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ABSTRACT: Biofouling is still one of the most challenging issues of nanofiltration.
One of the practical strategies to reduce biofouling is to develop novel anti-biofouling
membranes. Herein, biogenic silver nanoparticles (BioAg’-6) with the averaged
diameter of only 6nm were firstly grafted on the surface of polyamide NF membrane.
The effect of grafted BioAg’-6 on the performance of thin-film composite (TFC) NF
membranes was systematically investigated with a comparison to the grafted chemical
AgNPs. BioAg’-6 grafted membrane (TFC-S-BioAg) increased the hydrophilicity of
the TFC membrane and water permeability, while maintaining the relatively high salt
rejection. The result of silver leaching experiment indicated that the grafted BioAg"-6
had a better stability on the membranes, the ratio of remained silver in the
TFC-S-BioAg membrane was 95%, after soaked in pure water for 50 days. After 4
months immersion, the rejection of TFC-S-BioAg membrane remained more than
90% of initial rejection. The results of disk diffusion test revealed that both of
TFC-S-BioAg membrane and TFC-S-ChemAg membrane showed effective
anti-bacterial ability to inhibit P.aeruginosa and E.coli growth, the TFC-S-BioAg
membrane showed more excellent and longer lasting antibacterial property. Therefore,
BioAg’-6 grafed TFC membranes could be potential as an effective strategy to
decrease biofouling in nanofiltration process.

KEYWORDS: biogenic silver nanoparticles; chemical silver nanoparticles;

biofouling, antibacterial; nanofiltration



1. INTRODUCTION

Biofouling is one of the most challenging problems in membrane separation
processes which hinders wider applications of thin-film composite (TFC)
nanofiltration (NF) membrane in wastewater treatment system' >. Biofouling begins
with the bacterial adhesion on the membrane surface’. Once bacterial attaches to the
membrane surface, bacteria will produce a bio-film, which is difficult to be eliminated
and often cause irreversible damage to membrane structure with the decline in the
permeate quantity®”. Antifouling strategies of TFC membranes are normally carried
out either by feed stream pretreatment, cleaning-in-place program or by membrane
surface modification®’. Physical pretreatment and chemical pretreatment are able to
control inorganic and part of the organic fouling. However, most antifouling efforts
by pretreatments are not effective in eliminating biofouling in membrane separation
process®. The application of biocide such as chlorine in the feed stream was reported,
which could effectively decrease the membrane biofouling. However, even 99.99%
removal of bacteria from the feed water cannot guarantee the elimination of bacteria
growth on the membrane surface because the remaining bacterial can still migrate and
multiply rapidly’. Besides, the biocides added in the feed streams have often been
found to damage the membrane structure'’. Hence, the most immediate method to
control biofouling is applying antifouling efforts to membranes directly.

Inorganic additives were incorporated into polymeric membranes with the purpose
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of reducing membrane fouling''™"

. Silver compounds and silver ions have been
known to exhibit strong inhibitory and bactericidal effects as well as a broad spectrum
of anti-microbial activities'*. Due to their excellent biocidal properties and low

toxicity towards mammalian cells'> '®

, silver nanoparticles (AgNPs) have been widely
applied in TFC reverse osmosis (RO) membrane fabrication. Lee et al. '” added
AgNPs in the oil phase to form polyamine thin-film layer during the interfacial
polymerization. Kim et al.'"® combined AgNPs into the aqueous solution during the
interfacial polymerization to improve antifouling properties of TFC membrane.
AgNPs were also attached to the surface of TFC membrane effectively via covalent
banding, and the AgNPs showed good stability"”. These reports indicated that AgNPs
could be immobilized to the TFC membrane effectively and improved the
antibacterial and antifouling properties. AgNPs with diameter of 15~100 nm are
reported to  synthesize via chemical reduction method, which is the most commonly
used”. However, chemically produced silver nanoparticles often have problems with
particles stability and tend to aggregate at high concentrations or when the average
particle size is less than 40 nm®'.

In our previous work, novel biogenic silver nanoparticles were obtained using dried
Lactobacillus fermentum biomass™> **. The biogenic AgNPs with an average diameter
of ~6 nm (Bio-Ag’-6) exhibited excellent antibacterial performance. Some studies

suggested that the antibacterial properties of AgNPs might be size dependent, with

smaller particles having a greater bactericidal effect’’. But the smaller AgNPs
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synthesized in traditional approaches are often less stable than larger ones and tend to
aggregate faster at high concentrations™. For Bio-Ag’-6, the attachment of bacterium
fragment on the surface of nanoparticles might prevent the AgNPs from aggregating.
Therefore, Bio-Ag’-6 showed a very high stability in aqueous solution®*, which is the
advantage that normal chemical particles cannot afford.

