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A B S T R A C T

Membrane modification using zwitterion polymers is an excellent strategy to reduce organic fouling and initial
bacterial deposition, and functionalization of the membrane surface with antibacterial material can reduce
biofilm formation. In this study, we combined these two approaches to develop an ultrafiltration poly-
ethersulfone (PES) membrane with dual antifouling and antibacterial properties. At the beginning, a zwitterion
polyampholyte hydrogel was UV grafted onto PES membrane surface (p-PES membrane). Then, the hydrogel was
loaded with graphene oxide (GO) nanosheets using vacuum filtration strategy (GO-p-PES membrane). Raman
spectroscopy and scanning electron microscopy (SEM) confirmed the successful incorporation of the GO na-
nosheets into the zwitterion hydrogel, and contact angle measurements indicated that the membrane hydro-
philicity was enhanced. Static adsorption and dynamic filtration experiments demonstrated that the p-PES and
GO-p-PES membranes exhibited similar organic fouling propensity. Moreover, the loading of GO induced an-
tibacterial property for the membrane as evidenced by contact killing and antibiofouling filtration experiments.
Leaching of GO was very low, with over 98% of the GO remaining on the membrane surface after 7 days. Our
findings highlight the potential of this GO-functionalized polyampholyte hydrogel for long-term wastewater
treatment.

1. Introduction

Wastewater purification and reuse are becoming an attractive al-
ternative water resource, mainly for agricultural production, and its use
is expected to grow in the near future owing to water scarcity world-
wide [1–4]. Membrane filtration, particularly low-pressure ultrafiltra-
tion (UF) and microfiltration (MF), is one of the most advanced, cost-
effective, and sustainable wastewater technologies for direct treatment
of wastewater [5], tertiary treatment of secondary effluents [6], use in
membrane bioreactors (MBRs) [7], and use as a pretreatment step be-
fore wastewater desalination [8]. However, one of the main limitations
of the most commonly used polymeric UF membranes, such as poly-
ethersulfone (PES) and polyvinyl difluoride (PVDF), is the high fouling
propensity of the membrane resulting from its intrinsic hydro-
phobicity [9–11]. Membrane fouling is caused by the adsorption and
deposition of colloidal particles, suspended solids, macromolecules, and

microorganisms on the membrane surface [12,13]. Fouling results in a
severe flux decline, increase in the energy consumption, and shorter
membrane lifetime because of frequent chemical cleaning. These ne-
gative effects enhance the operational costs and hinder the wide-scale
application of membrane-based technologies for wastewater treatment.

Increasing the surface hydrophilicity is an efficient approach to
reducing membrane organic fouling and mitigating bacteria adhesion.
These beneficial properties are typically attributed to the formation of a
hydration layer, which imposes a thermodynamic and steric barrier
against the adsorption of foulants [14–16]. Numerous studies have re-
ported the antifouling modification of hydrophobic UF membranes to
enhance hydrophilicity through direct surface coating or chemical
grafting of hydrophilic polymers, such as polydopamine (PDA) [17],
poly(ethylene glycol) (PEG) [18], zwitterionic polymers (e.g., sulfobe-
taine) [19], or hydrophilic nanomaterials such as TiO2 [20], ZnO [21],
and silica nanoparticles [22]. Although surface antifouling modification
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using hydrophilic materials successfully delay or even prevent organic
fouling and limit initial bacterial deposition, these modifications still
cannot completely inactivate bacteria that inevitably attach to the
membrane surface, which eventually leads to formation of a biofilm
[23]. Thus, developing novel membranes by introducing bactericidal
capabilities to the antifouling coating to achieve so-called dual func-
tionality is a promising strategy in reducing both organic fouling and
biofouling [24,25].

Xu et al. entrapped polysulfone membrane with Ag/Cu2O hybrid
nanowires to obtain fouling resistance and antimicrobial properties
[26]. In another study, Zou et al. synthesized a bifunctional membrane
by integrating a zwitterion with antimicrobial peptides [27]. More re-
cently, Wu et al. incorporated a silver-polydopamine nanohybrid in the
polysulfone membrane matrix, which resulted in excellent antibacterial
and antibiofouling properties [28]. These results demonstrate the great
advantage of dual functionality. However, the antibacterial strategies in
these studies relied on either dissolution-dependent (i.e., depleting)
nanoparticles or environmentally sensitive peptides, which easily lose
their antimicrobial activity over time in a complex solution such as
wastewater [29]. In addition, the release of biocides is also associated
with potential impact to the environment [30].

