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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   73 h stable operation at 19 LMH, compared with 5 h for the initial operating period.

■   Effluent turbidity fell below 10 NTU within 3 min and below 5 NTU within 30 min.

■   Maximum tested CTDM flux reached 80 LMH, versus 15 LMH for the PVDF control.

■   High-density geometry provided about 500 m2·m-3 membrane area and an estimated 47.3% CAPEX reduction.

■   Pilot operation with municipal sewage verified technical feasibility.
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Membrane bioreactors (MBRs) are pivotal  for  advanced wastewater  treat-
ment,  yet  conventional  ultrafiltration  membranes  face  challenges  of  high
cost,  energy-intensive  operation,  and  limited  flux.  The  emerging  dynamic
membrane filtration technology in recent years addresses these limitations,
but  flat-sheet  dynamic  membranes  still  face  challenges  in  engineering
applications  due  to  their  large  footprint.  This  study  introduces  a  novel
hollow  fiber  curtain-type  dynamic  membrane  (CTDM)  fabricated  from
polypropylene (PP), designed to overcome these limitations. At a flux of 19
L·m-2·h-1(LMH),  the  CTDM  presents  excellent  hydraulic  stability,  with  its
steady operating duration extended 14 times (73 h vs. 5 h). It also achieves
rapid  turbidity  removal:  the  effluent  turbidity  decreases  to  below  10  NTU
within 3 minutes, drops below 5 NTU within 30 minutes, and further falls to
less than 3 NTU within 60 minutes.  Scale-up experiments using domestic
sewage validated the technical feasibility of the CTDM. From an engineer-
ing economics  perspective,  the  CTDM  achieves  47.3%  capital  cost  reduc-
tion compared to conventional MBR systems through enhanced space effi-
ciency  (500  m2·m-3 vs.  < 200  m2·m-3 reactor  volume).  This  study  provides
theoretical and practical support for the engineering application of dynamic
membrane  and  is  expected  to  promote  the  further  development  of  MBR
technology.

 INTRODUCTION
Membrane  Bioreactors  (MBRs)  have  emerged  as  a  pivotal  innovation  in

wastewater  treatment,  seamlessly  integrating  biological  degradation  with
membrane  separation  to  achieve  effluent  quality  surpassing  conventional
processes.1 With  a  global  market  projected  to  reach  $7.15  billion  by  2029,2

MBRs  are  increasingly  deployed  for  their  ability  to  decouple  sludge  and
hydraulic  retention  times  while  producing  ultralow-turbidity  effluent  (<  0.5
NTU).  However,  widespread adoption  is  hampered by  persistent  challenges:
energy-intensive  fouling  control,  frequent  chemical  cleaning,  and  the  high
capital  cost of ultrafiltration (UF) membranes.3 These limitations underscore
an  urgent  need  for  scalable,  cost-effective  alternatives  that  retain  the  core
advantages of MBRs while mitigating their operational inefficiencies.

Dynamic membranes (DMs),  formed in  situ  by  the  deposition of  biomass
and  particulates  onto  porous  substrates,  present  a  compelling  solution  to
these  barriers.4 Early  pioneering  work  by  Fan  and  Huang  established  the
feasibility of self-forming dynamic membranes (SFDMs) in municipal waste-
water  treatment,  demonstrating  that  in  situ  cake  layers  can act  as  effective
selective  barriers  without  the  need for  expensive  UF materials.5 Subsequent
studies have shown SFDMs can achieve fluxes of 30-50 L·m−2·h−1 (LMH) with
inherent antifouling  properties,  as  the  reversible  cake  layer  avoids  the  irre-
versible  pore  clogging  common  in  conventional  UF  membranes.6 However,
conventional  flat-sheet  DM  configurations  face  a  critical  scalability  barrier:
packing  densities  rarely  exceed  200  m2·m−3,  necessitating  impractical  large
reactor  footprints.5,6 This spatial  inefficiency contrasts starkly  with commer-
cial hollow fiber UF modules, which achieve packing densities of ~500 m2·m−3

but have not been adapted for DM applications due to the lack of compatible
low-cost substrates.

Recent  advances  have  highlight  substrate  pore  size  (20-30  μm)  as  a  key
determinant  of  DM  performance,  balancing  permeability  and  cake  layer
stability.6-8 While  stainless  steel  or  ceramic  substrates  offer  mechanical
robustness,  they  often  suffer  from  unstable  biofilm  adhesion  and  metal  ion
leaching  (e.g.,  Fe3+,  Al3+)  that  disrupts  microbial  community  structure.8 Poly-
meric  alternatives  such  as  nylon  nonwovens  require  costly  hydrophobic
modifications to avoid premature wetting and maintain permeability,9 eroding
their cost advantage. Polypropylene (PP) is a promising candidate due to its
chemical  inertness,  resistance  to  oxidative  damage,  low  material  cost,  and
intrinsic  hydrophobicity  that  minimizes  non-specific  organic  adsorption.
However,  PP-based  substrates  remain  underexplored  in  high-density  DM
configurations,  with  no  systematic  evaluation  of  their  performance  in  pilot-
scale  MBR  systems.  Bridging  this  gap,  our  study  introduces  a  high-density
hollow  fiber  curtain-type  dynamic  membrane  (CTDM)  engineered  for  rapid
cake formation, robust hydraulic performance, and minimal spatial demands.
Through  advanced  characterization  (filtration  resistance  modeling,  XDLVO
interfacial  theory)  and  multi-scale  trials  from  benchtop  to  20  t/d  pilot,  we
elucidate  the  interplay  between  substrate  properties,  fouling  mechanisms,
and process scalability relative to prior DM designs.

This  study  not  only  validates  the  technical  feasibility  of  PP-based  CTDM
but  also  quantifies  their  economic  viability,  demonstrating  a  47.3%  CAPEX
reduction  and  75%  footprint  savings  compared  to  traditional  UF-MBR
systems. By resolving the long-standing trade-off between energy efficiency
and spatial optimization in DM technology, our findings pave the way for next-
generation MBRs  capable  of  meeting  escalating  global  wastewater  treat-
ment demands sustainably.

 MATERIALS AND METHODS
 Membrane module fabrication

Three  scales  of  CTDM  membrane  modules  were  employed  in  this  study,
namely small-, medium-, and large-scale modules. All modules were made of
polypropylene  (PP)  hollow  fibers  with  a  nominal  pore  size  of  200  μm  and
assembled into curtain-type structures. The small-scale module consisted of
4 fiber cords (15 cm in length) with a total effective surface area of 3.8×10−3

m2.  The  medium-scale  module  comprised  36  fiber  cords  (30  cm  in  length),
giving an effective surface area of 6.8×10−2 m2.  The large-scale module was
assembled from 5 sets of 36 fiber cords (50 cm in length), with a total effec-
tive surface area of 0.57 m2.

