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Advanced electrically conductive carbon
nanotubes-PVDF composite membranes
with electro-promoted water treatment
performance

Yongke Zhang1,2, Jiajian Xing 1,2, Gaoliang Wei1,2, Linhua Rao1, Guangze He1,
Hao Du1, Haiguang Zhang 1, Xu Wang1, Shuo Chen1 & Xie Quan 1

Decentralized water supply is essential for providing clean and safe drinking
water, especially in underdeveloped regions. Membrane technology is a key
process for removing pathogens and suspended solids from polluted water
sources. This study constructs electrically conductive membranes (ECMs)
using carbon nanotubes (CNTs) confined within polarized poly(vinylidene
fluoride) (PVDF) through C-F interactions. The resulting membranes achieve
ultrahigh water permeance, 3.5 to 5.2 times higher than four commercial
polymer membranes with similar pore sizes. They maintain good electrical
conductivity and mechanical strength. Applying a weak negative potential
induces electrostatic repulsion between the ECMs and foulants, enhancing
antifouling performance by over 10 times in terms of backwashing interval
compared to conventional polymer membranes. A demonstration project
confirms the feasibility of industrial-scale production with a capacity of
11.5 m2 h−1, corresponding to an annual yield of approximately 100,000m².
Another field demonstration for drinking water treatment, with a capacity of
300m3 day−1, shows improved effluent quality, 53% energy savings, and 95%
cost reduction for chemical cleaning compared to conventional processes.
This study provides a cost-effective and efficient solution for addressing
drinking water security challenges in underdeveloped regions through the
enhanced performance of CNTs-PVDF ECMs.

Global population growth and severe climate change are compound-
ing water scarcity in arid regions, while contamination from industrial
effluents, agricultural runoff, and urban waste depletes safe water
supplies1,2. According to a new report from the United Nations (UN)
World Water Development, around 3.6 billion people lack adequate
sanitation services for accessing clean and safe drinking water. The
sustainable development goals of cleanwater promoted by theUN aim
to ensure availability and sustainable management of water and

sanitation for all by 20303. The gap between current situation and
goals mainly lies in the water security issues in underdeveloped areas,
which lack centralized water treatment and distribution systems, or
have nonexistent sanitation facilities. It is currently an important issue
with an increasing demand for innovative water purification technol-
ogies to provide safe and clean water4,5. As a physical strategy, mem-
brane filtration is an effective technology to close the gap of water
security demands in undeveloped areas, which could provide reliable
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removal of pathogens, easy deployment and decentralized operation,
low operational cost and maintenance5,6, minimized or even elimi-
nated chemical agents or disinfectants7,8. However, current mem-
branes still face serious challenges of low water permeance and
persistent membrane fouling accumulation, restricting their wider
applications in low-income countries or areas9–11. Recently, electrically
conductive membranes (ECMs) represent a revolutionary advance-
ment over conventional membranes, which could combine electro-
chemistry to improve significantly water penetration, ions/molecules
rejection, and antifouling performance12–14. However, there is still a
great challenge to fabricate the ECMs concurrently possessing high
filtration performance, high electrical conductivity, and high
mechanical strength at present. Overcoming the challenges requires
innovative approaches in material design, processing methods, and a
deep understanding of the interplay among electrical, mechanical, and
filtration characteristics.

Among the materials for fabrication of the ECMs, carbon nano-
tubes (CNTs) have emerged as one of the preferredmaterials owing to
their exceptional electrical conductivity (generally higher than
1 × 104 Sm−1), and atomically smooth inner/outer surface15. Molecular
dynamic simulations show that, in these atomically smooth and
hydrophobic CNTs, water molecules exhibit a free-slip flow with rates
4–5 orders of magnitude higher than those calculated from Knudsen
diffusion16. However, themembraneswith separation layers composed
entirely of CNTs are structurally fragile, making them difficult for
practical application. It has been reported that CNTs could be inte-
grated with polymers to significantly improve mechanical strength of
CNTs membranes, which allows them to withstand higher pressures
and harsh operating conditions without deforming or fracture12,17.

Among these polymers, PVDF is widely adopted as a base polymer
for fabricating membranes owing to its outstanding chemical inert-
ness, excellent mechanical robustness, and favorable cost profile.
Currently, some CNTs-PVDF composite membranes have been
reported18–23, most of which are structurally classified as flat-sheet
membranes. Compared with the flat-sheet membranes, hollow fiber
membranes usually offer clear advantages, including higher packing
density, lower investment cost, and lower energy consumption.
Recently, several studies have reported the CNTs-PVDF hollow fiber
membranes24,25, which were prepared by depositing CNTs on PVDF
membrane substrate via vacuum-assisted filtration. Since PVDFmerely
acts as the substrate and the CNTs are not crosslinked, this membrane
is structurally unstable and is far from practical applications. It is
believed that the usage of PVDF to crosslink CNTs to construct a CNTs-
PVDF hollow fiber membranes could resolve the problem. However,
suchmembranes have been rarely reported. It is still a great challenge
to fabricate such membranes with high performance, primarily due to
the trade-off among their separation performance, structural stability,
and electrical conductivity.

In this study, we propose a method for scalable fabrication of the
CNTs-PVDF hollow fiber membranes with high separation perfor-
mance, through the synergic regulation of well-designed wet-spinning
parameters. Benefiting from the unspoiled smooth surface of CNTs,
themembranes have a permeanceof 3.5–5.2 times higher than thoseof
commercial PVDF membranes with a similar pore size. More impor-
tantly, since β-phase PVDF has a net dipole moment per unit cell, and
the fluorine atoms in the all-trans chain of β-phase PVDF are highly
electronegative, the molecule chains could potentially function as
“bridges” to lower the energy barrier for electron conductivity
between adjacent CNTs via their interactions with π-bonds of CNTs,
exhibiting a good electrical conductivity. We also report that a nega-
tive potential on the membranes could induce a dense water layer at
water/CNTs interface and electrostatic repulsion between the mem-
brane and negatively charged foulants (such as natural organic matter
(NOM), microorganisms, oil-droplets, and clay colloids, etc.), which
could inhibit the foulants from adhering onto the membranes, and

thus significantly improve their antifouling performance. A demon-
stration project for scalable fabrication of the CNTs-PVDF composite
ECMs with a production rate of 11.5m2 h−1 (corresponding to an annual
yield of around 100,000m2) has evidenced the feasibility of their
industrial-scale production. Another field demonstration project for
drinkingwater treatmentwith a capacity of 300m³day−1 demonstrates
that the electrified membrane process equipped with the ECMs pro-
duces water with much better quality and low operation cost, and
saves about 53% energy consumption and 95% cost for chemical
cleaning in comparison to conventional drinking water treatment
process. This study presents a revolutionary approach for boosting
performance of membrane technology, which may provide a cost-
effective, easily manageable, and highly efficient approach to tackle
the critical drinking water security challenges faced by people from
underdeveloped regions.

