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ABSTRACT

Developing ultrafiltration (UF) membranes with excellent anti-biological fouling and overcom-
ing the hydrophobicity of membrane material itself has been a major challenge. While exposing a
major drawback of being unstable and easily lost from the membrane, silver nanoparticles (AgNPs)
are still used as bactericidal substances in membranes. Polyamic acid (PAA) is a flexible hydrophilic
polymer that exhibits strong complexing ability and considerable steric hindrance effect on metal
cations. Herein, using PAA as a stabilizer to modify the size and dispersion of silver nanoparticles
(AgNPs), we developed a polyethersulfone (PES) UF membrane featuring both hydrophilic and
antibacterial dual functions. The AgNPs in the as-prepared membrane were small in size (around
3-10 nm) and highly dispersed in the membrane, exhibiting highly efficient antibacterial ability
with 96.82% and 98.29% inhibition towards Escherichia coli and Staphylococcus aureus, respectively.
Meanwhile, the partially covered AgNPs by PAA and the high surface energy made them less sus-
ceptible to lose in the membrane. The developed membrane retained about 4.5 times more AgNPs
than the original membrane for the same membrane area. Moreover, the favorable hydrophilic and
pore structure endowed the membrane with high water flux and acceptable rejection of bovine
serum albumin (BSA). The PES/PAA-Ag membrane exhibited an excellent water flux, which was
421.47 (L/m*h) under 1 bar pressure, about 1.4 times of PES and 3.4 times of PES-Ag membrane
(with a high BSA rejection, around 90%). This work provided a reference for the development of
hydrophilic and antimicrobial membranes, as well as having considerable potential practical value.
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1. Introduction

Almost every substance that enters the environment
in nature is subject to the action of one or more microor-
ganisms, whose metabolites or intermediates are complex
and diverse, and may accumulate in large quantities under
certain conditions, finally causing pollution of the envi-
ronment or damage to product quality and affecting the
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service life of product. Membrane separation technology
is an emerging and environmentally friendly technology
that continues to make breakthroughs in the treatment of
water environment, especially in the field of ultrafiltra-
tion. Polyethersulfone (PES) is a common raw material
for ultrafiltration (UF) membrane preparation. The PES
UF membrane is frequently employed in water treatment,
chemical, medical and food applications with exceptional
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chemical, thermal stability, and mechanical properties [1-5].
However, the conventional PES membranes are susceptible
to bacterial adhesion and propagation on the membranes,
forming biofilms that can cause irreversible damage to
the membrane material. Bacterial fouling severely lim-
its the separation performance and service life of mem-
branes [6-8]. In recent years, the prevalent approach to
combat membrane bacterial fouling has been to develop
membranes with antibacterial properties [9-11].

The blending of metal nanoparticles with organic poly-
mer membranes to improve the antibacterial properties of
membranes has gained recognition [12,13], which poten-
tially inhibits bacterial colonies from forming biofilms on
the membrane surface [14]. Modification of membranes
with silver nanoparticles (AgNPs) has been shown to be an
effective strategy for improving membrane performance
and properties [15-17]. Among them, silver nanoparticles
(AgNPs) with broad-spectrum bactericidal and fungicidal
activities and low toxicity to animal cells have attracted
extensive attention [18-21]. Compared with silver ions,
AgNPs are persistent and suitable for controlled release
[22-24]. Since Chou et al. [25] first reported the antibac-
terial activity of cellulose acetate-loaded silver, a number
of antibacterial membranes loaded with AgNPs have been
developed successively. However, there is still a serious
problem with AgNPs as bacterial inhibitors in membranes.
Because of the weak interaction, AgNPs are not firmly
bound to the membrane by physical co-blending and tend
to accumulate, which results in a significant loss of anti-
bacterial and antiviral activities [26-30]. According to
Khaydarov et al. [31], smaller nanoparticles could enhance
the antibacterial and antifungal efficacy. Therefore, it is
necessary to focus on the synthesis of AgNPs with small
size and high dispersion. The high surface energy and ther-
modynamic instability of AgNPs lead to their aggregation.
Stabilizers are crucial in the fabrication of size-controlled
and highly dispersed AgNPs because they effectively stop
further AgNP aggregation. Andrade et al. [32] as well as
Mukherjee and Bandyopadhyaya [33] fabricated antibac-
terial membranes of AgNPs using poly(vinylpyrrolidone)
and acrylic acid as stabilizers, respectively. However, the
size of AgNPs controlled by the above two stabilizers was
large (about 40 nm) and easily lost from the membrane.
The stable stability of AgNPs in membranes can rely not
only on their high surface energy, but also on a polymer
with certain properties to hold AgNPs firmly in place.
Besides, the large size of AgNPs affects the permeability
of membrane. Hence, it is critical to develop membranes
that are both antimicrobial and hydrophilic. This requires
us not only to consider the antibacterial property and
the stability of antibacterial substances in the membrane,
as well as improving the permeability of membranes.