For comparison, a commercial polyvinylidene fluoride (PVDF) ultrafiltration
(UF) membrane with a nominal pore size of 0.1 μm was used. The membrane
was  purchased  from Hangzhou  Tianchuang  Environmental  Technology  Co.,
Ltd., under the model number EM-MBR-PVDF-20. This PVDF membrane was
fabricated into a small-scale module (denoted as PM) with the same dimen-
sions and effective surface area as the small-scale CTDM module.

All  membrane  modules  were  potted  in  custom-made  polypropylene
sleeves.  One  end  was  sealed  with  epoxy  resin  adhesive  (RILIK®,  cured  at
25°C for 24 h), while the other end remained open. Given the specific charac-
teristics of the large-scale CTDM module, an aluminum plate was bonded to
its  bottom  to  provide  sufficient  gravity  for  submersion,  preventing  flotation
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above  the  sludge  mixture  in  the  pilot-scale  wastewater  treatment  plant.  A
flow control valve was installed at the permeate outlet to regulate and control
the flux.

 Experimental setup and operational conditions
 Laboratory  small-scale  equipment  and  operation  conditions. A  1.5-L

acrylic  reactor  (15  ×  7  ×  20  cm)  was  equipped  with  a  0.2  μm  microporous
aerator  to  maintain  the  dissolved oxygen level  at  3-5  mg·L−1 via  continuous
aeration (max 4 L·min−1) (SB-988, SOBO) (Figure S2). Effluent flow and reac-
tor level were regulated by peristaltic pumps (REWAY PUMP BS100A), ensuring
steady  hydraulic  retention  time  (HRT:  12  hours).  Transmembrane  pressure
(TMP) was monitored in real-time using a digital pressure transmitter (Asmik
MIK-P300; ±0.5% FS accuracy), with data logged via a custom interface.

Activated  sludge  was  sourced  from Yuhang  Wastewater  Treatment  Plant
(Hangzhou,  China).  The  reactor  maintained  mixed  liquor  suspended  solids
(MLSS)  at 3,500±500  mg·L−1,  with  the  temperature  of  25±2°C.  This  study
used synthetic sewage (composition in Tables S1- S2) for small-scale CTDM
tests.

Three flux conditions (19, 38 and 80 LMH) were tested in duplicate. Waste-
water was fed continuously, and TMP was monitored in real time by the pres-
sure transmitter. Effluent samples were collected at 0, 3, 6, 10, 20, 30 and 60
minutes, as well as when TMP reached 0.01, 0.02, 0.03 and 0.04 MPa. When
the  TMP  reached  0.04  MPa,  the  operation  was  terminated.  The  filter  cake
layer on the surface of the membrane was scraped off and dissolved in 100
mL of pure water (ultrasonic treatment at 25°C for 10 minutes) for analysis.
Detailed  operating  parameters  for  small,  medium  and  pilot-scale  MBR
systems are compiled in Table S3.

 Laboratory  medium-scale  equipment  and  operation  conditions. An
acrylic cylindrical reactor with an effective volume of 50 L (height: 1 m; diam-
eter: 8 cm) was adopted. Consistent with the configuration of the laboratory
small-scale setup described in Laboratory small-scale equipment and opera-
tion conditions section,  the sludge source and cultivation method were kept
identical.  Actual domestic sewage was used as the influent,  and continuous
operation  was  conducted  for  one  week  under  two  flux  conditions  (15  LMH
and  80  LMH)  with  an  HRT  of  12  h.  Samples  were  collected  every  24  h  for
subsequent water quality determination. The actual domestic sewage used in
the experiment  was  collected  from  Phase  IV  of  Yuhang  Wastewater  Treat-
ment Plant in Hangzhou.

In continuous experiments, start the backwashing operation when the TMP
reaches  the  threshold  of -0.04  MPa.  For  execution,  the  membrane  module
was first detached from the reactor, followed by gentle physical brushing with
a soft nylon brush to dislodge entangled sludge flocs and foreign debris from
the fiber  surface without damaging the PP substrate.  The module was then
rinsed  thoroughly  with  clean  tap  water  until  no  visible  residual  solids
remained, before being reinstalled into the reactor  to resume normal  opera-
tion.  This  manual  protocol  mirrors  the  principles  of  automated  mechanical
brushing—an established and fully  adaptable engineering solution for clean-
ing within curtain-type membrane spacings. TMP data were recorded during
operation,  and  water  samples  were  collected  every  24  hours  to  determine
conventional  indicators  such as  turbidity,  COD,  ammonia  nitrogen,  and total
phosphorus.

 Pilot-scale  plant  and  operation  conditions  of  wastewater  treatment
plant. The pilot-scale plant was deployed at Phase IV of the Yuhang Waste-
water  Treatment  Plant  (Hangzhou,  China),  featuring  a  nominal  treatment
capacity of 20 m3/d. To ensure alignment with full-scale operational realities,
the system treated raw municipal sewage directly extracted from the plant’s
influent channel.  An  integrated  AAO+MBR process  was  employed,  compris-
ing  an  equalization  tank,  anaerobic  tank,  anoxic  tank,  aerobic  tank,  and
membrane tank. Crucially, the commercial MBR modules were replaced with
the large-scale CTDM modules developed in this study to evaluate their field
performance.

The system operated continuously under typical municipal conditions. The
total Hydraulic Retention Time (HRT) was maintained at 12 h, with a phased
distribution  as  follows:  2  h  (anaerobic),  3  h  (anoxic),  6  h  (aerobic),  and  1  h
(membrane tank). The Mixed Liquor Suspended Solids (MLSS) concentration
in the aerobic tank was controlled at 3,300 ± 200 mg·L−1 by daily discharge of
approximately  2.6  kg  of  dry  sludge.  Aeration  intensity  in  the  MBR  tank  was

fixed at 60 Nm3·m−2·h−1 (calculated based on the projected area of membrane
modules).  To  assess  flux-dependent  performance,  the  CTDM was  operated
under three sequential phases: 15 LMH for five cycles, 25 LMH for six cycles,
and  75  LMH for  five  cycles.  This  was  achieved  by  proportionally  increasing
the influent flow rate to compensate for the higher filtration velocity. Conse-
quently,  while  the  per-cycle  filtration  time  decreased  at  higher  fluxes,  the
overall  hydraulic  residence  time  within  the  bioreactor  remained  constant,
ensuring  that  biological  treatment  efficiency  was  not  confounded  by
hydraulic variations.

