdi
et al., 2021). Periodic cleaning and modifications to the spacer geometry (e.g., internal
strand angle, strand thickness, spacer filament shape and porosity) are effective
methods to improve hydraulic conditions and inhibit foulant accumulation (Giagnorio

et al.,, 2019; Lin et al., 2021). Intrinsically modifying cylindrical filaments through
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perforation has been reported to improve permeate production by introducing
micro-jets and generating strong shear stress fluctuations inside the filament cell (Kerdi
et al., 2018). In another study, the column nodes function as additional vortex shaking
bodies, contributing to the enhancement of unsteady conditions around nodes and
inducing the emanations of feed flow in the spacer filled channel (Ali et al., 2019).
Therefore, a more advanced geometry of the perforated column spacer is expected to
achieve the synergistic effect of micro-jets and vortex shaking bodies, which has the
potential to eliminate MNPs deposition and enhance the permeability of nanofiltration.
Computational fluid dynamics (CFD) simulations reveal the critical relationship
between feed spacer characteristics and three key phenomena: flow field distribution,
MNPs transportation and deposition behavior, as well as biofilm attachment and
growth mechanisms (Ali et al., 2019; Lin et al., 2020). The integrated approach of
CFD-guided spacer design demonstrates potential to produce flow perturbation,
reduce MNPs deposition and enhance NF performance.

To understand the effects of MNPs on NF membrane biofouling, this study
investigated the variation of microbial community structure and biosynthetic
metabolism with size-dependent (20 nm—25 um) and concentration-dependent (0.1-50
mg-L ') MNPs suspended in real secondary effluent. Characterization of extracellular
polymeric substances (EPS) and cyclic physical cleaning were conducted at different
operation times to evaluate the biofouling variations with MNPs stress. Microbial
metabolic pathways and functional gene expressions were explored by 16S rRNA gene

sequencing and metagenome analysis. Computational fluid dynamic (CFD) modeling
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were performed to optimize the spacer design, clarify local hydrodynamics and
simulate MNPs deposition positions, combined with the discrete phase model (DPM).
Overall, for the first time, this work has revealed the underlying mechanisms of
microbial diversity and bio-functional interactions in nanofiltration under MNPs
exposure, which will help to develop effective MNPs management strategies in the use

of the NF process and potentially other water treatment processes.

2. Materials and methods
2.1 Micro/nanoplastics and secondary effluents

Non-additive polystyrene MNPs with diameters of 20 nm, 80 nm, 1 um and 25
um were chosen as the model MNPs in this study and were purchased from Beisile Co.,
Ltd. (Tianjin, China). Unless otherwise specified, all MNPs used in this study are made
of polystyrene. Prior to usage, the stock solutions were sonicated for 30 min to promote
the uniform distribution of MNPs particles. We tested MNPs concentrations spanning
0.1-50 mg-L!, a range that reflects environmental scenarios, follows standard
toxicological testing concentrations, and aligns with previous studies (Enfrin et al.,
2021; Kang et al., 2022; LaRue et al., 2022). The secondary effluents were collected
from the Gaobeidian Wastewater Treatment Plant in Beijing, China. All water samples
were pre-filtered through a 0.45-um cellulose ester membranes (Tengjin, China) to
remove suspended particles and then stored at 4°C. To ensure sample stability and
minimize potential changes in microbial composition or chemical properties, the

treated water samples were used for experiments within two weeks. The ion
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concentrations of the raw secondary effluent were provided in the Supporting
Information (SI, Table S1). A commercial polyamide thin-film composite flat sheet
NF270 membrane was used in the tests and provided by DuPont (FilmTec™, USA).
Detailed basic NF270 membrane properties were shown in Table S2.
2.2 NF system setup and filtration experiments

Nanofiltration system setup and dynamic filtration experiments were carried out
according to previous research studies (Cui et al., 2015; Wang et al., 2020). The
commercial NF270 membrane was preconditioned by storing it in a 1.5% (w/v)
NaHSOs solution. Before filtration experiments, the flat sheet NF270 membrane was
rinsed with copious amounts of deionized (DI) water to remove any residual
preservative and then soaked for at least 24 h. This step ensured the membrane
remained moist, facilitated flux recovery, and inhibited bacterial growth. A cross-flow
apparatus with an effective filtration area of 19.25 cm? (3.5 cm x 5.5 c¢cm) was
constructed for membrane biofouling studies, and a schematic depiction of the
experimental set-up is shown in Fig. S1. Before initiating the biofouling process, the
entire system was thoroughly disinfected overnight using anhydrous ethanol of
analytical grade, followed by rinsing with sterile deionized water to ensure cleanliness
(Song et al., 2023). To eliminate compaction during the filtration, the membrane
coupons were compacted at 0.8 MPa for 3 h feed with deionized water. After achieving
a stable flow, secondary effluents, with the addition of 80 nm NPs (0.1-50 mg-L™") or
0.1 mg-L" MNPs (20 nm—25 um), were applied to the NF system at a surface pressure

of 0.6 MPa for 36 h and 30 day, respectively (Table 1). The mass of permeate water
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collected from the filter cell was recorded gravimetrically and logged by computer
every 10 min using RsMulti software (A&D, Company), and the membrane
concentrate solution was recirculated to the feed tank.

Table 1. The feed composition and filtration period of nanofiltration systems.

Label Filtration period MNPs size MNPs dosing concentration

SO 36 h / 0 mg-L!

SCO0.1 36h 80 nm 0.1 mg-L!
SC1  36h 80 nm 1 mg-L!

SC10 36h 80 nm 10 mg-L™!
SC50 36h 80 nm 50 mg-L!
LO 30 day / 0 mg-L’!

LN20 30day 20 nm 0.1 mg-L!
LN8O 30 day 80 nm 0.1 mg-L!
LM1 30day 1 ym 0.1 mg-L!
LM25 30 day 25 um 0.1 mg-L!

