
ARTICLE OPEN

Biogenic silver nanoparticles-modified forward osmosis
membranes with mitigated internal concentration polarization
and enhanced antibacterial properties
Xing Wu1,2, Fang Fang1, Bifeng Zhang1, Jun Jie Wu3✉ and Kaisong Zhang1,4✉

Thin-film composite forward osmosis (TFC-FO) membranes show the potential to be applied in water treatment applications.
However, the TFC-FO membrane performance was limited by internal concentration polarization (ICP) and membrane fouling. In
this study, a well-functioning TFC-FO membrane was produced by embedding biogenic silver nanoparticles (BioAg) into the
polysulfone (PSf) substrate of a FO membrane. Effects of BioAg on membrane structure, filtration performance, antifouling, and
antibacterial properties of the as-prepared FO membranes were examined. Results indicated that BioAg-modified FO membranes
achieved improved surface hydrophilicity, higher porosity, and mitigated ICP, resulting in 2.5–4.4 times higher water flux than the
pristine FO membranes. The BioAg-modified FO membrane also showed significantly improved antifouling and antibacterial ability.
Moreover, the release velocity of silver nanoparticles in FO membranes was significantly slowed down by the construction of the
polyamide layer. After 30 days of immersion in an aqueous solution, 96.5% of silver was retained in the optimized BioAg-modified
FO membrane. The study offers an effective approach to simultaneously mitigate ICP and enhance the antifouling property of TFC-
FO membranes through substrate modification.
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INTRODUCTION
The forward osmosis (FO) technology shows the potential to be
used in desalination and wastewater treatment applications1,2.
Currently, thin-film composite FO (TFC-FO) membranes enjoy
popularity due to their advantages such as the superior water flux
and rejection function in comparison to FO membranes fabricated
by cellulose triacetate (CTA). However, TFC-FO membranes are still
facing some hurdles, including the trade-off between water
permeability and selectivity, the serious internal concentration
polarization (ICP) phenomenon, and unneglected membrane
fouling during the application3,4.
Membrane modification by nanoparticles has been verified as

an effective strategy to enhance membrane performance and
properties. It was reported that nanoparticles such as silica
nanoparticles5, graphene oxides6,7, MXene8, and mixtures of
nanoparticles9,10 could be used as modifiers for membrane
improvement. Among these nanoparticles, silver nanoparticles
(AgNPs) showed excellent antibacterial performance and hydro-
philicity, which have been successfully applied in membrane
modification11,12. For example, Huang et al.11 grafted chemical
AgNPs on the surfaces of polysulfone (PSf) ultrafiltration
membranes. The modified membrane witnessed a 35% increase
in pure water permeability and an enhanced antibacterial
property to Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis).
A similar result was observed in a study that grafts AgNPs on the
surface of the thin film composite reverse osmosis membrane12.
Although surface modification enables direct contact between
antibacterial nanoparticles and feed solutions, which enhances the
antibacterial performance of membranes, this method can result
in a related high nanoparticle leaching if the adhesion between
membrane surface and nanoparticles is not robust. Moreover, it

was reported in some studies that the water flux of FO
membranes was slightly reduced after nanomaterials were coated
on the surface of membranes13. In addition, surface modification
hardly relieves the ICP phenomenon that happens inside the
substrate of TFC-FO membrane. Therefore, another modification
approach by embedding nanoparticles including carbon nano-
tubes14 and titanium oxide15 into the substrate of TFC-FO
membranes was proposed and an alleviation of the ICP
phenomenon has been reported. As a result of the mitigated
ICP, water fluxes of these modified TFC-FO membranes were
larger than those of pristine FO membranes. However, the poor
distribution of nanoparticles at a high concentration in mem-
branes is a critical issue that can negatively influence the
performance of TFC-FO membranes14. For example, Zhang and
co-authors reported that the addition of phosphorylated TiO2 into
polyvinylidene fluoride substrate effectively improved the porosity
and reduced the ICP of FO membranes16. However, when the
concentration of phosphorylated TiO2 was higher than 0.3 wt%,
the porosity of the substrate was reduced, and the performance of
the as-prepared FO membrane was weakened due to the
aggregation of phosphorylated TiO2 in the substrate. Similar
results were also observed in studies about silica17, SiO2-FMWNT18,
and LiCl19.
Biogenic silver nanoparticles (BioAg) are prepared by reducing

