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ABSTRACT: Enhancing antimicrobial activity is an effective
strategy to mitigate membrane biofouling. In this study, an
antimicrobial electrospun polyacrylonitrile (PAN) nanofiber
mat decorated with in situ synthesized silver nanoparticles
(AgNPs) was developed as support for a thin-film composite
forward osmosis (FO) membrane. Effects of AgNPs on the
physicochemical properties, water flux, reverse salt flux, and
antimicrobial activity of the FO membrane were investigated,
and also the antimicrobial mechanism was explored. Results
showed AgNPs were monodisperse in the nanofibers, and the
Ag/PAN nanofiber support (Ag/PAN-NFS) had a scaffold-
like structure which could reduce internal concentration
polarization. The Ag/PAN-NFS supported thin-film nanocomposite (Ag/PAN-TFN) FO membrane demonstrated outstanding
hydrophilicity, resulting in high water fluxes in both FO and PRO modes. The Ag/PAN-TFN FO membranes, even the one
with the lowest silver content of 0.5 wt %, exhibited excellent antibacterial activities for E. coli (96%) and S. aureus (92%), which
was mainly due to the Ag+-species released into the solution.

1. INTRODUCTION

Global water and energy scarcities, two of the greatest crises,
have been plaguing many countries around the world. It is
reported that nearly two-thirds of the world’s population lack
of access to safe water,1 and about 1.5 billion people live in
electricity-deficient area.2 It is urgent to exploit low-cost and
effective methods for clean water production and energy
generation. As an innovation in water treatment, membrane
separation has gradually become one of the most promising
water treatment technologies in the 21st century.3−5 Recently,
forward osmosis (FO) technology has drawn more and more
attention,6−8 which is a natural process that osmotic pressure
difference supplies driving force and requires no or low
external hydraulic pressure. Compared to reverse osmosis
(RO) and nanofiltration (NF) membrane separation processes,
FO displays a series of advantages such as low energy
consumption, simple equipment, and higher water recovery.4,9

Despite the aforementioned advantages, FO still suffers from
the technical obstacle: lack of high efficiency membranes
performing with high water flux, low internal concentration
polarization (ICP), and antifouling property.10,11

Although fouling in FO was reported to be lower compared
to NF and RO, it is still considered as a limitation for FO
membrane performance, especially biofouling.12 Biofouling is
an inevitable and serious problem in the membrane separation
process, leading to a reduction in water flux and severely
affecting membrane lifetime. Essentially, biofouling is a kind of
biofilm on the membrane surface, which starts from the
attachment and growth of microorganisms.13 Lately, thin-film
composite (TFC) polyamide membranes are widely used in
the FO process, which are susceptible to biofouling. Unlike
conventional pressure-driven membranes, because of the
absence of hydraulic pressure, FO membranes can be operated
in FO mode (feed solution facing active layer) and PRO mode
(feed solution facing porous support). Hence, the TFC
membrane fouling takes place on the surface of active layer,
outside and inside of support, and it is noteworthy that the
fouling within porous structure is more severe and harder to
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clean.14 For biofouling prevention and control in membrane
separation processes, the key challenge is how to reduce the
adhesion and viability of bacteria. Nevertheless, TFC
membranes cannot tolerate common disinfectants, such as
chlorine and its derivatives. As a result, new porous support
needs to be developed to minimize the biofouling.
Lately, emerging electrospun nanofiber mats produced by

electrospinning have showed great potential for many
applications. Because of high porosity, large specific surface
area, and interconnecting pore structures, the electrospun
nanofiber mats have been explored for the applications in
tissue engineering, catalysis, wastewater treatment, air filtra-
tion, and energy storage.15,16 Recently, several studies have
reported that the electrospun nanofiber mats can be
successfully introduced as support for thin-film composite
forward osmosis membranes.17,18 In our previous work, we
have successfully prepared self-sustained hydrophilic nanofiber
support for TFC FO membrane.18 Due to the special scaffold-
like structure, the nanofiber support can effectively mitigate the
ICP, improving water flux. However, this support is still
subjected to biofouling, and to the best of our knowledge, no
antimicrobial nanofiber support was developed and employed
in the FO membrane preparation.
On the other hand, bactericides or antibacterial materials

such as nanoparticles can be decorated on/within the
nanofibers for antimicrobial applications. Silver nanoparticles
(AgNPs), a very promising antimicrobial agent, have been
incorporated in nanofibers, which have gained particular
attentions such as water filtration19 and wound dressings.20

In addition, AgNPs have been introduced into membrane
materials for biofouling mitigation via phase-inversion,21 layer-
by-layer assembly,22 and membrane surface modification.23