The permeate flux (J, L-m™>-h!, LMH) was calculated according to Eq. (1):
w (1)

where, W is the permeation volume (L), 4 represents the effective area of membrane
(m?) and ¢ means the filtration time (h). Normalized flux (J/.Jo) was used to represent
the membrane permeate performance as a function of time, according to Eq. (2):

2

Normalized flux = L
0

where J (LMH) is the measured permeate flux at a specific time and Jo (LMH)
represents the initial membrane flux. All filtration experiments were conducted in

triplicate.
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2.3 Physicochemical analysis of membrane biofouling

At the end of filtration experiments, fouled membranes were carefully removed
from the membrane tanks and EPS isolation was conducted for biofilm composition
analysis as described in the literature (Du et al., 2021; Siddiqui et al., 2017; Xiong et al.,
2022). The phenol-sulfuric acid method and Bradford protein assay kit (Beyotime,
China) were used to determine the polysaccharide and protein contents, respectively
(Dubois et al., 1956). All measurements were performed in triplicate for each
parameter, and the results were expressed as mean values + standard deviation (SD).
The significance of differences among groups were analyzed by one-way analysis of
variance (ANOVA) with an acceptance significance of p < 0.05.
2.4 Physical cleaning strategy and fouling resistance of membrane

Revealing the biofouling mechanisms of NF membrane by MNPs to develop
appropriate cleaning procedures is crucial for removing deposited MNPs particles and
foulants from the membrane surface, as well as ensuring sustainable filtration operation.
To evaluate the performance of optimized spacers in enhancing flux recovery and
mitigating fouling, we conduct cyclic physical cleaning in repeated short-term
experiments (36 h, 80 nm, 0.1-50 mg-L"). Different with the continuous dynamic
filtration experiments, the system was washed with deionized water for 30 min after 6
h, 12 h, 24 h and 36 h of biofouling, under zero transmembrane pressure conditions
(Zhang et al., 2025). The flux recovery ratio (FRR, %), physically irreversible fouling
ratio (FRi, %), and physically reversible fouling ratio (FR;, %) were calculated

according to Egs. (3—5) (Song et al., 2023; Wang et al., 2018).
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FR;. = (1 ]0) X 100%
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FR, = ( A ) X 100%

where Jo (LMH) represents the initial membrane flux, Jr (LMH) is the permeate flux
after periodic contamination, J. (LMH) is the permeate flux after 0.5 h hydrodynamic
cleaning using DI water.
2.5 DNA extraction, 16S rRNA gene sequencing and metagenomics analysis

The collected membrane biofilm samples after 36 h and 30 day filtration were
analyzed to identify microbial community structures. The Fast DNA® SPIN Kits (MP
Biomedicals, Santa Ana, USA) were employed for genomic DNA extraction according
to the manufacturer’s instruction. Primers 338F
(5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’) were used to amplify the V3—V4 hyper
variable regions of bacterial 16S rRNA genes. Polymerase chain reaction (PCR)
analysis was conducted with the following cycle profile: denature at 95°C for 3 min,
followed by 25 cycles of 95°C for 30 s, annealing at 57°C for 30 s, 72°C for 45 s, and
lastly with an extension at 72°C for 10 min. The purified product was detected by use of
an [llumina MiSeq sequencer in Sangon Biotech Co., Ltd. (Shanghai, China). The
sequence reads were clustered into operational taxonomic units (OTUs) at a similarity

threshold of 97% on the i-Sanger platform, and the total sequencing reads were

10
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annotated against the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases
(Xu et al., 2023).

DNA samples collected from 30 day filtration experiments were selected to
perform metagenomics sequencing on the Illumina HiSeq 2500 platform (Majorbio
Biotechnology, Shanghai). Megahit (https://github.com/voutcn/megahit) was used to
stitch the reads together into contigs. MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/)
was used to predict the open reading frames (ORFs) of contigs, and the ORFs with a
length >100 bp were further selected and translated to amino acid sequences (Huang
et al., 2023). Then, CD-HIT (http://www.bioinformatics.org/cd-hit/) was used to
cluster all the predicted genes with a 90% sequence identity and 0.9 coverage (Wang
et al., 2022). SOAPaligner (http://soap.genomics.org.cn/) was used to align the
high-quality reads to the non-redundant gene catalogs with 95% identity (Li et al.,
2022). Taxonomic and functional annotations were conducted using BLASTp by
comparing the non-redundant gene catalogs with the NCBI NR database (e-value <
le™), as well as the KEGG database (https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/).
Gene set enrichment analysis (GSEA), determined whether an a priori defined set of
genes 1in specific pathway, showed statistically significant and concordant differences
between two biological states (https://www.gsea-msigdb.org/gsea/index.jsp).

2.6 Co-occurrence network analyses

Microbial co-occurrence network analysis was conducted to illustrate the

correlations among multi-species. Specifically, the relative abundance of OTU was

firstly converted into binary data, with a value of 1 representing the presence of OTU,

11
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and a value 0 representing absence. After that, the datasets were imported into R, in
which only the robust correlations (p value < 0.01, coefficient (rho) > |0.6]) were
included to determine the co-occurrence networks (Xu and He, 2022). R packages
igraph, hmisc, ggplot2, ggpubr and ggsignif, were used to perform all network analyses.
The normalized classification data along with the output from the co-occurrence
analysis were visualized by Gephi interactive platform (http://gephi.guthub.io/) for the
network diagram creation and calculation of network topological indices.
2.7 Feed spacer designs and 3D printing

The modeling of feed spacers was designed by Computer Aided Design software
(AutoCAD, Version 2021), and the standard spacer and perforated column spacers
(with hole diameters of 0.5 and 0.3 mm) were denoted as SS, PCS 0.5 and PCS 0.3,
respectively. The strand angle (o) and the incident flow angle (B) were set to be 45° and
90°, respectively, as previous research had suggested (Kerdi et al., 2018). Fig. 1 shows
the schematic and typical dimensions of the spacer configuration. A high-resolution of
3D-printing technology (2-um printing layer) was adopted in the rapid prototyping of
feed spacers (Fig. S2). Spacers were printed in a rectangular frame (3.5 cm % 5.5 cm X

1.2 mm) to fit the flow cell size, using the photopolymer (HTL resin, Table S3).