Polyamic acid (PAA) has strongly hydrophilic amide
and carboxyl groups, as well as chain flexibility [34,35].
The high solubility of PAA in aprotic solvents makes it
easy to synthesize and process [36]. It is well known that
the compatibility between polymers was a major issue that
hinders the performance and stability of membranes. The
glass transition temperature (T,) was a commonly used
method to study polymer compatibility [37,38], and the
results of our previous study revealed well compatibility

between PES and PAA [39]. Herein, developing a dual-func-
tional PES UF membrane with hydrophilic and antibacte-
rial properties using PAA as a stabilizer to control the size
and dispersion of AgNPs. PAA molecules contained a large
number of carboxyl groups with strong complexing ability
to metal cations and considerable steric hindrance effect.
The silver ions were complexed by the carboxyl groups
in PAA, and then reduced to highly dispersible and anti-
microbial AgNPs by using the reducing property of N,N-
dimethylformamide (DMF) solvent. Meanwhile, the chain
flexibility of PAA could also partially coat AgNPs and
reduce the loss of AgNPs, which effectively extended the
antimicrobial life of membranes. Moreover, the hydrophilic
group of PAA itself endowed the UF membrane with great
hydrophilicity, which could increase the water permeation
rate and improve the water flux. Notably, the as-prepared
membrane exhibited high water flux at ultra-low pressure.
The results of this work indicated that PES UF membrane
with hydrophilic and antimicrobial properties prepared
by using PAA as a stabilizer was simple and effective, with
excellent inhibition of Escherichia coli and Staphylococcus
aureus.

2. Experimental set-up
2.1. Materials

DMF and 4,4’-diaminodiphenyl sulfone (DDS) were
supplied by Aladdin Reagent Co., Ltd., (Shanghai, China).
Pyromellitic dianhydride (PMDA) was bought from
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China).
Bovine serum albumin (BSA, 97%) and silver nitrate (AgNO,,
AR) were purchased from Macklin Biochemical Co., Ltd.,
(Shanghai, China). All chemicals required no further
purification.

2.2. Membrane fabrication

All membranes were obtained by NIPS method: PES
(15 wt.%), DMF (85 wt.%), and DDS (0.8 g) were mixed in
proportion and stirred at 80°C for 0.5 h. PMDA (0.7168 g)
and AgNO, (0.8 g) were added and followed by stirring for
10 h. The casting solution was applied to glass plate and
immediately moved to a water bath (20°C) to solidify into
a membrane after standing and defoaming for 24 h. Noted
as PES/PAA-Ag. Among them, the weight-averaged molec-
ular weight (Mw) of PES and PAA involved were 144,203
and 393,087, and the polydispersity index (PDI) were 1.62
and 2.03, respectively (Fig. S1 and Table S1). Fig. 1 depicted
the membrane preparation process as well as a possible
mechanism for AgNP formation: DDS and PMDA were
poly-condensed to PAA first, and then the silver ions were
complexed with carboxyl groups in PAA. Finally, AgNPs
were obtained via in-situ reduction of silver ions with solvent
DMF, coupled with the steric hindrance effect of PAA.