Due to a very effective activity against a broad range of
microorganisms,24 these membranes displayed improved
antibiofouling activity. Furthermore, the incorporation of
AgNPs can increase the surface hydrophilicity of membranes,
leading to a higher water flux and a better antimicrobial
activity.22 Therefore, aiming at improving water flux as well as
reducing biofouling and ICP, a composite electrospun
nanofiber mat containing AgNPs is expected to be a promising
material as antibiofouling support for thin-film composite
forward osmosis membrane.
Herein, we aim to synthesize an antimicrobial silver/

polyacrylonitrile (Ag/PAN) nanofiber mat as support for the
TFC FO membrane. Although AgNPs is an ideal antibacterial
material, there is still a challenge to prevent their aggregation
to get a good dispersion in the nanofibers. So, in this study, a
facile method of in situ synthesis of AgNPs on/within
nanofibers was developed, which can effectively keep the
AgNPs from aggregation. PAN was chosen as polymeric matrix
because of its good electrospinnability and high tensile
strength after electrospinning. More importantly, PAN is an
ideal carrier of silver ion, making it a prominent support for in
situ synthesis of AgNPs.25

Figure 1 illustrates the preparation of a Ag/PAN nanofiber
thin-film nanocomposite (Ag/PAN-TFN) FO membrane. In
brief, the AgNO3/PAN nanofiber mat was first prepared via
electrospinning technique. The AgNO3/PAN nanofiber mat
was then laminated, followed by immersing in N2H4·H2O
solution to reduce Ag+ into Ag0 in situ. After that, a thin PA
layer was deposited on the Ag/PAN nanofiber support (Ag/
PAN-NFS) via interfacial polymerization to obtain an
antimicrobial Ag/PAN-TFN FO membrane. Also, in this

work, the scanning electron microscope (SEM), transmittance
electron microscopy (TEM), X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS) were used to character-
ize the morphology and structure of the Ag/PAN-NFS.
Furthermore, the effects of silver contents (0, 0.5, 1, 2 wt %
to PAN) on the Ag/PAN-TFN FO membrane osmosis
performance, silver leaching behavior and antimicrobial
properties were systematically investigated.

2. MATERIALS AND METHODS
2.1. Materials. Polyacrylonitrile (PAN, Mw = 90 000 g/

mol) was purchased from Kunshan Hongyu Plastic Co., Ltd.
N,N-Dimethylformamide (DMF), N,N-dimethylacetamide
(DMAc), and hydrazine hydrate (N2H4·H2O) were obtained
from Sinopharm Chemical Reagent Co., Ltd. m-Phenylenedi-
amine (MPD) and 1,3,5-trimesoyl chloride (TMC) were
purchased from Sigma-Aldrich. Silver nitrate (AgNO3) was
purchased from Shanghai Shenbo Chemical, Co., Ltd. Hexane
was received from Xiya Reagent. Commercial asymmetric
cellulose triacetate (HTI-CTA), and thin-film composite
(HTI-TFC) FO membranes were acquired from Hydration
Technology Innovations Inc. (Albany, OR). The ultrapure
water (18.2 MΩ) used in all experiments was obtained from a
Milli-Q system (Millipore, Massachusetts).

2.2. Preparation of the Ag/PAN-TFN FO Membrane.
DMF and DMAc were mixed by the weight ratio of 1:1 as
mixed solvent. PAN was added into the mixed solvent and
stirred at 60 °C for 5 h to obtain homogeneous PAN solution
of 10 wt %. Silver nitrate was then added into the as-prepared
PAN solution, and the loading levels were 0, 0.5, 1, and 2 wt %
with respect to the weight of PAN (Table 1). The resultant
solution was stirred for 12 h at room temperature to dissolve
the silver nitrate completely. Subsequently, the as-prepared
AgNO3/PAN solution was used as spinning solution, which
was then electrospun onto an aluminum foil with a voltage of
15 kV to form a nanofiber mat. Feeding rate of the spinning
solution was 0.9 mL/h, and the tip-to-collector distance was 15
cm.
The as-prepared AgNO3/PAN nanofiber mat was laminated

with a paper laminator (no. 3893, Deli, China), which was then
immersed into a 0.8 M N2H4·H2O solution to reduce the Ag+

ions in the nanofiber into Ag0 in situ. The obtained Ag/PAN
nanofiber support containing AgNPs was rinsed with 50%
alcohol solution, which was subsequently used for the
fabrication of Ag/PAN-TFN FO membrane.

Figure 1. Schematic diagram of the preparation of the silver/
polyacrylonitrile nanofiber thin-film nanocomposite (Ag/PAN-TFN)
FO membranes.
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A thin polyamide (PA) active layer was deposited on the
Ag/PAN-NFS by interfacial polymerization to fabricate the
Ag/PAN-TFN FO membrane. Briefly, the Ag/PAN-NFS was
first immersed in a 3% (w/v) MPD aqueous solution for 2 min.
After that, the Ag/PAN-NSF was taken out, and the excess
MPD solution was removed from the surface by tissue papers.
Then, the Ag/PAN-NSF was fixed by a dual-tier frame, and the
top surface of the Ag/PAN-NFS was contacted with a 0.2%
(w/v) TMC hexane solution for 1 min to form an ultrathin
polyamide film via the interfacial polymerization between
MPD and TMC. The freshly prepared Ag/PAN-TFN FO
membrane was cured in a vacuum oven at 80 °C for 10 min,
followed by immersing in deionization (DI) water at 4 °C for
12 h. The Ag/PAN-TFN FO membranes with different Ag
contents (0, 0.5, 1, and 2 wt %) were abbreviated as pristine-
TFN, 0.5Ag-TFN, 1Ag-TFN, and 2Ag-TFN, respectively.
2.3. Characterization of the Ag/PAN-TFN FO Mem-

