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P
athogenic microorganisms present in
natural and used water pose a serious
threat to public health if not removed

during water treatment. With increasing
demands for higher quality water to satisfy
escalating public and industrial needs, the
generation of pathogen-free clean water
with few byproducts has gained significant
attention.1,2 Membrane filtration especially
using hollow fiber membranes represents
an important and advanced water purifica-
tion and desalination process. However, the
lack of bactericidal properties of current
filtrationmembranes allowsmembrane bio-
fouling, which necessitates frequent back-
flushing, chemical treatment, and even
membrane replacement.
Colloidal silver has been approved by the

U.S. Environmental Protection Agency as a
disinfectant for hospitals and medical cen-
ters. Colloidal silver at a concentration of a
few ppm has been found effective in killing
numerous infectious bacteria.3�7 The bac-
tericidal mechanism of Agþ ions has been
well studied and understood. The interac-
tion of Agþ ions with thiol groups (S�H) of
cysteine and other compounds and the
formation of Ag�S bonds can cause detri-
mental effects to cells by damaging pro-
teins, interrupting the electron transport
pathway, and dimerizing DNA.3,8,9 Although
the exact antibacterial mechanism of colloi-
dal silver nanoparticles remains unclear, it
has been shown that silver nanoparticles
themselves are active through a contact-
inhibitionmode. It was suspected that silver
nanoparticles may cause an increase in cell
membrane permeability by their direct in-
corporation into the cell membrane and the
subsequent formation of permeable pits.
This then leads to osmotic collapse and
a release of intracellular materials.10�13

In addition, various research groups have

reported that the toxicity of silver nanopar-
ticles is influenced by the particle size and
morphologies.6,10,12 Silver nanoparticles of
less than 10 nm and with Æ111æ facets
exposed have been found more effective.
Immobilization of silver nanoparticles

into appropriate matrixes could offer a po-
tential solution to the development of a
disinfection system with good reliability
and ease of operation.14,15 Several water
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ABSTRACT

The currently applied disinfection methods during water treatment provide effective solutions to kill

pathogens, but also generate harmful byproducts, which are required to be treated with additional

efforts. In this work, an alternative and safer water disinfection system consisting of silver

nanoparticle/multiwalled carbon nanotubes (Ag/MWNTs) coated on a polyacrylonitrile (PAN) hollow

fiber membrane, Ag/MWNTs/PAN, has been developed. Silver nanoparticles of controlled sizes were

coated on polyethylene glycol-grafted MWNTs. Ag/MWNTs were then covalently coated on the

external surface of a chemically modified PAN hollow fiber membrane to act as a disinfection barrier.

A continuous filtration test using E. coli containing feedwater was conducted for the pristine PAN and

Ag/MWNTs/PAN composite membranes. The Ag/MWNT coating significantly enhanced the anti-

microbial activities and antifouling properties of the membrane against E. coli. Under the continuous

filtration mode using E. coli feedwater, the relative flux drop over Ag/MWNTs/PAN was 6%, which

was significantly lower than that over the pristine PAN (55%) at 20 h of filtration. The presence of the

Ag/MWNT disinfection layer effectively inhibited the growth of bacteria in the filtration module and

prevented the formation of biofilm on the surface of the membrane. Such distinctive antimicrobial

properties of the composite membrane is attributed to the proper dispersion of silver nanoparticles

on the external surface of the membrane, leading to direct contact with bacterium cells.

KEYWORDS: silver . carbon nanotubes . composites . membranes .
antimicrobial . biofilm
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filtration membranes incorporated with silver nano-
particles have been reported. In these studies, the
mixed-matrix membranes were formed by either
in situ reduction of silver nitrate that was added to
the polymer solution at the beginning or by blending
ex situ prepared silver nanoparticles into the polymer
solutions, both followed by the phase inversion
process.16�20 Silver nanoparticles were entrapped
and distributed in the entire structure of the mem-
brane in these systems. Under continuous filtration,
Taurozzi et al. reported that the silver/polysulfone
membrane did not exhibit a significant difference in
biofilm inhibition compared to the unmodified mem-
brane because the leached silver ions were convec-
tively carried away from the bacteria on themembrane
surface to the permeate side of the membrane.18 More
recently, Mauter et al. reported the grafting of poly-
ethyleneimine-coated silver nanoparticles on the sur-
face of a plasma-treated polysulfone membrane. They
showed that the active layer exhibited excellent anti-
microbial activity against Escherichia coli.21 Such find-
ings indicate that it is important to have the silver
nanoparticles located at the membrane/water inter-
face to allow a direct contact between silver and
bacteria cells for optimal performance.
In this work, we developed a nanocomposite coating