Results and discussion
Membrane fabrication and characterization
The CNTs-PVDF hollow fiber membranes were fabricated through
continuous wet-spinning of cast dispersion, which was prepared by
dispersing the α-phase PVDF powder and pristine CNTs into organic
solvent. The continuous wet-spinning process mainly includes the
phase conversion in coagulation bath, water/hot water wash, soak in
glycerol, and product collection (Supplementary Fig. 1). As schemati-
cally shown in Fig. 1a, the solidified membranes gradually exhibit an
organized structure following the stages of gravity-driven traction,
flow-driven traction, and drawing-driven traction due to the combined
effects of shearflow and solvent exchange. The X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) spectra of PVDF powder and
CNTs-PVDF dispersion demonstrate that the α-phase PVDF is partially
converted to β-phase PVDF during the stirring process of the disper-
sion, for which the percentage of β-phase PVDF was increased from
30.19% to 38.12% (Supplementary Figs. 2–4 and Table 1). Since the β-
phase PVDF is a polar crystalline formpossessing a net dipolemoment
per unit cell caused by an all-trans (TTTT) conformation of PVDF
molecular chains, the chains could interact with π-bonds of CNTs26,27,
which could diminish van der Waals interactions among CNTs and
promote their uniform dispersion (Fig. 1b and Supplementary
Figs. 5–7). The Raman spectra show the intensity ratio of G peak to D
peak (IG/ID) for the cast dispersion is increased in comparison to thatof
raw CNTs powder (Supplementary Fig. 8), suggesting the graphitiza-
tion of CNTs is improved during their dispersion process. The
improved graphitization of CNTs should be attributed to the fact that
the stir-induced shear forces lead to the detachment of sp3 amorphous
carbon fromCNTs and an enhanced exposure of sp2 hybridized carbon
atoms, which is conducive to the increase of both water permeance
and electrical conductivity.

The fabricated membranes are shown in Fig. 1c, verifying the
feasibility of large-scale preparation of CNTs-PVDF membranes.
Meanwhile, with the tensile force along the axial direction and the
progression of phase conversion, the thickness of the separation layer
were gradually decreased from 138 nm for CNTs-PVDF30 membranes
to 95 nm for CNTs-PVDF100 membrane, which could lower the water
transport resistance across the membranes separation layer. The
scanning electron microscope (SEM) images of the fabricated CNTs-
PVDF membranes are shown in Fig. 1d–f and Supplementary
Figs. 9 and 10. Their surfaces exhibit a porous structure formed by the
interlacement of CNTs and PVDF. The cross-sectional SEM images
show that the CNTs-PVDF membranes feature a dense skin layer and
highly porous inner surface. The thin dense layer could contribute to
the selective passage of watermolecules while rejecting contaminants.
The distinctly porous inner surface is conducive to rapid water trans-
port. It could be observed that the CNTs underneath the separation
layer tend to be arrayed parallelly to water transport pathways (Fig. 1f,
g), which is induced by shrinkage and agglomeration of PVDF chains
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during phase conversion because of the exchange between water and
solvent. The alignedCNTs could provide short and direct pathways for
water molecules to pass through the membrane, reducing hydraulic
resistance and enhancing water permeance.

It is found that the extrusion velocity of cast dispersion is an
important factor that affects structural strength and electrical con-
ductivity of resultant CNTs-PVDF membranes. Seven CNTs-PVDFx
membraneswerepreparedby regulating extrusion velocity (x = 30, 40,
50, 60, 75, 85, and 100mLh−1). As shown in Supplementary Fig. 11, all
CNTs-PVDFx membranes (CNTs-PVDF30, CNTs-PVDF40, CNTs-PVDF50,
CNTs-PVDF60, CNTs-PVDF75, CNTs-PVDF85, CNTs-PVDF100) exhibit
perfectly circular cross sections. With an increase in extrusion velocity
from 30 to 100mLh−1, their outer diameters increase from 1.35mm for
CNTs-PVDF30 membranes to 1.55mm for CNTs-PVDF100 membranes.

Tensile stress tests show the increased thickness improves the break-
ing load of the CNTs-PVDF membranes from 1.37 to 1.79N (Fig. 1h and
Supplementary Fig. 12). The breaking load of 1.79N is comparable to
those of commercial PVDF membranes (Supplementary Fig. 13), sug-
gesting the mechanical strength of CNTs-PVDF membranes is suffi-
cient for practical water treatment applications. Meanwhile, the SEM
showed the low extrusion rate at 30 and 40mLh−1 would lead to
asymmetric membrane wall due to the uneven surface tension at the
spinet28,29. When the extrusion velocity during membrane fabrication
was increased to 50 ~ 100mLh−1, the cross-section and surface of the
CNTs-PVDF membranes were uniform and no visible defects of the
CNTs-PVDF membranes were observed on industrial-scale, which
confirmed their practicality (Supplementary Fig. 14). The increase of
extrusion velocity could also enhance intensity of F1s peak in X-ray
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photoelectron spectra (XPS) of corresponding CNTs-PVDF mem-
branes, which indicates the promotion of polar β-phase PVDF (Sup-
plementary Fig. 15)30. The XRD spectra and FTIR analyses also
suggested that the increase of extrusion velocity could promote con-
version from α-phase PVDF to β-phase PVDF. When the extrusion
velocity increases from 30 to 100mLh−1, the relative percentage of β-
phase PVDF was linearly increased from 44.25% to 87.68% (Supple-
mentary Figs. 16 and 17 and Table 2). The inference could be further
confirmed by 2D wide-angle X-ray diffraction (2D-WAXD) patterns
(Fig. 1i and Supplementary Fig. 18), in which a strong diffraction arc for
CNTs-PVDF30membranes gradually changes over to aweak diffraction
arc-pot for CNTs-PVDF100 membranes with an increase of extrusion
velocity from30 to 100mLh−1, sincediffraction arc and diffraction arc-
pot are typical patterns of α-phase and β-phase PVDF, respectively31,32.

The electrical conductivity of CNTs-PVDF membranes as a func-
tion of extrusion velocity is shown in Fig. 2a. With the increase of
extrusion velocity from 30 to 40, 50, 60, 75, 85, and 100mLh−1, the
electrical conductivity of dried CNTs-PVDFmembranes increases from
3.6, to 6.9, 12.8, 17.7, 29.3, 51.2, and64.0 Sm−1 respectively,whichcould
be attributed to the increased relative percentage of β-phase PVDF
from 44.25% to 87.68%. The electrical conductivity of CNTs-PVDF
membrane is 9 ~ 11 orders of magnitude higher than that of PVDF
membranes (10−10 ~ 10−9 Sm−1, Supplementary Fig. 19), verifying good
electrical conductivity of CNT-PVDF membranes and the success in
preparation of ECMs. To further demonstrate their high electrical
conductivity, CNTs-polyacrylonitrile (CNTs-PAN) membranes and
CNTs-poly (ether sulfone) (CNTs-PES) membranes were also prepared
under the same conditions for comparison. It is found that the elec-
trical conductivity (64.0 Sm−1) of CNTs-PVDF100 membranes is 2 ~ 3
orders of magnitude higher than those of CNTs-PAN membranes
(0.128 Sm−1) and CNTs-PES membranes (0.043 Sm−1, Supplementary
Fig. 20), though they have the same mass ratio of CNTs to polymer.

Meanwhile, the comparison of the electrical conductivity among
conductive composite membranes shows that the CNTs-PVDF85
membrane exhibited an excellent conductivity of 51.2 Sm−1, which is
significantly higher than those of other conductive CNTs-polymer
composite membranes reported in previous studies (Supplementary
Table 3).