12
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Fig. 1. Schematic of feed spacers with all dimensions in mm: The monomer model (a),
top view (b), front view (c), left view, (d) and fluid domain models (i.e., the difference
between the rectangular block and the spacer geometry) with the description of
boundary conditions (e¢). The membrane walls were considered impermeable, and
periodic boundary conditions were imposed at lateral boundaries to eliminate the wall
effect.
2.8 Numerical approach and CFD-DPM simulation

The hydrodynamic behavior in the presence of three feed spacers were studied
computationally. Specifically, the temporal and spatial distribution of velocity, pressure
and streamlines across the filtration feed channels were explored by the direct
numerical simulation (DNS) approach. The feed was considered as a Newtonian fluid,
and the Continuity equation and Navier-Stokes equation used were given by a previous

study (Ali et al., 2019):
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p(% + - V)u) = pg — Vp + uv?u @)

where ¢ and u stand for the time and the velocity vector, respectively; p represents the

pressure and V means the spatial gradient; p and g are the fluid density and the
gravitational acceleration, respectively.

The discrete phase model (DPM) is directly concerned with defining particle
behavior inside a continuum fluid, suitable for fluids having low solid densities (i.e.,
less than 10%) (Karakurt et al., 2018). In this study, the CFD-DPM model was used to
track MNPs particles inside feed channels, and the particle—particle and particle—wall

interactions were ignored (Huang et al., 2021). The MNPs particles were tracked based

on integrating the following equations (Morsi and Alexander, 1972; Ounis et al., 1991;

Shukla et al., 2011):
d;p _ 128:;1);;8 (s — 1) + g(p;;p— A, r (8)
Re — pdp|up — u| ©)
U
o=+ 24 (1)

where u, denotes the particle velocity, m-s™'; u; is the fluid-phase velocity, m-s™'; u is the
molecular viscosity of the background phase, Pa-s; p, is the density of particles, kg-m™;
p is the fluid-phase density, kg-m™; D, is the diameter of solid particles, mm; Cp is the
drag coefficient; Re is the Reynolds number; F is the additional acceleration due to
other forces (i.e., force/unit particle mass), m-s™; a;, a2 and a3 are constants for several

ranges of Re.
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All governing equations were finally solved in the commercial solver ANSYS
FLUENT. The membrane surface and channel wall were considered as a solid wall with
no-slip boundary condition. In the span-wise direction, a periodic boundary condition
was enforced due to the symmetry of flow and the filament cell repetition. The fluid
domain of the proposed spacer model was discretized into 5.8—8.1 million control
volumes followed by the grid refinement process. A flow velocity of 0.15 m's™ was
applied at the inlet, and the outlet was kept at a pressure value of 0.6 MPa
corresponding to the filtration experiments.

Spacer performances were studied experimentally in a cross-flow module of NF
filtration. The spacer and NF270 membrane were placed in the flow cell channel with a
height of 1.2 mm (the spacer thickness). Peristaltic pumps (EC-304-200B, Sanjiaozhou,
China) were used to circulate the feed solution at an initial velocity of 0.15 m-s™ (flow
rate = 378 mL-min™!) in physical cleaning process, using secondary effluents suspended
with 0.1 mg-L' NPs (80 nm) as influent. The experiments were carried out at an outlet
constant pressure of 0.6 MPa, with two digital pressure gauges placed at the feed inlet
and outlet, respectively. The permeate flux, flux recovery and EPS contents on the
membrane and spacer surface were measured to assess the performance of the

perforated column spacers.

3. Results and discussion
3.1 Effects of MNPs on membrane biofouling formation

Long-term experiments (30-days) were performed in parallel to compare the

15
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size-dependent effects of MNPs (20 nm-25 pm) on membrane biofouling
characteristics (Fig. 2a). The normalized permeate flux decreased rapidly in the initial
36 h, followed with a more gradual further decline. Nanoplastics, especially the 80 nm
NPs exhibited the strongest effects, and the relative permeate flux decline for all the
tests was as follows: LN80 > LN20 > LM25 > LM1 > L0, after 30 days filtration.
Exploring the interaction variability at temporal scales throughout the biofilm
development helps to understand comprehensively the succession dynamics and
biological interactions of multispecies biofilms (Yuan et al., 2021). We divided the first
36 h of rapid flux decline into four stages, and further analyzed the
concentration-dependent effects of NPs (80 nm) on membrane biofouling development.
In a previous work, we demonstrated that varying NPs concentrations exacerbated
membrane biofouling to different extents by influencing microbial metabolisms (i.e.,
Pseudomonas aeruginosa). Specifically, low-dose NPs (0.1 mg-L!") upregulated
biofilm-related pathways (quorum sensing, energy metabolism and secretion systems),
increasing polysaccharide synthesis and biofilm formation. High-dose NPs (50
mg-L), however, induced oxidative stress (ROS), DNA damage, and energy crisis
(ATP depletion), resulting in cell lysis and cytoplasmic leakage. MNPs can cause mild
membrane fouling, but their impact is very small compared to the significant effects
of biofouling (Liu et al., 2024). Consistently, the presence of NPs in this work also
significantly exacerbated membrane biofouling (Fig. 2d). In the absence of intentional
NP addition (S0), membrane biofouling was less severe, with a normalized permeate

flux of 35.9% after 36 hours of operation. The flux decline was more pronounced at
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0.1-1 mg-L! NPs concentrations, with normalized permeate flux dropping to 18.5%-
21.6%, even surpassing systems with higher NPs concentrations (10-50 mg-L™).