As a control, PES (15 wt.%), DMF (85 wt.%) were blended
proportionally and with stirring as long as 0.5 h at 80°C.
AgNO, (0.8 g) was added and solidified to form a mem-
brane after continued stirring for 10 h. Noted as PES-Ag.
Similarly, PES (15 wt.%), DMF (85 wt.%) were mixed in pro-
portion and solidified into a membrane after stirring at 80°C
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Fig. 1. (a) Diagram of PAA controlled AgNPs size and (b) introduction of AgNPs into PES membrane.

for 10.5 h. Noted as PES. The appearance morphology of
the three membranes prepared was shown in Fig. 52.

2.3. Membrane characterization

Transmission electron microscopy (TEM, Hitachi,
HT7700 EXALENS, Japan) was used to observe the size
and distribution of AgNPs in the membrane. X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha,
America) and Fourier-transform infrared spectroscopy
(ATR-FTIR, Nicolet iS50, America) were used for analyz-
ing the chemical composition of membrane surfaces. The
membrane morphology structure was studied using atomic
force microscopy (AFM, Bruker, Dimension Icon, America)
and scanning electron microscopy (SU8010, Hitachi, Japan).
The surface roughness of AFM is the ratio of the sample
surface area to the scanned area, which is presented as
average roughness (R) and root-mean-square roughness
(R), respectively [40]. Identification of AgNPs in PES/
PAA-Ag membrane was identified via UV-Vis diffuse reflec-
tance spectroscopy. An X-ray diffractometer (XRD, X'Pert
PRO, PANalytical, Netherlands) was used to determine
the crystalline structure of AgNPs.

The interfacial free energy of membrane surface
(-AG,, ) can be calculated from Eq. (1) [41]:

-AGg =7, (1+COSOJ @)
r

where 0O is the average water contact angle (WCA) of mem-
brane surface, y, is the liquid’s surface tension (surface
tension of water at 25°C is 72.8 mJ/m?), and r is the ratio
of actual surface area of membrane to planar area.

Through the weight method and Eq. (2) [41],
membrane porosity () was calculated:

the
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where W denotes the wet membrane weight, while W,
denotes the dry membrane weight (kg), o, denotes the

density of water (0.998 kg/L), A denotes the membrane
area (m?), and d denotes the membrane thickness (m).

2.4. Silver ion release

Prepare 1 cm x 5 cm PES/PAA-Ag and PES-Ag mem-
branes and 15 centrifuge tubes with 8 mL of deionized
water. The membranes were immersed in 1 centrifuge tube
with deionized water, removed after 24 h and immersed
in another centrifuge tube, and then immersed in 15 cen-
trifuge tubes filled with deionized water in sequence. The
inductively coupled plasma-optical emission spectrome-
try (ICP-OES) was employed to test the concentration of
silver ions in each centrifuge tube.

2.5. Membrane performance test

Membrane permeability and selectivity were deter-
mined via a custom cross-flow filtration system featur-
ing a 7.065 cm? valid membrane cell. The membranes were
pre-pressurized at a certain pressure for 0.5 h, and then the
water permeation flux was collected and recorded. Next,
the membranes selectivity were determined by choosing a
500 ppm BSA solution. Eq. (3) [42] was used to calculate the
membrane’s water flux (J, L/(m?h)):

AV
Atx A

J ®)

where AV refers to the recorded water penetration (L),
At refers to the filtration time (h), A refers to the effective
area (m?).

Using a UV-Vis spectrophotometer (specific wave-
length is 278 nm), the BSA concentration was determined.
Eq. (4) [42] was used to calculate the BSA retention rate (R):

C
R:[l—P]xwo%
Cf

where C represents the permeate BSA concentration (g/L),
while C, represents the feed BSA concentration (g/L).