Operational  TMP  data  were  acquired  continuously;  upon  reaching  the
threshold of -0.04 MPa, the backwashing procedure described in Laboratory
medium-scale equipment  and  operation  conditions  section  was  imple-
mented.  Effluent  samples  were  taken  every  2-3  days  (depending  on  actual
operating  conditions)  to  determine  conventional  indicators  such as  turbidity
and particle size. At the end of the 3rd cycle in the middle of each flux opera-
tion  phase,  sludge  samples  were  scraped  from  the  surface  of  the  CTDM
membrane for subsequent determination of EPS content. In addition, to track
the  structural  stability  of  the  membrane  during  operation,  membrane
samples were collected from the CTDM system at the initial and final stages,
and  material  characterization  was  performed  to  evaluate  the  structural
stability of the CTDM.

 Analytical techniques
 Membrane  characterization. Morphology:  A  suitable  portion  of  the

membrane sample  was  affixed  directly  onto  conductive  adhesive.  Subse-
quently,  gold  sputtering  was  performed  using  a  Quorum  SC7620  sputter
coater at a current of 10 mA for a duration of 45 s. Following gold coating, the
surface  morphology  of  the  membrane  samples  was  examined  and  imaged
using a ZEISS GeminiSEM 360 scanning electron microscope.

Surface chemistry: Fourier transform infrared (FTIR) spectra were acquired
using a Thermo Fisher Scientific Nicolet iS20 spectrometer over a wavenum-
ber range of 4,000-400 cm−1, with a spectral resolution of 4 cm−1 and 32 co-
added scans. Surface elemental composition was determined utilizing X-ray
photoelectron  spectroscopy  (XPS;  Thermo  Scientific  K-Alpha),  identifying
predominant  elements  including  carbon,  oxygen,  and  fluorine.  The  spectra
were obtained using an Al Kα X-ray source (1,486.6 eV), and binding energies
were rigorously calibrated against the C 1s peak at 284.8 eV.

Hydrophilicity: Contact angles were measured using a Kunshan Shengding
SDC 350KS  goniometer.  To  determine  the  various  surface  tension  compo-
nents  of  the  solid  surface,  three  standard  probe  liquids—ultrapure  water,
glycerol,  and  n-hexadecane—were  employed.  The  parameters  for  testing
liquid surface tension are shown in Table S4.  A 2 μL droplet  was dispensed
for  each  measurement,  and  the  dynamic  evolution  was  monitored  for  60  s.
The equilibrated contact angle values at the 60-second mark were utilized for
subsequent calculations.

Porosity: Prior to analysis, samples were degassed under vacuum using a
Micromeritics  SmartVacPrep  degassing  station  at  120°C  for  12  h.  Nitrogen
adsorption–desorption isotherms were subsequently collected at 77 K using
a  Micromeritics  ASAP 2460 four-port  automated  surface  area  and  porosity
analyzer.  The  specific  surface  area  and  pore  structure  parameters  were
calculated  from the  obtained  isotherms using  the  Brunauer–Emmett–Teller
(BET) model.

Zeta  potential: Zeta  potentials  of  the  membrane surfaces were  measured
using a Thermo Scientific K-Alpha solid-surface Zeta potential analyzer. Prior
to testing, membrane samples were trimmed to appropriate dimensions and
secured  in  the  sample  cell.  A  0.001  mol·L−1 NaCl  aqueous  solution  was
employed  as  the  background  electrolyte,  and  all  measurements  were
performed  at  room  temperature.  The  solid-surface  Zeta  potential  was
recorded at a fixed pH of 7.0.

 Effluent  and  sludge  analysis. Water  quality:  Chemical  oxygen  demand
(COD), ammonium (NH4

+), total phosphorus (TP), and turbidity were analyzed
by standard methods.10 Fecal coliforms were determined by Zhejiang Hongbo
Environmental Testing Co., Ltd. using the Paper Strip Rapid Method (HJ 755-
2015), with incubation performed at 44.5°C ± 0.5°C for 15 h in an SHP-250(D)
biochemical incubator (Unit No. 083). Effluent samples were filtered through
0.22 μm syringe filters. The pH was measured with a digital pH meter (Seven
Direct SD20).
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Particle  size  distribution:  Effluent  particle  sizes  were  measured  using  an
Anton  Paar  Litesizer  500  nanoparticle  size  analyzer.  Prior  to  measurement,
samples were thoroughly homogenized via vortexing and promptly aliquoted
to minimize errors arising from particle sedimentation, then loaded into dedi-
cated  cuvettes  for  analysis.  Triplicate  measurements  were  performed  for
each sample,  and the mean value was adopted as the final  result  to ensure
data accuracy and reproducibility.

Three-dimensional  fluorescence  spectroscopy:  Qualitative  analysis  of  the
effluent  water  quality  was  performed  using  a  Hitachi  F-4700 three-dimen-
sional  fluorescence  spectrophotometer.  Excitation  (Ex)  wavelengths  were
scanned from 220 to  450 nm,  and emission (Em)  wavelengths from 260 to
600  nm.  The  wavelength  scan  step  size  was  set  to  5  nm,  with  a  scanning
speed of 12,000 nm·min−1. The photomultiplier tube (PMT) voltage was main-
tained at 700 V, and the response time was fixed at 0.05 s. All measurements
were  conducted at  room temperature  under  conditions free  from stray  light
interference.

Fluorescence  microscopy:  The  CTDM  formation  process  at  constant  flux
was  visualized  by  a  fluorescence  microscope  (NIB-900).  A  small  fragment
was stained with 1 μL of LIVE/DEAD BacLight Bacterial Viability Kit (Beyotime
Biotech  C2030S)  and  incubated  at  37°C  in  the  dark  for  15  minutes  before
observation.

Extracellular  polymeric  substances  (EPS)  analysis:  Following  membrane
filtration,  sludge  cake  was  harvested  and  subjected  to  ultrasonic  treatment
for  EPS  fractionation.11 First,  samples  were  centrifuged  using  a  refrigerated
centrifuge (TGL-16M) at  6,000 rpm for 10 min at  4°C.  The supernatant was
filtered  through  a  0.22  μm  membrane  to  obtain  the  soluble  EPS  fraction
(SEPS).  The remaining pellet  was resuspended in  phosphate  buffer  solution
to restore the original volume. Bound EPS (BEPS) was subsequently extracted
by heating the  suspension at  60°C for  30 min,  followed by  centrifugation at
10,000 rpm for 20 min at 4°C. The resulting supernatant was filtered through
a 0.22 μm membrane to yield the BEPS fraction.

Protein content in both fractions was quantified using the BCA assay (BCA
Protein  Assay  Kit,  Beyotime  Biotech  Inc,  P0010S).  Polysaccharide  content
was determined via the phenol-sulfuric acid method.12 Specifically, 2.0 mL of
sample was mixed with 1.0 mL of 6% phenol, followed by the rapid addition of
5.0  mL  concentrated  sulfuric  acid.  After  thorough  vortexing  and  a  30  min
incubation at  room temperature,  absorbance was measured at  490 nm and
correlated to a standard curve for concentration determination.