layer based onmultiwalled carbon nanotubes (MWNTs)
and silver nanoparticles (Ag/MWNTs) on the surface of a
commercial hollow fiber polyacrylonitrile (PAN) mem-
brane. Besides functioning as the support for silver
nanoparticles, the nanoscale diameter and one-
dimensional morphology of MWNTs allow an open net-
work structure on themembrane surface tominimize the
impact on water flux and also facilitate the contact of
silver nanoparticles by pathogens. Both the deposition of
silver nanoparticles on MWNTs and the coating of Ag/
MWNTs on PAN were achieved by covalent grafting to
attain strong binding among various components
(Scheme 1). It has been shown that the Ag/MWNTs
disinfection layer coated on the external surface is
effective in killing bacteria and controlling biofilm
growth under the filtration mode. The unique system
developed in this work could be potentially used as a
disinfection system for antimicrobial water treatment.
The methodology may also be extended to other
disinfectant/membrane systems for wide applications.

RESULTS AND DISCUSSION

Characteristics of Ag/MWNTs. Multiwalled carbon nano-
tubes (MWNTs) are reported as suitable materials for im-
mobilization of nanoparticles for various advanced appli-
cations suchas sensing, catalysis, andelectrocatalysis.22�24

Silver nanoparticles immobilized on MWNTs (Ag/MWNTs)
have been demonstratedwith good antimicrobial proper-
ties against bacteria.25,26 Ag/MWNTs can be synthesized
by variousmethods such as in situ deposition onmodified

carbon nanotubes,27,28 electrodeposition,29 chemical re-
duction,30 and microwave heating.31 Nonetheless, forma-
tion of well-dispersed and uniformly sized silver nanopar-
ticles by facile routes is still a challenging task. In this work,
MWTNs were first grafted with polyethylene glycol (PEG),
which played dual roles of hydrophilicity enhancement of
MWNTs and reducing sites for formation ofwell-dispersed
silver nanoparticles. The preparation of Ag/MWNTs was
according to the steps shown in Scheme 1(A�D). After
carboxylation of MWNTs, 1,6-hexamethylene diisocyanate
was used as a linker between the carboxylate group and
PEG. The pristine MWNTs, carboxylated MWNTs (MWNTs-
COOH), and PEG-grafted MWNTs (MWNTs-PEG) were
characterized with Fourier transform infrared (FTIR) as
shown in Figure 1. The pristine MWNTs exhibit bands
around1640and3400cm�1,whichcanbeassigned to the
bending mode and the �OH stretching vibration of
adsorbed water molecules, respectively.32 After oxidation
with the concentrated acids, there appears a shoulder at
1720 cm�1, which is attributed to the carboxylic acid
group in MWNTs-COOH. The peaks at 2909 and
2962 cm�1 in the FTIR spectrum of MWNTs-COOH
can be assigned to the stretching vibration of the
C�H group. Similar absorption peaks for acid-oxidized
carbon nanotubes and carbon nanofibers have also
been reported by other groups.33,34 The presence of
CH2/CH3 groups in nanotubes and carbon nanofibers
was attributed to defects generated in the graphitic
structure of carbon during their production. It is also
likely that acid treatment creates such defects. Upon
grafting with PEG, the stretching mode of C�C�O is
evident by the appearance of the band at 1090 cm�1.32