and capping silver ions using bacteria. The biosynthesis of AgNPs
is an eco-friendly, cost-effective process, which has been regarded
as “green nanotechnology”20. For BioAg, the bacteria were
surrounded and attached by silver nanoparticles and functional
groups such as hydroxide radical and carboxyl groups21,22. Such a
structure could not only increase the hydrophilicity of BioAg but
could also reduce the level of aggregation and silver leakage
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compared with the traditional chemical silver nanoparticles23–25.
Due to the advantages of BioAg, we considered that BioAg
nanoparticles have a high potential to be used as modifiers to
tune the properties of substrates for TFC-FO membranes and
consequently mitigate the ICP of TFC-FO membranes. In addition,
most previous studies on the antibacterial improvement of TFC
membranes used the surface modification method, while
few researchers investigated the antibacterial performance of
TFC membranes when nanoparticles were embedded into
membranes.
Herein, we reported an effective approach to concurrently

enhance the permeability, mitigate ICP and boost the antibacterial
properties of TFC-FO membranes by embedding BioAg into the
PSf substrate before the construction of the polyamide layer via
the interfacial polymerization process. The properties and
performance of substrates were adjusted by tuning the concen-
tration of BioAg and the impact of BioAg on the filtration
performance, antifouling, and antibacterial properties of TFC-FO
membranes were analyzed. This work demonstrates an effective
method to produce effective TFC-FO membranes with weakened
ICP and strong antibacterial properties.

RESULTS AND DISCUSSION
Effect of BioAg on substrates
The TEM image of BioAg (Fig. 1a and Supplementary Fig. 1) shows
the uniform dispersion of BioAg. A high-resolution image (Fig. 1a
inset) indicated that the AgNPs spread uniformly around the
biomass or were embedded in the outer layers of the cell.
Measured by the Nano Measurer software, the average diameter
of AgNPs was 6.2 ± 1.6 nm. Figure 1b shows the FTIR spectra of
BioAg. The peaks at 1650 and 3290 cm−1 represent the C=O
stretching of carbonyl content and hydroxyl groups respectively,

which indicated the hydrophilicity of BioAg21. Figure 1c displays
the XRD result of BioAg. It could be observed that there were
peaks at 2θ= 38.03˚, 44.23˚, 64.35˚, and 77.29˚, which could be
indexed as (111), (200), (220), and (331) reflections of the face-
centered cubic structure of metallic silver22,26,27. Figure 1d
illustrates the fabrication process of BioAg-modified TFC-FO
membranes. The BioAg were embedded into the PSf casting
solution before the phase inversion process. Five types of PSf
substrates with varied concentrations of BioAg were prepared and
were named as S-0, S-50, S-75, S-100, and S-250, representing the
concentration of BioAg in casting solution as 0.000, 0.050, 0.075,
0.100 and 0.250 wt% (Supplementary Table 1). After that, a series
of TFC-FO membranes were fabricated based on these BioAg/PSf
substrates. Based on the substrates that were used for fabrication
(S-0 to S-250), these FO membranes were marked as F-0 to F-250,
respectively.
Figure 1e reveals the influence of BioAg on the hydrophilicity of

the substrate surfaces. The contact angles of the pristine S-0
substrate decreased from 85.3° to 74.4° in the S-250 membrane,
demonstrating that the hydrophilicity of substrate membranes
was enhanced after the introduction of hydrophilic BioAg28. In
addition, with the increasing BioAg concentration from 0 to
0.100 wt%, the substrates exhibited higher porosity (Fig. 1f).
Specifically, the S-100 membrane showed the largest porosity at
78.5%. The result proves that the inclusion of BioAg could affect
the substrate morphology. This could be proven by SEM images,
which will be discussed in more detail in the next section.
However, the porosity of S-250 substrate (BioAg
concentration= 0.250 wt%) experienced a slight decrease to
74.1%. The potential reason was the excess biomass of BioAg
which blocked the membrane pores22. The pure water fluxes of
substrates are exhibited in Fig. 1g. Compared with the pristine S-0
substrate, the S-75 and S-100 substrates showed 307% and 294%
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Fig. 1 BioAg and BioAg/PSf substrates. a TEM image of BioAg particles (scale bar 2 µm), and a high-resolution TEM image of BioAg particles
(inset, scale bar 100 nm). b FTIR of BioAg particles. c XRD of BioAg particles. d Schematic of the fabrication of the BioAg/PSf substrate and the
BioAg modified TFC-FO membrane. e Contact angles of substrates containing different amounts of BioAg particles. f Porosity of substrates.
g Pure water flux and BSA rejection of substrates. The error bars represent the standard deviations of the data.
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increase in the pure water fluxes, respectively, although the BSA
rejections were slightly reduced. The improved surface hydro-
philicity and porosity of the substrates are major factors that
directly caused the increase in water fluxes29,30. However,
compared to the S-75 substrate, the water fluxes of S-100 and
S-250 substrates dropped slightly even though their contact
angles were lower. This was possibly the result of biomass
blocking in the membrane pores at a high concentration of BioAg.