(4)
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The antibacterial ability of membranes toward E. coli and
S. aureus could be evaluated by the spread plate method.
LB broth (10 g/L tryptone, 10 g/L NaCl and 5 g/L yeast
powder) was used to make both liquid and solid media
for the experiments, which were sterilized by autoclav-
ing. Bacterial suspensions were prepared by incubating
the bacteria in a liquid medium for 15 h (37°C, 200 rpm).
Afterward, a diluted bacterial suspension (700 uL, 10° CFU/
mL) was aspirated into a centrifuge tube containing the
UV-sterilized membrane (2 cm x 2 cm), making sure to cover
the membrane. Then, the membrane was incubated at a con-
stant temperature (37°C) for 6 h. Finally, the culture solu-
tion was diluted and spread on the solid culture medium
before being incubated for 18 h at 37°C in a constant tem-
perature incubator. Counted colonies and took pictures.
The antimicrobial rate (AR) of membrane was calculated
using equation (5) [43]:

AR :(1—g]x100% )

where B and C are the colony-forming concentrations
(CFU/mL) on the control and experimental plates,
respectively.

3. Results and discussion
3.1. Membrane properties

IR spectroscopy was utilized to prove the successful
incorporation of PAA into the membrane. According to
Fig. 2a, the spectrum of PES/PAA-Ag membrane exhibited
a new characteristic peak compared to PES membrane.

(a)

Specifically, the two peaks at 1,728 and 1,532 cm™ of PES/
PAA-Ag membrane were the C=O bond in the carboxyl
group and C-N bond in the amide group of PAA, respec-
tively [44,45]. Those results demonstrated that PAA was
synthesized and successfully added to the membrane.

To further confirm the above results, the membranes
were analyzed using XPS. As depicted in Fig. 2b, PES/
PAA-Ag membrane showed a new element at 397.30 eV,
while the PES membrane did not. It was most likely the N
element of PAA, which provided additional indirect evi-
dence. Furthermore, the characterization of narrow scan
spectra was performed. The functional groups C-C/C-H
and C-O/C-S were represented by the PES membrane’s
two major peaks, which were located at 284.8 and 286.2 eV,
respectively (Fig. 2c). However, the PES/PAA-Ag mem-
brane did show a new peak (O-C=0O/N-C=0) at 288.3 eV
(Fig. 2d) [46,47], which was derived only from the func-
tional groups of PAA. Hence, IR and XPS characterization
verified that PAA was successfully incorporated into the
membrane.

The presence of AgNPs could be determined using
UV-Vis diffuse reflectance spectroscopy. As shown in Fig. 3a,
there was an absorption peak at 442 nm, indicating the for-
mation of AgNPs. Therefore, it could be concluded that the
AgNPs were successfully reduced and incorporated into
the PES/PAA-Ag membrane. In contrast, the presence of
an absorption peak at 425 nm was indicative of the pres-
ence of AgNPs in the PES-Ag membrane. The difference in
the location of the absorption peaks of both PES/PAA-Ag
and PES-Ag membranes might be related to the variation
in the morphology and size of AgNPs formed by the differ-
ent methods [32]. Moreover, the crystal structure of PAA-
stabilized AgNPs was evaluated by XRD. According to
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Fig. 2. (a) Fourier-transform infrared spectrum of membrane. (b) X-ray photoelectron spectroscopy wide scan spectrum of
membrane. C1 X-ray photoelectron spectroscopy scan spectrum in (c) PES and (d) PES/PAA-Ag membranes.
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Fig. 3. (a) UV-Vis diffuse reflectance spectrograms of membranes, (b) X-ray diffraction pattern of PAA stabilized silver
nanoparticles, (c) dynamic water contact angle of membrane and (d) interfacial free energy of membranes.