PEG of suitable chain lengths in the solution was
reported capable of reducing silver ions to metallic
silver nanoparticles accompanied by oxidation of the
hydroxyl group of PEG to aldehyde.35 It is believed that
the grafted PEG on MWNTs in the current system plays
a similar role in reduction of silver ions to silver nano-
particles of controlled sizes and at the same time binding
them on the surface of MWNTs. The X-ray diffraction
(XRD) pattern of the resulting sample is shown in Figure
2A. The broad peak at around 26� is assigned to the (002)
plane of MWNTs,25 while the remaining peaks can be
indexed to the cubic phased metallic silver (PDF no. 001-
1167), as indicatedby the linepattern. The strongest peak
at 38.1� correlates to the (111) diffractionplane. As shown
in the transmission electron microscopy (TEM) images
(Figure 2B and C), an excellent dispersion of silver
nanoparticles sized around 2�5 nm on MWNTs can be
observed. Although the carboxylic acid groups of acid-
treatedMWNTs can also function as the reduction sites,27

their control over the particle size and dispersion is
limited on the basis of the literature results and also our
control experiment (datanot shown). The functionof PEG
can be clearly distinguished on the basis of our studies.
A high-resolution image of an individual nanoparticle
(Figure 2D) shows the lattice distance of 0.230 nm, which
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is in good agreement with that of the (111) plane dis-
tance. The weight percentage of silver in the composite
was determined to be about 2.45% using inductively
coupled plasma (ICP) analysis.

The thermogravimetric analysis (TGA) results of pris-
tine MWNTs, MWNTs-COOH, andMWNTs-PEG are shown
inFigure3.On thebasis of theweight lossdataat 600 �C, it
can be estimated that roughly 16.9%of carbon ofMWNTs
is oxidized to �COOH and 18.7% of �COOH is further
grafted with PEG.36 The FTIR spectrum of MWNTs-PEG
(Figure 1C) shows consistent evidence that the carboxylic
acid group is still present after PEG grafting, as indicated

by the absorption at 1720 cm�1. Hence, the remaining
free�COOHon the surface ofMWNTs-PEG is proposed to
be responsible for the attachment of Ag/MWNTs to EDA-
modified PAN, as proposed in Scheme 1.

Properties of Ag/MWNTs/PAN Composite Membrane. The
pristine PAN hollow fiber membrane has a typical asym-
metric pore structure with long finger-like pores (Figure

Scheme 1. Proposed formation pathway of an Ag/MWNT-decorated PAN composite membrane (Ag/MWNTs/PAN) (G): (A)
pristine MWNTs, (B) acid-treated MWNTs (MWNTs-COOH), (C) PEG-grafted MWNTs (MWNTs-PEG), (D) silver nanoparticle-
deposited MWNTs (Ag/MWNTs), (E) 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)-linked Ag/MWNT
intermediate, and (F) ethylene diamine (EDA)-modified PAN (PAN-EDA).

Figure 1. FTIR spectra of (A) prinstine MWNTs, (B) MWNTs-
COOH, and (C) MWNTs-PEG.

Figure 2. (A) XRD pattern (the line pattern indicates the
standard pattern of metallic silver with PDF no. 001-1167).
(B and C) TEM and (D) HRTEM images of Ag/MWNTs.
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S1A and S1B) and adense and smooth outer layer (Figure
S1B and S1C). After treatment with a 20 vol % aqueous
solution of EDA, the outer surface of EDA-treated PAN
(PAN-EDA) is no longer smooth and patches of surface
defects can be observed (Figure S1D), although the large
finger-like pore structure is unaffected (not shown).

The chemical modification of PAN by EDA was
evidenced from ATR-FTIR spectra shown in Figure 4.
In Figure 4A, the characteristic vibration of the nitrile
group (CtN) appears at 2244 cm�1. The peaks at 2904
and 2948 cm�1 are assigned to the stretching vibration
of the CH2 group of PAN,while the peak at 1453 cm

�1 is
due to the bending vibration of the same group.37 The
additional peaks at 1735 cm�1 in the spectrum of PAN
(compared to that of the fresh PAN powder in Figure
S2) can be attributed to the vibration of CdO of the
carboxylic group, indicating that PAN has been par-
tially hydrolyzed after being soaked in water before
modification with EDA. Similar results have been re-
ported in the literature.38 In the spectrum of PAN-EDA
(Figure 4B), the above peaks remain at similar posi-
tions. Additional vibrations can be found at 1650, 1569,
and 1321 cm�1. The first two can be assigned to amide I
(CdO stretching) and amide II (NH deformation),
respectively.39,40 The peak at 1321 cm�1 is due to the
bending vibration of the CH2 group in EDA. On the
basis of such results, the proposed reaction pathway of
PAN modification by EDA is via an aminolysis reaction
of partially hydrolyzed PAN, as shown in Scheme 2.