brane. The morphology of the Ag/PAN-NFS and the Ag/
PAN-TFN FO membrane were observed with a field emission
scanning electron microscope (FESEM, S-4800, HITACHI,
Japan) operated at 5 kV. Before imaging, samples were sputter
coated with a thin layer of gold to achieve better contrast. For
cross-sectional imaging, the samples were freeze-cracked using
liquid nitrogen to obtain a clean edge. TEM photographs of
the samples were conducted on a HITACHI H-7650 system
(Japan). XRD graphs were obtained using a PANalytical X’
Pert PRO (Almelo, Netherlands), and the range of diffraction
angle (2θ) of 10−90° was used. Due to that the diffraction
peaks of samples with low silver content cannot be detected by
XRD, so Ag/PAN-NFS with 10 wt % silver was chosen for
XRD detection.
A contact angle analyzer (DSA 100, KRUSS, Germany) was

used to characterize water contact angles on the Ag/PAN-NFS
surfaces by a sessile drop method. Before testing, the samples
were dried at 60 °C and stored in a dryer. Video mode was
applied to record the changes of water droplet on the surfaces.
The volume of tiny droplet was kept at 3 μL, and the contact
angle values were measured at 1, 2, and 5 s after the water drop
contacting with the surface.
The chemical structure information on the Ag/PAN-NFS

and Ag/PAN-TFN FO membrane were obtained from a
Fourier transform infrared spectroscopy (FTIR, iS10, Thermo,
U.S.A.) with a transmission mode. The spectra were recorded
between 400 and 4000 cm−1 with a scan number of 32.
XPS spectra of the AgNO3/PAN nanofiber and the Ag/

PAN-NFS were collected using a PHI Quantum-2000 electron
spectrometer (Ulvac-Phi, Japan) with 150 W monochromat-
ized Al Kα radiation (1486.6 eV). A binding energy (BE)
range of 0−1320 eV was used for wide scan XPS spectra, and
step sizes of 0.8 and 0.125 eV were set for wide scan and high-
resolution scan spectra, respectively. The carbon 1s electron
BE (284.8 eV) corresponding to graphitic carbon was used to
calibrate the scan spectra.
2.4. Evaluation of the Ag/PAN-TFN FO Membrane

Performance. The performance of FO membrane was

evaluated with a lab-scale cross-flow FO system equipped
with a cross-flow membrane cell (effective area 40 cm2) in
both FO and PRO modes. Then 2 L of draw solution (0.5 M
NaCl) and 2 L of feed solution (DI water) flowed counter on
each side of the membrane. The feed and draw solutions were
circulated with peristaltic pumps (WT600, Longer, China) at a
flow rate of 600 mL/min (12.5 cm/s). The temperatures of the
feed and draw solutions were kept at 25 °C.
The water flux (Jw, L m−2 h−1, abbreviated as LMH) and

reverse salt flux (Js, g m−2 h−1, abbreviated as gMH) were
determined as follows:

= Δ
Δ

J
V

s tw (1)

=
−
Δ

J
c V c V

s t
i i

s
F F F, F,

(2)

where ΔV (L) is the volume of permeation water collected in a
predetermined time Δt (h) during the test and s is the area of
effective membrane surface (m2). CF (g/L) and VF (L) are the
salt concentration and total volume of the feed at the end of
test, respectively. While CF,i (g/L) and VF,i (L) refer to the
initial salt concentration and total volume at the beginning of
tests, respectively. All performance results were obtained from
three replicate tests.

2.5. Antimicrobial Activity of the Ag/PAN-TFN FO
Membrane. 2.5.1. Silver Leaching Test. To quantify the
possible release of silver ions from the Ag/PAN-TFC FO
membrane, a piece of membrane with a dimension of 1.0 cm ×
3.0 cm was immersed into 10 mL of DI water under shaking
condition at room temperature. After a predetermined interval,
the membrane was transferred into another 10 mL of fresh
Milli-Q water. The concentration of silver ion released into the
water was measured by an inductively coupled plasma mass
spectrometer (ICP-MS, Agilent, model 7500CX). The leaching
tests were conducted for 32 days in triplicate.
Further, to determine the silver concentration in solution of

FO processes with different Ag/PAN-TFN FO membranes,
the following equations were applied:

=
+ Δ

C
r st

V V
(in FO mode)

i
Ag

Ag

D, (3)

=
− Δ

C
r st

V V
(in PRO mode)

i
Ag

Ag

F, (4)

where rAg (μg cm−2 day−1) was the average releasing rate of
silver ions between the day 12 and day 32 (after 12 days, the
rate of silver ion release became stable), t (h) was the
experiment time in both modes, and VD,i (L) represented
initial volume of the draw solution.