In this study, Bio-Ag’-6 was grafted onto the surface of freshly fabricated TFC NF
membrane for the first time, in contrast with the commercial chemical AgNPs. The
AgNPs showed good stability on the surface of TFC membrane though chemical
covalent bonds. The surface of freshly prepared membranes were investigated by
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and
water contact angle apparatus. The silver release from the membranes in both static
immersion and dead-end filtration were evaluated. Furthermore, the AgNPs grafted
membranes were soaked in pure water for 4 months to assess the effect of silver
release on the long term filtration performance. The antibacterial and antibiofouling
performances were also evaluated by the disk diffusion method and bacterial

suspension filtration experiment.

2. EXPERIMENTAL SECTION

Materials. Polysulfone (PS Solvay P3500) was bought from BASF (China) Co.

Ltd. polyvinylpyrrolidone (PVP-K30), N-Methyl pyrrolidone (NMP; >99%)
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triethylamine (TEA; >99%), sodium dodecyl sulfate (SDS; 99%), N-hexane (99%),
sodium sulfate (Na,SO4; 99%), Ammonia solution (analytical grade), silver standard
solution (1000 mg L") were supplied by Sinopharm Chemical Reagent Co., Ltd..
Silver nitrate (AgNOs;; analytical grade) was purchased from Shanghai Shenbo
Chemical Co., Ltd. Bovine serum albumin (BSA, 67 KDa), cysteamine
(H2N-(CHy),-SH, 95%), Piperrazine (PIP; 99%), and trimesoyl chloride (TMC; 98%)
were purchased from Aladdin Co. Ltd. Chemical AgNPs (diameter of 20 nm, 99.95%)
were purchased from Beijing Dk Nano technology Co. Ltd.

Preparation of PS supporting membrane. The PS support membrane was
prepared via immersion precipitation phase inversion method. Firstly, the blend
solution was prepared by dissolving 17.5 wt.% PS, 0.5 wt.% PVP-K30 in NMP at
80 °C. After stirring for 12 h, the homogeneous solution was kept at the room
temperature to remove air bubbles for around 12 h. Then the dope solution was casted
onto a non-woven fabric (thickness 120 um) using a casting knife, followed by
dipping the membrane into a DI water bath for immediate phase inversion. The wet
film thickness was controlled at ~220 pm. After 30 min in a gelation medium, the
membrane was taken out and kept in DI water.

Synthesis and characterization of biogenic silver nanopaticles (Bio-Ag’-6). The
biogenic silver nanopaticles (Bio-Ag’-6) was synthesized with Lactobacillus
fermentum LMG 8900 as reported in a previous work™> *®. The detailed procedure was

as followed: dried biomass was dissolved to in Milli-Q water in an Erlenmeyer flask,
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with NaOH and diamine silver added sequentially. The final concentration of biomass,
silver and [OH] ' were controlled to 10 g L™, 10 g L' and 0.2 mol L™" respectively.
After incubating in a shaking incubator at 30 °C (200 rpm) for 24 h, the solution was
centrifuged at 5,000 rpm for 6 min. The biogenic silver hydrosol was separated and
centrifuged at 6,000 rpm for 10 min for further concentration and purification. Finally,
the biogenic AgNPs with diameter of 6 nm was obtained.

Preparation of TFC NF membranes. The TFC NF membrane was prepared by
interfacial polymerization of PIP and TMC as described elsewhere®’. Firstly, the PS
support layer was immersed in a 1.6 wt% PIP aqueous phase for 1 min. The excess
solution was removed from the soaked surface by a rubber roller. Then the organic
solution of TMC (0.35 wt.%) in n-hexane was poured over the membrane for 20 s to
finish the interfacial polymerization reaction. The PS membrane was taken out from
the n-hexane solution and heated in an oven at 50L] about 3 min, for a better
polymerization reaction. Finally, the prepared TFC membranes were rinsed with pure
water and then ethanol before the surface grafting.