Graphene oxide (GO), a two-dimensional carbon material, consists
of a high density of covalently attached oxygen-containing functional
groups on its edges and basal planes, which make it highly hydrophilic
[31–33]. Various studies have reported that introducing GO to mem-
branes, either by blending in the bulk or grafting GO to the surface,
improves the membrane antifouling property by reducing the surface
roughness and hydrophobicity [34,35]. GO has also exhibited toxicity
toward bacterial cells, thereby effectively inhibiting bacterial growth.
Unlike many antibacterial nanoparticles, the antibacterial activity of
GO nanosheets is not driven by dissolution but instead by contact be-
tween the GO and bacterial cells [36,37]. The cytotoxicity of GO against
a wide variety of microorganisms has been attributed to the disrupted
bacteria cell integrity resulting from the atomically sharp edges of GO,
which penetrate the bacterial cell [38–40], and to oxidative reaction
with the cell membrane mediated by GO nanosheets [41–43]. Also, GO
is a low-cost, easy to scale, and dispersible and stable in aqueous so-
lution, making it an attractive antibacterial material [44], as demon-
strated in many applications, including membranes [14,30].

Herein, a two-step surface modification strategy was developed for
the preparation of a dual antifouling and antibacterial coating for a UF
PES membrane. In this approach, unlike the common blending method,
only the membrane surface is modified, thereby allowing independent
optimization of the highly antifouling zwitterion hydrogel and the an-
tibacterial GO. First, a zwitterionic polyampholyte hydrogel was
grafted on the surface of a PES membrane by UV-photoinitiation. Then,
GO nanosheets were loaded into the swollen polyampholyte hydrogel
via vacuum filtration. The successful incorporation of the GO into the
grafted hydrogel was shown by a series of characterization methods
(i.e., Raman, SEM, ATR-FTIR, and contact angle measurements) as well

as visually by incorporating GO nanosheets into a bulk hydrogel. The
antifouling of the dual coating was demonstrated by static adsorption
and filtration experiments using protein solution as a model organic
foulant, and soluble microbial products extracted from an MBR and a
solution containing bacteria intracellular products as real foulants. The
antibacterial property of the modified membrane was demonstrated
using the contact killing method and filtration experiments. The results
clearly confirmed that the dual membrane functionalization with GO
and zwitterion hydrogel is a promising strategy to prevent both organic
fouling and biofouling in UF applications.

2. Materials and methods

2.1. Chemicals and materials

PES polymer was obtained from BASF, Germany, and N-methyl-2-
pyrrolidone (NMP) was purchased from J.T. Baker, USA. Vinyl sulfonic
acid (VSA) was purchased from Tokyo Chemical Industry, Japan, and
[2-(methacryloyloxy) ethyl] trimethylammonium chloride (METMAC),
N, N′-Methylenebis (acrylamide) (Bis), sulfuric acid (H2SO4), graphite
powder (200 mesh), and bovine serum albumin (BSA) were purchased
from Sigma. Na2HPO4 and KCl were purchased from Merck, USA, and
HCl (37%), CaCl2, and NaCl were supplied by Bio-Lab, Israel. NaOH
was purchased from Dae-Jung Chemical and Metals, South Korea, and
KH2PO4 was bought from Hopkin & Williams, USA. Soluble microbial
products (SMP) extracted from a membrane bioreactor system were
provided by Prof. Moshe Herzberg (Ben-Gurion University of the Negev,
Israel).

2.2. Synthesis and characterization of GO nanosheets

GO nanosheets were synthesized using a modified Hummers’
method that was previously described [38]. The purified GO suspension
was then probe sonicated (VCX 130, Sonics, USA) for 120min at 130W
(45 s on and 15 s off) in an ice bath. The size distribution of GO na-
nosheets was measured using dynamic light scattering (DLS; Malvern
Zetasizer Nano-ZS, Germany).

2.3. Preparation of GO-p-PES membrane

2.3.1. Casting of PES membrane
The PES membrane was cast using the non-solvent phase inversion

method as described in our previous research [45]. The prepared
membranes were stored in Milli-Q water until use.

2.3.2. Surface modification of PES membrane
A two-step protocol (Scheme 1) was used to modify the membrane

using the GO nanosheets functionalized polyampholyte hydrogel. Step
1, grafting of the hydrogel was conducted as described in our previous
research but with 1% Bis as the crosslinker [46]. After hydrogel

Scheme 1. Schematic illustration of the two-step procedure used to synthesize the GO-functionalized zwitterionic polyampholyte hydrogel PES membrane.
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grafting, the modified PES membrane (p-PES membrane) was washed in
50% ethanol/water solution for 12 h to remove the adsorbed polymers
and then stored in Milli-Q water.