Figs. 3b and S3, the diffraction peaks 20 =28.1, 44.3, 64.4 and
77.4 matched the (111), (200), (220) and (311) crystal planes
of face-centered cubic silver phase, respectively [48,49].
This was a typical diffraction pattern of metallic silver,
indicating that AgNPs in the PES/PAA-Ag membrane was
a face-centred cubic crystal structure. The hydrophilicity
of membranes could be characterized by WCA. As shown
in Fig. 3c, the WCA of PES/PAA-Ag membrane was lower
than PES and PES-Ag, which was 60.2°, implying that
the introduced PAA enhanced membrane hydrophilicity.
Compared with original WCA, -AG,, could be more rep-
resentative of the hydrophilicity of membrane [50,51]. In
general, the larger the —AG,, the higher the hydrophilicity
[52]. It can be seen from Fig. 3d, the ~AG,, of PES/PAA-Ag
membrane was larger, indicating greater hydrophilicity.

3.2. Morphological structure of membrane

According to Fig. 4a—f, after the control of PAA, the
AgNPs in PES/PAA-Ag membrane were generally spher-
ical in shape (particle size around 3-10 nm) and uniformly
dispersed in the membrane (Fig. 4e). In contrast, the
AgNPs in PES-Ag membrane without PAA as stabilizer
showed different morphologies (Fig. 4c), varied sizes and
tended to agglomerate into clusters (particle size around
10-150 nm). This phenomenon could also be observed from
the back side of membrane (Fig. S4). In addition, AgNPs
were observed to be sparsely present in the cross-section
of the PES-Ag membrane from TEM images and aggrega-
tion of AgNPs could be observed at the top of the mem-
brane (Fig. 4g). However, the difference was that for PES/
PAA-Ag membrane, AgNPs were more uniformly dis-
persed in the cross-section and there was no agglomera-
tion (Fig. 4h). This clearly indicated that PAA as a stabilizer

could control the size of AgNPs and make them uniformly
dispersed in the membrane, which was critical for the anti-
bacterial effects. In addition, the roughness and porosity
of membranes changed accordingly. The introduction of
PAA and AgNPs resulted in a higher roughness of PES/
PAA-Ag membrane than PES and PES-Ag membranes
(Fig. 4i and Table 1). The reason for the increase of PES/
PAA-Ag membrane roughness was that the hydrophilic
PAA tended to segregate towards the membrane surface
during the phase inversion and the existence of AgNPs on
the membrane surface. For the increase of PES-Ag mem-
brane roughness, which was only caused by the AgNPs on
the surface. From the roughness presented by the AFM in
previous study [39], it could be inferred that the more PAA
was introduced and the greater the roughness, the more
AgNPs were loaded, which facilitated the antibacterial
effects and effectively improved the membrane fouling. In
terms of porosity, PES-Ag membrane was reduced by half
compared with PES membrane. The reason might be that
the pore size formation of membrane was mainly influ-
enced by the solvent and non-solvent exchange rate and
the viscosity of casting solution [53]. The hydrophilicity
of AgNPs was indeed beneficial to increase the exchange
rate of solvent and non-solvent during the phase inversion.
Meanwhile, the introduction of AgNPs increased the vis-
cosity of casting solution, which would limit the increase
of pore size and porosity of membrane. The WCA results
showed that PES-Ag membrane was stronger than PES
membrane, but the difference was not significant, indi-
cating that the effect of PES-Ag membrane on the forma-
tion of pore size was probably small relative to the viscos-
ity. In addition, the pore size of PES-Ag membrane was
likely to be blocked by large AgNPs or aggregated AgNPs
clumps, resulting in the decrease of pore size and porosity.
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Fig. 4. (a—f) Scanning electron microscopy morphology of membranes, (g-h) Transmission electron microscopy morphology of
membranes, and (i) Atomic force microscopy morphology of membranes.

Table 1
Roughness and porosity of the membranes

Membrane Roughness (nm) Porosity
R R (%)
a 1
PES 5.14 6.54 35.07+1.31
PES-Ag 6.75 8.38 17.74 +2.05
PES/PAA-Ag 7.36 9.09 75.78 +1.87

However, for the PES/PAA-Ag membrane, the hydrophilic
PAA promoted rapidly fast transfer between solvent-non-
solvent during phase inversion, resulting in membrane
with more than twice the porosity of PES membrane.