Physisorption by liquid nitrogen was performed to
measure the surface area and pore size of both
pristine PAN and PAN-EDA. The surface area of PAN
was increased from 39.6 m2/g to 46.4 m2/g after EDA
treatment. The pore size distribution of the dense
layer is shown in Figure S3. The pristine PAN mem-
brane (Figure S3A) has a few distinct pore sizes
centered at 2.7, 3.4, and 4.2 nm, while PAN-EDA
exhibits a broad pore size distribution in the range
2�5 nm (Figure S3B). These results indicate that the
pore structure at the outer surface layer was slightly
modified after the chemical treatment by 20 vol %
EDA. Consequently, the initial flux measured using

deionized water for PAN-EDA was 220 L/m2/h/bar,
which was about 25% lower than that of the pristine
PAN. Other chemical treatments using aqueous NaOH
solution (1.0 M), HCl solution (1.0 M), and more con-
centrated EDA solutions (50 and 99 vol %) were also
used to modify PAN in this work. However, all these treat-
ments resulted in more than 90% decrease in the initial
flux, which should be attributed to a more severe influ-
ence on the pore structure. Research effort is underway to
develop alternativemethods to produce surface-activated
membranes without compromising on water flux.

Attachment of Ag/MWNTs on PAN-EDA was car-
ried out with the assistance of 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide hydrochloride (EDC) as an
amide-forming agent (Scheme 1D�G). The addition of
EDC facilitates the amidation reaction between the
carboxylic acid on Ag/MWNTs and the amine group
on PAN-EDA. Consequently, Ag/MWNTs can be stably
grafted on the surface of PAN by covalent linkage. Two
control sampleswereprepared to investigate the effects
of EDA and EDC. The first sample was obtained by
reacting pristine PAN with Ag/MWNTs in the presence
of EDC, and the second sample was prepared by react-
ing PAN-EDA with Ag/MWNTs in the absence of EDC.
The SEM images of Ag/MWNTs/PANare shown in Figure
5. It can be clearly observed that a significant amount of
Ag/MWNTs was attached to the surface of PAN. On the
other hand, there is no evidence of attachment of Ag/
MWNTs in both control samples (Figure S4). Such results
support the proposed reaction schemes in which the
modification of PAN by EDA and the presence of EDC as
a linking agent are both important toward the formation
of Ag/MWNTs/PAN composite membranes.

The average pore size of the dense layer of PAN-
EDA was measured to be about 3 nm by the N2

adsorption method. Since the average diameter of

Figure 3. TGA results of (A) prinstine MWNTs, (B) MWNTs-
COOH, and (C) MWNTs-PEG. Figure 4. ATR-FTIRspectraof (A) pristinePANand(B) PAN-EDA.

Scheme 2. Proposed aminolysis reaction of partially hydro-
lyzed PAN with EDA
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MWNTs used is around 11 nm, the coating will be
largely on the external surface of the membrane in a
mesh-like form, as shown in Figure 5. Although the
surface of the pristine MWNTs consisting of a graphitic
carbon layer is hydrophobic, functionalization of MWNTs
with carboxylic groups and PEG greatly increases the
hydrophilicity of the resulting Ag/MWNTs. In fact, the Ag/
MWNTs/PAN composite membrane has a similar hydro-
philicity to that of the pristine PAN, with their contact
angles measured to be 76.5� and 79.9�, respectively. As
such, the coating does not add significant hydraulic
resistance to the membrane. The initial flux of the Ag/
MWNTs/PAN compositemembranedrops only about 7%
to 205 L/m2/h/bar compared with that of PAN-EDA.

Antimicrobial Properties of Ag/MWNTs/PAN Composite Mem-
brane. In this work, Escherichia coli (E. coli) was used as a
model bacterium to investigate the antimicrobial and
antifouling properties of the composite membrane
due to a growing concern over the infections world-
wide caused by this bacterium.41 A solution of HEPES/
glucose with a constant pH of 7.0 was used as the
medium for the bacterium-containing feedwater dur-
ing filtration. This medium can provide a nutritious
environment (by glucose) to minimize bacterium
death, since a high concentration of viable cells in
the feedwater is necessary during filtration. To obtain
the effect of themedium on the flux, a control permea-
tion test was conducted over the pristine PAN mem-
brane with the medium itself as the feed. Figure 6A
shows that the flux drop due to the medium is not
significant, with about 8% during the first 5 h and
another 4% during the remaining 15 h. The initial drop
could be due to the adsorption of glucose and/or the
ionic species in themediumonto thepores of PAN,which
slightly affects the hydrodynamics of the membrane.
The presence of E. coli in the feedwater affected the
flux of the pristine PAN membrane significantly. As
shown in Figure 6A, the flux dropped 55% from 260 to
117 L/h/m2/bar in 20 h, indicating that the pristine PAN
membrane can be easily fouled under the present
conditions. In contrast, the Ag/MWNTs/PAN composite

