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ABSTRACT: Virus removal from water using microfiltration
(MF) membranes is of great interest but remains challenging
owing to the membranes’ mean pore sizes typically being
significantly larger than most viruses. We present microporous
membranes grafted with polyzwitterionic brushes (N-dimethylam-
monium betaine) that combine bacteriophage removal in the range
of ultrafiltration (UF) membranes with the permeance of MF
membranes. Brush structures were grafted in two steps: free-radical
polymerization followed by atom transfer radical polymerization
(ATRP). Attenuated total reflection Fourier transform infrared
(ATR−FTIR) and X-ray photoelectron (XPS) verified that
grafting occurred at both sides of the membranes and that the
grafting increased with increasing the zwitterion monomer
concentration. The log reduction values (LRVs) of the pristine membrane increased from less than 0.5 LRV for T4 (∼100 nm)
and NT1 (∼50 nm) bacteriophages to up to 4.5 LRV for the T4 and 3.1 LRV for the NT1 for the brush-grafted membranes with a
permeance of about 1000 LMH/bar. The high permeance was attributed to a high-water fraction in the ultra-hydrophilic brush
structure. The high measured LRVs of the brush-grafted membranes were attributed to enhanced bacteriophages exclusion from the
membrane surface and entrapment of the ones that penetrated the pores due to the membranes’ smaller mean pore-size and cross-
section porosity than those of the pristine membrane, as seen by scanning electron microscopy (SEM) and measured using liquid−
liquid porometry. Micro X-ray fluorescence (μ-XRF) spectrometry and nanoscale secondary ion mass spectrometry showed that 100
nm Si-coated gold nanospheres accumulated on the surface of the pristine membrane but not on the brush-coated membrane and
that the nanospheres that penetrated the membranes were entrapped in the brush-grafted membrane but passed the pristine one.
These results corroborate the LRVs obtained during filtration experiments and support the inference that the increased removal was
due to a combined exclusion mechanism and entrapment. Overall, these microporous brush-grafted membranes show potential for
use in advanced water treatment.
KEYWORDS: microporous grafted membrane, SI-ATRP, polyzwitterion brush, virus removal, microfiltration

1. INTRODUCTION
Waterborne pathogens, especially viruses such as adenovirus,
enterovirus, hepatitis virus, norovirus, and rotavirus, are among
the main water-related human health risks.1 These viruses can
cause outbreaks or sporadic cases of gastroenteritis, meningitis,
respiratory disease, conjunctivitis, paralysis, hepatitis, or even
death. Specifically, in developing countries where polluted
water is often consumed, diarrheal diseases are the leading
cause of child morbidity and mortality2 and achieving at least a
4-log reduction for viral concentrations remains an important
worldwide standard for water treatment processes.3

Viruses can enter drinking water through several pathways:
through direct sewage discharge into water sources, either
directly or when wastewater effluent is used for groundwater

recharge;4 through direct water reuse, a growing phenomenon
in regions that face increased water demand, droughts, and
anthropogenic pollution of other surface water supplies;5 and
through drinking water being elevated during severe flooding,
and thus acquiring fecal pathogens from septic systems, which
is a potential problem even in developed countries.6
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Most viruses transmitted by a fecal−oral route are highly
persistent in water and can be found at high levels in treated
water, even after decontamination processes commonly used
for drinking water and wastewater.7,8 For example, owing to
their small size and unique surface properties, viruses are
usually removed by coagulation, sedimentation, and granular
media filtration by amounts typically less than the required by
standards.9−11 The inactivation of viruses can be improved by
chemical disinfection, but this increases the risk of producing
mutagenic and carcinogenic disinfection byproducts.12 Ultra-
violet and photocatalytic disinfection methods are not highly
effective against viruses13 or greatly depend on water quality.14

Therefore, robust and cost-effective technologies for virus
removal must be developed to purify various water resources.
Membrane filtration is a rapidly growing alternative

technology for water purification requiring high viral
removal.15 It offers flexibility and versatility with a small
footprint while producing high-quality water from a wide range
of feedwater qualities. The membranes used for water
treatment are typically porous pressure-driven microfiltration
(MF) membranes with pore sizes of 0.1−10 μm and
ultrafiltration (UF) membranes with pores of 2−100 nm.
These membranes reject contaminants such as viruses by size
exclusion. Therefore, MF membranes typically have limited
viral removal (<0.5 log reduction value, LRV), although, as
discussed below, some have demonstrated higher virus removal
than expected based on size exclusion alone. In theory, UF
membranes can almost completely remove most aquatic
viruses (>6 LRV);16,17 however, their removal rates can be
lower than expected based on steric exclusion.18 The
downsides of UF membranes are increased energy demand
and higher membrane surface area compared with MF
membranes due to their significantly lower permeance.19 An
ideal membrane for treating water at low energy and low
capital and operational costs would combine the flux of MF
membranes with the viral removal potential of tight UF
membranes.20