EPS form a highly hydrated gel matrix where microbes are embedded, forming a
substantial barrier to flow permeation across the filtration membrane (Wang et al.,
2023). To investigate the size and concentration effects of MNPs on microbial EPS
secretion, the contents of polysaccharides and proteins in membrane biofouling layers
were determined with time. As shown in Fig. 2b-c, different sizes of MNPs stimulated
microbial EPS secretion significantly, with nanoplastics LN80 yielding the greatest
polysaccharide and protein contents (2.3- and 1.6-fold of LO). In terms of the NPs
concentration effects, the polysaccharide contents increased to 1.6-1.5 and 1.2-1.3
times with lower (0.1-1 mg-L™") and higher (10-50 mg-L!) concentrations of NPs
treatments, respectively (Fig. 2e). Similarly, the protein content was 165.4 ug-cm™ in
SO after 36 h filtration, significantly lower than the 0.1-50 mg-L! NPs treated groups
(236.9-185.8 ug-cm™, p <0.05, Fig. 2f). These results elucidated that MNPs stimulated
microbial EPS (especially the polysaccharides) secretion, thus facilitated bacteria
aggregation and aggravated membrane biofouling to resist MNPs stress. In addition,
polystyrene MNPs are expected to interact with EPS and trap in the biofilm matrix
due to their hydrophobic surfaces, stimulate subsequent microbial EPS secretion and
accelerate membrane biofouling (Yang et al., 2024). Overall, MNPs had both
size-based and concentration-based stimulative effects on microbial secretion, and 0.1

mg-L! of 80 nm NPs induced the most severe membrane biofouling.
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Fig. 2. Normalized permeate flux over time for secondary wastewater effluent with (a)
different MNPs sizes (20 nm-25 pm, 0.1 mg-L™!, 30 days) and (d) different NPs
concentrations (0.1-50 mg-L™!, 80 nm, 36 h); the content of polysaccharides (b) and
proteins (c) in membrane biofouling layers after 30 day filtration; polysaccharide (e)
and protein (f) contents in membrane biofouling layers after 6, 12, 24 and 36 h
filtration. The lowercase letters represent statistically significant differences among
different groups.
3.2 Change in microbial community structure driven by MNPs

Different microorganisms may have different tolerances to MNPs, and the
microbial community structure could be the key to regulating biofilm formation and
development (Cai et al., 2023). The abundance and structure of bacterial communities
exposed to MNPs were identified from 16S rRNA gene sequences. Fig. 3a-b display
the Shannon and Chao indexes in biofouling layers, which are representative of the

community diversity and richness. After 36 h filtration, the values of Chao and
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Shannon indexes were the highest under 0.1-1 mg-L! NPs exposure, followed by the
10-50 mg-L! NPs treatments and the control (S0), indicating that the lower NPs
concentrations more clearly stimulated the bacterial richness and diversity (Fig. 3b).
For the 30 day long-term experiments, the biofilm communities under MPs exposure
had significantly lower Chao and Shannon indexes, while minor differences in
microbial richness and diversity were observed between NPs treatment groups and the
control (L0, Fig. 3a). Overall, microbial richness and diversity increased after
short-term NPs exposure (especially at 0.1-1 mg-L' NPs concentrations), but
decreased subsequently with prolonged MNPs stress compared to the control.

The microbial community compositions at the phylum level indicated that the
taxonomic composition was significantly altered by MNPs (Fig. 3c-d). Proteobacteria
and Bacteroidota were the two dominant phyla under MNPs exposure. Among them,
the relative abundance of Bacteroidota increased by 43.3%-56.9% and 23.9%—-39.6%
under lower (0.1-1 mg-L™") and higher (10-50 mg-L") concentrations of NPs exposure,
respectively (Fig. 3d). The microplastic-degrading bacterial species in Proteobacteria
can produce cellulose as a molecular glue to enhance the biofilm integrity (Wolf-Baca
and Siedlecka, 2023). Another key phyla, Bacteroidetes, is capable of converting
proteins and carbohydrates to short-chain fatty acids and promoted the biofilm
assembly in the early stage (Fu et al., 2018; Mercado et al., 2022).

At genus levels, the relative abundance of Acinetobacter, Asticcacaulis and
Novosphingobium were generally increased under MNPs exposure (Fig. S3). As the

most dominant genus (22.1%—46.0%) after 36 h filtration, Acinetobacter is well known
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to adhere to, and form, biofilms on biotic and abiotic surfaces (Kim et al., 2023; Nouha
et al., 2016). The Mantel test revealed significant associations between the microbial
community and the levels of polysaccharides and proteins in biofouling layers, with
higher Mantel’s r values reflecting stronger associations and lower p values signifying
greater statistical significance (Guan et al., 2024; Li et al., 2024; Zhang et al., 2022)
(Fig. 3e). Novosphingobium, Legionella, Asticcacaulis and Rhodovarius were
identified as keystone species that exhibited significant positive correlations with the
polysaccharide and protein contents (Mantel's p < 0.05). Novosphingobium is a
potential polystyrene degradation species to colonize on MPs surfaces, with
polystyrene as a carbon and energy source, and is considered to have a high tolerance to
MNPs cytotoxicity due to its strong stress adaptation to adverse environments (e.g.,
heavy metals and ore tailing contamination) (Liu et al., 2023a; Pan et al., 2021; Reis et
al., 2020). Legionella survives in harsh or bactericidal environmental conditions (e.g.,
excessive heat and chlorine) by associating with amoebae and secreting a myriad of
effector proteins (Mondino et al., 2020; Salinas et al., 2021), whereas Asticcacaulis
shows superior ability in cellulose and hemicellulose decomposition (Lopez-Mondéjar
et al., 2020; Nguyen et al., 2019). Therefore, this highlighted the enrichment of
MNPs-tolerant, hypermetabolic and polystyrene-degradable genera under MNPs
exposure, which further strongly facilitated microbial EPS secretion, and aggravated

membrane biofouling.
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Fig. 3. Shannon and Chao indices of microbial communities exposed to: (a) 20 nm-25
pum MNPs (0.1 mg-L") after 30 days of filtration, and (b) 80 nm NPs (0.1-50 mg-L™)
after 36 h of filtration, the error bars show standard deviations based on triplicate
measurements for each experimental condition. Relative abundance of bacterial phyla
exposed to (c) 20 nm-25 pm MNPs (0.1 mg-L!, 30 days) and (d) 0.1-50 mg-L™! NPs
(80 nm, 36 h). Correlation analysis of microbial community composition and EPS
contents (i.e., polysaccharides and proteins) by the Mantel test (e): pairwise
correlations among genera are displayed in the triangular region, with a color gradient
representing Pearson correlation coefficients. The width of the connecting lines
indicates the strength of the correlation (Mantel’s r), while the edge color reflects
statistical significance (Mantel’s p). Solid and dashed lines denote positive and
negative associations, respectively.