 Filtration  resistance  modeling. Total  resistance  (R,  m−1)  was  calculated
via Darcy’s law:

J=
TMP
μR

(1)

Where J is the permeate flux (LMH), TMP is the transmembrane pressure
(kPa), μ is  the  dynamic  viscosity  of  the  filtrate  (Pa·s),  and R represents  the
total  filtration resistance (m−1).  During the experiments, J was determined in
real  time  by  monitoring  the  mass  of  permeate  using  an  electronic  balance
(NX3000,  capacity  3  kg,  accuracy  ±0.01 g)  connected  to  a  data  acquisition
system. Flux was then calculated based on the measured mass, membrane
surface area, and corresponding time interval. TMP was continuously moni-
tored and recorded using the aforementioned online high-precision pressure
transmitter.  The μ of  the  supernatant  obtained  after  settling  the  sludge
mixture in the reactor was measured at the experimental temperature using a
rotational viscometer (Brookfield DV3T).

 Interfacial interaction analysis—XDLVO theory
The  XDLVO  theory  extends  the  classical  Derjaguin-Landau-Verwey-Over-

beek  (DLVO)  framework  by  incorporating  Lewis  acid-base  (AB)  interactions
alongside van der Waals (LW) and electrostatic double-layer (EL) effects.13 It
is typically applied to interactions between smooth planar surfaces; the total
interaction energy is expressed as:

UTOT = ULW+UEL+UAB (2)

Where UT O T is total interaction energy, U L W is LW free energy, U E L is EL free
energy, UA B is AB interaction energy. Derivations and computational details for
each energy component are provided in Text S1.

 Construction of predictive model methods
Historical data mainly cover the period from 2011 to 2024. Data regarding

the  operational  scale  of  MBR  processes  and  the  production  scale  of  MBR
membranes in China are primarily sourced from reports released by a market
consulting  institute  (https://www.gonyn.com). Meanwhile,  specific  opera-
tional data and characteristic parameters of MBR processes are comprehen-
sively  compiled  from  published  academic  literature14 and  field  operational
records of wastewater treatment plants affiliated with Yuhang Water Group in
Hangzhou,  Zhejiang  Province,  China,  which  guarantees  the  reliability  and
representativeness of the historical dataset.

The future trend forecasting targets the upcoming decade spanning 2025
to 2035.  Quantitative  models  are  adopted  for  projection.  Based  on  distribu-
tion analysis  of  historical  data,  the forecasting function embedded in  Oracle
Crystal  Ball  software  is  employed,  and  the  optimal  non-seasonal,  non-
stochastic simulation algorithm is selected. A total of 100 independent simu-
lation runs is conducted to secure stable and convergent forecasting outputs.
Detailed configurations of  forecasting function models,  relevant  parameters,
and simulation results are summarized in Tables S5-S7.

 RESULTS AND DISCUSSION
 Membrane  structure  innovation:  Polypropylene  curtain  architecture  for
rapid self-organization

The  material  used  for  the  CTDM  in  this  study  (PP  fiber  rope)  is  normally
used as an internal support frame for the PM. Therefore,  the physicochemi-
cal  characteristics  of  the  CTDM  and  PM  were  systematically  compared  to
elucidate  their  distinct  filtration  behaviors.  FTIR  confirmed  the  chemical
composition of  the CTDM, dominated by C-H and C=O bonds characteristic
of  PP  (Figure  1A),  while  XPS  revealed  carbon  (84.2  at%)  and  oxygen  (15.8
at%)  as  primary  surface  elements,  with  no  detectable  fluorine—a  critical
advantage  over  fluoropolymer-based membranes  prone  to  oxidative  degra-
dation  (Figure  1C).  As  evidenced  by  the  pore  architecture  characterization
(Figure 1B), the CTDM exhibited a significantly reduced porosity profile  rela-
tive to the PM. While this structural divergence could marginally compromise
initial filtration flux efficiency, it  simultaneously mitigated particulate adsorp-
tion kinetics and suppressed membrane fouling propensity through enhanced
surface selectivity.15

SEM  highlighted  the  CTDM’s  interwoven  fibrous  structure  (Figure  1D),
creating  a  microscale  roughness  conducive  to  biofilm  adhesion  through
mechanical  interlocking.16 In  contrast,  the PM exhibited a smoother  surface,
consistent with its ultrafiltration-grade fabrication. Hydrophilicity, a key deter-
minant of fouling resistance, differed obviously between CTDM and PM, with
apparent contact angle of 69°±1.3° and 90°±0.5°, respectively (Figure 1E). The
low  apparent  contact  angle  of  the  PP  CTDM  stems  from  its  macroporous
fibrous structure rather than enhanced intrinsic hydrophilicity of PP. Capillary
infiltration in inter-fiber voids reduces the macroscopic contact angle,17 while
smooth  bulk  PP  has  a  contact  angle  of  100°-110°.18 The  dense  PVDF
membrane excludes capillary penetration, so its contact angle represents the
intrinsic property of PVDF. This structural-induced wettability of CTDM bene-
fits sludge adhesion and dynamic membrane formation.

This  enhanced hydrophilicity  promotes water  permeation while  mitigating
organic adsorption, aligning with prior studies linking lower contact angles to
reduced  irreversible  fouling.19 Surface  charge  analysis  further  differentiated
the  two  membranes.  The  CTDM’s  zeta  potential  (-39.54  mV)  exceeded  the
PM’s (-28.7 mV) in magnitude (Figure 1F),  amplifying electrostatic repulsion
against  negatively  charged  sludge  particles  (-3.12  mV). 20 This  electrostatic
barrier  likely  delayed  pore  clogging,  as  evidenced  by  the  CTDM’s  prolonged
stable  operation  (Filtration  performance:  high-flux  operation  with  ultrafast
contaminate control section).

Flat-sheet DMs,  often fabricated from stainless steel  or  nylon,  face inher-
ent  limitations.  Metallic  substrates,  despite  high  mechanical  strength,  suffer
from  biofilm  detachment  due  to  smooth  surfaces  and  metal  ion  leaching
(e.g.,  Fe3+,  Al3+),  which  destabilize  microbial  communities.21,22 Nonwoven
fabrics,  though  porous,  require  costly  hydrophobic  modifications  to  achieve
comparable flux.23 The PP-based CTDM circumvented these issues through
its  inherent  hydrophilicity,  chemical  inertness,  and  textured  morphology,
enabling stable operation in complex wastewater matrices without oxidative
degradation—a common failure mode for nylon membranes.24
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These findings underscore the CTDM’s material  advantages: a synergy of
hydrophilicity, surface charge, and structural robustness that positions it as a
viable, low-cost alternative to conventional MBR membranes. By addressing
the shortcomings of both flat-sheet DMs and commercial PVDF modules, the
PP hollow fiber design bridges the gap between high performance and practi-
cal scalability.