Various studies and membrane manufacturers have reported
virus removal based on steric exclusion by MF membranes.
High virus retention in these cases resulted from adsorption or
physical entrapment.15,21 Adsorption of viruses to the
membrane surface or within its pores can be due to
electrostatic22 or hydrophobic23 interactions that enhance the

free energy of the system.24 The virus adsorption capacity
depends on the membrane material,25 the type of virus (i.e.,
the capsid size and properties),26,27 and solution properties.28

Physical entrapment of viruses in the inner pore voids of the
membrane is similar to the established removal mechanisms of
particle entrapment inside depth filters.29

Recent research has demonstrated that virus retention by
common MF and UF membranes could be increased by
modifying the surface and pore structure, which primarily
enhances adsorption interactions. For example, surface
functionalization of a polyethersulfone (PES) membrane with
polyethyleneimine (PEI) improved its removal of MS2
bacteriophages by about 3 LRV.20 The removal rate increased
to 5 LRV by optimizing the cross-linked PEI and incorporating
antiviral nanoparticles.30 Modifying electrospun nanofibrous
MF membranes achieved 4 LRV for MS2 owing to elevated
adsorption and smaller pores.31 Some studies have suggested
that in addition to reducing fouling,32−34 zwitterionic
modification can potentially increase membranes’ ability to
remove viruses from water.35 Our previous work has
demonstrated that a UF membrane modified using zwitterionic
polymer increases MS2 and HAdV-2 removal by up to 4
LRV.36 However, the permeate flux of the membrane was as
low as ∼18 LMH/bar.
This study reports a new MF membrane that combines high

bacteriophage removal and water permeance achieved through
grafting zwitterionic polymer (polySPE) brushes to the
microporous structure of a commercial PES MF membrane.
The brushes were grafted using monomer solutions of different
concentrations via free-radical polymerization followed by
atom transfer radical polymerization (ATRP). Successful
grafting throughout the membrane cross-section was verified
by various methods. Membranes’ virus removal potential was
assessed using two bacteriophages (T4, ∼100 nm, and NT1,
∼50 nm). Surprisingly, although water permeance remained
within the MF range, the LRVs for the bacteriophages were at
the UF range. The high-water permeance was attributed to the
super-hydrophilic polymer brushes containing a high-water
fraction. The high removal of bacteriophages was ascribed to
their entrapment in the microporous brush-grafted membrane.
The suggested removal mechanism was supported by mass
balance results measured during a T4 filtration cycle as well as
micro-X-ray fluorescence (μ-XRF) mapping and nanoscale

Figure 1. Schematic illustration of ATRP reaction of PES-polySPE brush membranes.
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secondary ion mass spectrometry (NanoSims) with gold
nanoparticles. Overall, the microporous polySPE brush-grafted
MF membranes showed great potential for treating water to
remove enteric viruses.

2. MATERIALS AND METHODS
2.1. Materials and Bacteriophages. Commercial PES MF

membranes with a nominal pore size of 0.22 μm were obtained from
TS Filter (Hangzhou, China). NaCl, 2-hydroxyethyl methacrylate
(HEMA) (97%), and N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-
dimethylammonium betaine (SPE) were from Merck (Germany).
Bacteriophage T4 (11303-B4TM) (∼100 nm) and Escherichia coli
host bacteria (11303TM) were from the American Type Culture
Collection (Manassas, VA). Bacteriophage NT1 (∼50 nm) and Vibrio
natriegens host bacteria were from Laval University. Tryptic soy broth
(TSB), ascorbic acid, copper(I) bromide (CuBr, purified, >99%), and
2,2-bipyridine (bipy) were from Sigma-Aldrich (Israel). 2-Hydroxy-4-
(2-hydroxyethoxy)-2 methylpropiophenone (D2959) and α-bromoi-
sobutyryl bromide (α-Bromo) were from Tokyo Chemical Industry
(Japan). Copper(II) bromide (CuBr2, purified, >99%) was from
Acros Organics (Belgium). Methanol, ethanol, ethyl acetate,
isopropanol (IPA), and diethyl ether (extra dry) were from BioLab
(Israel) in AR grade.
2.2. Polymer Brush Grafting to the Microporous Mem-

brane. Figure 1 (and Figure S1) shows the two-step ATRP approach
to graft zwitterionic polymer (polySPE) brushes inside the MF
membrane pores. First, HEMA was grafted into the PES pore walls by
free-radical UV-irradiated grafting polymerization.37,38 A PES coupon
(44 mm diameter) was equilibrated in 50% IPA and then dried for 15
min under ambient conditions. The membrane was pre-wetted with
ethyl acetate, placed in a beaker, and soaked in a 2 × 10−2 M solution
of D2959 photoinitiator in ethyl acetate for 2 h in the dark. After
draining the photoinitiator solution, the membrane was immersed for
an additional 2 h in aqueous HEMA (150 mM); excess HEMA
solution was then removed from the membrane surface using a
scraper. Subsequently, the membrane was packed in a sealed plastic
bag and clamped between two glass plates. The samples were
irradiated under UV light (IntelliRay 400, Uvitron, USA) for 15 min
with an irradiation intensity of 50 mW cm−2 covered with a glass filter
to obtain hydroxyl groups grafted into the membrane pores
(PES_OH). After grafting, each membrane was washed with 50%
(v/v) ethanol/water for 24 h to remove unbound monomers and
oligomers not covalently linked to the membrane walls. The modified
membranes (PES_OH) were stored in ethanol until they were tested.