To understand the unexpectedly high conductivity of CNTs-PVDF
membranes, electrochemical tests were subsequently performed. As
shown in Fig. 2b, their I-V curves showa typical nonlinear behaviorwith
the membrane potential between 0 and −0.35 V vs. Ag/AgCl, and the
current gradually increased linearly with the potential increasing from
−0.35 to −1.35 V vs. Ag/AgCl. This I-V variation phenomenon could be
attributed to the electron tunneling behaviormotivated by an external
electrical potential33. Electrochemical impedance spectroscopy (EIS)
curves were measured to analyze the electron transport resistance
within the CNTs-PVDF membranes. The result shows that the Nyquist
plots exhibit a significant reduction in charge transfer resistance for
the CNTs-PVDF100 membrane in comparison to CNTs-PVDF30 mem-
branes (Fig. 2c). Temperature-dependent conductivities were also
measured and the activation energy (Ea) was calculated fromArrhenius
equations to further assess the electron transport behavior (Fig. 2d, e).
Ea stands for the minimum energy barrier that needs to be overcome
for electron transfer, reflecting the energy requirements of electron
transport in themembrane34,35. The results in Fig. 2d, e show the values
of Ea for CNTs-PVDFmembranes are in the range of between0.0038 eV
for CNTs-PVDF100 and 0.011 eV for CNTs-PVDF30, while the values for
CNTs-PAN and CNTs-PES membranes are as high as 0.31 eV and
0.46 eV, respectively. The Ea value of CNTs-PVDF membrane is far
lower than those of CNTs-PAN and CNTs-PES membranes, implying
that electrons could transfer from one CNT to other CNTs through β-
phase PVDF chains much more easily than through PAN or PES poly-
mer chains. With an increase in temperature, more electrons could
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acquire enough energy to overcome energy barrier and transfer from
oneCNT to another, which is the reason that the conductivity of CNTs-
PVDF100 membranes increases with increasing temperature. The good
electrical conductivity of CNTs-PVDFmembranesmay be attributed to
the strong dipole interactions between β-phase PVDF chains and CNTs
surfaces, which facilitates local charge redistribution through over-
lapping dipole moments from β-PVDF and delocalized π-electrons
from CNTs, establishing pathways for efficient electron transport
(Fig. 2f), which needs further exploration.

The mass ratio of CNTs to PVDF could also affect the electrical
conductivity of CNTs-PVDF membranes. Experimental results show
that, with the increase of the mass ratio of CNTs to PVDF from 0.2 to
0.5, the electrical conductivity of resultant CNTs-PVDF membranes
increases correspondingly from 18.2 to 94.5 Sm−1 (Supplementary
Fig. 21). The result is predictable becausemoreCNTs in theCNTs-PVDF
membranes could providemore conductive paths. However, when the
mass ratio exceeds 0.3, as shown in Supplementary Fig. 22, the
mechanical strength of the prepared CNTs-PVDF membranes dete-
riorated, indicating an unstable structure. Therefore, the membranes
prepared at a high mass ratio of CNTs to PVDF are not further dis-
cussed in this study.

Narrow pore size distribution is an important characteristic of
high-quality membranes, which could endow the membranes with
high selectivity and antifouling performance. By using CNTs-PVDF85
membrane as an example, we analyze the pore size distribution of
CNTs-PVDFmembranes. As shown in Fig. 3a, the pore size distribution
curve of CNTs-PVDF85 membranes shows that more than 99% of their
pores are distributed within the range between 51 and 57nm, with a
sharp peak at 52nm.Comparatively, four commercially obtained PVDF
membranes from internationally renowned brands with a similar pore
size of around 50 nm (named as CM1, CM2, CM3, and CM4, respec-
tively) have much wider pore size distributions. Quantitative analysis
indicates that the pore size distributions span 6 nm (51 ~ 57 nm) for
CNTs-PVDF85 membranes, which is narrower than 32 nm (51 ~ 83 nm)
for CM1, 20 nm (45 ~ 65 nm) for CM2, 10 nm (45 ~ 55 nm) for CM3, and
8 nm (38 ~ 46 nm) for CM4, respectively. The narrower pore size dis-
tribution of CNTs-PVDF membranes may be attributed to the inter-
woven CNTs framework in membranes restricting the formation of
irregular and oversized pores during phase inversion. The narrow pore
size distribution could help the CNTs-PVDF membranes achieve more
precise separation and higher antifouling performance than com-
mercial PVDF membranes.

Permeance of CNTs-PVDF membranes and antifouling
performance by electrifying
TheCNTs-PVDF85membrane is selected for evaluation of performance
of the ECMs from the perspective of balancing water permeance,
mechanical strength and electrical conductivity (Supplementary
Figs. 13 and 23). The experimental results show that the CNTs-PVDF85
membrane has a high water permeance of 1728 Lm−2 h−1 bar−1, which is
3.5 ~ 5.2 times as much as those of three commercially obtained PVDF
membranes with a similar pore size of around 50nm as shown in
Fig. 3b (specifically, 5.2 times, 3.7 times, and 3.5 times asmuch as those
of CM1, CM2, and CM3, respectively). The water permeance for CM4 is
measured to be 209 Lm−2 h−1 bar−1. We could not compare the water
permeances of the CNTs-PVDF85 directly to that of CM4 because it has
12 nm smaller pore size than CNTs-PVDF85. We could not directly
compare the water permeance of CNTs-PVDF85 with CM4 due to the
12 nm smaller average pore size of CM4 (~ 40 nm vs. 52 nm for CNTs-
PVDF85). Assuming CM4 had equivalent 52 nm pore size as CNTs-
PVDF85 membrane, its permeance could be estimated to be
344 Lm−2 h−1 bar−1. It means that CNTs-PVDF85 membrane exhibits
about 5.0-fold higher permeance than CM4 with similar pore size. To
investigate the reason for the excellent permeance of CNTs-PVDF
membranes, their porosity was measured (Fig. 3c). It was found that

the CNTs-PVDF85 membranes have a high porosity of 93.8%, which is
higher than those (65.8%–78.2%) of commercial PVDF membranes,
suggesting that the CNTs-PVDF85 membranes possess more channels
for water transport. According to the Hagen–Poiseuille equation, the
membrane permeability is proportional to its porosity; therefore, the
permeance of CNTs-PVDF85 membranes should be theoretically
1.2 ~ 1.4 times as much as those of PVDF membranes, which is much
lower than the actual permeance increase of 3.5 ~ 5.2 times observed. It
suggests that the increase of porosity is not the main reason for
obviously high permeance of CNTs-PVDF85, there must be other rea-
son that plays more important role in obvious permeance augment.

Benefitting from the interactions between CNTs and β-phase
PVDF, the pristine CNTs without any surface modification could be
well dispersed into organic solvents. As a result, their atomically
smooth and hydrophobic surface is retained in CNTs-PVDF mem-
branes. The first-principle calculation shows that the adsorption
energy of −0.122 eV between pristine CNTs and water molecules is
significantly lower than that between PVDF and water molecules
(−0.187 eV), suggesting that water molecules could undergo a much
lower transport resistance in CNTs-based membranes than in PVDF
membranes (Fig. 3d). Molecular dynamics (MD) simulations reveals
that there exists a vacuum gap between water molecules and the sur-
face of CNTs (Fig. 3e). The vacuum gap could minimize the water-wall
friction betweenwatermolecules and CNTs, allowing a free-slipflow in
CNTs-basedmembranes. As revealed, because ofminimized hydrogen
bond interactions between oxygen-containing functional groups and
watermolecules, the pristineCNTsare conducive to ultrafast transport
of water molecules at water-CNTs interface, which could be the main
reason for ultrahigh permeance of CNTs-PVDF membranes. The com-
prehensive comparison between CNTs-PVDF85 and commercial PVDF
membranes suggests that CNTs-PVDF membranes could be out-
standing for practical applications.