2.5.2. Diffusion Inhibition Zone Test. The antimicrobial
properties of the Ag/PAN-TFN FO membranes were assessed
using two model bacteria: Gram-negative Escherichia coli (E.
coli) and Gram-positive Staphylococcus aureus (S. aureus). E.

Table 1. Composition of the Different Electrospinning Solutions to Prepare the Silver Nanofiber Support (Ag/PAN-NFS)

sample abbreviation PAN (wt %) DMF:DMAc (w:w) AgNO3 (wt %, by weight of PAN)

pristine pristine 10 1:1 0
0.5Ag/PAN-NFS 0.5Ag-NFS 10 1:1 0.5
1Ag/PAN-NFS 1Ag-NFS 10 1:1 1
2Ag/PAN-NFS 2Ag-NFS 10 1:1 2
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coli (CMCC 44103) was obtained from Guangdong Micro-
biology Culture Center (Guangdong, China), and S. aureus
was kindly provided by Prof. Xin Yu from the Institute of
Urban Environment, Chinese Academy of Sciences (Xiamen,
China).
Diffusion inhibition zone test of the Ag/PAN-TFN FO

membranes was performed according to the method reported
elsewhere.22 Both cultures were grown in a LB broth at 37 °C
overnight, and overnight bacterial cultures were cultured in a
fresh LB broth for 2−3 h to exponential phase. The resultant
culture with a volume of 100 μL was spread on a LB agar plate,
on which a pristine Ag/PAN-TFN FO membrane disc with a
diameter of 21 mm were placed after ultraviolet sterilization.
Then the agar plate was incubated at 37 °C for 24 h to form
the diffusion inhibition zone, which was then photographed by
using a digital camera. Further more, to study the effect of
silver ion release on the antimicrobial property, the
antibacterial activity of the Ag/PAN-TFN FO membranes
after immersing in ultrapure water for 30 days at room
temperature was also evaluated by the method of diffusion
inhibition zone.
2.5.3. Cell Viability Analysis. Viable cell attachment tests

were employed to analyze the number of live bacteria attached
to the Ag/PAN-TFN FO membrane. A 2−3 h bacterial culture
was centrifuged for 10 min at 2700 rpm to remove the LB
broth, and the bacteria were suspended in 0.9% sterile saline to
form a concentration of ∼10 × 107 cells/mL. Square support
samples (4 cm2) were immersed in the bacterial suspension at
37 °C for 1 h. The samples were then taken out and washed
gently with a 0.9% sterile saline to remove the bacteria that did
not adhere firmly. Subsequently, the support was put into 10
mL of sterile saline, followed by 7 min sonication to release the
cells. The suspension was then serially diluted, plated on LB
agar plates, and incubated at 37 °C overnight to count the
colonies. All tests were performed in triplicate.
Additionally, to observe changes of cell morphology after

contacting with the Ag/PAN-TFN FO membrane, the samples
were fixed with 5% glutaraldehyde and dehydrated with serial
ethanol, followed by imaging with SEM.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Ag/PAN-NFS and the Ag/

PAN-TFN FO Membrane. Figure 2 shows the SEM
micrographs and fiber diameter distribution of the silver/
polyacrylonitrile nanofiber support (Ag/PAN-NFS) with
different contents of AgNPs. For all of the nanofiber mats,
uniform and smooth nanofibers were obtained. Notably, the
Ag/PAN-NFS were fully porous with interconnecting pores,
which can favor the mass transfer, leading to a lower ICP.26

When the silver nanoparticle was introduced into the PAN
nanofiber, the fiber diameter (0.5Ag-NFS) became larger and
then gradually decreased with a higher content of silver
nanoparticle. This is the result from the change of viscosity and
conductivity of electrospinning solution. When AgNO3 was
added into the electrospinning solution, both the viscosity and
conductivity of PAN solution increased. The increased
viscosity resulted in a larger fiber diameter, whereas the
increased conductivity led to a smaller one.27 With the
increment of silver ion content, the conductivity played a more
important role in fiber diameter.
However, no AgNPs were observed in SEM images, which

may be due to the low silver contents or the small size of silver
nanoparticles. In order to verify the presence of AgNPs in the

PAN nanofiber, the TEM micrograph was captured (Figure
3a). It was observed that AgNPs with a size about 10 nm were
uniformly distributed on/within the PAN nanofibers without
any aggregations. The monodispersed AgNPs was mainly
attributed to that cyano groups in PAN can immobilize the
silver ions through coordination bond.25 In addition, XRD
spectra were acquired to identify the phase structure of the Ag/

Figure 2. SEM micrographs and fiber diameter distribution of the
silver/polyacrylonitrile nanofiber support (Ag/PAN-NFS) with differ-
ent contents of AgNPs. The average diameters were 490 ± 32, 520 ±
61, 449 ± 36, and 438 ± 39 nm for the pristine, 0.5Ag, 1Ag, and 2Ag
PAN nonofiber support, respectively.