Newly fabricated TFC membranes were immediately immersed in a
H,N-(CH»),-SH ethanol solution (20 mM, 40 mL) for 6 h. Then the membranes
(labeled as TFC-S) were moved out from the ethanol solution, washed with pure
ethanol and DI water, and incubated with the selective layer in contact with biogenic
AgNPs, chemical AgNPs suspension (0.1 mM, 40 mL) for 12 h, respectively. Finally,

the membrane samples (labeled as TFC-S-BioAg, TFC-S-ChemAg) were rinsed with
7



DI water and store in DI water for future tests.

Membrane characterization. Surface morphologies of the composite membranes
were observed by a field emission scanning electron micro-scope (FESEM, HITACHI
S-4800) equipped with an X-ray energy dispersive spectroscope (EDS) system. The
accelerating voltage of SEM is 5 kV. Before SEM analysis, all membrane samples
were dried in vacuum oven at 800) for more than 48 h and then coated with gold.
Presence of silver nanoparticles was confirmed by energy dispersive X-ray spectra
(EDS) and elemental mapping.

Functional groups of membrane surfaces were identified by ATR FT-IR
spectroscopy, which was conducted on the Nicolet iS10 (Thermo Fisher Scientific)
equipped with multi-reflection Smart Performer ATR accessory. All spectra included
the wave numbers from 500 to 4000 cm™ with 64 scans at a resolution of 4.0 cm™.

Hydrophilicity of the membrane surface was assessed according to the pure water
contact angle, which was measured by the sessile drop method on a video contact
angle system (DSA100, German KRUSS). The contact angle was measured
automatically by a video camera in the instrument using the drop shape analysis
software. At least five measurements on different locations of each sample were
performed to calculate an averaged value of contact angles.

The filtration performances of the composite membranes were evaluated by a
dead-end filtration cell (Model 8010, Millipore Corp. USA). The membranes (4.1cm®

of effective area) were operated at 0.35 MPa. Pure water flux was measured by the
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weight of permeate water at a constant transmembrane pressure. The weight of the
permeate flux was recorded by a precision electronic balance (Denver Instrument,
USA). 2000 ppm Na,SO4 was used as feeding solutions to test membranes rejection.

Pure water flux and salt rejection were calculated with Egs.(1) and (2), respectively.

F=t (1)
R=(1-2)x100% )

f

Where F is the permeate flux (L/m’h), W, the permeate volume (L), A the
membrane area (m?), t the filtration time (h), R the rejection ratio, and Cp and Cf the
conductivities of permeate and feed solution, respectively. All the results presented
are average data with standard deviation from at least three samples of each type of
membrane.

Stability of the immobilized silver. The stability of the immobilized silver on the
prepared composite nanofiltration membrane was evaluated via both static release and
filtration experiments. In the static release test, the composite nanofiltration
membrane was cut into a circular shape with an area of 3.5 cm’, and was subsequently
soaked in a sealed flask filled with 10 ml of Milli-Q water at room temperature. As
specified time intervals, the water samples were collected and acidified by 2% HNO3
to be analyzed by inductively coupled plasma mass spectrometry (ICP-MS, Agilent,
model 7500CX).

The silver release rate under the filtration condition was evaluated by driving DI

water through the membrane at a constant pressure of 0.35 MPa. The permeate water
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was collected every 1.0 h and released silver concentration by ICP-MS as described
above.

Further, the effect of silver depletion on the change of composite membranes
filtration performance was also studied. First, the initial pure water flux and Na,SO4
rejection of the composite membranes were measured. Then the membranes were
immersed in DI water for 4 months to maximize the release of silver. After that, the
pure water flux and Na,SO4rejection were tested again. Based on the data before and
after immersion, the flux and the rejection variation can be calculated.

Antibacterial assessment. In the disk experiment, Pseudomonas aeruginosa
(ATCC27853) and Escherichia coli (ATCC15597) was inoculated into a liquid
lysogeny broth (LB) and incubated in an Incubator Shaker (Zhicheng, ZHWY-2012C)
shaking at 180 rpm for 10 h at 37[1. The resulting cell suspensions were further
diluted to approximately 10° colony-forming units (CFU)/mL. Aliquots (100 uL) of
the diluted working suspension inoculated with P. aeruginosa and E.coli were applied
to agar plates, respectively. Membrane samples (diameter 2.1 cm) were then placed
onto the nutrient agar plates with the selective layer in contact with the agar surface.
After incubation at 37 for 24 h, the bacterial inhibition zone of each plate was
observed. There are at least three parallel samples for each type of membrane.

During SEM investigation, membrane samples with size of 2 cm” were immersed
in 25 mL of P. aeruginosa and E.coli suspensions (3.0x10° CFU/mL) for 8 h at 370.