3.3 Change in co-occurrence networks driven by MNPs

Uncovering the symbiotic relationships among species in microbial communities

21



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

is essential for understanding the biofilm formation process, identifying keystone
species and elucidating the variation of potential biotic interactions in microbial
communities (Fig. 4a-b). The long-term community network (20 nm-25 pm, 0.1
mg-L!, 30 day) was composed of 334 nodes and 1067 edges, whereas the short-term
counterpart (0.1-50 mg-L! , 80 nm, 36 h) consisted of 191 nodes and 747 edges,
suggesting an increasing network size and complexity with biofilm development and
MNPs stress. A similar modularity (0.89-0.84) was observed in the biofilm community
network of long-term experiments (20 nm-25 um, 0.1 mg-L!, 30 day) and short-term
experiments (0.1-50 mg-L"!, 80 nm, 36 h), indicating the highly enough microbial
network functions, stability and robustness after 36 h NF filtration (Mercado et al.,
2022). Of note, the short-term bacterial network showed a much higher proportion of
positive correlations (95.4%) than that of long-term groups (67.3%), implying the
dominating co-occurrence relationship induced a rapid biofilm formation and flux
reduction in the initial 36 h (Fig. 2a). Hub microorganisms (i.e., nodes highly connected
to other members) represent keystone species that regulate the microbial co-occurrence
network (Chen et al., 2022). Legionella showed the greatest influence on the long-term
network structure, whereas Acinetobacter and Novosphingobium had the most links
with neighboring genera in the short-term community network. These genera with the
greatest connectivity promoted microbial EPS secretion through symbiosis and were
required to maintain a stable microbial community. Overall, these results emphasized
the MNPs regulations on modular structure and keystone taxa with membrane biofilm

community network development via the involvement of interspecific interactions.
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Fig. 4. Co-occurrence network analysis of microbial communities (a) under
size-dependent MNPs exposure (20 nm-25 pm, 0.1 mg-L™!, 30 day) and (b) under
concentration-dependent NPs exposure (0.1-50 mg-L'!, 80 nm, 36 h); edges represent
Spearman's correlation relationships, only resulting correlations with a p-adjust (BH)
< 0.01 and Spearman's || > 0.7 are included; different colors represent different
phylum, the node diameter increases with the number of direct neighbors; the pink
and the green lines suggest positive and negative correlations, respectively.
3.4 Change in metabolic pathways and community functions driven by MNPs
The relative abundance of pathways (RAPs) annotated by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) were revealed to evaluate the changes in
the microbial metabolic process (Table S4). At 0.1-1 mg-L! (SC0.1&SC1 vs. SO) and
10-50 mg-L! (SC10&SC50 vs. SO) of 80 nm NPs exposure (Fig. 5a-b), functional
pathways that are relevant to glycan biosynthesis and metabolism, ko00572
(Arabinogalactan  biosynthesis—Mycobacterium), ko00531 (Glycosaminoglycan
degradation), ko00604 (Glycosphingolipid biosynthesis—ganglio series), ko00603
biosynthesis—globo  and series),  ko00571

(Glycosphingolipid isoglobo
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(Lipoarabinomannan biosynthesis), ko00540 (Lipopolysaccharide biosynthesis),
ko00511 (Other glycan degradation) and koO0513 (Various types of N-glycan
biosynthesis), were significantly upregulated (LogFC > 1). The glycosphingolipid
(GLS) was reported to be a key player in the bacterial attachment and permanent
fouling of NF membranes, due to its irreversible interaction with membrane surfaces
(Haas et al., 2015). Arabinogalactan (AG) and lipoarabinomannan (LAM) are two
major cell envelope glycans and cell wall components, which make significant
contributions to microaggregate and biofilms structural integrity (Palcekova et al.,
2019). Therefore, the promoted microbial cell surface glycans biosynthesis under NPs
exposure was vital for bacterial adhesion and biofilm formation.

In comparison, two cell motility related pathways, k002040 (Flagellar assembly)
and ko02030 (Bacterial chemotaxis), were significantly downregulated under 0.1-50
mg-L! NPs exposure (80 nm). The flagellar assembly and bacterial chemotaxis are
closely related to biofilm initial colonization and biofilm dispersion on the membrane
surface. Specifically, the bacterial chemotaxis system modulates cell motility to
enhance the acquisition of high-value nutrients such as amino acids or sugars,
providing optimal conditions for bacterial growth and thus facilitates the initiation of
biofilm formation (Colin et al., 2021; Guttenplan and Kearns, 2013). After that, the
expression of genes required for swimming motility are generally repressed to reduce
the cellular resource and energy budget consumption, thus promoting formation of
larger and more structured biofilms (Fig. 5f). Therefore, the repressed bacterial

chemotaxis inhibited the reactivation of cell motility, which further promoted the
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development of stabilized three-dimensional architectural biofilms and suppressed the
biofilm dispersal. Overall, the upregulated pathways of glycan biosynthesis and
metabolism induced significantly greater polysaccharide contents in biofilms under
NPs exposure (80 nm, 36 h, 0.1-50 mg-L™"), whereas the suppressed bacterial flagellar
synthesis and motility further reduced energy expenditure to cope with adverse
environments, as well as facilitating the transformation from active cells to stationary
biofilm cells.