Effects of BioAg on FO membranes
The SEM images of the surface and the cross-section of FO
membranes (Fig. 2 and Supplementary Fig. 2) illustrate the typical
“ridge and valley” structures of polyamide membranes6. It could
be observed that more “nodular” structures were exposed without
the cover of leaf-like structures, especially in the F-250 membrane.
This result accords with previous work which revealed that the
leaf-like structures on the surface of polyamide membranes were
less when the substrate had higher hydrophilicity31,32. Figure 2
also shows the cross-sectional SEM images of the FO membranes.
Although all FO membranes had finger-like porous structures and
a sponge-like bottom section, the finger-like pores in the pristine
F-0 membrane were narrow and short (Fig. 2d). The major reason
for this was due to quick phase separation in the phase inversion
process caused by the relatively lower casting solution viscosity15.
As a result, finger-like pores were generated incompletely in a
short time frame. In comparison, the viscosities of casting
solutions with BioAg were higher22,33, which reduced the diffusion

velocity of the solvent and offered more time to build finger-like
pores. Moreover, the hydrophilic BioAg facilitated the transporta-
tion of water molecules into substrates, further improving the
production of longer finger-like pores (Fig. 2e, f)15.
Figure 3a shows the EDX spectrums of the pristine F-0 and

BioAg-modified FO membranes. As the BioAg concentration
increased, the peaks representing silver became more obvious.
In addition, the silver elements on the polyamide surface of the
F-100 membrane were distributed uniformly (Fig. 3b). The contact
angle of water on the membrane surface decreased from 67.9° for
the F-0 membrane to 53.0° for the F-250 membrane as the BioAg
concentration increased (Fig. 3c). These results indicated that the
AgNPs managed to embed in the FO membranes and could even
be detected on the membrane surface. As a result, the
hydrophilicity of the polyamide layer of the FO membranes
improved, which could be attributed to the release of AgNPs from
the substrates34. However, when the concentration of BioAg was
0.250 wt%, the distribution of silver elements was sightly ununi-
form (Supplementary Fig. 3), indicating the aggregation of BioAg
at this concentration.

Filtration performance of BioAg-modified FO membranes
The ICP is the major reason for the small water flux detected in FO
membranes, which was related to the substrate structures14,35.
Table 1 exhibits the water permeability (A), salt permeability (B),
and structure parameter (S) of prepared FO membranes. It could
be found that the A value increased while the concentration of

Fig. 2 SEM images of BioAg-modified TFC-FO membranes. The polyamide surfaces and the cross sections of the F-0 (a, d), F-75 (b, e), and
F-250 membranes (c, f). The length of scale bars are 500 nm (a–c); 25 µm (d–f).

Ag

b   ca

Fig. 3 Characterization of BioAg-modified TFC-FO membranes. a EDX spectrums of the F-0, F-75, and F-250 membranes. b EDX mapping of
silver on the polyamide surface of the F-100 membrane. c Water contact angles of the polyamide surface of FO membranes. The error bars
represent the standard deviations of the data.
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BioAg in FO membranes became larger, indicating the improved
water permeability of prepared FO membranes by embedding
BioAg. The major reasons for the improved water permeability
were the increased porosity and hydrophilicity of FO membranes
by the addition of BioAg18,36. In addition, the tuned substrate
properties such as pore structure and surface hydrophilicity could
also impact the thickness of the polyamide layer by influencing
the interfacial polymerization process32. More specifically, due to
the increased surface hydrophilicity, the S-100 substrate absorbed
MPD molecules more easily, which decreased the diffusion rate of
MPD molecules into the organic solvent to react with TMC
molecules and consequently reduced the thickness of the
polyamide layer in the F-100 membrane37,38. Using Nano
Measurer software, the average thickness of the polyamide layer
of the F-0 and F-100 membrane was calculated by measuring 60
different locations on cross-sectional SEM images shown in
Supplementary Fig. 4. The average thickness of the polyamide
layer in the F-100 membrane was 149.9 nm, which was
significantly smaller than 270.1 nm for the F-0 membrane. The
thinner polyamide layer provided a reduced distance of water
transportation and increased water permeability. However, the
increased salt permeability (B) indicated that the loading of BioAg
has a negative impact on the selectivity of the polyamide layer. In