 Filtration  performance:  High-flux  operation  with  ultrafast  contaminate
control

The  CTDM  demonstrated  exceptional  filtration  performance  across  a
spectrum of operational fluxes (19-80 LMH), outperforming both commercial
PM and conventional flat-sheet DMs. At 19 LMH, the CTDM sustained stable
operation for 73 h before reaching the critical  TMP threshold (-0.04 MPa),  a
14.6-fold  improvement  over  the  PM’s  5  h  lifespan  (Figures  2A  &  C).  Both
CTDM  and  PM  exhibited  shorter  operational  durations  with  increasing  flux,
which is consistent with the mechanism that higher flux accelerates dynamic
membrane formation yet  simultaneously exacerbates transmembrane pres-
sure  buildup.25 Notably, the  CTDM  flux  performance  (80  LMH)  was  signifi-
cantly better than that reported in the literature for flat-sheet DMs (14.8-33.3
LMH). 5,26

Regarding  the  rejection  performance  of  the  dynamic  membrane
(Figure  2B),  the  CTDM  exhibited  rapid  cake  layer  formation.  At  all  tested
fluxes, the CTDM reduced effluent turbidity to below 10 NTU within 3 min of
startup.  Subsequently,  with  further  compaction  of  the  cake  layer,  effluent
turbidity continued to improve and stabilized within 60 min. In contrast, owing
to its dense external PVDF filtration layer,  the PM maintained stable effluent
turbidity  below  5  NTU  throughout  operation,  both  at  the  initial  stage  and
under  elevated  TMP  conditions  (Figure  2D).  Although  the  initial  effluent
turbidity  (20.03±6.96  NTU)  exceeded  that  of  the  PM  (3.72±1.26  NTU),  the
system  stabilized  rapidly  within  this  short  period.  This  transient  phase  is
negligible  in  continuous  operation,  especially  when  recirculation  or  parallel
module  configurations  are  used.  The  rapid  formation  of  a  functional  cake
layer underscores the CTDM’s suitability for applications requiring immediate

effluent quality control, such as decentralized wastewater treatment.27

Notably, a negative correlation between operating flux and effluent turbidity
was observed for  the dynamic membrane,  differing from results  reported in
prior  literature.28,29 In  this  work,  higher  fluxes  (e.g.,  80  LMH)  accelerated  the
decline of effluent turbidity. Beyond enhanced shear forces that drive prefer-
ential deposition of large particles,9 the special macroporous structure of the
PP-based CTDM also promotes rapid  compaction of  the  surface cake layer
under high hydraulic  load.30 The synergism of hydrodynamic conditions and
substrate structural features accounts for this unique variation trend of efflu-
ent turbidity. Nevertheless, at all  operating fluxes, once TMP exceeded -0.02
MPa, microcrack propagation likely occurred within the cake layer, resulting in
an instantaneous increase in turbidity (up to 20 NTU, Figure 3B). This obser-
vation aligns with the three-stage theory of dynamic membrane formation 24,
in  which  excessive  pressure  compromises  the  structural  stability  of  the
mature  cake  layer.  Accordingly,  this  phenomenon  suggests  that  careful
selection of  operating flux and TMP is  essential  during CTDM operation.  To
strike a balance between high treatment efficiency, stable effluent quality and
long-term  operational  reliability,  a  moderate  flux  range  is  recommended  for
practical  use.  Backwashing  should  preferably  be  conducted  before  TMP
reaches -0.02  MPa,  which  effectively  avoids  cake  layer  cracking,  prevents
sharp  rises  in  turbidity  and  ensures  effluent  meets  discharge  standards.
Operating  within  this  matched  flux  and  TMP  interval  can  maintain  steady
filtration performance and extend the service cycle of the CTDM system.

Moreover,  effluent  particle  size  distribution  revealed  the  CTDM’s  superior
retention  efficiency.  Under  19-38  LMH  fluxes,  the  dominant  particle  size  in
the  effluent  stabilized  at  100  nm  after  60  minutes  (Figure  3A),  a  fourfold
reduction compared to the 400 nm particles reported in prior studies.31 This
rapid interception of organics contrasts sharply with the 6-8 days DM forma-
tion periods documented for flat-sheet systems,6 underscoring the efficiency
of the hollow fiber configuration under shear-enhanced hydrodynamic condi-
tions.

Analysis of membrane surface deposits further elucidated the fouling char-
acteristics  under  varying  flux  conditions.  Experimental  results  showed  that

 

Figure 1.  Physicochemical  properties  of  PM and CTDM (A)  FTIR spectra;  (B)  Specific  surface areas and pore  structure;  (C)  XPS full  survey  spectrum;  (D)  Digital  photos and
cross-sectional SEM images; (E) Contact angle test results; (F) Surface zeta potential.
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after  CTDM  operation  at  19,  38,  and  80  LMH,  the  EPS  content  on  the
membrane  surface  was  97.4,  68.5,  and  61.6  mg·L−1,  respectively,  while  the
corresponding sludge loading was 4.0, 4.2, and 7.4 g·m−2. These results indi-
cate that operation at low flux (19 LMH) leads to a significant increase (35%-
50%) in bound EPS on the CTDM surface, making it more susceptible to pore
clogging (Figure 3C). In contrast, under high-flux conditions (80 LMH), sludge
deposition  rather  than  EPS  accumulation  becomes  dominant,  with  the
attached  sludge  mass  increasing  linearly  with  rising  flux  (Figure  3D).  This
trend  is  consistent  with  the  fouling  model  based  on  transport  dynamics
proposed  by  Gholami,32 confirming  that  sludge  deposition  represents  the
primary fouling mechanism of CTDM during high-flux operation. Collectively,
CTDM  exhibits  distinct  advantages  of  high  flux  and  low  fouling  propensity,
positioning it as a promising alternative to conventional membrane technolo-
gies.

 Formation  mechanism:  Interfacial  interaction-driven  self-assembly  and
fouling dynamics

The dynamic  formation  process  of  CTDM  was  visualized  using  fluores-
cence microscopy (Figures 4B1-B4 & C1-C4), revealing three distinct stages:
initial pore constriction, transitional pore clogging, and complete pore closure.
A  schematic  illustration  of  the  CTDM  formation  mechanism  is  provided  in
Figure 4A.  In  the first  stage,  the support  matrix  with an original  pore size of
approximately 200 μm began to capture sludge particles, resulting in a signif-
icant  linear  reduction  in  the  effective  pore  diameter.  This  stage  was  mainly
governed  by  inertial  impaction  and  interception  mechanisms  in  fluid
mechanics, where  large  sludge  flocs  preferentially  deposited  at  mesh  junc-
tions or grid edges. Chen et al. 21 also visually confirmed this phenomenon via
morphological  characterization,  showing  that  the  sludge  mass  attached  to
the substrate surface gradually increased with operating time.