Figure 3. (a) TEM image of Ag/PAN-NFS and (b) XRD patterns of
PAN and Ag/PAN-NFS. In order to better characterize the
morphology of AgNPs, the NFSs with higher content of silver, 2Ag-
NFS and 10Ag-NFS, were prepared for TEM and XRD, respectively.
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PAN-NFS (Figure 3b). It was observed that the diffraction
peak at 16.9° (2θ) in both Ag/PAN-NFS and pure PAN
nanofibers was corresponding to the (010) plane of PAN
(PDF no. 048-2119). The Ag/PAN-NFS possessed four extra
2θ peaks at 38.2°, 44.3°, 64.4° and 77.5°, corresponding to the
(111), (200), (220), and (311) planes of cubic phase Ag (PDF
no. 004-0783). The results of TEM and XRD showed the
successful incorporation of AgNPs.
XPS analysis of Ag/PAN-NFS before and after in situ

reduction was carried out to further explore the elemental
composition of the support. Figure 4a gives the wide scan XPS
spectra in the binding energy range 200−600 eV. Other than
the peaks corresponding to C 1s, N 1s, and O 1s, the Ag 3d
region was observed in both spectra of NFS before and after in
situ reduction of Ag, indicating the successful incorporation of

silver in the nanofibers. High resolution XPS spectra of Ag 3d
of both samples displayed in Figure 4b were doublets with
energy difference of 6.0 eV. Some studies reported an
anomalous negative shift in BE of Ag 3d peaks for oxidation
states,28 which were basically consistent with our results
(Figure 4b). After reduction reaction, the peak of Ag 3d5/2
shifted from 366.5 (precursor) to 366.9 eV and the peak of Ag
3d3/2 slightly shifted from 372.6 (precursor) to 372.8 eV. This
increase of BE of Ag 3d peaks indicated the reduction of Ag
ions, which was further confirmed by the Ag auger spectra in
Figure 4c. It is considered to be more reliable that use of the
auger spectra identifies silver oxidation states.29 The peaks of
Ag M5N45N45 and Ag M4N45N45 in the precursor were located
at 1134.6 and 112.8 eV, respectively. The negative BE shifts of
Ag MNN peaks, in particular for Ag M4N45N45 (from 1128.8
to 1127.0 eV), were obviously observed after the Ag reduction.
This confirmed that the Ag+ was in situ reduced to Ag0 by the
hydrazine hydrate.
To characterize the changes of hydrophilicity of the

nanofiber support with different Ag contents, the water contact
angle was measured. With the adding of silver, water droplet
on the top surface of the support could be quickly absorbed by
the nanofibers. Thus, the contact angle of Ag/PAN-NFS was
rapidly reduced to zero in five seconds, especially for 1Ag-NFS
and 2Ag-NFS (Figure 5). The higher hydrophilicity of the

support facilitated the stronger affinity to water, subsequently
leading to better mass transfer and enhancing the water flux.30

In addition, the more hydrophilic surfaces reduces bacterial
adhesion and organic fouling like protein.
The morphology of Ag/PAN-TFN FO membrane is

exhibited in Figure 6. The thickness of the membrane was
about 70 μm determined by measuring the cross-section
microimage (Figure 6a). In Figure 6b, it can be seen that the
membrane consists of a thin active layer and a scaffold-like
support which could favor the mass transfer of water and salts.
The PA active layer, as shown in Figure 6c, fully covered the
top surface of the porous nanofiber support, endowing a typical
ridge-valley structure via interfacial polymerization. In order to
confirm the formation of PA layer, FTIR spectra of the Ag/
PAN-NFS and corresponding Ag/PAN-TFN FO membrane
were displayed in Figure 6d. The apparent absorption peaks at
1540 cm−1 (−N−H, amide II peak) and 1663 cm−1 (−CO,
amide I peak) were observed in the spectra of Ag/PAN-TFN
FO membrane, and the peak at 1611 cm−1 was resulted from

Figure 4. (a) XPS wide-scan spectra, (b) high resolution Ag 3d XPS
spectra, and (c) Ag auger spectra of the precursor and reduced 2Ag/
PAN-NFS, respectively.

Figure 5. Water contact angles of the Ag/PAN-TFN FO membranes
with different silver contents as a function of time after the water drop
contacting with the surface.
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the aromatic ring breathing. This indicated the successful
deposition of polyamide active layer on support.
3.2. Performance of the Ag/PAN-TFN FO Membrane.