Membrane fouling is one of the great challenges facing current
membrane-based separation technologies, which could result in a
serious flux decline and an obvious operating cost increase. NOM is
one of the major reasons for membrane fouling during drinking water
treatment36. Therefore, humic acids, the most common component in
NOM and inherently negatively charged in surface water, are used to
investigate the antifouling performance of CNTs-PVDF membranes.
The CNTs-PVDF85 membrane with conductivity of 51.2 Sm−1 is chosen
and an electrified membrane process, equipped with CNTs-PVDF85
membrane is constructed for evaluation of antifouling performance
under electrifying condition. The CNTs-PVDF85 membrane is used as
working electrode, and a tubular titanium mesh positioned coaxially
outside the membrane was applied as the non-reactive counter elec-
trode. (Supplementary Figs. 24 and 25 and Table 4). The membrane
systemwas connected with electric power system for potential supply
and regulation (Supplementary Fig. 26). The electro-regulation is rea-
lized by applying a negative potential to the membranes, which is
tuned by external voltage. As the external voltage increases from 0 to
3 V, the potentials on the membranes change from 0 to −1.35 V (Sup-
plementary Fig. 27a). The corresponding potentials on titanium mesh
change from 0 to +1.65 V vs Ag/AgCl, which is far lower than the
required potential for passivation by forming an insulating TiO2 layer.
Cyclic voltammetry (CV) analysis reveals the absence of reduction
peaks in the corresponding CV curves in the potential range, sug-
gesting no detectable hydrogen evolution reaction occurs within the
applied potential range (Supplementary Fig. 27b). The results
demonstrate that the electrified membrane process consumes little
energy.

As shown in Fig. 3f, without applying anexternal potential, theflux
of CNTs-PVDF85 membranes decreased to 67% of the initial flux after a
1-h treatment of water with 10mgL−1 HA, indicating HA could cause
membrane fouling. When a low potential of −0.3 V vs. Ag/AgCl was
applied on the membrane, the flux decline could be obviously
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retarded, as evidenced by a higher flux (88% of the initial flux) after a
1-h treatment.With an increase of themembrane potential from −0.3V
to −1.35 V vs. Ag/AgCl, their antifouling performance could be further
improved. Specifically, the flux decreases to about 95% of the initial
value at a potential of −1.35 V vs. Ag/AgCl, exhibiting excellent anti-
fouling performance with only a 5% water flux decrease after 2-h
treatment. After a prolonged operation time of 5 h, the CNTs-PVDF85

membrane could preserve a high normalized flux of 90% at a potential
of −1.35 V vs. Ag/AgCl. In contrast, the normalized flux of four com-
mercial PVDF membranes (namely CM1, CM2, CM3, and CM4)
decreased down to 30% ~ 40% of their initial values (Supplementary
Fig. 28). Further test showed that the flux of CNTs-PVDF85 membranes
was still above 50% of their initial value even after an operation of 38 h
at a potential of −1.35 V vs. Ag/AgCl. By contrast, the fluxes of

1728

332
461 499

344

0
200
400
600
800

1000
1200
1400
1600
1800
2000

xulF
(L

�m
-2

 h
-1

rab
-1

)

5.
2 

tim
es

3.
7 

tim
es

3.
5 

tim
es

5.
0 

tim
es

CM1 CM2 CM3 CM4CNTs-PVDF85100 90 80 70 60 50 40 30 20 10 0

0

20

40

60

80

100

0
10
20
30
40
50
60
70
80
90

100  CNTs-PVDF85
 CM1
 CM2
 CM3
 CM4

)
mn(

ezis
erop

nae
M

 CNTs-PVDF85

 CM1
 CM2
 CM3
CM4

)
%(

noitubirtsid
wolf

ezis
eroP

Diameter (nm)

93.8

65.8
75.5 78.2 77.7

0

20

40

60

80

100)
%(

ytisorop
egarev

A

CM4CM3CM2CM1CNTs-PVDF85

a b c

d e

-0.122

-0.187

CNTs PVDF
0.0

-0.1

-0.2

-0.3

-0.4

Δ
E a

bs
)Ve(

Top view

(ii)

Side view

(i)

0 20 40 60 80 100 120
0

20

40

60

80

100

with -1.35 V
with -1.04 V
with -0.68 V
with -0.30 V
with -0.25 V
with  0 V

)
%(

xulf
dezila

mro
N

Running time (min)
0 2 4 6 8 10 12

0

20

40

60

80

100

)
%(

xulf
dezila

mr o
N

Running time (h)

47%

62%

98.5%

CNTs-PVDF30 0 V
CNTs-PVDF30 -1.35 V
CNTs-PVDF40 -1.35 V
CNTs-PVDF50 -1.35 V
CNTs-PVDF60 -1.35 V

CNTs-PVDF75 -1.35 V
CNTs-PVDF85 -1.35 V
CNTs-PVDF100 -1.35 V

f h

−0.196−0.165−0.157−0.172−0.168−0.181−0.155

−1.59

−4.15

−7.11
−8.69

−12.80

−16.38
−17.76

30 40 50 60 75 85 100
CNTs-PVDFX

CNTs-PVDFX 0 V-1

CNTs-PVDFX -1.35 V

0

−4

−8

−12

−16

−20

ytisned
egra hc

eca fru S
(

m
C

m
-2

)

i

0 3 6 9 12 15 18 21 24 27 30 33 36 39

40
55
70
85

100
40
55
70
85

100
40
55
70
85

100
40
55
70
85

100
CM4

Running time (h)

~3.0 hours

~2.5 hours

~2.3 hours

Extended by 12.6 times

CM3

Extended by 16.5 times

Extended by 15 times

CM2

~38 hours

CM1

)
%(

xulf
dezila

mro
N

~2.0 hours

Extended by 19 times
 CNTs-PVDF85 (-1.35 V vs. Ag/AgCl)

g

Article https://doi.org/10.1038/s41467-025-66260-3

Nature Communications |        (2025) 16:11419 6

www.nature.com/naturecommunications


commercial PVDF membranes declined by 50% within only 2 ~ 3 h
(around 2.0 h for CM1, 2.3 h for CM2, 2.5 h for CM3, and 3.0 h for CM4)
under the same pressure difference of 0.5 bar. The results indicate that
the electrically conductive CNTs-PVDF membranes have an extra-
ordinarily high antifouling capability under electrifying conditions.
The backwash cycle of the CNTs-PVDF85 membrane was extended to
12.6 ~ 19 times as long as those of four commercial PVDF membranes
(Fig. 3g). Consequently, benefited from the high water permeance and
the prolonged backwash cycle of CNTs-PVDF membrane, the mem-
brane material cost and the energy cost for the production of 1m3 of
water in bench-scale could be saved by 66% and 76% in comparison to
commercial PVDF membrane, respectively. (Supplementary Fig. 29
and Tables 5 and 6). The antifouling performance of CNTs-PVDF85
membrane was further evaluated by bovine serum albumin (BSA) and
sodium alginate (SA), which represent protein substances and poly-
saccharide substances, respectively. The results show that the CNTs-
PVDF85 membrane can prolong backwash cycle by 6.4 ~ 21.3 times and
7.5 ~ 9.7 times, respectively (Supplementary Figs. 30 and 31). These
results demonstrated the universality of the electrostatic repulsion
antifouling mechanism against negatively charged contaminants in
drinking water sources.