Then the membrane samples were dried in an oven at 80[] for 24h, and coated with
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platinum using sputter coater for SEM observation.

3. RESULTS AND DISCUSSION

Characterization of membranes. The surface morphologies of original, thiol
modified, biogenic silver immobilized and chemical silver immobilized membranes
are shown in Fig. 1. All of these membranes exhibited typical “ridge and valley”
structure characteristic of the PA thin-film layer'. There were no obvious differences
between them. However, the high resolution SEM images showed spherical particles
located on the TFC-S-BioAg and TFC-S-BioAg membrane surface evenly. The
particles located on the TFC-S-BioAg membrane ranged from 5~10 nm in diameter,
about the size with that of biogenic AgNPs. There were several spherical particles on
the surface of TFC-S-ChemAg membrane sample, the diameters of these particle were
about 20 nm, about the size with that of chemical AgNPs. Furthermore, the EDS
spectra results indicated that the biogenic and chemical AgNPs were successfully
grafted on the selective layer of the TFC membranes. As shown in Fig. 2, carbon,
oxygen and sulfur picks are available in the all samples, but picks associated with the
silver nanoparticles are available only in TFC-S-BioAg and TFC-S-ChemAg
membranes (Fig. 2b and c).

The chemical structure of the selective layer was analyzed by FT-IR spectroscopy,
a convenient method to analyze the various chemical bonds in the outermost part of a

membrane. The spectra of the PS support membrane and various TFC membranes are
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presented in Fig. 3. Beside the typical PS bonds of the substrate, the spectrum of the
composite membranes exhibited the absorption peaks at 1620 cm™ and weak broad
adsorption bands at 3420 cm™ ,which were attributed to the stretching vibration band
of the amide C=0O groups and N-H stretching vibration, respectively”. Meanwhile,
the peaks at 1441 cm” was associated to C=O stretching and O-H bending of
carboxylic acid. These characteristic bands proved that the polyamide was formed on
the surface of PS substrate during the interfacial polymerization reaction. However,
the characteristic peak of S-H stretching located near 2540-2560 cm™ did not show up.
This may because of the low sensitivity of thiol group in FT-IR due to the high
polarizability of sulfur®.

The contact angle is a measure of tendency for water to wet the membrane surface.
As can be seen from Fig. 4, the static water contact angle decreased from 77 + 5.9°
(that of PS membrane) to 42.5 £ 2.2° (that of bare TFC membrane). The main
chemical components in the selective layer affecting the hydrophilicity of the
membrane are amide groups, amino end groups and carboxylic acid groups (from the
hydrolysis of unreacted acyl chloride groups). After grafting HoN-(CH,),-SH, the
contact angle slightly decreased to 39.4 + 3.0°, suggesting the attachment of thiol
groups on membrane surface slightly improve the surface hydrophilicity. The contact
angles of membrane with grafted biogenic and chemical AgNPs decreased to 37.0
4.5° and 37.5+2.6° . The decrease in contact angle by the grafted AgNPs is

generally accord with the results in other literature™ '*. Lower contact angle means
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stronger hydrophilicity. It has been demonstrated that more hydrophilic surface can

3931 The increased hydrophilicity

decrease bacterial adhesion and protein adsorption
of the membranes could decrease the water contact angles and increase the water
flux*, which would be discussed in next section.

The main chemical components in the selective layer affecting the hydrophilicity of
the membrane are amide groups, amino end groups (from the hydrolysis of unreacted
acyl chloride groups), and AgNPs. The improved surface hydrophilicity of the TFC
membrane prepared from a polymerization reaction of PIP and TMC is mainly from
the AgNPs content at the surface skin layer.

Water filtration performance of membranes. The pure water flux and the salt
rejection of membranes are presented in Fig. 5. The grafted cysteamine and AgNPs on
the composite membranes effectively enhanced the pure water flux. At a constant
pressure of 0.35MPa, the pure water flux of the bare TFC, TFC-S, TFC-S-BioAg, and
TFC-S-ChemAg membranes were 13.24%1.44 L/m’h, 17.41£1.52 L/m’h, 17.39%
3.02 L/m’h, 17.41%0.69 L/m’h, respectively, and Na,SO4 rejection was 86.89+
2.10%, 85.47X2.47%, 87.031£0.99%, 86.15E£5.48 %, respectively. The higher water
flux and slight influence of salt rejection for the grafted membranes could be due to
the the increased hydrophilicity and the effects of ethanol solution used in the grafting
procedure. A mild solvent such as ethanol could increase the water flux of TFC

membranes without salt rejection®. Ethanol solution could lead to membrane swelling

and wipe out small molecular fragments, so a more loose structure can be formed but
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still not enough to markedly decrease salt rejection.