The polySPE brushes were grafted using SI-ATRP.39 The ATRP
initiator was then attached as a α-bromobutyryl ester to the PES_OH
membranes. Membrane coupons were pre-dried for 15 min at
ambient temperature and introduced into a pre-dried Schlenk flask
(100 mL) under a nitrogen atmosphere charged with α-Bromo (1
mmol per coupon) in dehydrated diethyl ether (50 mL) cooled to
−10 °C in an ice/acetone bath. Next, dry triethylamine (2.1 equiv
total acyl halide) was gently introduced using a cannula. Aluminum
foil wrapping protected the tube from light. After reaction for 1 h,
when the coupling between the hydroxyl groups and ATRP initiator
had been accomplished, the cooling bath was removed, and the
reaction was continued with overnight stirring. The PES-α-Bromo
ester coupon was retrieved, cleaned with water, and kept in a
methanol and deionized water (4:1 v/v) solution until further use. In
the last step, polySPE brushes were grafted into pores of the PES-α-
Bromo ester membrane coupons by ATRP. Bipy (250 μmol; 39 mg
per coupon), CuBr (100 μmol per coupon), and CuBr2 (20 μmol per
coupon) were added to a round-bottom flask. SPE monomer (5
mmol; 1.4 g) was in another Schlenk reaction tube. To avoid oxygen
diffusion into the tubes, all reactors were previously degassed by three
freeze−thaw cycles, and every subsequent step was conducted under
continual N2 flow. A mixture of methanol and deionized water (4:1 v/
v) solution previously bubbled with nitrogen for 10 min was added to
both tubes (5 mL to the flask containing the ligand and catalyst and
45 mL to the tube containing the monomer). The tubes were then left

under stirring at 35 °C until complete dissolution of the SPE
monomer. Subsequently, four initiator-coupled membrane coupons
(PES-α-Bromo ester) were placed inside the Schlenk reaction tube
containing the monomer. Then, 5 mL of CuBr/CuBr2/Bipy solution
was transferred to the Schlenk reaction using a nitrogen-purged
syringe. Finally, 0.3 mL of ascorbic acid (0.02 M) was added dropwise
to the reaction tube. The ATRP reaction took place for 4 h at 35 °C
under continuous stirring. The grafted membranes (PES_0.1) were
then taken from the polymerization solution, washed with water, and
stored at 4 °C until further used. The PES_0.2 and PES_0.5
membranes were obtained using 0.2 and 0.5 M SPE, respectively
(instead of 0.1 M SPE), under otherwise identical reaction conditions.

2.3. Membrane Characterization. A spectrometer (Vertex 70
FTIR, Bruker) equipped with a diamond/KRS-5 ATR crystal (Pike
Technologies) recorded attenuated total reflection Fourier transform
infrared (ATR−FTIR) spectra: 30 scans were taken at a resolution of
4 cm−1 for each spectrum. Both sides of a dry membrane (up and
down) were measured. The degree of grafting (DG, eq 1) for each
modified membrane was measured by ATR−FTIR spectroscopy:40,41

=
I
I

DG mon

mem (1)

where Imon is the intensity at 1040 cm−1, representing a characteristic
band of the grafted SPE polymer, and Imem is the intensity at 1586
cm−1 for a band of the MF PES pristine membrane. The reported DG
values are the average of at least three measurements on three distinct
samples; the error bars represent the standard deviation. High-
resolution X-ray photoelectron (XPS) spectra were collected using a
spectrometer (ESCALAB-X, Thermo Scientific) with ultrahigh
vacuum (1 × 10−9 bar) apparatus, an AlKα X-ray source, and a
monochromator. The X-ray beam size was 500 μm. Survey spectra
were recorded with a pass energy of 150 eV, and high-energy-
resolution spectra were recorded with a pass energy of 20 eV. All
spectra were calibrated relative to a carbon C 1s peak at 284.8 eV to
correct for charging effects. The atomic ratios were calculated from
the peak intensity ratios and the reported atomic sensitivity factors.
Membranes’ surface hydrophilicity was determined by measuring the
contact angle of a sessile drop (20 μL) using an optical measurement
system (OCA 15 plus, Data physics, Filderstadt, Germany). The
reported values are the average of at least five measurements per
sample for three distinct samples; the errors represent standard
deviations. The mean pore diameter and pore-size distribution were
determined by measuring liquid−liquid displacement using a liquid−
liquid porometer (LLP). The membrane was pre-wetted with IPA as a
wetting fluid, and the intrusion fluid was fluorated hydrocarbon with a
surface tension of 15.9 dyn/cm. The pore-size distribution was
calculated from the LLP isotherm data. Membranes’ surface and
cross-sectional morphology were ascertained by scanning electron
microscopy (SEM, JSM-6010 L). The samples were dried at 40 °C in
a vacuum oven overnight and sputtered with Au before introduction
to the microscope. Cross-sectional imaging used membranes broken
using liquid nitrogen.