In order to explore the critical role of electric conductivity of
membranematerials in antifouling performance, wemeasured the flux
decline by using the membrane with different electrical conductivity
under a certain potential supply. As shown in Fig. 3h, when the CNTs-
PVDFmembranes were used as the cathode under an applied potential
of −1.35 ± 0.03 V, the water flux decline was suppressed, correlating
with the enhanced conductivity of themembrane. Specifically, the flux
of CNTs-PVDF30 membrane with a conductivity of 3.6 Sm−1 decreased
by about 53% and 75% of its initial value after 1-h and 12-h operation
(Supplementary Fig. 32). For CNTs-PVDF40 membrane with a con-
ductivity of 6.9 Sm−1, the flux decreased by about 38% and 70% of its
initial value after 1-h and 12-h operation. For CNTs-PVDF50, CNTs-
PVDF60, and CNTs-PVDF75 membranes with conductivity of 12.8, 17.7,
and 29.3 Sm−1, the flux declined by 20%, 9%, and 3% after 1-h operation,
and 53%, 47%, and 21% after 12-h operation, respectively. When the
conductivity increased to 51.2 Sm−1 and further to 64.0 Sm−1 as the
case of CNTs-PVDF85 and CNTs-PVDF100, we observed almost no flux
decline after 1-h operation, and only 17% and 14% flux decline after 12-h
operation. Moreover, the effects of voltage drop along the membrane
were investigated. As shown in Supplementary Figs. 33 and 34, the
voltage drop was only 0.86 V at a distance of 25 cm and the antifouling
performance was similar to that at the energized point of external
voltage, where the membrane pores remained clearly visible with rare
attachment of foulants. The voltage drop would increase to 1.36 V at a
distance of 50 cm and 2.15 V at 100 cm, which would indeed diminish
the electrochemical effects. Subsequent research will be continuouly
conducted to show that the problem could be readily resolved by
establishing 3 ~ 4 electrical contact points at equal intervals along the
axial direction of the membranes. The results above indicate that the
ECMs could reveal excellent antifouling performance under electrify-
ing condition, which suggests that, benefiting from the electrical
conductivity of CNTs-PVDFmembranes, applying negative potential to
the CNTs-PVDF membranes could inhibit adherence of negatively

charged humic acids on membranes surfaces, thereby mitigating
membrane fouling.

To understand the mechanism underlying the electrochemically
improved antifouling performance, the surface charge densities of as-
prepared membranes were measured. As shown in Fig. 3i, when the
CNTs-PVDF membranes were used as the cathode, the negative
potential on them could greatly increase their surface charge. For
example, the surface charge density of CNTs-PVDF100 membranes was
significantly increased from0.155mCm−2 at 0 V to 17.8mCm−2 under a
potential of −1.35 V.Moreover, with an increase in electric conductivity
from 3.6 to 64.0 Sm−1, the surface charge density correspondingly
increased from 1.6mCm−2 for CNTs-PVDF30 membranes to
17.8mCm−2 for CNTs-PVDF100 membrane. Due to negatively charged
nature of HA in natural water (for example, the zeta potential of
10mgL−1 HA solution is measured to be −45.5mV), the increased sur-
face charge density of CNTs-PVDF membranes induced by increased
potential applied could enhance the electrostatic repulsion between
membrane surface and HA molecules, which could be one of major
reasons to the improved antifouling performance of CNTs-PVDF
membranes under negative electrifying (Fig. 4a). Density functional
theory (DFT) calculations indicate that the adsorption energy (ΔEads)
between CNTs and HA molecule is −34.2 Kcalmol−1, suggesting HA
molecules are able to be adsorbed on CNTs (Fig. 4b–d). When a
negative potential is applied on the CNTs with a charge density of
2e− nm−2, the ΔEads become +15.6Kcalmol−1, suggesting that HA
molecules are prone to be detached from CNTs. Both the calculation
and experimental results well support the electrostatic repulsion
mechanism for significant improvement of antifouling performance,
which assumes the electrostatic repulsion between membrane sur-
faces and HA molecules could obviously alleviate membrane fouling.
To verify the universality of the antifouling strategy to other fouling
contaminants, we measured zeta potentials of other common fouling
substances in water, such as sodium alginate, BSA, oleic acid (repre-
senting vegetable oil), n-hexadecane (representing mineral oil), and
bentonite colloids. As shown in Supplementary Table 7, the zeta
potentials of all these substances are negatively charged when they
exist in pure water at ppm level, implying that electrostatic repulsion
mechanism realized by applying negative potential to ECMs could be
universal strategy for antifouling against various foulants.

To further investigate the antifoulingmechanism, the surface free
energies of CNTs-PVDF85 membrane and four commercial PVDF
membranes are measured. As shown in Supplementary Fig. 35, the
CNTs-PVDF85membrane has a high surface free energy of 55.9mNm−1,
which is obviously higher than those of commercial PVDF membranes
(46.9mNm−1 for CM1, 41.1mNm−1 for CM2, 48.1mNm−1 for CM3,
43.7mNm−1 for CM4). The high surface free energy of CNTs-PVDF85 is
attributed to their polarizedβ-phasePVDFcharacterizedby anall-trans
planar zigzag conformation with polar -CF2-CF2 dipoles aligned in the
same direction. It is also found when −1.35 V potential is applied to the
membranes by applying 3.0 V voltage, the surface free energy of CNTs-
PVDF85 membrane is increased to 57.1mNm−1. Higher value of surface
free energy means that water interacts more strongly with the mem-
brane, leading to the membrane to be more hydrophilic (Supple-
mentary Fig. 36). MD simulations show that there exists a dense water

Fig. 3 | Membrane performance evaluation. a Pore distribution of CNTs-PVDF,
CM1, CM2, CM3 and CM4 membranes. Inserted image is the mean pore size.
b Comparison of pure water permeances of CNTs-PVDF, CM1, CM2, CM3 and CM4
membranes (CM1, CM2, CM3 and CM4 are commercial PVDF membranes from
internationally renowned brands). c Average porosity of CNTs-PVDF, CM1, CM2,
CM3 and CM4 membranes calculated according to the Griess method. d DFT-
calculated adsorption energies of CNTs-water and β-PVDF-water. Inserted images
are DFT-calculated electron density difference distributions between CNTs/water
and PVDF/water, respectively. e MD-calculated water molecular adsorption

behavior at CNTs-water interface. f Normalized flux decreasing of CNTs-PVDF
membrane filtrating HA solution under external potentials of 0 V, −0.25V, −0.30V,
−0.68 V, −1.04V, −1.35 V vs. Ag/AgCl. g Backwash intervals of the CNTs-PVDF
membrane were extended by 12.6-19 times longer than those of the CM1, CM2,
CM3, and CM4membranes. h Antifouling performance comparison of CNTs-PVDF
membranes under external potential of−1.35 V vs. Ag/AgCl. Thedashed line is guide
to the eye. i Surface charge density of CNTs-PVDF membranes under external
potentials of 0 Vand−1.35 V vs.Ag/AgCl. Error bars indicate the standarddeviations
from three different samples. The data are presented as mean ± SD.
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layer at water/CNTs interface with a water molecule density of
168 nm−3, which is increased to 194 nm−3 in the water layer when the
CNTs have a charge density of 2e− nm−2 (Fig. 4e). Moreover, the water
molecules are more ordered and closer to the CNTs. The dense water
layer could create a shielding effect that prevents the direct physical
attachment of foulants onto the membrane surface (Fig. 4f). The
results demonstrate that both electrostatic repulsion and dense water
layer are responsible for the excellent antifouling performance of
CNTs-PVDF membranes under electrifying conditions.

Flux recovery efficiencybybackwashing is an important indicator
that reflects the anti-irreversible fouling ability of membranes. It was
observed that when no potential was applied during water treatment,
the flux recovery of CNTs-PVDF85 membranes was 70% after three
filtration-backwash cycles (Supplementary Figs. 37 and 38), which is
higher than that of commercial CM1 (58%), CM2 (30%), CM3 (50%), and
CM4 (64%) membranes. The results suggest the CNTs-PVDF85 mem-
brane possessed intrinsic capability for anti-irreversible fouling. When
a potential of −1.35 V vs. Ag/AgCl is applied to the CNTs-PVDF85
membranes during filtration process, the flux recovery by back-
washing could reach to nearly 100% (Supplementary Fig. 39), which is
much higher than those of all commercial membranes tested
(30%–64%) under the same conditions. To evaluate the leaching risk of
CNTs from the membranes, the effluents during filtration,

backwashing and chemical cleaning processes were collected at 20,
40, and 60min, and were then filtered through a blank PVDF substrate
membrane. The SEM images of themembranes confirmed the absence
of CNTs in effluent (Supplementary Figs. S40–S43), which evidences
that no CNTs were detached from the membranes during filtration,
backwashing, and chemical-cleaning processes. Given the time lim-
itations, allowing only a short run of the experiment, the result would
be further confirmed in subsequent work via a longer-term evaluation
ranging from several months to even years. The results indicate that
the negative potential applying could effectively suppress the forma-
tion of irreversible fouling during water treatment (Supplemen-
tary Fig. 44).