addition, the S decreased from 2.07 mm for the F-0 membrane to
1.08 mm for the F-100 membrane, revealing the mitigated ICP of
BioAg-modified FO membranes. However, the structure para-
meter (S) increased to 1.41 mm for the F-250 membranes when
the BioAg concentration was 0.250 wt%. This was potentially due
to the influence of BioAg on the properties of substrates
including the finger-like structure and porosity. Moderate
amounts (0.050–0.100 wt%) of BioAg can make the finger-like
pores larger and increase substrate porosity, resulting in a more
open structure of substrates15,39,40. Therefore, the ICP was
mitigated. Inevitably, the S value of the F-250 membrane was
larger than that of the F-100 membrane, which was potentially
due to the smaller porosity of S-250 caused by the aggregation of
BioAg in the substrate when the concentration of BioAg was high
(0.250 wt%)22,41.
Figure 4a, b show the water fluxes and the specific salt fluxes

(Js/Jw) of the prepared FO membranes in the ALFS mode (the
active layer facing the feed solution) and the ALDS mode (the
active layer facing the draw solution), respectively. All BioAg-
modified FO membranes exhibited higher water fluxes than that
of the pristine F-0 membrane, indicating that the water fluxes of
the FO membranes were improved by adding BioAg to the
substrates. Specifically, contrasted with the pristine F-0 mem-
brane, the water flux of the F-100 membrane showed 2.5 times
and 4.4 times higher water fluxes in ALFS and ALDS mode,
respectively. The major reasons for this improvement were the
increased surface hydrophilicity, the mitigated ICP phenomenon,
and the thinner polyamide layer in the F-100 membrane.
Compared with the pristine F-0 membrane, BioAg-modified FO
membranes had higher reverse solute fluxes in both the ALFS and
the ALDS mode. However, the significantly improved water flux of
BioAg-modified FO membranes resulted in smaller specific salt
fluxes than that of the pristine F-0 membrane. The results
exhibited that the embedding of BioAg in FO substrate can
improve both the permeability and filtration efficiency of FO
membranes.

a

c d

b

Fig. 4 Filtration performance of BioAg-modified TFC-FO membranes. a, b Water flux and reverse solute flux of the prepared FO membranes
in the ALFS mode and the ALDS mode, respectively (operating conditions: 2 mol L−1 NaCl solution as the draw solution, 10mmol L−1 NaCl
solution as the feed solution, cross-flow rate was 20 L h−1). c, d Normalized flux of the F-0 and F-100 membranes in the ALFS mode and the
ALDS mode, respectively (operating conditions: 2 mol L−1 NaCl solution as the draw solution, 200mg L−1 BSA solution as the feed solution
NaCl solution as the feed solution, cross-flow rate was 20 L h−1). The error bars represent the standard deviations of the data.

Table 1. Properties of prepared FO membranes.

Membrane Water permeability
(A, L m−2 h−1 bar−1)

Salt
permeability
(B, L m−2 h−1)

Structure
parameter
(S, mm)

F-0 0.51 ± 0.01 0.08 ± 0.01 2.07

F-50 1.01 ± 0.02 0.15 ± 0.01 1.50

F-75 1.30 ± 0.03 0.23 ± 0.01 1.50

F-100 2.22 ± 0.01 0.38 ± 0.01 1.08

F-250 2.69 ± 0.04 0.86 ± 0.02 1.41
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The antifouling property of the optimized BioAg-modified FO
membrane (F-100) was evaluated by using 200mg L−1 of BSA
aqueous solution as the feed solution (Fig. 4c, d). After 240-min
continuous filtration, the water flux of the F-100 membrane
dropped 24.7% and 31.7% in ALFS and ALDS mode, respectively.
Compared with that, the pristine F-0 membrane witnessed larger
water flux reductions with 35.8% (ALFS) and 60.9% (ALDS).
However, it should be mentioned that the initial water flux of the
F-100 membrane in the ALDS mode was 2.4 times higher than that
of the F-100 membrane in the ALFS mode. What contributed to
the improved antifouling property of the F-100 membrane was
mainly the increased surface hydrophilicity of BioAg-modified FO
membranes. A hydrophilic membrane showed a mitigated fouling
tendency because it hindered the attachment of foulants on the
surface of membranes42–45. Moreover, compared with the
membranes in the ALFS mode, all membranes in the ALDS mode
showed a more obvious water flux reduction caused by severer
membrane fouling in the ALDS mode. When FO membranes were
filtrated in the ALDS mode, foulants would be introduced into the
pores of substrates and formed a cake layer. The solute
concentrations near the membrane surfaces would increase,
which was noted as cake-enhanced concentration polarization
(CE-CP), causing a stronger concentration polarization phenom-
enon and a significant drop in water fluxes42. Therefore, the
smaller reduction of water flux for the F-100 membrane also
indicated a strengthened property of the membrane to lessen the
influences of CE-CP. However, a further comprehensive investiga-
tion should be conducted to understand the fouling mechanism
and the impact of fouling on the selectivity of FO membranes.