membrane shows amuch improved fouling resistance.
The flux drop was only 6% from 205 to 193 L/h/m2/bar,
which could bemainly due to the effect of themedium.

It is notable that no bacterium cells were found in the
permeatewater samples forbothpristine andcomposite
membranes, as the external surface of the PAN mem-
branewith a pore size of a few nanometers is effective in
filtering micrometer-sized bacterium cells. Hence, all
cells were trapped inside the filtration module, and they
could further grow or be killed depending on the
properties of themembrane. Thepopulationof the living
cells in the reject water was measured during filtration.
As shown in Figure 6B, the concentration of living E. coli

cells increased to about 80-fold (starting concentration
at about 2 � 106 cfu) in the reject water at 21 h of
filtration when the pristine PAN membrane was used. In
contrast, the composite membrane with the Ag/MWNTs
disinfection layer can effectively inhibit the bacterial
growth within the test duration of 22 h. No significant
increase in living E. coli cell concentration was found.

The above results are well correlated to the biofilm
inhibition properties of the membranes. As shown in
Figure 7A, dense and complex biofilm was formed on
the pristine PAN membrane after the filtration test in
about one day. The presence of biofilm on the
membrane severely affected the water flux, as shown
in Figure 6A. In contrast, only scattered cells were

Figure 5. SEM images of the surface of a Ag/MWNTs/PAN composite membrane at (A) low and (B) high magnifications.

Figure 6. Continuous filtration test: (A) the flux change
using E. coli-containing feedwater and (B) viable E. coli cell
concentration in the reject water. (b) Control permeation
test of pristine PAN using the medium without E. coli, (9)
pristine PAN, (2) Ag/MWNTs/PAN, (() Ag/MWNTs/PAN after
soaking in deionized water for 14 d.
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observed on the Ag/MWNTs/PAN composite mem-
brane (Figure 7B). Furthermore, the majority of E. coli
cells found on the composite membrane were shown
with damaged cell walls (as indicated by the arrows
for some representative cells and the magnified
image in Figure 7B inset), indicating that the cell
membranes were disrupted, which is probably due
to the direct contact between the cells and silver
nanoparticles.10�12 Taurozzi et al. showed that under
the flow test the silver-embedded polysulfone mem-
brane was not effective in reducing biofouling by
E. coli.18 Our previous study has shown that MWNTs-
COOH exhibited a much lower efficacy in killing
bacteria (50% kill for E. coli) than Ag/MWNTs (>99%)
under the same conditions.25 Our other work consis-
tently showed that both MWNTs and MWNTs-PEG
have low antimicrobial activities and biofilm inhibi-
tion ability.36 The distinctively high efficacy of our
composite membrane on biofouling control in this
work lies in the proper dispersion of silver nanopar-
ticles on the surface of the membrane for direct contact
with bacterial cells. After 600 L/m2 of filtration, the silver
loss in the composite membrane was determined to be
about 22%. The concentration of leached Agþ ions in the
permeate water was measured to be always less than 10
ppb, which is below the allowable maximum silver
concentration in drinking water (around 50 ppb). Silver
loss from the surface was commonly reported by others,
due to their easy accessibility to the water.16,17,19 To test
the stability of ourmembrane, the Ag/MWNTs/PAN com-
positemembranewas soaked in deionizedwater for two
weeks followed by filtration under the same test con-
ditions. Although about 60% of silver was lost from
the membrane, their antimicrobial properties did not

deteriorate much. As shown in Figure 6A, the flux drop
was increased from 6% to 13%, which was still much
better than that of thepristinemembrane. Therewas also
no significant increase in the concentration of the living
cells in the reject water (Figure 6B). More researchwork is
underway to achieve a better durability of the system as
well as effective silver regeneration.