Filtration experiments were conducted using a stirred dead-end cell
(Amicon 8050, Millipore). The membranes were first compacted by
filtering DI water at 0.2 bar until a constant flux was observed.
Membrane permeability (Lp) was then calculated as follows:

=
× ×

L V
t A Pp (2)

where V (L) is the amount of collected water, Δt (h) is the duration,
A (m2) is the active surface area of the membrane, and ΔP (bar) is the
transmembrane pressure (TMP). The reported value of Lp is the
average of at least three measurements; the error represents standard
deviation.

2.4. Propagation, Purification, and Quantification of T4 and
NT1. 2.4.1. Host Culture Preparation. The host bacteria inoculum
was recovered and streaked onto a fresh TSB (for E. coli) or Luria−
Bertani (LB) (for V. natriegens) plate from frozen glycerol stocks
(stored at −80 °C) and incubated overnight at 37 °C for E. coli and at
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26 °C for V. natriegens. A single colony from a plate was inoculated
into 20 mL of TSB or LB and incubated overnight at 37 or 26 °C.
Experiments were conducted using at least two overnight cultures
diluted once a day. An aliquot (100 μL) of the overnight cultured
solution was cultivated into 25 mL of fresh TSB or LB and grown for
3 h to the exponential phase (having an optical density of 0.2−0.4 at
600 nm). Figure S3 gives the scheme of log-phase E. coli culture.
2.4.2. Bacteriophages Stock Propagation. Bacteriophages were

unfrozen and propagated following Adams.42 To initiate this process,
the host bacteria (1 mL, log phase) were mixed with 100 μL
bacteriophages and 5 mL of sterile, liquefied, soft agar (30 mg/mL
TSB or LB + 0.5% agar), added to TSB or LB plates, and incubated
overnight at room temperature. Sterilized phosphate-buffered saline
(PBS) (10 mL) was then poured into the incubated bacteriophage
plate, which was incubated at 37 or 26 °C for 1 h. The supernatant of
PBS and bacteriophages was collected using a sterile pipette and then
centrifuged (8000×g) for 15 min. The concentrated bacteriophages
were filtered through a 0.45 μm filter and stored at 4 °C.
2.4.3. Overlay Technique for Bacteriophage Quantification.

Bacteriophage titer was evaluated by preparing successive 10-fold
bacteriophage dilutions, and the concentration of plaque-forming
units (PFU) was determined using the double agar layer technique.
Log-phase bacterial host (1 mL) and a suitable bacteriophage dilution
(100 μL) were combined with 5 mL of molten soft agar, put onto a
TSB solid medium plate that had previously been made, and solidified
at room temperature. The sample was then incubated at 37 °C
overnight. The plaques were counted, and the titer of the
bacteriophages was evaluated in terms of PFU/mL:

=
×

i
k
jjj y

{
zzzphage titer

PFU
mL

average no. of plaques
dilution volume of diluted virus (3)

Positive controls (i.e., without added bacteriophages) and negative
controls (i.e., without added bacteriophages or host bacteria) were
made for all PFU tests. Figure S4 shows images of plaques formed by
the two bacteriophages in both control tests.
2.5. Bacteriophage Suspension Filtration. Bacteriophage

filtration tests were carried out using a dead-end filtration cell
(Amicon 8050). Before each test, the background solution (NaCl, 10
mM) was passed through the membrane for 2 h until a stable flux was
obtained. Bacteriophage filtration was then carried out with the
modified and pristine membranes under the same initial permeate flux
(≈200 LMH). The pressure (20−250 mbar) during filtration was
monitored using a pressure gauge connected to the computer (Figure
S2). The influent concentration of bacteriophage in this experiment
was 104 to 105 PFU/mL. Permeate samples were collected
intermittently during the filtration experiment, and the bacteriophage
concentration in each sample was measured. The LRVs for
bacteriophage were calculated as follows:

=
i
k
jjjjj

y
{
zzzzz

C

C
LRVs log 10 p

f (4)

where Cf and Cp are the concentrations of the bacteriophage in the
feed and permeate, respectively.

In addition, bacteriophage mass balance (for the pristine
membrane and PES_0.1) was also found by evaluating the
bacteriophage concentration trapped in the membrane. At the end
of the filtration experiment, the membrane was flipped and
backwashed with the background solution (50 mL), the solution
was collected, and the bacteriophage concentration in the solution
was measured. The membrane was then removed, a 1 cm2 piece of it
was placed in 10 mL of background solution and sonicated for 5 min
in a sonication bath, and the phase concentration in the solution was
measured.
2.6. μXRF Mapping of Si-Coated Gold Nanoparticles on the