During  the  second  stage,  the  internal  pores  became  substantially  filled,
leading to  a  nearly  fully  clogged state.  The filtration resistance at  this  stage
was primarily attributed to the physically deposited cake layer; although inter-
particle  voids  continued  to  narrow,  the  fluid  pathways  remained  partially
interconnected.  Upon  entering  the  third  stage,  however,  complete  pore
closure occurred,  accompanied by a sharp surge in EPS concentration from
an initial 32.05 mg·L−1 to 135 mg·L−1, representing an increase of up to 321%.
This dramatic  change triggered an exponential  rise in  TMP.  These observa-
tions are consistent  with the theory proposed by Liu et  al. 33,33 who empha-

sized  that  EPS  acts  as  a  key  contributor  to
hydraulic  resistance  in  the  late  fouling  stage.
Similarly,  the study by Chu et  al. 22 reported a
TMP  profile  characterized  by  a  gradual  initial
increase followed by a sharp rise, which aligns
well  with  the  trend  observed  in  the  present
work.

To  further  mechanistically  elucidate  the
formation and fouling processes of CTDM, this
study  investigated  the  interrelationships
among TMP, sludge deposition mass, and EPS
secretion (Figures S4D-F). It was found that, at
the initial stage of operation with TMP below -
0.01 MPa, the amount of sludge deposited on
the membrane surface increased rapidly from
88.9  mg·L−1 to  406.2  mg·L−1,  representing  a
357% increment (Figure S3),  whereas the EPS
concentration fluctuated  slightly  with  a  rela-
tive  change  of  <  7.2%.  These  results  clearly
demonstrate  that  the  deposition  of  sludge
particles  serves  as  the  dominant  mechanism
governing the initial  formation of  the dynamic
membrane. As TMP continued to rise beyond -

0.01  MPa,  the  EPS  concentration  surged  sharply  from  34.4  mg·L−1 to
135 mg·L−1 within  a  short  period,  showing  a  293%  increase.  In  comparison,
the membrane-surface sludge deposition only increased by 40%. This obser-
vation  indicates  that  membrane  fouling  in  the  later  operational  stage  is
primarily driven by the massive secretion and accumulation of EPS. The pore-
clogging and adsorptive effects of EPS gradually replace sludge deposition as
the key factor controlling the operational stability of the dynamic membrane.

Interfacial  energy  analysis  based  on  the  XDLVO  theory  quantified  the
asymmetric forces governing CTDM assembly (Figure 5). 34,35 For membrane-
sludge  interactions  (Figures  5A1-A4),  AB  attraction  (-1.54×10-14 J)
outweighed LW repulsion (5.63×10-16 J) by 27-fold, consistent with PM foul-
ing.36 Conversely,  sludge-sludge  interactions  (Figures  5B1-B4)  exhibited
dominant  AB  attraction  (-1.11×10-14 J)  and  negligible  EL  repulsion  (<  1.70×
10-18 J), driven by the stark zeta potential disparity between membrane (ζ = -
39.54  mV)  and  sludge  (ζ  = -3.121  mV).  This  unique  energy  gradient  lowers
interfacial  barriers  and  accelerates  particle  adhesion,  enabling  the  CTDM  to
form  a  stable  filtration  layer  within  3  minutes — a  significant  improvement
over earlier systems that took 3 days,37 7 hours,31 and 45 minutes.38 This core
mechanism  has  been  validated  by  Zamani  et  al., 39 and  XDLVO  theory  is
widely  used  to  guide  the  surface  modification  of  membrane  substrates.  As
typical examples, supramolecular hydroxyl clusters can tune interfacial forces
to  reach  a  BSA  rejection  rate  above  97%,40 while  polydopamine  coating
modulates  surface  negative  charges  following  XDLVO  rules  and  reduces
protein  adsorption  by  50%  in  municipal  wastewater.41 These surface  engi-
neering  methods  that  regulate  interfacial  energy  to  resist  fouling  are  also
reflected in the modification strategies proposed by Li et al. 42

The above results indicated that the formation of the CTDM is essentially a
physical-chemical  coupling process dominated by interfacial  interactions.  In
the  initial  stage,  the  strong  AB  interaction  between  the  membrane  and  the
sludge  drives  the  rapid  adsorption  of  particles.  As  the  operating  pressure
increases, the shear-induced secretion of EPS exacerbates the pore clogging.
Finally,  the  construction  of  the  CTDM  is  completed  through  the  complete
blocking.  This  mechanism  analysis  provides  an  important  theoretical  basis
for optimizing the process parameters of DMs.

 Engineering  viability:  Demonstrated  scalability  and  techno-economic
advantage

The engineering feasibility of CTDM was systematically verified through a
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Figure 2.  Variations  in  TMP  and  turbidity  of  PM
and CTDM (A) TMP variation of CTDM; (B) Turbidity
of  CTDM;  (C)  TMP  variation  of  PM;  (D)  Turbidity  of
PM.
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two-stage  stepwise  scaling-up  research  system,  including  laboratory  pilot-
scale verification and on-site pilot-scale test. On the basis of obtaining basic
parameters  from  the  laboratory  small-scale  setup,  the  study  further
expanded the membrane area and reactor  volume to  investigate  the opera-
tional stability of the medium-scale CTDM under different influent conditions
(Figure 6). Using synthetic sewage, the CTDM maintained stable operation for
72 hours in  the first  cycle,  with subsequent cycles shortened to 30±5 hours
post-physical  backwashing  (Figure  6A).  This  consistency  across  scales
confirms  the  technology’s  robustness,  critical  for  industrial  deployment.
When treating domestic  sewage,  however,  the  initial  cycle  duration dropped
to  12  hours  due  to  elevated  particulate  loading  (mean  size:  15±3.5  μm),
underscoring the need for pretreatment (Figures 6B & C). Implementing a 30-
minute  sedimentation  step—removing  >50  μm  particles—extended  cycle
duration  to  24  hours  (Figure  6B), aligning  with  conventional  MBR  pretreat-
ment protocols and demonstrating adaptability to variable feed quality. Efflu-
ent  quality  remained  stable  (Figure  6D-F):  turbidity  (2.8±0.3  NTU),  COD
removal  (77.3%,  42.5  mg·L−1),  TP  (73.3%,  1.75  mg·L−1),  NH4

+-N  (94.9%,
3.05 mg·L−1),  pH (7.0-8.2), and fecal coliforms (2.3×102 MPN·L−1),  all meeting
discharge limits set by the NPDES. At 80 LMH, the large-scale CTDM system
achieved 12 hours of stable operation (Figure 6E), demonstrating a 400% flux
increase  over  traditional  PM  (15-20  LMH)  without  compromising  effluent
quality.