3.2.1. Osmotic Flux Performance of the Ag/PAN-TFN FO
Membrane. The behavior and performance of the Ag/PAN-
TFN FO membranes and two commercial FO membranes
(HTI-CTA, HTI-TFC) were displayed in Figure 7. All of the

membranes operated in PRO mode presented much higher
water flux than that in FO mode. This is mainly due to the fact
that the concentrative ICP in PRO mode results in a higher
effective osmotic pressure difference than the dilutive ICP in
FO mode.31 Moreover, it was found that water flux of Ag/
PAN-TFN FO membranes is much higher than that of
commercial FO membranes in both modes. The Ag/PAN-
TFN FO membranes yielded about 3-fold and 4-fold higher

water flux performance as compared to HTI-TFC and HTI-
CTA FO membranes, respectively (Figure 7a). This was
mainly attributed to the hydrophilic scaffold-like support with
interconnected pores, which facilitates a better mass transfer of
the Ag/PAN-TFN FO membrane than that of the phase-
inversion support of HTI-TFC and HTI-CTA FO membranes.
So the Ag/PAN-TFN FO membrane presented a much lower
ICP and had a higher water flux. Compared with the pristine
membranes (nanofiber support without AgNPs), a flux ascent
in the Ag/PAN-TFN FO membranes resulted from the more
hydrophilic supports with the embedded AgNPs, which was in
agreement with the results from water contact angle analysis.
Thus, by using 0.5 M NaCl as the draw solution, the 2Ag-TFN
possessed high water fluxes of 21.58 LMH and 29.21 LMH in
FO and PRO mode, respectively.
The water flux of Ag/PAN-TFN FO membrane as a

function of time is shown in Figure 7b. All of the membrane
exhibited comparably stable water flux in FO mode, while
there is an obvious decline in PRO mode. The major reason is
that the larger water flux diluted the draw solution and then
further resulted in a decrease of effective osmotic pressure
difference.
Figure 7c,d show the reverse salt flux and the specific reverse

salt flux, respectively. Reverse salt flux is the amount of draw
solute permeates into the feed solution per unit volume, while
the specific reverse salt flux is the value of Js/Jw which means
loss of draw solute per unit of water produced. When different
membranes and/or experimental conditions were utilized, the
specific reverse salt flux was employed to evaluate the overall
membrane performance. Compared to the commercial FO
membranes, the Ag/PAN-TFN membranes suffered from a
relative higher reverse salt flux in both modes (Figure 7c).
However, in terms of the specific reverse salt flux as shown in
Figure 7d, the Ag/PAN-TFN membranes exhibited much
lower values in both FO and PRO modes. A lower specific
reverse salt flux of the Ag/PAN-TFN FO membrane reflected
an increase in the selectivity of membrane and a higher
efficiency of the FO process.
On the other hand, all the Ag/PAN-TFN and pristine FO

membranes displayed lower Js in FO mode versus PRO mode.
The trade off in water flux and salt flux could attribute this
phenomenon. Obviously, it was found that the salt flux of 2Ag/
PAN-TFN FO membrane respectively increased by 78% and
130% with respect to pristine PAN-TFN FO membrane in FO
and PRO mode. The significant increment in reverse salt flux
might result from that the PA active layer was more prone to
breakage, which could be caused by the swelling of 2Ag-NFS
with excellent hydrophilicity.32,33 The hydrophilicity of
support can affect the structure and performance of polyamide,
and a more hydrophilic support can result in a higher salt flux,
which was discussed in our previous work.18 As shown in
Figure 7d, a remarkably high specific salt flux was observed in
both modes for the 2Ag/PAN-TFN FO membrane. This was
corresponding to the behavior of reverse salt flux, indicating
that a higher silver content in support could affect the property
of PA active layer.

3.2.2. Antimicrobial Activity of the Ag/PAN-TFN FO
Membranes. 3.2.2.1. Inhibition Zone. An inhibition zone is
a transparent circle around the sample, in which the bacteria is
inhibited by the diffusion of the antibacterial material in the
agar plate. Diffusion inhibition zones around the Ag/PAN-
TFN FO membranes were observed to evaluate their
antimicrobial activities against two commonly used model

Figure 6. (a) Cross-section microimage, (b) the enlarged cross-
section microimage and (c) the top polyamide layer morphology of
the Ag/PAN-TFN FO membranes; (d) FTIR spectra of Ag/PAN-
NFS and corresponding Ag/PAN-TFN FO membrane.

Figure 7. (a) Water flux of the Ag/PAN-TFN and commercial FO
membranes and (b) water flux behavior of the Ag/PAN-TFN FO
membranes as a function of time operated in FO and PRO modes. (c)
Reverse salt flux and (d) specific salt flux of the Ag/PAN-TFN and
commercial FO membranes operated in FO and PRO modes.
Experimental conditions: draw solution = 0.5 M NaCl; DI water used
as feed solution; FO mode: active layer facing feed solution; PRO
mode: active layer facing draw solution.
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bacteria, E. coil and S. aureus (Figure 8). As shown in Figure
8a,b, clear inhibition zones around the 1Ag-TFN and 2Ag-