Effect of silver leaching. The stable and strong bond between the AgNPs and the
membrane is important for ensuring the maintenance of anti-biofouling performance
for high-efficient and eco-friendly membrane system®*. The release rate of silver from
the AgNPs grafted membrane was examined in both static and filtration experiments.
The result of static immersion test was presented in Fig. 6, the initial rate of silver
ions released from TFC-S-BioAg and TFC-S-ChemAg membrane were 0.024 and
0.17 ug cm™ day’, respectively, and then declined steadily with time. After soaking
in Milli-Q water for 50 days, the release rate of biogenic AgNPs and chemical AgNPs
both leveled off to a level below 0.02 ug cm™ day”'. The total amounts of AgNPs
grafted on the surface of TFC-S-BioAg and TFC-S-ChemAg membrane were 0.38
and 2.28 pug cm™, respectively. After 50 days of the static release test, the ratio of the
remained silver to the original one on the TFC-S-BioAg and TFC-S-ChemAg
membrane were 95% and 74%, respectively. According to the relatively low leaching
rate less than 0.02ug cm™ day™, the TFC-S-BioAg membrane is expected to last more
than 340 days before all silver on the membranes completely released. This will
potentially extend the anti-fouling effect of the TFC membrane. It can be concluded
that the TFC-S-BioAg membrane has a more stable and durable anti-biofouling
performance than TFC-S-ChemAg membrane.

The concentration of silver ions in the permeate fluid during filtration experiment

was analyzed by ICP-MS. The result is presented in Fig. 7. The leaching Ag"
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concentration in the permeate side was very low with the initial Ag" concentration
being less than 29 ppb for the TFC-S-BioAg membrane, and less than 32 ppb for the
TFC-S-ChemAg membrane. Then the release rate of Ag” gradually decreased as more
water was filtered with time. According to the National Secondary Drinking Water
Regulations, the Ag threshold is limited to 100 ppb. Hence, the amount of silver
released from both the TFC-S-BioAg and the TFC-S-ChemAg membrane, has no
health concern. According to the filtration experiment, both of the TFC-S-BioAg and
the TFC-S-ChemAg membrane could be good choices for membrane biofouling
disinfection since the Ag" release was below the threshold value during the filtration
process.

Although the anti-bacterial action by silver nanoparticles is not fully studied,
several researchers inferred that the anti-bacterial capacity of the composite
membranes based on the ability to release biotoxic silver ions (Ag’) to the
surrounding solution **. Several studies have proved that the anti-bacterial capacity of
silver loaded membranes had a significant reduction due to the decrease of the silver
content *°. In this study, most of the silver remained in the AgNPs grafted membranes,
even 50 days after the soaking experiment.

To investigate the influence of silver leaching to the membrane filtration property,
pure water flux and Na,SO, rejection of membranes before and after treatment by 4
months immersion were measured. As shown in Fig. 8, the water flux (F,) of all the

membrane samples witnessed almost 40% increase compared to the initial flux (Fy).
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With the increase of water flux, the Na,SO, rejection (R;) of the pristine TFC
membrane decreased to 89% of the initial rejection (Ry), While the rejection of the
TFC-S-BioAg and TFC-S-ChemAg membranes were 89.23% and 91.24%,
respectively. The result indicated that the silver depletion from the surface of
TFC-S-BioAg and TFC-S-ChemAg membranes does not influence the filtration
performance obviously. The result that the salt rejection of AgNPs contained TFC
membranes were higher than the bare TFC membranes, which is possible due to the
antibacterial ability of the AgNPs.

Anti-biofouling performances of the Bio-Ag"-6/PES composite membranes. P.
aeruginosa and E.coli were selected as the tested bacterial strains model to assess the
anti-biofouling activity of TFC membranes by the inhibition zone method. As
depicted in Fig. 9, there was no clear antibacterial zone around the pristine TFC
membrane, indicating no anti-biofouling activity against either P. aeruginosa or
E.coli. However, after being grafting of the silver nanoparticles on membrane surfaces,
both the TFC-S-BioAg and TFC-S-ChemAg membranes showed clear inhibition
zones surrounding the samples. This illustrated that the antibiofouling activity of
AgNPs grafted TFC membrane was derived from the silver nanoparticles’. The
inhibition zone of TFC-S-BioAg menbrane is wider and clearer than that of
TFC-S-ChemAg membrane, indicating that the antibacterial ability of the
TFC-S-BioAg membrane is superior to the TFC-S-ChemAg membrane.