CONCLUSIONS

In summary, a novel water disinfection system con-
sisting of silver nanoparticle/multiwalled carbon nano-
tubes (Ag/MWNTs) coated on a PAN hollow fiber
membrane, Ag/MWNTs/PAN, was developed. Silver
nanoparticles of controlled sizes (2�5 nm) were suc-
cessfully coated on MWNTs that were first modified
with PEG. PEG not only acted as a reducing agent for
conversion of silver ions to metallic silver nanoparticles,
leading to their immobilization on MWNTs, but also
increased the hydrophilicity of MWNTs for less adverse
effect on the flux of the resulting composite membrane.
Ag/MWNTs were covalently coated on the external sur-
face (i.e., the dense layer) of a PAN hollow fiber mem-
brane. Thefiltration studyusing the feedwater containing
E. coli was conducted for pristine PAN and Ag/MWNTs/
PAN membranes. It was found that the Ag/MWNT coat-
ing significantly enhanced the antimicrobial activities
and antifouling properties of the membrane. A much
lowerdegreeof foulingwas observedon theAg/MWNTs/
PAN membrane. As a result, the relative flux drop over
Ag/MWNTs/PAN was significantly smaller than that over
the pristine PAN. It is believed that Agþ ions released
from the Ag/MWNTs layer as well as the direct contact
between the silver nanoparticles and the cells caused ef-
fective killing of the bacteria and inhibition of biofouling.

EXPERIMENTAL SECTION

Modification of PAN Hollow Fiber Membrane by EDA. The properties
of PAN hollow fiber membranes (Ultra-Flo Pte Ltd., Singapore)

are listed in Table S1. PAN was soaked in deionized water after
arrival. The amination of PAN was conducted by immersing the
wet PAN membranes (250 mm in length) in 100 mL of an
aqueous solution of 20 vol % of ethylene diamine (EDA, Alfa

Figure 7. SEM images of the pristine (A) PAN membrane and (B) Ag/MWNTs/PAN composite membrane after 22 h filtration
test using E. coli-containing feedwater.
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Aesar, 99%). The mixture was shaken at 100 rpm at room
temperature for 24 h. The modified PAN membranes were
rinsed with deionized water several times until the pH of the
rinsed water reached about 7.0. The membranes denoted as
PAN-EDA were kept wet for further use.

Preparation of Ag/MWNTs Nanocomposite. MWNTs (CNano Tech-
nology Ltd., purity: >95%, average length: 10 μm, average
diameter: 11 nm) were first carboxylated by treatment with
concentrated H2SO4 (Merck, 98%) and HNO3 (Honeywell, 69%),
as described in our previous work.25 To functionalize MWNTs-
COOHwith polyethylene glycol, 100mg of dried MWNTs-COOH
was ultrasonicated in 60 mL of acetone for 30 min followed by
purging with N2 gas at 60 mL/min at 50 �C for another 30 min.
Subsequently, 0.2 mL (1.25 mmol) of 1,6-hexamethylene diiso-
cyanate (Fluka, 99%)was added into theMWNTs-COOH suspen-
sion, and the mixture was stirred at 50 �C for 2 h. Afterward, 9 g
(1.5 mmol) of PEG (molecular weight: 6000, Alfa Aesar, >99%)
was added into the suspension followed by stirring for another
2 h at the same temperature. N2 purging was carried out
throughout the reaction, and a water condenser was mounted
on top of the flask. The resulting product (MWNTs-PEG) was first
washed with acetone followed with deionized water several
times and then dried under vacuum overnight for further
loading of silver nanoparticles. Silver nanoparticles were loaded
ontoMWNTs-PEG through reduction of Agþ ions by PEG grafted
on the surface of the MWNTs. Briefly, 50 mg of MWNTs-PEG was
ultrasonicated in 10 mL of deionized water for 30 min. Then,
20mL of 0.01MAgNO3 (BDH, 99%) aqueous solutionwas added
into the MWNTs-PEG suspension. The mixture was heated to
60 �Candmaintainedat this temperature for 3hunder stirring. The
resulting product, denoted as Ag/MWNTs, was washed twice with
deionized water and then dried under vacuum overnight.