The relative abundance of 122 pathways were significantly upregulated while only
21 pathways were downregulated in LO vs. SO, indicating enhanced community
functions with the evolution of membrane biofouling (Fig. 5c). Seventeen signal
transduction related pathways were motivated in LO vs. SO, which are important to
maintain microbial metabolic homeostasis and promote intercellular communications
(Pang et al., 2023). In comparison, the relative abundance of 75 pathways were
significantly downregulated whereas just 8 pathways were upregulated under
long-term NPs exposure (LN20&LN80 vs. L0), mainly due to the strong cytotoxicity
effect of NPs (Fig. 5d). Minor differences of RAPs were detected between long-term
MPs treatments and the control (LM1&LM25 vs. LO, Fig. Se), with merely 10
upregulated pathways and 19 downregulated pathways, suggesting that MPs has less
effect on bacterial activity than NPs due to its larger sizes (Liu et al., 2024). Four
pathways of cell growth and death (ko04111, ko04110, ko04114 and ko04218) were
inhibited in LN20&LN80 vs. L0, indicating the inhibition of bacterial proliferation.

Two O-glycan biosynthesis pathways (i.e., ko00514 and ko00512) were upregulated
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under NPs exposure (20-80 nm, 0.1 mg-L™!, 30 day), which promoted the microbial
aggregation, surface adhesion, and were considered to be an important self-protection
strategy against NPs stress. In MPs systems (1-25 um, 0.1 mg-L!, 30 day),
glycosphingolipid and glycosaminoglycan biosynthesis pathways were significantly
upregulated (i.e., ko00603, ko00604, ko00533 and ko00534). Glycosphingolipids
were reported to exhibited 50% stronger adhesion to reverse osmosis membranes than
EPS alone (Gutman et al., 2014). The combined presence of glycosphingolipid
(known to enhance adhesion) and EPS contributed to the structural integrity of
membrane biofilm matrix. Additionally, glycosaminoglycans (heteropolysaccharides
containing hexosamine and uronic acid or galactose) are key components of microbial
surfaces, providing high charge density and structural support of extracellular matrix
(Felz et al., 2020). These differences suggest that MPs and NPs trigger distinct
microbial responses, potentially due to variations in particle size and surface

interactions.
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Fig. 5. Relative abundance distribution of the total pathways by KEGG annotation,
SCO0.1&SC1 vs. SO (36 h, a), SC10&SC50 vs. SO (36 h, b), LO vs. SO (30 days vs. 36 h,
c¢), LN20&LNS8O vs. LO (30 days, d) and LM1&LM25 vs. LO (30 days, e). The relative
abundance of functions was converted into an exponential form. Upregulated (Log2FC >
1) and downregulated (Log2FC < -1) points were shown in red and blue shaded areas,
respectively. Transparency was adopted to distinguish the relative abundance of
pathways (RAPs) in three degrees (i.e., Abundant > 1%, 0.01% < Intermediate < 1%
and Rare < 0.01%). Key steps involved in functional biofilms formation (f). Firstly,
chemotaxis guides bacteria to swim toward nutrients and abiotic surfaces. After that,
cells proliferate in the monolayer and nascent clusters form, accompanied by the
inhibition of flagella genes transcription. Then, the biofilm matures into a thickness of

several layers with the accumulation of extracellular matrix. Lastly, the biofilm
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disperses with cells sloughing, and the biofilm life cycle reverts to the origin.
3.5 Key enzyme abundance and GSEA analysis of microbial metabolism

As an important component of bacterial outer membranes, lipopolysaccharide
(LPS) contains negatively charged lipids and long chain polysaccharides with plentiful
hydroxyl groups (Si et al., 2023). Key procedures of LPS biosynthesis are shown in Fig.
S4a. Most likely as a response to resist the toxicity of MNPs, the relative abundance of
key enzymes related to LPS biosynthesis generally increased under MNPs exposure,
especially in NPs-added groups of SCO0.1 and SC1 (Fig. 6a). Microbial biosynthesis
and secretion of exopolysaccharides were involved in mediating the structural
transitions of biofilms, leading to subsequent cell aggregation and membrane
biofouling formation (Bernal-Bayard et al., 2023; Charlton et al., 2023). Stress related
to 0.1-1 mg-L"" of NPs was also found to stimulate bacterial functional potentials
including exopolysaccharide production (e.g., ExoX, ExoY, ExoQ and ExoZ) and
exopolysaccharide biosynthesis (e.g., ExoF and ExoP) most significantly. QS is a
bacterial communication process that enables microorganisms to coordinate collective
behaviors by sensing cell density and modulating gene expression accordingly
(Bodelén et al., 2016; Zhang et al., 2019). The acyl-homoserine lactones (AHLs)
based QS system regulates critical microbial social behaviors, including virulence
expression, exoenzyme production, swarming motility and biofilm formation (Yan et
al., 2021). MNPs upregulated the relative abundance of functional enzymes (e.g.,
PhzF, TraR, MexI and CiaH/R) involved in synthesizing AHL signaling molecules,

specifically N-Hexanoyl-L-homoserine lactone (C6-HSL) and
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N-(3-Oxopentanoyl)-L-homoserine lactone (3-oxo-C6-HSL). The regulating effects of
3-0x0-C8-HSL and C6-HSL on increasing biomass growth rates, microbial activity
and extracellular protein production have been widely verified in previous works (Li et
al., 2015; Tan et al., 2014; Yan et al., 2021). Thus, the high upregulation of LPS and
exopolysaccharide biosynthesis and quorum sensing related enzymes stimulated
microbial polysaccharides secretion and caused the most severe membrane biofouling.

KEGG pathway enrichment analyses were also performed to identify key
enzymes enhancing bacterial amino acid biosynthesis and metabolism against MNPs
presence. The key pathways of tyrosine metabolism, cysteine and methionine
metabolism, and alanine, aspartate and glutamate metabolism, are shown in Fig. S4b-c.
The results suggested that the tyrosine metabolism pathway was upregulated more
significantly when exposed to lower NPs concentrations (Fig. 6e). Specifically, the
relative abundance of tyrosinase (TYR, LogFC = 5.6-6.4), phenylacetaldehyde
dehydrogenase (FeaB, Log,FC = 3.8-4.0) and monoamine oxidase (MAO, Log,FC =
2.1-2.4) were remarkably increased by exposure to 0.1-1 mg-L™! NPs. For the effects
of size-dependent MNPs, the metabolism of alanine, aspartate, glutamate, cysteine
and methionine were motivated, especially by NPs exposure (Fig. 6f). The relative
abundance of homocysteine S-methyltransferase (MmuM, Log:FC = 1.3-1.4),
S-ribosylhomocysteine lyase (LusX, LogFC = 1.8-3.3), homocysteine
S-methyltransferase (AspQ, LogoFC = 1.7-1.9) and aspartate 4-decarboxylase (AsdA,
LogFC = 1.1-2.4) were significantly upregulated in the LN20 and LNS8O tests.