Antibacterial properties of BioAg-modified FO membranes
P. aeruginosa is a microorganism present in water, which can
cause pneumonia and other infections46. In this study, P.
aeruginosa was selected as the model bacterial for the antibacter-
ial properties test. The antibacterial property of membranes was
evaluated by counting the bacteria on the fouled membranes

after the 6-h continuous filtration of the feed solution which
contained P. aeruginosa. Figure 5a exhibited the amount of
attached bacteria on the surface of prepared FO membranes with
different BioAg loadings. BioAg-modified FO membranes had
much fewer bacteria attached on the surface of membranes.
Moreover, the CFU value of membranes decreased as the BioAg in
membranes increased. When the concentration of BioAg was
larger than 0.050 wt%, the BioAg-modified FO membranes
showed more than 90% reduction in the CFU value compared
to the pristine F-0 membrane. The antibacterial activity was due to
the presence of AgNPs on the surface of FO membranes which
was verified by EDX results. The AgNPs could interact with the
proteins and the enzymes on the surfaces of bacterial cells and
hence could influence the stability of cells and their DNA
replication. Therefore, the growth of bacterial cells was hindered
and the biofouling of membranes decreased6,47,48. Figure 5b, c
show the SEM images of polyamide surfaces of the fouled F-0 and
F-100 membranes. It could be found that on the surface of the F-0
membrane, besides P. aeruginosa bacteria, there were extracellular
polymeric substances (EPS) produced by P. aeruginosa bacteria.
EPS could provide nutrients for bacteria and could facilitate the
attachment of bacteria, leading to more serious biofouling49.
Compared with the F-0 membrane, the surface of the F-100
membrane was cleaner. This result was associated with the
enhanced antibacterial properties and the improved hydrophilic
surface of BioAg-modified FO membranes, which synergistically
reduced the growth and attachment of bacteria on the surface of
FO membranes and moderated the biofouling of membranes.
To investigate whether the velocity of silver leaching was

influenced by the formation of polyamide layers in FO mem-
branes, the silver leaching of both the substrates and the FO
membranes was tested by ICP-MS over 30 days. Results indicated
that the speed of silver leaching in both substrates and FO
membranes decreased as time went by (Fig. 6a, b). All membranes
released relatively large amounts of silver in the first 10 days, while
the releasing rate dropped and stayed at a low level near zero
after the 10th day. Compared with the substrate membranes, the

b ca

Fig. 5 Antibacterial properties of BioAg-modified TFC-FO membranes. a The amount of attached bacteria on the surface of prepared FO
membranes. The error bars represent the standard deviations of the data. b SEM image of the polyamide surface of the fouled F-0 membrane
(scale bar 2 µm). c SEM image of the polyamide surface of the fouled F-100 membrane (scale bar 2 µm).

ca b

Fig. 6 Silver retention in BioAg/PSf substrates and BioAg-modified TFC-FO membranes. a Release of silver in the substrates. b Release of
silver in the FO membranes. c The ratios of silver retention in substrates and FO membranes after 30-day immersion. The error bars represent
the standard deviations of the data.
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FO membranes showed smaller amounts of released silver from
the beginning. Figure 6c shows the silver retention ratios in
substrates and FO membranes by comparing the silver amount in
membranes before and after the 30-day immersion test. All ratios
associated with the substrates ranged from 71.7% to 94.0%,
indicating large amounts of silver remained in the substrate
membranes after 30 days of immersion. Additionally, compared
with the ratios of the substrate membranes, the silver retention
ratios of the FO membranes were higher (ranging from 84.7% to
98.3%), which indicated that after the construction of the
polyamide layer, the speed of silver release from substrates was
decreased. The potential reason was due to smaller pores in the
polyamide layer, which reduced the release speed of silver.
Therefore, the BioAg-modified FO membrane showed the
potential to possess a long-term antibacterial property. However,
for more in-depth investigation, further studies about the testing
of the silver leaching speed in BioAg-modified FO membranes
could be conducted in the FO filtration system. Table 2 presents
the FO filtration performance of BioAg-modified membranes and
other FO membranes based on nanomaterial-incorporated sub-
strates. The results indicated that the addition of BioAg effectively
improved the water flux of FO membranes by 147% and 339% in
the ALFS and the ALDS mode, respectively, which were higher
than some other types of nanomaterials50–54. It should be
mentioned that besides the improved FO filtration performance,
the addition of BioAg also enhanced the antibacterial properties,
which has rarely been reported for other FO membranes based on
nanomaterials-incorporated substrates.
The study shows the utilization of BioAg to prepare TFC-FO