3.3. Release of silver ions

The immersion technique was used to investigate the
static release of AgNPs from PES/PAA-Ag and PES-Ag
UF membranes [54]. From Fig. 5a it can be seen that PES/
PAA-Ag released more silver ions in the same membrane
area, about 4.5 as much as PES-Ag membrane, which indi-
cated that PAA as a stabilizer could effectively prevent the
loss of AgNPs and make more AgNPs immobilized and
retained on the membrane. One reason was the surface
effect of AgNPs. The small-sized AgNPs with high surface
energy, a significant percentage of atoms located on the
surface, and many dangling bonds were easily adsorbed
and loaded on the membrane. Secondly, PAA could achieve
partial coating of AgNPs, making AgNPs less likely to be
lost (Fig. 5e).

The release of silver ions from membrane was rapid on
the first day. The amounts released from PES/PAA-Ag and
PES-Ag membranes were 0.1422 and 0.0263 ug/cm?, respec-
tively (membrane area of 5 cm?). And then the release of

silver ions gradually stabilized from the next day onwards
(Fig. 5b). The reason for this might be the presence of par-
tially superimposed AgNPs, which were weakly bound to
the membrane surface and easily dislodged in water, while
AgNPs dispersed and immobilized on the membrane sur-
face were more firmly bound to the membrane. Hence,
the release of silver ions was faster at first and then grad-
ually slowed down [55]. Meanwhile, as shown in Fig. 5b
and c, the amount and rate of daily silver ions released
from PES/PAA-Ag membrane were higher than those from
PES-Ag since more AgNPs were fixed and retained on PES/
PAA-Ag membrane. Also, the small size and high disper-
sion of AgNPs controlled by PAA as a stabilizer with large
specific surface area were more easily oxidized to release
silver ions in contact with wate, which was essential for
improving the antibacterial performance. As we all know,
the World Health Organization (WHO) safety standard for
silver ions in drinking water was 100 pg/L, while the maxi-
mum release of silver ions through PES/PAA-Ag membrane
was 88.89 ug/L, which was lower than the specified stan-
dard [56]. In this respect, PES/PAA-Ag membrane might
be a potential option for membrane antibacterial disinfec-
tion. In addition, for antimicrobial membrane, the longer
the antimicrobial capacity, the better the separation per-
formance and service life of membrane. The release of sil-
ver ions on membrane was closely related to antimicrobial
performance. According to the analysis of Fig. 5d, the total
release of silver ions on the membrane for 15 d was 24.91%.
Based on the release trend of AgNPs, it was estimated that
the antibacterial ability of PES/PAA-Ag membrane could
be maintained for at least 60 d, indicating that the mem-
brane exhibited long-lasting antibacterial effects and anti-
microbial adsorption ability. Furthermore, the chemical
kinetics of AgNPs release reaction was further evaluated
(S5). The results revealed that silver ions release exhibited
a first-order chemical kinetic model (Fig. S5).
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3.4. Antibacterial properties and permeability of membrane

The antibacterial activity of AgNPs was widely doc-
umented in the literature, but their mechanism of action
against bacteria was not yet fully revealed [32,57]. However,
previous studies had indicated that the antibacterial activi-
ties of AgNPs might be the result of attachment of AgNPs
to cell wall of bacteria, which interfered with cell permea-
bility and respiratory function, leading to cell wall rupture
and cell lysis. Meanwhile, silver ions released by nanosil-
ver could react with sulfhydryl groups (-SH) of enzymatic
proteins in cells, disrupting protein transport and metabo-
lism, and resulting in the loss of normal biological functions
of bacteria [58,59]. In addition, silver ions might produce

29

reactive oxidizing substances (ROS) that irreversibly
damaged the structure and function of DNA [60,61].