Subsequently,  a  long-term on-site  field  experiment  lasting nearly  50 days
was conducted in a domestic sewage treatment plant (Figure 7). The experi-
ment  was  divided  into  three  phases  with  filtration  fluxes  of  15,  25,  and
75  LMH,  respectively.  The  temporal  evolution  of  the  TMP  is  depicted  in
Figure  7A.  At  a  flux  of  15  LMH,  the  initial  cycle  operated  continuously  for  8
days.  As  the  experiment  proceeded,  physical  cleaning  failed  to  completely
remove  the  micro-scale  foulants  deeply  embedded  within  the  membrane
pores,  leading  to  a  gradual  reduction  in  the  effective  pore  size;  thereafter,
each operating cycle stabilized at approximately 5 days. When operated at 25
LMH, each cycle lasted around 3 days, and all cycles exhibited a similar TMP
profile.  Upon  increasing  the  flux  to  75  LMH,  the  strong  osmotic  drag  force
accelerated  the  accumulation  of  sludge  flocs  on  the  membrane  surface,
resulting in a shortened operating cycle of  approximately 1 day.  Despite the
significant fluctuation in flux, the effluent turbidity of CTDM remained consis-
tently below 6 NTU (Figure 7A), demonstrating its excellent retention perfor-
mance.  Influent  concentrations  of  indicators  including  COD,  NH4

+-N,  TN,  TP

and  pH  fluctuated  to  a  certain  extent  owing  to
the  real  domestic  wastewater  taken  from  the
wastewater  treatment  plant;  nevertheless,
favorable and  stable  pollutant  removal  perfor-
mance  was  maintained  throughout  the  long-
term experimental operation (Table S8).

In  addition,  this  study  compared  the  EPS
contents  between  the  membrane-attached
sludge  and  the  bulk  sludge  under  different  flux
conditions (Figure 7B).  The results showed that
the EPS content on the membrane surface was
significantly higher than that in the bulk sludge.
EPS is  a  key  factor  in  the  formation  of  biofilms
and  also  a  characteristic  indicator  of  the  onset
of dynamic membrane fouling. The secretion of
EPS is affected by many factors. First, microbial
community  analysis  at  the  phylum  level
(Figure  S6)  indicated  negligible  variation  across
the  tested  fluxes  (15-75  LMH),  demonstrating
that  shifts  in  microbial  taxonomy  were  not  the
primary  cause  of  the  observed EPS variation.  It
is worth noting that the membrane surface EPS

increased with the increase of flux in the pilot-scale experiment at the waste-
water treatment plant, which was different from the conclusion of the labora-
tory  small-scale  test.  This  may  be  attributed  to  the  physiological  pressure
exerted by the sheer force and high osmotic pressure induced by high flux on
the  microorganisms  on  the  membrane  surface  under  actual  wastewater
treatment plant conditions, stimulating them to secrete more EPS to enhance
the  structural  stability  of  the  biofilm.43 Accordingly,  the  differences  in  EPS
content and fouling behavior observed at different fluxes were not caused by
shifts  in  microbial  community  structure,  but  mainly  driven by hydrodynamic
conditions and shear stress under elevated filtration loads.

Meanwhile, the effluent particle size was basically maintained between 100-
200 nm and showed a decreasing trend with the increase of flux (Figure 7E),
which  was  due  to  the  denser  dynamic  membrane  layer  formed  under  high
flux.  Three-dimensional  excitation-emission  matrix  (3D-EEM)  fluorescence
spectra (Figures 7C-D & F-G) showed that at the initial stage of start-up (10
min),  the  effluent  exhibited  significant  fluorescent  peaks  of  proteins  and
polysaccharides  in  the  region  of  Ex/Em=250-280/330-380  nm;44 with  the
increase of operation time, the synergistic effect of physical interception and
biodegradation of the dynamic membrane layer was enhanced, and the efflu-
ent  fluorescence  intensity  decreased,  demonstrating  the  deep  retention
capacity of the mature dynamic membrane for dissolved organic matter.

Material  characterization  after  50  days  of  operation  (Figure  S4) demon-
strated  the  long-term durability  of  CTDM.  FTIR  analysis  showed  no  signifi-
cant changes in the main functional groups of the membrane material (Figure
S4A),  while BET analysis revealed an increased specific surface area (Figure
S4B),  mainly  attributed  to  the  residual  biofouling  layer  with  a  porous
microstructure on the membrane surface after operation. XPS analysis indi-
cated  that  CTDM  still  consisted  of  C  and  O,  but  their  relative  abundances
slightly  decreased  (Figure  S4C),  presumably  due  to  inorganic  fouling  of
sewage-borne  inorganic  components  (e.g.,  Ca,  Mg)  on  the  membrane
surface, masking the chemical signals of the substrate. SEM images (Figure
S4D)  intuitively  confirmed  that  the  fibers  remained  intact,  but  the  pore  size
shrank  significantly  due  to  organic/inorganic  composite  fouling.  In  addition,
the contact angle increased after operation (Figure S4E), indicating enhanced
membrane  surface  hydrophobicity,  which  was  usually  associated  with  the
adsorption of  a  large  amount  of  hydrophobic  proteinaceous  EPS  compo-
nents.  The  surface  Zeta  potential  slightly  decreased  after  operation  (Figure
S4F), possibly because the deposited surface layer (e.g., activated sludge with

 

Figure 3.  Pollutant rejection  and  sludge  attach-
ment of CTDM (A) Particle size distribution of efflu-
ent;  (B)  Effluent  turbidity  under  different  TMP;  (C)
EPS content  in  sludge  deposits;  (D)  Sludge  attach-
ment on membrane surface.
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a Zeta potential of -3.121 mV) had weak electronegativity,  masking the high
electronegativity of the substrate.

The  CTDM  configuration  represents  a  major  advance  in  MBRs  design  by
using a densely packed geometry to significantly reduce spatial  constraints.
As  illustrated  in Table  1,  this  innovative  architecture  achieves  an  order-of-
magnitude  enhancement  in  volumetric  flux  per  unit  footprint  (10.2-fold)
compared to conventional DMs, while maintaining equivalent treatment effi-
cacy and formation kinetics.  Such process intensification holds transforma-
tive potential  for  advancing  compact  water  reclamation  systems  by  decou-
pling performance metrics from spatial requirements.