Membrane. 100 nm Si-coated gold nanospheres were filtered
through the pristine and microporous brush-grafted MF PES
membranes. The 107 nanoparticles/mL suspension of Si-coated
gold nanospheres in 10 mM NaCl solution was filtered through these
membranes at similar flux conditions as the bacteriophage suspension

filtration tests (≈200 LMH) for 30 min. The samples underwent μ-
XRF analysis without dehydration, maintaining the water content in
the membrane pores. Two-dimensional μ-XRF maps were collected at
beamline 2−3 at the Stanford Synchrotron Radiation Lightsource
(SSRL) using a Si(111) double-crystal monochromator. Membranes
were cut into 50-μm-thick sections using a Leica Cryotome. The
sections were placed on a polycarbonate window and set in the path
of the beam. Images of the membranes were collected at a step size of
1 or 5 μm. Fluorescence from Au and S was detected at 12,200 eV
using a single-element Vortex Si-drift detector. Image analysis was
conducted using SMAK.43 A Pt fluorescence peak attributable to the
beamline optics was detected. The Au and Pt fluorescence peaks
overlap, leading to a background underneath the Au fluorescent peak.
To account for this background, the energy dispersive spectrum for
each pixel in the map was fit to quantify Au and Pt fluorescence
intensity. The concentration of Au (μg/cm2) was then calculated
based on the Au fluorescence intensity using a reference foil of known
concentration (47.6 μg/cm2).

2.7. Depth Profiling of Si-Coated Gold Nanoparticles in the
Membrane via NanoSIMS. High-resolution secondary ion maps
were acquired for the pristine and brush-modified membranes used
for μ-XRF mapping. Mapping employed a NanoSIMS 50 L ion
microprobe (CAMECA, France) at the Stanford Nano Shared
Facility, Stanford, CA, USA. Before analysis, membranes were dried
at room temperature under vacuum and then coated with 10 nm
carbon to prevent charging. A Cs+ primary ion beam (current 15 pA,
primary energy 8 keV, and extracting energy 8 keV) with a nominal
spot size of 50 nm was used to raster over the area of interest. Seven
distinct secondary ion species were detected (12C−, 14N−, 16O−, 28Si−,
32S−, 35Cl−, and 197Au−) using electron multipliers. Depth profiles of
the seven species were acquired for both membranes.

2.8. Quantification of Bacteriophage Removal by the
Modeling Transport Hindrance. The sieving coefficient with the
hydrodynamic hindrance factors taken from Bungay and Brenner44

was used to assess bacteriophage removal by size exclusion.45 The T4
and NT1 bacteriophages are set to have diameters of 100 and 50 nm,
respectively.46,47 The sieving coefficient S(r) was calculated as follows
under an assumption of spherical particles in convective transport:48

= = × [ ]
× ×

<
l
m
ooooo

n
ooooo

S r
C

C
( )

0 1
(1 ) 2 (1 )

exp( 0.7146 )

1p

f

2 2

2
(5)

where λ is the ratio of the particle (bacteriophage) size (rphage) and the
average pore size (r):

=
r

r
phage

(6)

To calculate the LRV for real membranes with polydispersed pore-
size distributions, the particle retention must be considered across the
entire membrane pore-size distribution. The overall LRVs are then
calculated by integration to find the number of particles in the filtrate
and the filtrate volume:49,50

=
×

× ×

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

f r r

f r S r r
LRVs log

( ) d

( ) ( ) dr

0

phage (7)

where f(r) is the pore-size distribution determined from LLP data
using log-normal distribution fitting:51

=
× ×

f r
r

e( )
1

2
rln( / ) /22 2

(8)

where μ is the mean pore size, and σ is the standard deviation.
2.9. Statistical Analysis. Statistical analyses (t-tests) to estimate

the significance of differences between any two samples were
performed using Origin software with *p < 0.05 and **p < 0.01.
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3. RESULTS AND DISCUSSION
3.1. Membrane and Surface Characterization. Figure

2A presents ATR−FTIR spectra of pristine and microporous
brush-grafted membranes at the three SPE concentrations
(PES_0.1, PES_0.2, and PES_0.5). Modification with polySPE
led to two new peaks at 1045 and 1725 cm−1 in all spectra.
These peaks are assigned respectively to the sulfonic and
carbonyl groups of the polySPE. Their similar intensities on
both sides of the modified membranes suggest that polySPE
successfully grafted through the membrane pores. In addition,
the DG of the modified membranes (Figure 2B) gradually
increases with SPE concentration and is slightly higher on the
top than on the bottom side of the microporous brush-grafted
membranes, with the difference increasing with increasing
monomer concentration. Nevertheless, these differences are
relatively minor and support the assumption that the
micropores were successfully grafted with polySPE.
The XPS results in Tables 1 and S1 further confirm the

successful grafting. The C/N and C/O ratios decreased
following modification owing to higher N and O fractions and
lower C fractions in the polySPE relative to those in the
pristine PES membrane. In addition, both sides of each
membrane showed similar atomic compositions, indicating
modification of the entire cross-section. The pristine sample
contained N, probably because of additives in the commercial
PES membrane. The HR-XPS spectra (Table S1) reveal that
the N 1s peak of the pristine PES comprises two peaks: a major
peak at 399.5 eV and a minor peak at 402 eV. The major peak
can be attributed to polyvinylpyrrolidone additive. The minor,
a quaternary amine peak, was also due to additives in the
pristine membrane.52 The ratio between the N1 peak at 402.1
eV and the peak at 399 eV significantly increased following
modification owing to an increased fraction of the quaternary
ammonium groups from SPE. In addition, the HR-XPS (Table
S1) found a new peak at 288.6 eV associated with the carbonyl

groups (O−C�O) of HEMA or SPE, which appeared after
the grafting of polySPE.
Contact angles of the pristine and microporous brush-

grafted PES membranes were also measured. Figure 3 shows

the decreasing contact angles of the membranes with their
increasing PES content: from 68° ± 5° for the pristine
membrane to 13° ± 2°, 8° ± 1°, and 5° ± 1° for grafted
membranes PES_0.1, PES_0.2, and PES_0.5, respectively.
This was most likely due to the increasing trend in DG (Figure
2B) and the associated higher hydration of the grafted
zwitterionic polymer.53