TFN FO membranes indicated their excellent antimicrobial
capacity against both E. coil and S. aureus. As for the 0.5Ag-
TFN FO membrane, the inhibition zones were not obvious,
while the pristine membrane did not perform any inhibition
efficiency toward both the cultures. The above results indicated
that the antibacterial efficiency of Ag/PAN-TFN FO
membranes was induced by the embedded silver nanoparticles.
Although the antibacterial mechanism of AgNPs was not
clearly explained,24 the formation of inhibition zones was
possibly ascribed to the silver ions releasing into the LB
medium from the Ag/PAN-NFS.
In addition, the inhibition zones around the membranes that

have released silver for 30 days are displayed in Figure 8c,d.
The 1Ag/PAN-TFN and 2Ag/PAN-TFN FO membranes still
possessed the significant antimicrobial capability, and as the
silver content was higher, the inhibition zone was clearer and
wider. Moreover, the Ag/PAN-TFN FO membranes showed
greater effectiveness in restraining the growth of E. coil than S.
aureus. The probable reason for this phenomenon was
discussed in the following parts.
3.2.2.2. Cell Viability. Figure 9 depicts the attached live

fractions of E. coli and S. aureus cells on support after
contacting with bacteria suspension. The quantitative analysis
showed a strong antimicrobial activity of the Ag/PAN-NFS
containing AgNPs. After 1 h contact, the amount of viable E.
coli and S. aureus decreased sharply with the increasing silver
content. These reductions in the number of viable adherent
bacteria on the Ag/PAN-NFS were significantly different from
the pristine membranes with p-values of less than 0.03 for both

model bacteria. It is worth noting that there were hardly any
viable cells detected on the 1Ag-NFS and 2Ag-NFS, and
relative to the PAN-NFS without AgNPs, the 0.5Ag-NFS
exhibited antibacterial activity of 96% and 92% for the E. coli
and S. aureus, respectively.
This significant difference in viable adherent fractions

resulted from the biotoxicity of the incorporated AgNPs.
SEM micrographs of bacteria morphology on the PAN-NFS
and Ag/PAN-NFS are shown in Figure 10, which validated the

biotoxicity of AgNPs. Compared to the cells attached to the
pristine membranes, most the cells adhered on Ag/PAN-NFS
exhibited the “pits”, and the morphology change was more
obvious on the cells of E. coli than S. aureus. It was mainly due
to the structure difference of cell wall between Gram-negative
and Gram-positive bacteria.
S. aureus, a typical Gram-positive microbe, has a thick cell

wall consisting of peptidoglycan and teichoic acid, while the
wall thickness of the Gram-negative E. coli was much smaller
with complex multilayer including the lipopolysaccharide,
phospholipid, peptidoglycan, and some membrane protein.34

Figure 8. Antibacterial activity of Ag/PAN-TFN membranes against
E. coil and S. aureus in the disc diffusion test. The membrane discs
used in panels c and d had been immersed into ultrapure water to
release silver statically for 30 days before test.

Figure 9. Viable adherent fractions of E. coli and S. aureus cells in
sterile saline (∼107 cells/mL) in contact with the Ag/PAN-TFN FO
membrane at 37 °C for 1 h. Asterisks (*) indicated a statistically
significant difference between the Ag-TFN and pristine support (p <
0.03).

Figure 10. SEM micrographs of the bacteria morphology for E. coli on
(a) nanofiber support without AgNPs (pristine-NFS) and (b) PAN
nanofiber with AgNPs (Ag/PAN-NFS) and for S. aureus on (c)
pristine-NFS and (d) Ag/PAN-NFS. The red arrows were used to
point out the “pits” on bacteria.
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The cell wall of S. aureus has a much thicker peptidoglycan
layer than that of E. coli. The thicker peptidoglycan cell wall
imparts a much stronger defense system to the S. aureus, which
could prevent AgNPs and silver ions penetrating through the
bacterial cell wall.34 The morphology distinction between the
E. coli and the S. aureus cells may be the main reason for the
less antibacterial activity of the Ag/PAN-NFS FO membrane
against S. aureus in tests of diffusion inhibition zone and cell
viability.
3.3. Antimicrobial Mechanism and Antibiofouling

Potential of the Ag/PAN-TFN FO Membrane. As
mentioned above, the antimicrobial activity of the Ag/PAN-
TFN FO membrane was attributed to the broad-spectrum
antibacterial activity of AgNPs. Recently, some studies have
proposed that the mechanism of antibacterial action of AgNPs
is driven by the generation of reactive oxygen species (ROS)
by the AgNPs attached to the bacteria,35 while some ascribed
the antibacterial activity to the Ag+-species released from the
oxidative dissolution of nanoparticles.24 In this work, as
immobilized in the PAN nanofibers, most of the AgNPs could
not directly contact with the bacteria. Therefore, we
considered that the preponderant antibacterial activity of the
Ag/PAN-TFN FO membranes was due to the Ag+-species
released from the nanofiber support embedded with AgNPs.
So in order to verify the possible release of silver ions, leaching
tests were analyzed using ICP-MS.
Figure 11a depicts the dynamic releasing rate of sliver ions

into water from the Ag/PAN-TFN FO membrane in 32 days.
It was observed that the silver leaching rates were high on the
first day, which were then reduced drastically in the following
days. After 12 days, the leaching rates of silver remained close