Techno-economic  analysis  revealed  the  CTDM  system’s  superiority  over
PM configurations through multiple performance vectors (Table S9). The flux
enhancement  from  19  to  80  LMH  directly  translates  to  a  75%  reduction  in
required  membrane  area,  concomitantly  shrinking  the  MBR  footprint  and
eliminating the need for expensive UF membrane fabrication, which substan-
tially  lowers  initial  hardware  investment.43 This  spatial  efficiency  further
reduces aeration energy demands proportionally,  while the macroporous PP
substrate mitigates pore-blocking tendencies, collectively driving down oper-
ational  expenditures  related  to  energy  consumption  and  chemical  cleaning.

Although the initial start-up phase exhibits transient turbidity fluctuations, the
system stabilizes rapidly to consistently meet stringent effluent quality stan-
dards,  ensuring  regulatory  compliance.  Projections  based  on  2011-2024
industry  data  and  ARIMA  modeling  indicate  that  such  efficiency  gains  will
become  increasingly  critical  as  global  wastewater  treatment  capacity
expands to 2.3-fold current levels by 2035 (Figures 8B1-B3). Overall, the multi-
index  evaluation  (Figure  8C)  confirms  that  CTDM  outperforms  conventional
configurations  across  six  key  metrics—including  aeration  energy,  chemical
dosage,  and  capital  costs—validating  its  robust  technical  and  economic
competitiveness for next-generation wastewater treatment.

In  summary,  the  hollow  fiber  CTDM  system  transcends  the  trade-offs  of
prior dynamic  membranes,  merging  high  flux,  compact  design,  and  opera-
tional economy. By addressing both technical and economic barriers—spatial
inefficiency, fouling costs, and scalability—this technology offers a pragmatic
pathway  to  sustainable  wastewater  infrastructure  expansion,  particularly  in
rapidly urbanizing regions.

 Limitations and future perspectives
To advance the translation of the CTDM technology from lab-scale valida-
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Figure 4.  Formation process and mechanism of CTDM (A) Schematic of CTDM formation principle; (B1-B4) Microscopic morphology at different time points; (C1-C4) Fluores-
cent microscopic morphology after live/dead staining at different time points; (D) EPS content over time; (E) Sludge attachment over time; (F) Filtration resistance over time.
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tion  to  full-scale  engineering  deployment,  several  directions  warrant  further
exploration beyond the current proof-of-concept trials. While manual physical
cleaning  sufficed  for  controlled  experimental  validation,  tailored  automated
backwashing  and  in-situ  chemical  cleaning  strategies  compatible  with  the
curtain-type  hollow  fiber  configuration  are  required  to  meet  the  operational
demands of large-scale facilities, balancing fouling mitigation efficiency with
the  integrity  of  the  functional  dynamic  cake  layer.  Brief  transient  turbidity
elevations  during  the  initial  10-15  min  of  system  start-up,  prior  to  full  cake
layer  compaction,  can be further  mitigated via pre-coating or  hydrodynamic
optimization to  shorten the water  quality  stabilization period for  compliance
with  stringent  discharge  requirements.  Although  the  50-day  pilot  trial
confirmed the  structural  integrity  of  PP  fibers  under  typical  MBR  hydrody-
namic conditions, extended thousand-hour-scale tests are needed to evaluate
the  evolution  of  fiber  pore  size  and  mechanical  properties  under  persistent

aeration  shear  and  repeated  cleaning  cycles,  supporting  robust  whole-life-
cycle  cost-benefit  analyses.  Notably,  the  interfacial  interaction  mechanisms
quantified via XDLVO analysis herein provide a robust theoretical foundation
for rational PP substrate modification—future efforts can tune surface charge
density  or  acid-base  interaction  intensity  to  accelerate  dynamic  membrane
formation  and  further  suppress  long-term  fouling  propensity.  Collectively,
addressing these priorities will  solidify the technical and economic competi-
tiveness of CTDM systems for next-generation MBR applications.

 CONCLUSION
In this work, a polypropylene hollow fiber CTDM was developed for waste-

water treatment in membrane bioreactors. The CTDM achieved a high opera-
tional flux of 80 LMH and reduced effluent turbidity to less than 5 NTU within
3 minutes,  outperforming conventional  PVDF membranes that  only  reached
15 LMH under the same conditions. Its unique structural design greatly saves

 

Figure 5.  Interaction energy analysis based on XDLVO theory (A1-A4) Variation of ULW, UAB, UEL, and UTOT between CTDM and sludge with distance; (B1-B4) Variation of f ULW, UAB,
UEL and UTOT among sludge particles with distance.
 

Figure 6.  Operation performance of the medium-scale CTDM (A) TMP variation in synthetic domestic sewage; (B) TMP variation in domestic sewage; (C) TMP variation without
activated sludge (synthetic vs. domestic sewage); (D) Effluent turbidity in synthetic and domestic sewage; (E) TMP variation at flux of 80 LMH in domestic sewage; (F) Pollutant
removal performance in domestic sewage.
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Figure 7.  Operation performance of the large-scale CTDM (A) TMP and Turbidity; (B) EPS content on membrane surface; (C) 3D-EEM of effluent (10 min after startup); (D) 3D-
EEM of effluent at 15 LMH; (E) Particle size distribution; (F) 3D-EEM of effluent at 25 LMH; (G) 3D-EEM of effluent at 75 LMH.
 

Table 1.  Performance comparison of CTDM with other DMs.

Pore size
(μm)

TSS
(g·L-1)

Formation
time

Turbidity
(NTU)

COD removal
rate

NH4
+

removal rate
Flux
(LMH)

Flux in the same footprint
(100 m2) (LMH·m-2) Reference

0.39 4.2 3 d ＜ 2 97.5% 26.5% 4.6±0.83 0.184 Ref.37

2 1.5 NM ＜ 2 93.4% 97.2% 93±4 0.93 Ref.24

30 8±0.2 6-8 d ＜ 2 92.3% NM 15 0.15 Ref.6

50 1.5 NM ＜ 5 90.1% 97% 93±4 0.93 Ref.24

70 4.2±0.5 7h ＜ 2 NM NM 17 0.17 Ref.31

90 NM 20 min 1 NM NM 21 0.21 Ref.4

300 5.8±1.7 15-45 min ＜ 10 NM NM 100 1 Ref.38

200 3.5 ＜ 5min ＜ 3 78% 94.9% 80 2.4 This study

NM: Not mentioned in the text.
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floor space and reduces the overall cost by 47.3%. The rapid formation of the
CTDM  is  reasonably  explained  by  the  XDLVO  theory.  Activated  sludge
primarily  governs  filtration  performance,  while  EPS act  as  the  major  foulant
during long-term operation.  As a cost-effective and high-performance alter-
native,  this  dynamic  membrane  technology  has  bright  prospects  for  large-
scale engineering application in MBR systems.
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