The average pore size and the PDS were calculated using
LLP and fitting the results to a log-normal probability
distribution using eq 8. Figure 4A shows the average pore
size of the PES_pristine membrane to be ≈300 nm. The mean
size decreased and the distribution narrowed following
grafting, with these changes becoming greater as the SPE
monomer concentration increased, as has been found by
others,54,55 especially when ATRP was applied.56 As the

Figure 2. (A) ATR−FTIR spectra of PES_pristine, PES_0.1, PES_0.2, and PES_0.5, taken from the top and bottom sides. (B) DGs of the
modified membranes are expressed as mean ± SD; n = 3.

Table 1. Elemental Composition (at %) Obtained by XPS for Both Sides (Top/Bottom) of the PES_pristine, PES_0.1,
PES_0.2, and PES_0.5 Membranes

%C1S %N1S %O1S %S2P C/N C/O

top/bottom top/bottom

PES_pristine 70.65/69.79 3.17/4.12 19.96/20.37 6.21/5.73 22.28/16.94 3.54/3.43
PES_0.1 64.34/64.83 5.17/4.58 24.49/24.77 6.01/5.82 12.44/14.16 2.63/2.62
PES_0.2 64.11/63.89 4.89/4.58 27.29/26.57 3.71/4.96 13.11/13.95 2.35/2.4
PES_0.5 64.69/65.41 5.52/4.91 25.24/24.14 4.55/5.55 11.72/13.32 2.56/2.71

Figure 3. Contact angles of PES_pristine, PES_0.1, PES_0.2, and
PES_0.5 expressed as mean ± SD; n = 5.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c01495
ACS Appl. Mater. Interfaces 2023, 15, 18343−18353

18347

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01495/suppl_file/am3c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01495/suppl_file/am3c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01495/suppl_file/am3c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c01495/suppl_file/am3c01495_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c01495?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c01495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


wetting fluid used for the LLP measurements was IPA, a non-
solvent for SPE,57 the mean pore size in aqueous solutions is
expected to be smaller due to brush swelling.58−60

Figure 4B displays the pure water (DI water) permeance
(Lp) and permeate flux of salt solution (10 and 100 mM NaCl,
measured at TMP = 0.1 bar) for the pristine and microporous
brush-grafted membranes. As expected, the permeance of the
PES_0.1 membrane (7456 LMH/bar) was lower than that of
the pristine PES membrane (9967 LMH/bar). Permeance
further decreased (to 3260 LMH/bar for PES_0.2 and 1088
LMH/bar for PES_0.5) as the SPE monomer concentration
increased. However, as polySPE is salt-responsive, the
membranes’ permeate flux was also estimated using salt
solutions. An insignificant decrease (<5%) in the permeate
flux occurred when using salt solution compared with pure
water (under similar TMP) with PES_pristine. Although
similar permeate fluxes were recorded for PES_0.1 and
PES_0.2 with pure water and low ionic strength solution (10
mM NaCl), the permeate fluxes of these membranes using 100
mM NaCl were, respectively, 9 and 24% lower than those
using pure water (p < 0.05). PES_brush_0.5 showed an even
greater reduction: a 25% decrease in permeability using 10 mM
NaCl and a 45% decrease with 100 mM NaCl compared with
using pure water (p < 0.05). The reduction in water
permeability when salt solutions were filtered was most likely
due to the polySPE brushes swelling inside the pores, strongly
hindering convective liquid transport; this swelling increases
with an increase in the salt concentration according to the
“anti-polyelectrolyte” effect.59,61−63 The permeance results at
the different salt concentrations also support our assumption of
LLP somewhat overestimating the pore size.
The surface morphologies of the pristine and microporous

grafted membranes were analyzed using SEM. Compared with
the external surface of the PES_pristine (Figures 5A and S5A),
the pores of the modified membranes narrowed with the
increasing SPE monomer concentration in the grafting solution
(Figures 5B−D and S5B−D).
The membranes’ cross-sectional morphologies were also

analyzed by SEM. Figure 5E−H (and Figure S5E−H) shows
that the sponge-like structure of the pristine membrane was
preserved after grafting. Nevertheless, the interconnected
networks of the brush-grafted membranes seem thicker with
lower cross-sectional porosity than that of the pristine
membrane. The cross-sectional and surface SEM images also

reveal that the grafting was not even throughout the cross-
section: it occurred mostly near both sides of the membrane
and less in the interior as was also reported by Bayat et al. for
poly(diethylene glycol methyl ether methacrylate) (PDEG-
MA)-brush-filled anodic aluminum oxide membranes.64 The
cross-sectional structure renders the membrane asymmetric,
but as the brush layer contains a high-water fraction,65,66 the
membrane is super-hydrophilic and the cross-section is highly
porous, so the permeance of the brush-grafted membranes
remained high.