Overall, MNPs regulated microbial secretions in different pathways, and these amino
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acid metabolic pathways contributed to higher bacterial protein secretions in the
presence of MNPs.

Gene expression results of bacterial secretion system, biosynthesis of amino acid
and glycan biosynthesis pathways were further interpreted via gene set enrichment
analysis (GSEA, Fig. S5), based on the metagenomic sequencing of 89 Acinetobacter
species (Table S5). Gene set enrichment for bacterial secretion system (NES = 0.821),
biosynthesis of amino acid (NES = 1.081) and glycan biosynthesis (NES = 1.171) in
MNPs treatment groups vs. the control group, yielded positive normalized enrichment
scores (NES), indicating the generally upregulated expression of genes involved in
those three pathways exposed to MNPs, consistent with higher polysaccharide and
protein contents detected in membrane biofilms (Fig. 2). Negative normalized
enrichment scores (-0.679, -0.995 and -0.984) of bacterial secretion system,
biosynthesis of amino acid and glycan biosynthesis pathways, were observed in MPs vs.
NPs treatment groups, suggesting higher microbial secretion ability under NPs
exposure than that under MPs exposure (Table S6). Overall, the stimulated biofilm
formation functions (e.g., amino acid and glycan biosynthesis) under MNPs exposure
promoted microbial protein and polysaccharide metabolism and led to severe

membrane biofouling.
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Fig. 6. Relative abundance of functional enzymes related to the lipopolysaccharide,
exopolysaccharide biosynthesis and quorum sensing (36 h and 30 days, a), tyrosine
metabolism (36 h, b) and alanine, aspartate, glutamate, cysteine and methionine
metabolism (30 days, c). The quantification of enzymes are expressed as the
log>-transformed fold changes relative to controls.
3.6 Hydrodynamics of feed channels based on the CFD-DPM modeling

Spacer modification is an important method to promote fluid mixing and enhance
mass transfer inside feed channels, thus mitigating membrane biofouling by reducing
MNPs deposition and microbial adhension (Lin et al., 2021). Three types of spacers,
specifically, a stand spacer (SS), and a perforated column spacer with hole diameters
of 0.5 mm (PCS 0.5) and 0.3 mm (PCS _0.3), were designed and fabricated by
3D-printer technology. The hydrodynamic characteristics of feed channels with the
three feed spacers were systematically studied, and the spatial and transient
distribution of fluid-dynamic parameters were investigated. Fig. 7a shows a
comparison of the simulated fluid pressure at the central plane x-y (1/2 height of the

z-axis) and plane x-z (1/2 height of the y-axis) in the presence of SS, PCS 0.5 and
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PCS 0.3. The perforated column spacer caused a much lower pressure drop and
pumping energy consumption, due to its larger flow channel porosity (Fig. 7g, 85.4%
for PCS 0.5, 84.4% for PCS 0.3 and 69.3% for SS). Specifically, the fluid pressure
declines along the channel length of SS (0.979 mbar/mm) were nearly 6 and 1.2 times
of the column spacer and the perforated spacer reported eariler, while these values were
increased to nearly 9 times for PCS 0.5 (0.108 mbar/mm) and PCS 0.3 (0.120
mbar/mm, Fig. 7d) (Ali et al., 2019; Kerdi et al., 2018).

As shown in Fig. 7b, the flow velocity contours at the central plane x-y and plane
x-z exhibited periodic distribution patterns over the whole channel volume. For the SS
case, the filament nodes obstructed the incoming feed flow, serving as supporting bases
to separate the tightly placed membranes. Therefore, the downstream side of filament
nodes exhibited the lowest local velocity and generated a large area of stagnant zones.
The contaminants had a high deposition tendency in these dead zones, which further
facilitated membrane fouling. As spacer holes were introduced, the local velocity
magnitude increased significantly as the fluid passed through filament holes, which not
only eliminated the dead zones, but also swept away the contaminants behind the
filament intersection. In case of PCS 0.5, the average velocities of plane x-y and plane
x-z were 1.29 and 1.25 times of SS, whereas, for PCS 0.3 it reached merely 1.02 and
0.79 times, respectively. Therefore, the introduction of holes disturbed the potential
fouling zones behind the nodes with a diameter of 0.5 mm, but this advantage reduced
as the hole diameter decreased.

To evaluate the potential effect of the three spacer geometries on fouling patterns,
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CFD-DPM modeling was conducted to predict the streamlines of fluid element paths
and the particle trajectory, overlapped with velocity magnitude contours (Fig. 7¢). For
all geometries, the lowest velocity of streamlines was mainly located behind the nodes
(dead zones), while the highest values were distributed in narrow flow sections
between filaments and the membrane (constriction zones) and inside the holes. The
relatively stagnant zones downstream of PCS 0.5 and PCS 0.3 were less extensive
than for the SS due to the introduced holes and thin cross-connected spacer filaments,
which in turn led to enhanced mass transfer and micro-jets downstream of the filament.
These micro-jets induced a larger extent of boundary layer disruption and enhanced
mass transfer performance. Additionally, the particle transport and deposition
simulations showed that the MNPs particles passed through the perforated holes at
greater speeds, leading to less foulant accumulation. On the vertical cross-sectional
plane (plane x-z) of feed channels, the wake behind cylindrical nodes of PCS 0.5 and
PCS 0.3 showed more significant oscillations than SS. Therefore, from the theoretical
findings of hydrodynamics in the presence of SS, PCS 0.5 and PCS 0.3, it can be
concluded that PCS structures played a significant beneficial role in terms of increasing
mass transfer performance and mitigating foulant deposition, compared to the SS
arrangement. The hydrodynamic enhancements were achieved by introducing
horizontal holes in column spacers, which combined the advantages of columnar
spacers and perforated spacers (e.g., increased micro-jets and fluid velocity, reduced

pressure drop and less energy consumption).
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Fig. 7. Spatial distribution of numerically simulated fluid pressure (a) and velocity (b)
at the central plane x-y and plane x-z of feed channels. Streamline and particle
trajectory (c), theoretically estimated pressure drop (d), maximum local (columns) and
average (dotted lines) velocity in plane x-y (e) and plane x-z (f), and effective porosity
of feed channels (g) for the different types of spacers (SS, PCS 0.5 and PCS_0.3).
3.7 Mitigation effects of modified spacers on membrane biofouling with NPs
stress