to zero, indicating that the silver ions were gradually released
from the Ag/PAN-TFN FO membranes. On the other hand,
with the increase of silver content in the Ag/PAN-TFN FO
membrane, more silver ions were released.
According to the percentages of AgNO3 in the electro-

spinning solution, the content of silver nanoparticles in the Ag/
PAN-TFN FO membrane could be estimated. Based on
calculation, after shaking in water for 32 days, the residual
silver percentages were about 71%, 54%, and 49% for the
0.5Ag-TFN, 1Ag-TFN, and 2Ag-TFN FO membranes,
respectively, relative to the corresponding pristine Ag/PAN-
TFN FO membranes. Taking the average releasing rate from
day 12 to day 32 to calculate, the silver ions would be
continuously leached from the Ag/PAN-TFN FO membrane
for more than one year if all the silver in the membranes could
be completely released. It can be inferred that the AgNPs
immobilized in the nanofibers acted as a silver ions reservoir
and provided continuous antibacterial activity for the Ag/
PAN-TFN FO membrane. This responded with the condition
of inhibition zone and cell viability tests (Figures 8 and 9).
Figure 11b displays the Ag+ concentration in the solution

directly contacting the Ag/PAN-NFS layer of the different Ag/
PAN-TFN FO membranes during a FO process. The Ag+

concentration in the draw solution operated under FO mode
and in the feed solution under PRO mode were calculated
using eqs 3 and 4, respectively. In general, the silver ion
concentration in feed solution under PRO mode will be higher
than that in draw solution under FO mode. In PRO mode, the
Ag/PAN-NFS faced the feed solution, and water was driven
from the feed into the draw solution. Thus, the volume of feed
solution gradually reduced, and the Ag+ concentration in the
feed increased more rapidly in the time frame. On the contrary,
the Ag/PAN-NFS faced the draw solution in FO mode, under
which water permeated into the draw solution. Therefore,
compared to PRO mode, the Ag+ concertation in the draw
solution under FO mode was lower due to the increasing
volume of the draw solution (Figure 11b).
For all Ag/PAN-TFN FO membranes, the amount of

accumulated silver ions in water had a positive relationship
with the content of silver, and the concentrations after 12 h
were 3.38 ppb in feed solution under PRO mode and 0.67 ppb
in draw solution under FO mode, respectively. It is worth
noting that the limited concentration of silver in drinking water
was 100 ppb according to the WHO guideline (2004). This
demonstrated that the Ag/PAN-TFN FO membrane can be an
appropriate antibiofouling and safe FO membrane.
The antibacterial mechanism of the Ag/PAN-TFN FO

membranes was proposed and displayed in Figure 12. The
silver ions could bond with organic amines, phosphates, and
most notably thiols, forming a quasi-covalent bond.36 On the
other hand, there are abundant moieties in biological
constituents such as cell wall, cell membrane, and DNA.
Therefore, when the silver ions are released from the nanofiber
support layer of the Ag/PAN-TFN FO membrane, some may
be adsorbed readily to the lipopolysaccharide, proteins, and
phospholipid on cell walls and cell membranes, causing the
irreversible damage to the cell. Notably, some ions may
penetrate through the cell wall, affecting ribosomal subunit
proteins and some enzymes,37 perturbing the structure of
DNA, and ultimately resulting in cellular death.
As illustrated in Figure 12, in general, biofouling is formed

through the deposition and attachment of microbial cells,
followed by exopolymer production and cell growth, and the

Figure 11. (a) Release rate of silver during 32 days leaching test; (b)
the calculated Ag+ concentration in draw solution under FO mode
and in feed solution under PRO mode, respectively. The red dash line
in (b) was the limited Ag+ concentration (100 ppb) in drinking water
according to WHO guidelines.
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dispersal of cells.13 It is expected that the Ag/PAN-TFN FO
membrane could eradicate most of the bacteria adherent on
surface of the Ag/PAN-NFS layer, which shows good
antibiofouling potential.

4. CONCLUSIONS
TEM, XRD, and XPS analyses indicated that the monodisperse
AgNPs with a diameter of about 10 nm were successfully
incorporated into the PAN electrospun nanofiber mat via in
situ synthesis. Having AgNPs tightly embedded in the
nanofiber mat support, has improved hydrophilicity and
antibacterial properties of the Ag/PAN-TFN FO membrane,
leading to a bifunctional effect of both increased water flux and
antibiofouling properties. With 0.5 M NaCl as the draw
solution, the water flux of the Ag/PAN-TFN FO membrane
could achieve 21.58 LMH and 29.21 LMH in FO and PRO
modes, respectively. Leaching test showed that the AgNPs
could act as a silver ions reservoir and slowly release silver ions
into the solution, which endowed the Ag/PAN-TFN FO
membranes with excellent antibacterial activity. The study
suggested the AgNPs embedded electrospun PAN nanofiber
mat could be applied as a promising support for antibiofouling
FO membrane.
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