3.2. Bacteriophage Removal. Figure 6 shows the average
LRVs (eq 4) for T4 and NT1 bacteriophages by the
membranes. The pristine membrane removed T4 much less
well (0.4 LRV) than the microporous grafted membranes (2.4,

Figure 4. (A) Log-normal fits of the pore-size distributions of pristine and microporous brush-grafted PES at the three SPE monomer
concentrations calculated based on liquid−liquid porometry measurements. (B) Water and salt solution (10 and 100 mM NaCl) permeability of
the membranes expressed as mean ± SD (n = 3) and analyzed by t-testing: *p < 0.05, **p < 0.01.

Figure 5. Surface and cross-sectional SEM images of PES_pristine
(A,E), PES_0.1 (B,F), PES_0.2 (C,G), and PES_0.5 (D,H).
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3.2, and 4.5 LRV for PES_0.1, PES_0.2, and PES_0.5,
respectively). The three grafted membranes removed NT1
much better (1.4, 2.0, and 3.1 LRV for PES_0.1, PES_0.2, and
PES_0.5, respectively) than the unmodified membrane (0.1
LRV).
The theoretical LRVs were based solely on the hindrance

transport model and calculated according to eqs 5−8. The
removal of spherical particles with diameters ranging from 50
to 100 nm (Figure 6) indicates that the experimental and
predicted removal rates of T4 and NT1 by PES_pristine
matched. These LRVs indicate that size exclusion (screen
filtration) was likely the main mechanism for bacteriophage
removal by PES_pristine with negligible adsorption or
entrapment. In contrast, although the model predicts LRV <
1 for T4 and NT1 by the modified membranes, the measured
LRVs were much higher, indicating another removal
mechanism.
As the mechanism of bacteriophage removal by the

microporous brush-grafted membranes cannot be fully
characterized by size exclusion, the observed LRVs could be
due to increased repulsion forces between the bacteriophage
and the brushes36 or to the accumulation of bacteriophage in
the grafted membranes through adsorption or physical
entrapping. Accordingly, for the pristine and PES_0.1
membranes, we measured the amounts of bacteriophages in
the different suspensions: the retentate, the backwash solution
(i.e., reversibly deposited bacteriophage), and sonicated
solution with the membrane submerged in the background
solution (i.e., irreversibly deposited bacteriophage). Enhanced
separation of bacteriophages was due to their accumulation
within the membrane micropores (Table 2). We surmise that
bacteriophages were accumulated even though not all of them
were detached from the membrane. Notably, a smaller
bacteriophage portion (∼50%) was detected in the backwash
of the microporous brush-grafted membrane, while a relatively
higher portion was recovered from the membrane by

sonication. It is likely that the microporous brush-grafted
membrane entrapped a significant amount of bacteriophages,
probably owing to changes in its cross-sectional morphology,
increased porosity, and smaller pores, as evidenced by the LLP
analysis and SEM images.

3.3. μ-XRF Synchrotron and NanoSIMS Analyses of
the Effects of Brush Modification on the Deposition of
Si-Coated Nanospheres on the Membranes. As bacter-
iophage removal by the brush-grafted membrane was measured
to be much higher than estimated by size exclusion based on
hindrance alone, another removal mechanism is clearly at play.
The removal seems to have been improved by changes in the
membrane’s cross-sectional morphology, which resulted in the
entrapment of the bacteriophages. To further study the
influence of polySPE brushes on T4 and NT1 removal,
synchrotron-based μ-XRF and NanoSIMS analyses provided
high-resolution spatial determination of filtrated model nano-
particles through pristine and PES_0.5 membranes. The results
revealed the spatial distribution of 100 nm model nanoparticles
after similar filtration experiments of 107 nanoparticles/mL
suspension in 10 mM NaCl through the membranes. Cross-
sectional μ-XRF images (Figure S6) show the distribution of
Au within the membrane. To compare the distributions across
both membranes, Figure 7A,B presents the Au concentration
(blue line), along with S intensity (red line), measured along a
single line through each cross-section. For the pristine
membrane (Figure 7A), the Au concentration begins to rise
slightly before the S intensity and then decreases abruptly
below the detection limit, indicating that the Au particles
accumulate only at the membrane surface. This result suggests
that these particles were either deposited on the membrane
during filtration or passed through. For the PES_0.5
membrane (Figure 7B), no Au nanoparticles were deposited
on the membrane surface, probably due to their exclusion by
the surface-grafted brush. In addition, Au particles are visible
inside the membrane, mainly in the upper third part of the
membrane, suggesting that penetrated Au nanoparticles were
entrapped in the membrane. The μ-XRF experiments were also
conducted with an Au nanoparticles suspension in 8.5 mM
NaCl and 0.5 mM CaCl2 (Figures S7 and S8). Interestingly,
while the Au profile in the presence of calcium for the pristine
membrane was similar to the one recorded using NaCl, the Au
intensity for the brush-grafted membrane was much higher
inside the membrane, and Au particles were also detected on
the membrane surface (but much less than for the pristine
one). The higher intensity inside the brush-grafted membrane
when calcium ions were present is unclear, and the effect of
solution composition on membrane performance and particle
retention, including bacteriophages, needs further investiga-
tion. Corroborating the μ-XRF analysis, the high-resolution
NanoSIMS depth profile of Au ions provides evidence for the
proposed mechanism of bacteriophage retention by the
additional zwitterionic polymer brushes. The grafted mem-
brane shows a significant initial increase in Au ion intensity