Demonstration for scalable production of CNTs-PVDF ECMs
In order to demonstrate the feasibility of scalable production of the
CNTs-PVDF hollow fiber ECMs, we performed a demonstration project
in a membrane production plant in Tianjin, China. We adopt a con-
tinuous wet-spinning process with a production rate of 11.5m2 h−1

(corresponding to an annual yield of 100,000m2). The operating
parameters of the wet-spinning process were directly adopted from
laboratory experiments (Fig. 5a and Supplementary Fig. 45). The
parameters, which characterize membrane quality, such as water
permeance, electric conductivity, structural strength, porosity, and
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water contact angle of produced CNTs-PVDF ECMs are summarized in
(Supplementary Fig. 46). As revealed, the main parameters of the
CNTs-PVDF ECMs produced by full-scale process are similar to those
prepared in lab-scale, indicating that the magnification of production
scale retains the high performance of CNTs-PVDF ECMs. The cost of
CNTs-PVDF ECMs production, mainly from raw materials including
CNTs, PVDF, pore-forming agents, and solvents (Supplementary
Tables 8–10), is determined to be about $2.1m−2, which is comparable
to those of commercial PVDF membranes. Their high performance,
feasibility of scalable production, and low cost endow the CNTs-PVDF
ECMs with great potential to be practically applied as advanced new-
generation membranes.

The membrane modules applying for electrified process were
designed, in which the electrically conductive membrane fibers were
fixed together in a bundle, and connected to a titaniumwire using both
conductive adhesive and epoxy resin (Fig. 5b, c). A tubular titanium
meshwasused as the counter electrode andplacedon the innerwall of
the modules (Fig. 5d). The membrane modules could be customized
on demand with various sizes and conformations. For example, Fig. 5e
shows two commercial-scale column-type membrane modules, which
have different lengths of 1200mm and 2000mmwith the same outer
diameter of 238mm.

Field demonstration for drinking water treatment applying
electrified membrane process equipped with ECMs
Decentralized water purification solution is critical in underdeveloped
areas lacking robust infrastructure or in secondary water supply for
urban communities. The essential facilities for this purpose must be
characterized by effective removal of pathogens and suspended par-
ticulates, easily deployable designs, minimal energy requirement and
maintenance, and modular scalability. Herein, a field demonstration is
performed for evaluation of performance of the electrified membrane
process equipped with ECMs in water treatment. Membrane filtration
equipment was constructed by utilizing twenty membrane modules,
equipped with CNTs-PVDF ultra-filtration ECMs with average pore size
of 15 nm and electric conductivity of 45 Sm−1. The total effective
membrane area of the equipment is 125m2 (Fig. 6a), providing a water
production capacity of 300m3 day−1. According to UN recommenda-
tions, the daily per capita water consumption is 50 ~ 100 L in undeve-
loped regions and 150 ~ 300 L in urban areas, respectively3. Thus, this
field demonstration could meet the water demands of 3000 ~ 6000

people in low-income villages or 1000 ~ 2000 people in urban com-
munities. The demonstration was performed in a drinking water
treatment plant Dalian, China. The plant adopts a conventional water
treatment process of coagulation/sedimentation, sand filtration, and
chlorination. The rawwater is from a reservoir nearby. As illustrated in
Supplementary Fig. 47, the water treatment process was consisted of a
pre-treatment unit with a polypropylene cotton filter followed by the
electrified membrane filtration unit with −0.92 V potential on the
membranes by applying 2.0V voltage.

Figure 6b, c show the daily water production yield andmonitored
trans-membrane pressure difference during a 100-day running,
respectively. As revealed, the engineering demonstration runs
smoothly in a constant-flow mode with a daily water treatment capa-
city of 300m3. As shown in Fig. 6c, the transmembrane pressure dif-
ference of the CNTs-PVDF membranes increased by 2 times after
around 5-h treatment, which suggests that the membrane flux
decreasedby 50%during this period. As recommended inDowWater&
Process Solutions and practical engineering experience37–39, a backwash
is generally required when the membrane flux declines by 50%. Thus,
the engineering demonstration reveals a backwash cycle of 5 h for the
CNTs-PVDF ECMs. In comparison, the flux of conventional ultrafiltra-
tion membranes usually decreases to about 50% of initial value within
0.5 h, as reported in previous studies on membrane-based water
treatment processes37–41. The results evidence that the backwashing
interval for the CNTs-PVDF ECMs could be significantly extended by
about 10 times as much as those of the conventional membranes.

The routine monitoring of water quality shows that the turbidity
in effluent of the electrifiedmembraneprocesswas0.1 NTU,whichwas
much better than that in effluent (1.1 NTU) from the drinking water
treatment plant by conventional process (Fig. 6d and Supplementary
Figs. 48 and 49). Meanwhile, the electrified membrane process could
reduce total organic carbon (TOC) from 3.9mgL−1 in feed to 2.8mgL−1

in effluent, while TOC in effluent of conventional process is 3.6mgL−1

(Fig. 6e) with only slight TOC removal. As evidenced by a third-party
water quality examination (Supplementary Fig. 50), the quality of
effluent from the electrified membrane process meets the require-
ments of China’s Drinking Water Sanitation Standards (GB5749-2022)
with 97 water quality indicators. Especially, the electrified membrane
process could remove pathogenic bacteria, such as Escherichia coli,
with 100% complete removal from 360MPN/100mL to 0MPN/100mL
without feeding any chemical disinfectant to the water, indicating the

Fig. 5 | Scalable fabrication of CNTs-PVDFmembrane. a The real-time fabricated
CNTs-PVDFmembrane in the production line.bCNTs-PVDFmembrane bundles for
the assembly ofmembranemodules. c, d Schematic diagram and a digital image of
a commercial scale membrane module based on CNTs-PVDF. Containing

membrane bundles, titanium mesh counter electrode, and the connecting wires
hollow fiber membranes. e Digital images of the circular membrane modules. The
typical sizes of the modules are Φ × L = 238mm× 1200mm and Φ × L = 238mm×
2000mm, respectively.
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demonstration process is more environmentally friendly than con-
ventional water treatment process (Supplementary Fig. 51). Usually,
microbiological indicators such as pathogens are regarded as themost
critical parameters for drinking water safety in underdeveloped
regions (up to thousands of MPN L−1 in contaminated source water)37,
which often lack adequate sanitation and rapidly outbreaks of water-
borne diseases including diarrhea, cholera, and typhoid fever. Thus,
the complete removal of pathogensby ECMs couldensure the safety of
drinking water especially in undeveloped areas. Moreover, the elec-
trifiedmembrane process possesses the capability for removal of trace
emerging organic pollutants. For example, the process could remove
perfluorooctanoic acid (PFOA) and perfluorotridecanoic acid
(PFTrDA) (detected from the influent water with their concentrations
of 10 ng L−1 and 0.3 ng L−1 respectively) with removal efficiency of 32%
and 66% respectively (Fig. 6f). In contrast, the concentrations of PFOA
and PFTrDA in the effluent keep almost same to those of influent by
conventional process. Both PFOA and PFTrDA have a negatively
charged group of –COO− due to the deprotonation of the carboxyl
group at neutral pH in natural surface water42. These negatively
charged carboxylate groups could be electrostatically repulsed by
negatively electrified CNTs-PVDF membranes. Meanwhile, some por-
tion of them could be adsorbed onto the surfaces of natural colloids
and NOMs43,44 due to the hydrophobic nature of perfluorinated chain
of PFOA and PFTrDA, and rejected by the CNTs-PVDF membranes.