The wall shear stress at membrane surfaces can be enhanced by physical cleaning
to partially dislodge MNPs particles and foulants, and thus mitigate the decrease in
membrane flux (Enfrin et al., 2021). To investigate the effects of NPs concentrations
(0-50 mg-L!, 80 nm, Fig. 8a) and modified spacers (Fig. 8c) on membrane biofouling
in the treatment of real secondary effluent, periodic physical cleaning was conducted.
Supportive analysis in terms of total filtration resistance including physically

irreversible fouling ratio (FRi;), and physically reversible fouling ratio (FR), was
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further conducted (Fig. S6). After 5 operating cycles, the feed solutions containing
0.1-1 mg-L'! NPs presented the lowest flux recovery ratio (FRR, 48.5% 52.3%),
followed by the 10-50 mg-L™' NPs solutions (61.5% 64.7%) and the control solution
(76.7%, Fig. 8b). The FR;; under NPs exposure was 1.4-2.2 times that of the control
group. Lower FRR and higher FR;; values indicated that the foulants are more difficult
to remove from the membrane surface or pores, since the enhanced secretion of
strongly attached polysaccharides and hydrophobic proteins accelerated the adhesion
effect between biofilms and the membrane surface. Overall, NPs aggravated
membrane biofouling severely even with the intervention of physical cleaning.

The quantitative comparison of numerical and experimental results is necessary to
evaluate the potential fouling mitigation ability of geometric modified spacers, and to
strengthen the assessment for practical spacer applications. The performance of three
types of spacer in terms of fouling potentials, permeate flux and flux recovery in
physical cleaning cycles were tested experimentally to support the theoretical findings
from CFD analyses (Fig. 8c). In accordance with the simulated data, a much milder flux
decline was experienced in the presence of the perforated column spacer, with
PCS 0.5 obtaining the highest permeate flux. In addition, FR;; and FR; were reduced
by 6.0%13.1% and 5.8%10.0%, respectively, in the presence of perforated column
spacers, compared with the standard spacer (Fig. 8d-e). Biofilm development was
observed by analyzing the accumulated biomass (polysaccharide and protein contents)
on the membrane and spacer surface at the end of the study (Fig. 8f-1). Compared to

SS, PCS 0.5 reduced polysaccharide and protein contents by up to 30.0%—39.8% and
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20.5%—40.8%, respectively, on the spacer and membrane surface. These results
indicated that the perforated column design significantly lowered fouling on the
membrane and spacer surface by optimizing the hydrodynamics of spacer-filled

channels, which contributed to the long-term stable operation of the membrane system.
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Fig. 8. Normalized flux as a function of the fouling time after periodic physical
cleaning under 0-50 mg-L' 80 nm NPs exposure (without feed spacer) (a); the
proportion of FRi: (%) and FR; (%) after 36 h cyclic physical cleaning (b). Normalized
flux as a function of the fouling time after periodic physical cleaning in the presence of
three spacers with 0.1 mg-L™' 80 nm NPs in feed water (c); the proportion of FRir (%)
and FR; (%) after 24 h (d) and 48 h (e) cyclic physical cleaning; polysaccharide and

protein contents on the spacer (f-g) and membrane (h-1) surface after 72 h filtration.
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4. Environmental implications and conclusions

With increasing MNPs entering sewers due to human activities, NF will become
an important technology to ensurethe effective interception of MNPs and public health
protection. Whether, and how, MNPs particles influence microorganisms, particularly
the fouling-causing organisms, and their metabolic products on membrane surface is of
concern. In this study, mechanisms governing the size-dependent and
concentration-dependent influences of MNPs on bacterial colonization and community
succession in NF system were explored. Additionally, new types of perforated column
spacer was developed to mitigate membrane biofouling and reduce energy
consumption during NF process by improving the hydrodynamic characteristics of
feed channels.

Compared with MPs, 0.1-1 mg-L"! NPs stimulated bacterial glycan (e.g.,
arabinogalactan, glycosphingolipid, lipoarabinomannan, lipopolysaccharide and
exopolysaccharide) and amino acid (e.g., tyrosine, alanine, aspartate, glutamate,
cysteine and methionine) biosynthesis more significantly, while two biofilm
dispersion pathways (i.e., flagellar assembly and bacterial chemotaxis) were repressed.
Several genera with stronger biofilm formation and polystyrene-degrading capacity
such as Acinetobacter, Asticcacaulis and Novosphingobium contributed to severe
membrane biofouling in the presence of MNPs, thus negatively affecting the cost and
efficiency of the NF process. Perforated column spacers enhanced the hydrodynamic
characteristics of the membrane process by reducing the pressure drop by nearly 90%

and increasing the flow velocity 1.25-1.29 times inside feed channels, which further
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exhibited excellent anti-fouling performances and achieved higher flux recovery after
cyclic physical cleaning. To facilitate the practical application of spacer design, future
studies should prioritize advancing 3D printing technologies to achieve faster
production speeds and reduce manufacturing costs. Concurrently, optimizing spacer
properties (e.g., flexibility, mechanical strength, and chemical stability) will be critical
to ensure their durability under operational conditions. These findings enhanced our
fundamental understanding of MNPs-induced membrane biofouling and highlighted
the need for WWTPs to improve performance of MNPs removal in pretreatment
processes.
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