Grafting of Ag/MWNTs on a PAN-EDA Hollow Fiber Membrane. PAN-
EDA hollow fibers were immersed in a suspension of 25 mg of
Ag/MWNTs in 100 mL of deionized water. Both ends of the
hollow fiber membranes were lifted above the surface of the
suspension in order to prevent the entrance of Ag/MWNTs into
the interior space of the hollow fibers. Then, 200 mg of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (Acros,
99%) was added, and the mixture was shaken gently at room
temperature for 16 h. The membranes attached with Ag/
MWNTs, denoted as Ag/MWNTs/PAN, were then rinsed with
deionized water and kept wet for subsequent filtration and
antimicrobial testing.

Materials Characterization. The powder X-ray diffraction pat-
tern of Ag/MWNTs was recorded in a Bruker AXS D8 X-ray
diffractometer with Cu KR (λ = 1.5406 Å) radiation at 40 kV and
20 mA. Fourier transform infrared spectra were obtained on a
Digilab FTS 3100 FTIR with a 4 cm�1 resolution and in the range
400�4000 cm�1 using a standard KBr disk technique. Particle
size and morphology were observed using JEOL 3010 transmis-
sion electron microscopy. Thermogravimetric analysis was car-
ried out by heating the dry powder samples at a rate of 10 �C/
min with nitrogen flow at 200 mL/min over 25�800 �C in a TA
Instruments SDTQ600. The functional groups of the pristine and
modified membrane were studied using ATR-IR on a Perkin-
Elmer Spectrum One FTIR spectrometer. The morphologies of
the membranes were examined by SEM (JEOL JSM 6700F field
emission). The surface area and pore size of themembranewere
measured by nitrogen physisorption using Quantachrome
Autosorb 6B. The contact angle measurement of water on
thoroughly dried membranes was conducted in a FTA 200
(First Ten Angstroms, Portsmouth, VA, USA). The percentages
of silver in Ag/MWNTs and Ag/MWNTs/PAN were determined
using inductively coupled plasma atomic emission spectrosco-
py (ICP-AES) in a Perkin-Elmer ICP Optima 2000DV after dissolv-
ing silver in dilute solutions of HNO3.

Filtration Module Setup and Permeation Test. A bench-scale test
module was set up to evaluate the permeation and antimicro-
bial properties of a Ag/MWNTs/PAN composite membrane. The
schematic diagram of the module is shown in Figure S5. The
fibers were sealed at one end with epoxy glue. The wall of the
modulewasmade of acrylic glass pipewith an outer diameter of
25.4 mm. Before the permeation test, the module was pressur-
ized at 2.0 bar for leakage checking. The module was operated

with in outside-in mode. Deionized water was permeated
through the membrane module for 30 min for initial flux
measurement, during which the flow rate was fixed at 5 mL/min.
The permeate volume was measured to calculate the flux
according to eq 1.

Q ¼ A� flux � P (1)

where Q is the volumetric flow rate, A is the total surface area of
the hollow fibers, and P is the transmembrane pressure (TMP).
TMP was measured by a digital pressures gauge (GE Druck DPI
104, Accuracy: 0.05% of full span).

Filtration Test of a Ag/MWNTs/PAN Composite Membrane Using
Bacterial Water. The target Escherichia coli (E. coli) bacterium
was cultured to a midlog phase in Luria�Bertani (LB) broth
(Difco LB Broth, Miller) at 37 �C. The cells were harvested by
centrifugation, washed, and resuspended in amixed solution of
HEPES buffer (10 mM) and glucose (1 wt %) with the cell
concentration approximately at 106 colony forming units
(cfu's) per mL. The resulting mixture was used as the feedwater
for the filtration study. The permeation test for the Ag/MWNTs/
PAN composite membrane and the pristine PAN membrane
was performed at room temperature under the same condi-
tions. The flow rate of bacteria-containing feedwater was fixed
at 24 L/h/m2. The flux was obtained for both membranes for
comparison. The concentration of living bacterium cells inside
the filtration module (i.e., in the reject water) and in the filtrate
was determined by the colony-counting method. Both the
pristine and Ag/MWNTs/PAN composite membranes were ex-
amined by FESEM (JEOL JSM 6700F field emission) after the
filtration test. Prior to the analysis, all membrane samples were
subjected to freeze-drying under vacuum at �50 �C for 12 h.
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