Utilizing PES membrane as a control, the antibacterial
efficacy of PES-Ag and PES/PAA-Ag membrane was evalu-
ated. Each membrane sample was tested three times in par-
allel and the results were averaged (Table S2 for the specific
data). E. coli and S. aureus colonies were clearly visible on
the PES-Ag membrane in terms of colony growth (Fig. 6b
and e), whereas there were significantly fewer colonies on
the PES/PAA-Ag membrane (Fig. 6¢ and f). This revealed
that PES/PAA-Ag membrane showed strong antibacterial
properties, with 96.82% and 98.29% inhibition towards E. coli
and S. aureus, respectively. In contrast, PES-Ag membrane
was almost non-antibacterial ability towards E. coli and

(a) (b) € «
I OIBF o pewpanag ¥
151 _ resAp ! —a—FERPAL-LY
"E q-E a1s B ) PESAQ
1
F3 \
a.a £ sl
210 .?,l L i 8 :I*
. ame .
E E i 4+ II".I
L] i \
os ®
2
] ). 5
2 4 e ST R S S S
a 0o n 3
PEB-Ag —— 0 2 4 & B 10 12 W 1B 0 2 4 B B W 12 W 16
Tid Tin
{d) ~% 100
B oe —— i3
T #
Xl = Y
-]
3 0a o 3
H P 2
| i -t g o=l 2
-! L av §
. naf Z 5
£ ¢ 3
goif f n
il
5oold
o e L L L L L [5]
a 2 4 ] B 10 12 wW 14
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Fig. 6. Colony counts of Escherichia coli and Staphylococcus aureus on agar plates.
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only 14.78% inhibition towards S. aureus. Small nanopar-
ticles with large surface area were well known to inter-
act more with bacteria and exhibited excellent bactericidal
effects [62,63]. AgNPs modified by PAA as stabilizer with
small size, large specific surface area and well dispersion,
endowed a strong affinity with bacteria. However, AgNPs
in PES-Ag membrane without PAA modified were large
and easily agglomerated, and the affinity with bacteria was
reduced, which seriously affected their antibacterial activ-
ity of membrane. Therefore, the PES/PAA-Ag membrane
prepared by AgNPs modified with PAA as a stabilizer
exhibited excellent antibacterial effects.

As can be seen in Fig. 7a, the water flux of PES/PAA-Ag
membrane was higher than that of PES and PES-Ag mem-
branes, which was 421.47 L/m?h, about 1.4 times of PES and
3.4 times of PES-Ag membrane. One reason was the high
hydrophilicity of PAA and AgNPs. On the other hand, the
incorporation of PAA increased the thermodynamic insta-
bility of casting solution and accelerated the solvent-non-
solvent diffusion rate during phase inversion, which caused
the surface pore size larger and the porosity increased
[53,64,65]. Meanwhile, the BSA rejection of PES/PAA-Ag
decreased slightly, while still remaining around 90%. In
addition, the morphological analysis of AFM revealed that
PES/PAA-Ag displayed the largest roughness (Section 3.2
— Morphological structure of membrane). As we know, the
roughness of membrane facilitated the contact between
water and membrane, thereby improving the water flux.
It could be found that the water flux of PES-Ag membrane
was the lowest among three membranes at 121.93 L/m? h,
which might be due to the blockage of membrane pores
by large-size AgNPs or aggregated AgNPs clusters.

We also tested the water flux at different pressures
(0.1-0.6 bar) for the above three membranes (Fig. 7b). The
flux of PES/PAA-Ag membrane was above the other two
membranes, regardless of the pressure at which they were
run. Surprisingly, at 0.3 bar ultra-low pressure, the highest
water flux of PES/PAA-Ag membrane could be 440.26 L/
m?>h and there was a flux of more than 300 L/m*h even at
0.1 bar, which was one-tenth of the standard atmospheric
pressure. Notably, the flux of PES/PAA-Ag membrane
decreased after exceeding 0.3 bar pressure. The reason
might be the chain flexibility of PAA, which allowed

Table 2
Antibacterial property of membranes

Type of bacteria Membrane

PES PES-Ag PES/PAA-Ag
Escherichia coli - - 96.82
Staphylococcus aureus - 14.78 98.29

the membrane to maintain a great membrane structure
under the pressure of 0.3 bar. The structure of membrane
might be over-squeezed resulting in the reduction of part
of membrane pore channels when the pressure exceeds
0.3 bar, which would lead to a decrease in the water flux of
membrane.