membranes with enhanced filtration performance, mitigated ICP,
and improved antibacterial properties. Results indicated that the
surface hydrophilicity, porosity, and water permeability of PSf
substrates were enhanced by the addition of BioAg into casting

solutions. By optimizing the amount of BioAg in PSf substrates, the
improved FO membrane exhibited 2.7–4.4 times higher water
fluxes than the pristine FO membrane without a sacrifice of
selectivity due to the better hydrophilicity and the mitigated ICP
phenomenon of the FO membranes. Besides, BioAg-modified FO
membranes performed well in hindering the organic fouling and
reducing the growth of P. aeruginosa. The construction of the
polyamide layer effectively reduced the release of silver from
substrates, suggesting the potential long-term antibacterial
properties of BioAg-modified TFC-FO membranes. This study
sheds light on the fabrication of well-functioning and antibacterial
TFC-FO membranes by embedding nanoparticles into substrates.
Further studies to explain the process of silver release from the
substrate to the surface of BioAg-modified FO membrane can be
valuable. Moreover, the application of real wastewater and a long-
term continuous filtration process can be conducted to further
evaluate the practical feasibility of the BioAg-modified FO
membrane for wastewater treatment.

METHODS
Materials and chemicals
Polysulfone (PSf, Solvay P3500, BASF Co., China), polyvinylpyrro-
lidone (PVP K30, Sigma Aldrich Ltd., China), and 1-methyl-2-
pyrrolidinone (NMP, ≥99%, Sinopharm Chemical Reagent Co., Ltd.,
China) were used for the PSf substrate membrane preparation.
Trimesoyl chloride (TMC, Aladdin, China), m-phenylenediamine
(MPD, Aladdin, China), and n-hexane (99%, Sinopharm Chemical
Reagent Co., Ltd., China) were used for the TFC-FO membrane
preparation. Sodium chloride (NaCl, Sinopharm Chemical Reagent
Co., Ltd., China) and bovine serum albumin (BSA, 69 KDa, Solarbio
Science & Technology Co., Ltd., China) was applied for membrane
performance testing. Phosphate buffer saline (PBS, including

Table 2. Comparison of FO filtration performances.

Substrate Additives Feed solution Draw solution Water flux
(L m−2 h−1)

Increase in
water flux

Specifical salt flux
(g L−1)

Reference

PSf Pristine FO 10mM NaCl 2 M NaCl 5.5 (ALFS)
7.4 (ALDS)

147% (ALFS)
339% (ALDS)

1.8 (ALFS)
2.1 (ALDS)

This work

BioAg-0.1 wt% 13.6 (ALFS)
32.5 (ALDS)

0.8 (ALFS)
0.8 (ALDS)

CTA Pristine FO 10mM NaCl 1 M NaCl 8.7 (ALFS)
9.1 (ALDS)

79% (ALFS)
76% (ALDS)

0.17 (ALFS) 50

CNF-0.5 wt% 15.6 (ALFS)
16.0 (ALDS)

0.06 (ALFS)

PES Pristine FO DI water 2 M NaCl 16.5 (ALFS)
22.4 (ALDS)

75% (ALFS)
70% (ALDS)

0.4 (ALFS)
0.5 (ALDS)

51

Fe3O4-0.2 wt% 28.8 (ALFS)
38.1 (ALDS)

0.5 (ALFS)
0.5 (ALDS)

PSf Pristine FO DI water 2 M NaCl 3.6 (ALFS)
5.5 (ALDS)

372% (ALFS)
401% (ALDS)

2.6 (ALFS)
3.0 (ALDS)

62

CaCO3-5.0 wt% 17.0 (ALFS)
27.6 (ALDS)

1.7 (ALFS)
2.6 (ALDS)

PSf Pristine FO DI water 0.6 M NaCl 3.6 (ALFS)
5.1 (ALDS)

92% (ALFS)
110% (ALDS)

1.5 (ALFS)
1.3 (ALDS)

52

LiCl-3 wt% 6.9 (ALFS)
10.7 (ALDS)

1.0 (ALFS)
0.8 (ALDS)

PES Pristine FO DI water 0.6 M NaCl 7.0 (ALFS) 71% (ALFS) 0.8 (ALFS) 53

Acid functionalized CNTs-
0.5 wt%

12.0 (ALFS) 0.6 (ALFS)

PSf Pristine FO DI water 1 M NaCl 8.6 (ALFS)
15.3 (ALDS)

8%
(ALFS)
46% (ALDS)

0.8 (ALFS)
0.5 (ALDS)

54

Layered double hydroxide/
GO-2 wt%

9.3 (ALFS)
22.3 (ALDS)

0.7 (ALFS)
0.5 (ALDS)
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1.093 g Na2HPO4, 0.276 g NaH2PO4, and 8.475 g NaCl in 1 L
deionized (DI) water was used to keep bacteria in a normal
physiological state.