In addition to removal of contaminants, low energy requirement
is also critical for sustainable drinking water provision in

underdeveloped areas. Benefited from the excellent antifouling per-
formance of CNTs-PVDF ECMs, their cost for chemical cleaning was
decreased from $11.52 per kiloton water for commercial PVDF mem-
branes to $0.55 (Supplementary Table 11), saving about 95% cost.
Meanwhile, the energy consumption of the electrified membrane
processwas recorded to be 0.05 kWhm−3, which is only about 45% that
for commercial PVDF membranes (0.11 kWhm−3) (Supplementary
Table 12). Based on such low energy requirements, for the water
demands of 3000 ~ 6000 people in a village of an underdeveloped
region, for example, in Africa, the daily electricity consumption for the
ECMs water treatment equipment could be easily satisfied by a pho-
tovoltaic device with a total area of 30–60m2 under their superior
sunlight conditions39. The results indicate that the electrified CNTs-
PVDF membrane process demonstrates huge advantages over con-
ventional water treatment processes, showing substantial application
potential in underdeveloped regions. Moreover, due to the low
maintenance and energy requirements with better water quality, the
ECMs-based electrified processes are also applicable to secondary
water supply demands in urban communities.

We proposed a strategy of assembling CNTs into in-situ phase-
conversed polarized PVDF to produce electrically conductive CNTs-
PVDF membranes with high water permeance and high mechanical
strength concurrently. Their water permeance is 3.5 ~ 5.2 times as high
as those of commercial PVDF membranes from internationally
renowned brands with a similar pore size because of the intrinsic
atomically smooth and hydrophobic surface, and their high porosity
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and thin separation layer. The CNTs-PVDF membranes exhibit a good
electrical conductivity, which is sufficient for reaching the aim for
regulatingmembrane surface charges, and thus promotingmembrane
performance. As a result, the CNTs-PVDF ECMs show excellent anti-
fouling performance under electrifying conditions owing to electro-
static repulsion and the dense water layer on membrane surface
induced by electrowetting, with a backwash cycle more than ten times
as long as those of commercial PVDF membranes. The production of
theCNTs-PVDFmembranes in an actual production linewith a capacity
of 11.5m2 h−1 demonstrates the feasibility of the industrial-scale pro-
duction of themembranes. The field demonstration for drinking water
treatment with a capacity of 300m3 d−1 verifies that the electrified
membrane process equipped with the CNTs-PVDF ECMs ismuchmore
energy-efficient and cost-effective than conventional membrane pro-
cesses, and produces drinking water withmuch better quality in terms
of turbidity, TOC, pathogen, and certain trace emerging contaminants
compared with conventional water treatment process. This work
offers an innovative strategy to improve markedly membrane perfor-
mance for water treatment and could advance our understanding for
the mechanisms of the electrified membrane process underlying the
application of ECMs, which could promote the advances in membrane
technology in the field of drinking water treatment and related fields.
Such an innovative membrane technology is preferably matched with
decentralizedwater supply systems serving for dozens to thousands of
people in underdeveloped regions by presenting a safe, cost-effective,
and easily managed solution, fostering substantial improvements in
public health and driving sustainable development.

Methods
Materials and reagents
The CNTs (array tube GT-401, outer diameter: 10–20nm, length:
50–100μm) powder was obtained from Nanchang Yifeng Nano
Materials Co., Ltd, China. PVDF (FR904W) powderwaspurchased from
Inner Mongolia Sanai Fu Wanhao Fluorochemical Co., Ltd, China. N-N-
Dimethylacetamide (DMAC, AR,≥99%), polyvinylpyrrolidoneK30 (PVP
K30, GR, ≥99%), polyethylene glycol 400 (PEG 400, AR, ≥99%), and
glycerol (AR, ≥99%) were purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd, China. All chemicals and reagents were of analytical
grade and used without further purification.

Preparation of CNTs-PVDF membrane and module
The CNTs-PVDF membrane was fabricated by a method of wet-
spinning followed by phase conversion. 1020 × g of DMAC was added
into a stainless-steel reactor and stirred at low speed. The aligned
CNTs, polyvinylpyrrolidone K30 (PVP K30), and polyethylene glycol
400 (PEG 400) were gradually added, maintaining a mass ratio of
mCNTs: mPVP, andmPEG 400 at 1:3:1. Themixture was composed of 50× g
of CNTs, 150× g of PVP-K30, and 50 × g of PEG-400. The mixture was
stirred continuously for 12 h to achieve homogeneous dispersion.
Subsequently, the reactor heating temperature was set in stages from
ambient temperature to 40 °C ~ 60 °C. Next, PVDF (150× g) was added
into the dispersion, maintaining a mass ratio of CNTs: PVDF at 1:3. The
solutionwas further heated and stirred for 12 h until the PVDFwas fully
dissolved. Finally, the casting solution was degassed under vacuum to
eliminate the dissolved air. For the fabrication process, compressed air
was introduced into the reactor to pressurize and discharge the spin-
ning dope until no visible air bubbles were observed in the discharge
stream, and then the spinneretwas installed. The spinning solutionwas
employed as the shell fluid, and a 70% DMAC aqueous solution was
used as the core fluid. The rotation speeds of the spinning metering
pump and core fluidmetering pumpwere adjusted to control the shell
and core fluid flow rates at a predefined ratio (optimal at 85:15). The
solution was extruded into a 60 °C water coagulation bath and then
wound onto a winding roller. Upon completion of spinning, the
membrane bundles on the winding roller were taken down and then

immersed inhigh-puritywater to remove residual organic solvents and
pore-forming agents. Subsequently, the washed membranes were
placed into a 70 °C water bath and kept for 1–2 h, followed by
immersing in a 30% glycerol aqueous solution for 12 h. After the
membrane fibers were hung to air-dry naturally, we obtained the final
CNTs-PVDF membrane products.

The membrane module assembly consists of a cylindrical
pressure-resistant outer shell, counter electrodes, insulating layer,
CNTs-PVDF membranes, and water collection fittings. The counter
electrodes are fixed along the inner wall of the shell and at the central
axis of the module. An insulating layer is positioned between the
counter electrodes and the CNTs-PVDF hollow fiber membranes.
Bundles of hollow fiber membranes are sealed at the inlet and outlet
ports. At the inlet side, one end of each hollow fiber is sequentially
sealed with epoxy resin, conductive adhesive, and another layer of
epoxy resin. Electrical wires connected to the composite CNTs-PVDF
hollowfibermembranes and those linked to the counter electrodes are
routed through side ports and connected to an external DC regulated
power supply.