Figure 6. Experimental (symbols) and modeled (lines) LRVs for T4
and NT1 by PES_pristine and various grafted membranes. The
experimental data are expressed as mean ± SD; n = 3.

Table 2. Mass Balance of T4 Filtered, Backwashed, and Separated by Sonication for PES_pristine and PES_0.1: The Plaque-
Forming Unit Was Used To Estimate Bacteriophage Countsa

feed ×103 PFU permeate ×103 PFU reversible attachment ×103 PFU irreversible attachment ×103 PFU total ×103 PFU
pristine 2792 ± 264 980 ± 107 970 ± 100 299 ± 19 2249 ± 190
PES_0.1 2833 ± 314 11 ± 6 917 ± 103 1646 ± 235 2574 ± 330

aTotal is the sum of permeate, reversible attachment, and irreversible attachment.
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compared with the pristine membrane (Figure 7C), indicating
a significantly higher entrapment of gold nanoparticles: the
pristine PES membrane entrapped ∼80% fewer Au particles
than the PES_0.5 membrane. Brush−bacteriophage interac-
tions might also contribute to bacteriophage removal. For
example, recent molecular dynamics simulations have
suggested that numerous stable direct contacts between
nanoparticles and polymer brushes can occur, even when the
brushes are extremely phobic to the nanoparticles.67 Wang and
Tarabara used quartz crystal microbalance with dissipation
analysis to show the importance of interfacial interactions to
the adsorption of viruses to surfaces.24 Other theoretical
models and simulations have provided insights into the
penetration of biomolecules and colloids into zwitterionic
polymer brush systems and the interactions between
them.68−70 Therefore, a fundamental investigation is needed
on the partitioning and transport of viruses permeating into
polymer brushes grafted to membranes and the nature of the
interactions of the brushes with biomolecules or colloids.

4. CONCLUSIONS
Our study developed microporous polySPE brush-grafted MF
membranes for removing viruses from water. ATR−FTIR and
XPS analyses showed increasing degrees of brush grafting in
membranes modified with an increasing concentration
monomer and that the modification occurred through the
membrane’s microporous cross-section. Contact angle meas-
urements showed that grafting made the membranes highly
hydrophilic. SEM and LLP measurements revealed that the
pore size and the pore-size distribution became narrower with
grafting. These changes resulted in lower permeate water flux
than shown by the pristine membrane; however, the grafted

membranes were still in the MF range. The LRVs of the
modified membranes significantly improved while the perme-
ability was maintained in the MF range. Specifically, the
removal rate increased from 0.5 LRV for the pristine
membrane to 4.5 LRV for the microporous membrane grafted
with polySPE brushes from 0.5 M monomer solution
(PES_0.5). The contribution to bacteriophage removal by
size exclusion and entrapment was analyzed by comparing
results from hindrance modeling with the experimental data. A
combined removal mechanism allowed the pores of the
microporous brush-grafted membrane�which were larger
than either of the tested bacteriophages�to achieve high
removal rates. μ-XRF synchrotron and high-resolution nano-
SIMS analyses showed that Si-coated gold nanospheres
accumulated on the surface of the pristine membrane but
not on the brush-coated membrane, and those nanospheres
that penetrated the membranes were entrapped in the brush-
grafted membrane but passed the pristine one. Although the
entrapment of the particles (and likely bacteriophage) in the
brushes plays a major role in bacteriophage removal, the
interactions between bacteriophages and the brushes and even
bacteriophages infiltration into the brush in different aqueous
solutions should be further investigated to elucidate the
complete mechanism. Overall, low-pressure polySPE micro-
porous brush-grafted MF membranes provide a promising
avenue for removing enteric viruses from water. Future studies
should focus on the regeneration capacity of these micro-
porous brush-grafted membranes.

Figure 7. Locations of Si-coated Au spheres in the pristine and PES_0.5 membranes. (A,B) Profiles of the Au concentration (blue) and S intensity
(red) along a single line of the membrane cross-section, imaged using μ-XRF. The x-axis is the position along the membrane cross-section, given in
mm. Note the difference in Au concentration scale between the plots for each membrane (see images in Figure S6). (C) Depth profiles of 197Au−

ions in PES and PES_0.5 filtered with Si-coated gold nanoparticles at 107 nanoparticles/mL in 10 mM NaCl solution. NanoSIMS parameters:
scanning beam diameter of ∼100 nm with a dwell time of 1000 μs/pixel and raster size of 20 μm from 256 × 256 pixels. Ions were extracted from a
50 × 50 nm area.
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