4. Conclusions

In this work, we successfully developed a membrane
with both hydrophilic and antibacterial properties, that
is, PES/PAA-Ag membrane, using PAA as a stabilizer and
hydrophilic agent and solvent DMF as a reducing agent.
The membrane was given the effective antibacterial abil-
ity by the PAA stabilizer because it was able to control the
size of AgNPs and display significant dispersion within the
membrane. Importantly, the partial coverage of AgNPs by
PAA and the high surface energy effectively prevented them
from being easily lost in the membrane, and the developed
PES/PAA-Ag membrane retained 4.5 times more AgNPs
than the PES membrane. Unexpectedly, the hydrophilicity
and porosity imparted to the membrane by PAA resulted
in a significant improvement in membrane permeability.
Meanwhile, the static release of AgNPs resulted in silver
ions release through the membrane that was sufficient to
meet the WHO standard for silver ions in drinking water.
In a word, this study offered a potential way of thinking
and application for the development of dual functional
membranes with both bacteria removal and high flux.
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Rearranging variables:

Supporting information
S5. Determination of chemical kinetics of silver (Ag+) ion d[ A ]
release from PES/PAA-Ag membrane [A g] = kdt (85.1)
&
Ag — Ag*
Rate of reaction:
AlAg] —resa
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a e .
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Assuming the first-order kinetic model to be valid: z
[26] :
—d| Ag 2
Lol kA £
Table S1
Molecular weight and polydispersity index of polymers o 20 30 0 20 o 70 8 w0
Name Mn Mw PDI 200
PES 89,211 144,203 1.62 Fig. S3. X-ray diffraction pattern of PES and PES-Ag mem-
branes. Pure PES membrane exhibited a broad peak in the
PAA 193,484 393,087 2.03 18° 20 range, which corresponds to an amorphous structure.
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Fig. S1. Molecular weight distribution curve of PES and PAA.
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Fig. S2. Appearance of membranes. PES membrane is white, PES-Ag and PES/PAA-Ag are yellow and light brown, respectively.
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Fig. 54. Backside of PES, PES-Ag and PES/PAA-Ag membranes.
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Integrating the Eq. (S5.1) to obtain linearized integral obtained. The coefficient of determination (R?) 0.94, illus-
form: trates that the silver ion release shows excellent fit to
first-order kinetic model.

Af d[Ag] :kjdt
& [A8] 46t
44
ln[Ag*J - ln[Ag] =kt T
La2t
°
ln[Ag*J =kt + ln[Ag] (85.2) 54_0 L
£
3.8}
Using Eq. (55.2) to plot graph between In[Ag'] and
time. a6l ™
5IO 1(I)0 150 2(IJO 2\%0 3(I)0 350
y=mx+b

Time (min)

Further, the linear regression of the plot (Fig. S5) between  Fig. S5. First-order chemical kinetic model for Ag* ion released
logarithm values of Ag* ions concentrations and time was  from PES/PAA-Ag membrane.

Table S2
Concentration of membrane bacteria after culture

Membrane Concentration of Escherichia coli (CFU/mL) Concentration of Staphylococcus aureus (CFU/mL)
PES 1.23 x 10° 9.10 x 108 1.24 x 10° 3.20 x 10° 1.13 x 10° 291 x 10°
PES-Ag 1.23 x 10° 1.36 x 10° 1.28 x 10° 2.28 x 10° 1.29 x 10° 2.60 x 10°

PES/PAA-Ag 3.80 x 107 2.63 x 107 4.30 x 107 4.30 x 107 3.58 x 107 4.50 x 107
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