Chemically produced AgNPs often have problems in particle stability and tend to
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aggregate at high concentrations or when the average particle size is less than 40 nm.
However, the Bio-Ag’-6 showed high stability in aqueous solution in this study. The
attachment of the nanoparticles with the micro scale surface of the bacterium on
which they were formed prevents them from aggregating. So the membrane
embedded with Bio-Ag’-6 may have a better anti-fouling property than the membrane
embedded with chemical AgNPs.

The anti biofouling performance of the prepared membranes were investigated with
a high concentration of stationary phase bacteria suspensions (~10° CFU/mL) in 8 h
immersion test. The membrane samples were submerged in aqueous suspensions of P.
aeruginosa and E.coli., respectively. SEM images (Fig. 10) were obtained after
removing membrane samples from the bacterial suspensions. As showed in Fig. 10(a),
the P. aeruginosa bacterial with approximately 2 4 m in length attached on the bare
TFC membrane surface. On the contrary, TFC-S-BioAg and TFC-S-ChemAg
membrane surfaces were relatively cleaner. The similar antifouling result for E.coli.
was obtained in Fig. 10(b). This result suggested that both of the TFC-S-BioAg and
TFC-S-ChemAg membranes presented excellent anti-bacterial and biofouling
properties.

The mechanism of anti-biofouling activity of silver nanoparticles had still not been
well understood. Some researches explained that the anti-bacterial capacity of silver
composite membranes mainly relies on their ability to release silver ions (Ag'), which

has a strong toxicity to bacteria. Silver ions can react with cysteine by replacing the
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hydrogen atom of the thiol group to form S-Ag complexes®’, thus hindering the
respiratory function of the affected protease and preventing the DNA replication.
Furthermore, Ag' can influence the structure and the permeability of the cell

membrane %3,

4. CONCLUSIONS

Biogenic AgNPs and chemical AgNPs were successful grafted onto the surface of
polyamide TFC nanofiltration membrane with cysteamine as the bridging agent. Both
of the TFC-S-BioAg and TFC-S-ChemAg membrane showed enhanced hydrophilicity
and water flux, while maintaining good salt rejection. The TFC-S-BioAg membrane
showed both better stability of embedded AgNPs and better antibacterial ability
compared with the TFC-S-ChemAg membrane. Furthermore, 4 months immersion
experiment demonstrated that AgNPs depletion did not influence the separation
property of TFC membrane. The results demonstrated that biogenic AgNPs
(Bio-Ag’-6) could be used as an effective biocide agent to mitigate TFC membrane

biofouling.
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Fig.1. SEM images showing the surface morphologies of the pristin TFC, TFC-S,

TFC-S-BioAg, and TFC-S-ChemAg membrane.
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Fig.2. the energy dispersive X-ray spectra (EDX) of (a) the pristin TFC, (b)

TFC-S-BioAg, and (c) TFC-S-ChemAg membrane.
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Fig.3. Comparison of FT-IR spectra of the pristin TFC, TFC-S, TFC-S-BioAg, and

TFC-S-ChemAg membrane
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Fig.4. Water contact angles of the pristin TFC, TFC-S, TFC-S-BioAg, and

TFC-S-ChemAg membrane surfaces
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Fig.5. Water flux and salt rejection of the pristin TFC, TFC-S, TFC-S-BioAg, and

TFC-S-ChemAg membrane samples.
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Fig.6. Silver release from the the TFC-S-Bio-Ag membrane and TFC-S-Chem-Ag

membrane during 50 days soaking
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Fig.7. Silver release from the TFC-S-Bio-Ag membrane and TFC-S-Chem-Ag

membrane during 12 h flow-through experiment
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Fig.8. The effect of silver depletion (immersed in pure water for 4 months) on the

change of pure water flux and salt rejection.
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Fig.9. Anti-bacterial effect on (a) P.aeruginosa and (b) E.coli PA on the pristine TFC,

TFC-S-BioAg, TFC-S-ChemAg membrane
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Fig.10. SEM images after batch incubation of the pristine TFC, TFC-S-BioAg,

TFC-S-ChemAg membrane with (a) P.aeruginosa and (b) E.coli
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