Synthesis of BioAg and BioAg-modified FO membranes
BioAg nanoparticles were synthesized by reducing silver ions using
Lactobacillus fermentum LMG 8900 according to the method from the
previous studies21,22,55. Briefly, 10 g of dried L.fermentum biomass was
suspended in 1 L of Milli-Q water. After that 10 g of diamine silver and
0.2mol of NaOH were added to the solution. After 24 h of incubation
at 30 °C, the solution was centrifuged and washed with Milli-Q water
and the precipitated BioAg was dried by freezing-drying.
The BioAg/PSf substrates were fabricated by the phase

inversion process. To prepare 100 g of casting solution, different
amounts of dry BioAg powder were mixed with 20 g of NMP in
30min of ultra-sonication, while 0.5 g PVP and 17.5 g PSf were
disposed into the rest of the NMP solution and were stirred at
60 °C over-night. The homogenous PSf solutions were mixed with
the BioAg solutions in a stirring condition. The casting solution
was poured on a clean glass plate and the membrane was cast by
a casting knife (height= 175 μm). Afterward, the glass plate was
immersed in a deionized (DI) water bath at once. After peeling off,
the membrane was stored in DI water for further utilization. Five
types of PSf substrates with varied concentrations of BioAg were
prepared and were named S-0, S-50, S-75, S-100, and S-250,
representing the concentration of BioAg in casting solution as
0.000, 0.050, 0.075, 0.100, and 0.250 wt% (Supplementary Table 1).
The polyamide layers of the FO membranes were fabricated

through the typical interfacial polymerization process. Generally,
the substrate was soaked in the 2.0 wt% MPD aqueous solutions
for 2 min. After the excess MPD solutions were drained, the
substrate membrane was soaked in the organic phase (0.1 wt%
TMC in n-hexane). After 1 min, TMC was removed and the
membrane was dried in an oven at 60 °C for 8 min. Based on the
substrates that were used for fabrication (S-0 to S-250), these FO
membranes were marked as F-0 to F-250, respectively.

Characterization of BioAg and membranes
The morphology of BioAg was observed by transmission electron
microscopy (TEM, HITACHI H-7650). The Nano Measurer software
was used to calculate the size of AgNPs around BioAg. The
functional groups around BioAg were studied using a Fourier-
transform infrared spectroscope (FTIR, Nicolet iS10, Thermo Fisher
Scientific) with a range from 500 to 4000 cm−1. X-ray diffraction
(XRD) of BioAg was investigated using the X-ray diffraction meter
(X’Pert PRO, PANalytical B.V.) with 2θ ranging from 30˚ to 80˚. The
contact angles of the membranes were tested using the sessile
drop analysis system (DSA100, KRUSS). The contact angle value of
each sample shown in this study was the average value from five
randomly chosen spots in each sample after 1 s of contact
between the water droplet and the membrane surface. In
addition, the morphological structures of FO membranes were
studied by a field emission scanning electron microscope (FESEM,
HITACHI S-4800). Moreover, an energy dispersive X-ray spectra
(EDX) system was applied to detect the existence of silver
elements on the surface of the FO membranes.

Performance evaluation of FO membranes
The properties of BioAg/PSf substrates including porosity, pure
water flux, and BSA rejection were tested according to the
previous studies56. Detailed descriptions of methods can be found
in the Supplementary Methods. A cross-flow reverse osmosis
filtration system was used to examine the water permeability
coefficient (A) and the salt permeability coefficient (B) of prepared
FO membranes by using 10 L DI water and 10 L NaCl aqueous
solution (20 mmol L−1) as the feed solution, respectively15,57. The

effective membrane area was 33.8 cm2 and the operation pressure
was kept at 2 bar. The membrane flux (J) and A were calculated by
equations below:

J ¼ ΔV
Am ´ t

(1)

A ¼ J
ΔP

(2)

where ΔV (L) represents the permeated water volume during the
permeation time t (h), Am (m2) represents the membrane area and
ΔP (bar) is the operation pressure difference.
The salt rejection (R) and salt permeability coefficient (B) were

calculated by Eqs. (3) and (4), respectively:

R ¼ 1� Cp
Cf

� �
´ 100 (3)