Characterization of membrane structures and properties
The morphology of the membranes was examined using a field-
emission scanning electron microscope (Hitachi S-4800, Japan). The
tensile tests were performed by an Universal material testing machine
(SHIMADZU Autograph AGS-X, 100N, Japan). An X-ray diffractometer
(XRD, D8 ADVANCE, Bruker, Germany) was utilized to determine the
phase structure. The 2D-WAXD patterns were recorded on a Rigaku
Ultima IV (Rigaku, Tokyo, Japan)with CuKα radiation (λ = 1.5405Å). To
analyze the chemical composition and structural properties, a Fourier
transform infrared spectrometer (FTIR, Thermo Fisher Scientific
Nicolet iS20, USA) was employed. Elemental content was assessed
using an energy-dispersive X-ray spectrometer (XPS, Thermo Scien-
tific, UK) equipped with an Al Kα X-ray source. The water and diiodo-
methane contact angles of the membranes were measured with an
optical contact angle and interfacial tension meter (SL200KB, KINO
Industry Co. Ltd.). For each liquid, three independent measurements
with ~2μL droplets were performed on each membrane; detailed
descriptions of the contact angle measurement procedures are pro-
vided in the Supporting Information. The pore size distributions of the
CNTs-PVDF and commercial PVDF membranes were analyzed by the
Capillary Flow Porometer (POROLUX 1000, IB-FT GmbH, Berlin, Ger-
many). Prior to measurement, membrane samples (3 cm in length)
were subjected to a solvent exchangeprocess by sequential immersion
in ethanol-water mixtures and then dried in oven at 30 °C. The dried
samples were sealed in a sample holder using epoxy resin, with one
end closed off. Themeasurements were conducted using Porefil as the
wetting liquid (surface tension: 16 dynes cm−1) and nitrogen as the
purge gas. The pore size distribution was calculated by the instrument
software based on the standard capillary flow principle. The porosity
of the CNTs-PVDF and commercial PVDFmembraneswereobtained by
means of dry-wet weighting method. The electro-conductivity of the
CNC-HFMs was obtained from a four-point probe meter (RTS-8; 4
Probes Tech, Guangzhou, China). The Zeta potentials of the con-
taminant solutionwasmeasuredby aZeta potential analyzer (Zetasizer
Nano ZS 90, England). The Zeta potential of the membranes were
determined using a SurPASS electrokinetic analyzer (Anton Paar sur-
pass3, Austria); Zeta potential measurements were performed in
0.1mMKCl solution at pH 7.0 and 25 °C; the reported values represent
the mean of three independent measurements. The open circuit
potential-time bias potential curves (under external voltage of 0, 1.0,
1.5, 2.0, 2.5, and 3.0 V), EIS, and CV (potential range: −0.25 V to −2 V vs.
Ag/AgCl) were recorded using an electrochemical workstation
(Chenhua CHI660D). The CNTs-PVDF hollow fiber membrane was
employed directly as the working electrode, with a tube diameter of
1.5mm, length of 2 cm, and carbon nanotube loading of 25%.
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The turbidity of water samples was measured in nephelometric
turbidity units (NTU) using a turbidimeter (LP2000-11, Hanna Instru-
ments, Italy). The instrument was calibrated with a series of Formazin
standard solutions (0.1, 1, 10, and 100 NTU) after establishing a base-
line with turbidity-free water. Prior to measurement, samples were
homogenized by gentle inversion and analyzed in a cuvette pre-rinsed
with the sample.

TOC was determined on an Analytikjena TOC analyzer (multi N/
C@2100, Germany). Water samples were filtered through a 0.45μm
membrane filter prior to analysis. The measurements were conducted
by high-temperature catalytic combustion, with an injection volume
of 0.2mL.

The concentrations of PFAS were quantified using ultra-
performance liquid chromatography coupled with triple quadrupole
mass spectrometry. Chromatographic separation was performed on
an Agilent 1200SL UPLC system equipped with an Eclipse Plus C18
column (2.1 × 100mm, 3.5μm)maintained at 40 °C. The mobile phase
consisted of 10mM ammonium acetate in water (A) andmethanol (B),
delivered at a flow rate of 0.25mLmin−1 with the following gradient
program: 40% B (0–3min), increased linearly to 90% B (3–20min),
then to 100% B (20–30min), and held at 100%B for 3min (30–33min).
Mass spectrometric detection was carried out on an Agilent 6410B
triple quadrupole instrument operated in negative electrospray ioni-
zationmode. The capillary voltagewas set at 4.0 kV, with a desolvation
gas temperature of 350 °C and a flow rate of 8.0 Lmin−1.

Total coliforms and Escherichia coli in water samples were
detected andquantifiedusing the 10-tube enzyme substratemethod in
strict accordance with the Chinese National Standard GB/T5750.12-
2006. A comprehensive description of the analytical procedure is
provided in the Supporting Information.

Evaluation of membrane performance
The performance tests of pressure-driven membrane filtration pro-
cesses were conducted using a constant-pressure cross-flow filtration
setup. The feed solutions were compressed into the membrane mod-
ule and a constant transmembrane pressure of 0.5 bar was maintained
by a regulating valve. The membrane was pressurized for one hour
before eachperformance test. The purewater permeance (Pw, Lm

−2 h−1

bar−1) and the organic matter rejection rate (R, %) were calculated by
the following equations:

Pw =
ΔV

A×Δt ×ΔP
ð1Þ

R= 1� Cp

Cf

 !
× 100% ð2Þ

where ΔV is the volume of penetrant solution, A is the effective
membrane area, Δt is the filtration time, ΔP is the transmembrane
pressure difference, and Cp and Cf are the concentrations of organic
matter in the permeate and feed, respectively.

The integrated water treatment process in field demonstration
comprises prefiltration and membrane filtration. Pretreatment was
carried out using a 20μm polypropylene (PP) filter to remove large
particulate matter such as sediment and colloids. The subsequent
electrically conductive CNTs-PVDF membrane filtration effectively
removed bacteria, viruses, NOM, biomacromolecules, nano/micro-
scale colloids. The system operated automatically under constant-flow
mode with a backwashing interval of 5 h. In the electro-assisted
membrane filtration unit, a voltage of 2.0 V was applied with the
membrane serving as the cathode. Chemical cleaning was initiated
when the transmembrane pressure (TMP) increased by approximately
0.1MPa as the initial TMP value could not be restored by backwashing.

The chemical cleaning procedure employed a 2000ppm sodium
hypochlorite solution.

DFT Calculations and MD Simulations
All first-principles calculations are performed using the plane-wave
projector-augmented wave method, as implemented in the Vienna ab
initio simulation package (VASP5.4.4)45. The Perdew−Burke−Ernzerhof
form of generalized gradient approximation is chosen as the exchange
−correlation potential46. Grimme’s DFT-D3(BJ) method was used to
describe the vdW interaction. The energy cutoff of 520 eVwas used for
structural relaxation. k-Spacingwas set to 0.4 for all structures to allow
the smallest spacing between k-points in the unit of 0.4Å−1. The con-
jugated gradient method is utilized to optimize the geometry with the
convergence threshold of 10−5 eV in energy and 0.01 eV/Å in force,
respectively.

The adsorption energy Eads is calculated as:

Eads = Etot � EPVDF=C � EH2O ð3Þ

Where Etot is the total energy of PVDF or graphene after adsorption of
H2O, EPVDF=C is the energy of the PVDF or graphene, and EH2O

is the
energy of a single H2O molecule. DFT calculations were performed
using the Gaussian 16 program package47. All the DFT computations
wereperformedby theB3LYPdensity functionalmethodwith theD3GJ
dispersion correction48.

All the MD simulations were carried out by GROMACS software
package. The no-charged and charged (2e/nm2) graphene sheet have
an area pf 5.1 × 5.1 nm2. The SPC/E model was used for the water
molecules. A time step of 1 fs was employed, and all chemical bonds
connecting hydrogen atoms were constrained using LINCS algorithm.
A cut-off radius of 15.0Å with the nearest image convention was used
for the van der Waals interaction calculations. Electrostatic interac-
tions were evaluated by particle mesh Ewald method with a direct
space cut-off distanceof 15.0 Å. After energyminimization, a 10 nsNVT
simulation was performed, the trajectories of the last 2 ns are used for
analysis. The computational model and results could be found in
Supplementary Data 1.

Statistics and reproducibility
All experiments were repeated three times replicates. The data are
presented asmean± standard deviation (SD) from three replicates. No
statisticalmethodwas used to predetermine sample size. Nodatawere
excluded from the analyses; the experiments were not randomized;
the investigators were not blinded to allocation during experiments
and outcome assessment.

Data availability
All data supporting the findings of this study are available in the main
text, Methods, Supplementary Information or source data files. Source
data are provided with this paper.
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