1� R
R

¼ B
A ´ ðΔP � ΔπÞ (4)

where Cp (g L−1) and Cf (g L−1) are the NaCl concentrations of the
permeate solution and the feed solution, respectively, and Δπ (bar)
is the difference in osmosis pressures across the membrane.
All FO membranes with an effective membrane area of 33.8 cm2

were tested in a cross-flow FO filtration system in both the ALFS
mode (the active layer facing the feed solution) and the ALDS
mode (the active layer facing the draw solution) under room
temperature with a cross-flow rate at 20 L h−1 15,58. Each type of
FO membrane was tested in triplicate to minimize experimental
errors. 2 L of NaCl solution (2 mol L−1) was applied as the draw
solution, and 2 L of 10mmol L−1 NaCl solution was used as the
feed solution according to the previous studies59. A digital weight
balance and a conductivity meter were applied to monitor the
variation of the weight of the draw solution and the conductivity
of the feed solution, respectively. After 30 min of filtration, the
membrane reached a steady state, and then the water flux (Jw)
and the reverse solute flux (Js) were checked every 15min for at
least 5 times to calculate the average values. Jw and Js could be
achieved by the following equations:

Jw ¼ ΔV
Am ´ t

(5)

Js ¼ Ct ´ Vt � C0 ´ V0
Am ´ t

(6)

where C0 (g L−1) and Ct (g L−1) are the initial and final
concentrations of NaCl in the feed solution, respectively. V0 (L)
and Vt (L) represent the initial and final volume of feed solution,
respectively.
The structure parameter (S) of FO membranes was tested in

ALFS mode by Eq. (7) according to the classical ICP model15,60:

S ¼ D
Jw

ln
Aπdraw þ B

Aπfeed þ Jw þ B

� �
(7)

where πdraw (bar) and πfeed (bar) represent the osmotic pressure of
the draw solution and the feed solution, respectively, and D
(m2 s−1) is the solution diffusion coefficient.

Evaluation of antifouling and antibacterial properties
To reveal the improved effects of BioAg on the antifouling property
of prepared FO membranes against organic foulant, 2 L of
200mg L−1 BSA aqueous solution was selected as the feed solution
while 2 L of 2mol L−1 NaCl aqueous solution acted as the draw
solution61. This experiment was operated for 240min at room
temperature. Moreover, the antibacterial property of FO membranes
was investigated by a biofouling experiment. Before the experiment,
the FO filtration system was successively cleaned and disinfected
with 0.5% NaClO, EDTA (5mmol L−1), and 95% ethanol. Each of the
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above solutions (2 L) was circulated through the system for 1 h. After
that, the FO system was cleared by DI water three times. To run the
biofouling experiment, a FO membrane was placed into the FO
filtration system. 2 L NaCl aqueous solution (0.9 wt%) containing
(17.1 ± 0.8) × 109 cells L−1 of P.aeruginosa and 2 L of NaCl solution
(2mol L−1) were used as the feed solution and the draw solution
respectively. Each FO membrane was tested for 6 h.
After the biofouling experiment, the bacteria attached to the

surface of FO membranes were characterized by the colony-
forming unit (CFU) and SEM test. Circular samples with a diameter
of 6mm were cut from two different fouled areas of each
membrane and were then transferred to 10mL saline solution,
respectively. After 15min of sonication, the collected solution was
sequentially diluted 10-fold in saline solution. The diluted solution
was then spread on LB agar plates. Before counting the CFU, the LB
agar plates were kept overnight at 37 °C. Each sample was tested in
duplicate. In addition, the morphology of fouled membranes was
characterized by SEM. To fix the foulants on membrane surfaces,
fouled membranes were immersed in 2.5% glutaraldehyde in
0.1 mol L−1 PBS for 2 h and were then dehydrated by 30%, 50%,
70%, 90%, 100% ethanol for 15min. After being dried, membranes
were sputter-coated with platinum, followed by an SEM test.
The velocity of silver leaching of both substrates and FO

membranes was tested under an immersion experiment. Firstly,
both samples of the substrate membranes and the FO membranes
were cut into 9 cm2 and stored in 30 mL nitric acid solution. After
3 days of shaking, the membranes were broken, and then the
nitric acid solution was diluted and tested by an inductively
coupled plasma mass spectrometry (ICP-MS, Agilent, model
7500CX) to calculate the total silver amount in membranes.
Additionally, to measure the amount of released silver, other
membrane samples with 9 cm2 were also immersed in 30 mL Milli-
Q water. After a specific time, the membranes were taken out and
immersed in additional Milli-Q water, while the former Mill-Q
water was tested by ICM–MS to measure the amount of silver. This
experiment was operated for 30 days.
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