In Step 2, the GO nanosheets were loaded into the grafted zwitter-
ionic polyampholyte hydrogel matrix using direct vacuum filtration. A
modified zwitterionic polyampholyte PES membrane (13.85 cm2) was
immersed in 1M NaCl solution (17mL) for 2 h at 30 °C to achieve high
swelling [47]. After that, 3 mL of GO suspension (10mgmL−1) was
added to the NaCl solution, and eventually 20mL solution was vacuum
filtrated through the highly swollen membrane surface. As the mem-
brane surface was rapidly covered with GO nanosheets, the filtration
process was conducted in four intervals (5 mL each), and between each
interval the membrane surface was thoroughly washed with Milli-Q
water to remove the unloaded GO. At the end of the loading step, the
GO-p-PES membranes were thoroughly washed with Milli-Q and stored
in Milli-Q water until use.

The effect of the GO concentration on the GO loading in the hy-
drogel and subsequently on the antibacterial property was also studied.
The 3mL GO suspension was prepared using lower GO concentrations
(1–5mgmL−1) and the loading was performed as described above. The
loading of GO (M, µgm−2) was calculated from the difference in the
amounts of GO in the solution and in the water collected during the
washing step:

= −M m m
A

2 1
(1)

where m2 (µg) and m1 (µg) are the amounts of GO in the filtrate solution
and the collected washing solution, respectively, and A (m2) is the
membrane area (13.85 cm2). The amount of GO was calculated using a
UV spectrophotometer as described in Section 2.8.

2.4. Membrane characterization

The presence of GO on the membrane surface was confirmed by
Raman spectroscopy (Jobin-Yvon LabRam HR–800 spectrometer using
514 nm laser excitation) and scanning electron microscopy (SEM; JSM-
7400 F, Japan). The grafting of the polyampholyte hydrogel was stu-
died using attenuated total reflectance–Fourier transform infrared
spectroscopy (ATR–FTIR; Vertex 70, Bruker). The instrument was
equipped with a single-reflection diamond-covered KRS–5 crystal (PIKE
Technologies). Thirty scans were performed for each spectrum at a
resolution of 4 cm−1. The contact angle of the membrane was measured
using the sessile dropmethod: a 3–μL droplet of deionized water was
placed on the membrane surface, and a digital image (OCA 15 Plus,
Germany) was used to determine the contact angle.

2.5. Membrane filtration performance

The water permeability and molecular weight cut-off (MWCO) of
PES membrane, p-PES membrane, and GO-p-PES membrane were in-
vestigated using a stirred (500 rpm) dead–end filtration cell (Amicon
8050, Millipore) connected to a pressure controller and a peristaltic
pump (Masterflex, USA) solution reservoir (1000mL), respectively. The
transmembrane pressure was controlled by manually adjusting the
pressure controller. The permeate weight was measured using an
electronic balance (Ohaus, USA), which was connected to a computer
and data collected automatically every minute.

The water permeability of the three membranes was evaluated after
a constant flux was recorded (at least 30min of filtration), and the
permeability (LP) was calculated using the following equation:

=
× ∆ ×

L V
A t PP (2)

where V (L) is the volume of the liquid, A (m2) is the effective filtration
area (13.85 cm2), Δt (h) is the operation time, and P is the applied
pressure (~ 0.7 bar).

The MWCO of each membrane was estimated by measuring the
rejection of polyethylene glycol (PEG) with specific molecular weights
(35, 100, and 200 kDa), where the MWCO was the value at which the
rejection was 90%. Following compaction with Milli-Q water, a
0.1 g L−1 PEG solution was filtered for 2min at 0.7 bar, and then 5mL
of the permeate was collected and measured using a total organic
carbon (TOC) analyzer (Analytik Jena, Germany). The rejection (R, %)
was calculated using the following equation:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×R
C
C

1 100%p

f (3)

where Cp (g L−1) and Cf (g L−1) are the PEG concentration in the
permeate and feed solutions, respectively.

2.6. Assessing antifouling propensity

2.6.1. Static adsorption of protein
Static adsorption experiments were performed to evaluate the or-

ganic fouling propensity of the membranes with isothiocyanate-con-
jugated bovine serum albumin (FITC-BSA) as a model organic foulant.
FITC-BSA was dissolved in a 10mM PBS solution (pH ~ 7.4) at a
concentration of 50mg L−1 in an aluminum foil sealed plastic tube.
Subsequently, 8 mL of the as-prepared FITC-BSA solution was placed on
the membrane coupons (0.28 cm2), which were glued to a glass slide, in
dark conditions for 12 h on a rocking platform at 60 rpm. Thereafter,
the FITC-BSA solution was discarded, and each membrane was gently
rinsed with PBS solution four times. A fluorescence image of each
membrane was then obtained using epifluorescence microscopy (Zeiss
Axio, Imager Z2), and the fluorescence intensity on each membrane
surface was recorded. The BSA adsorption was calculated using a
fluorescence calibration curve between the BSA concentration and
fluorescence intensity (Fig. S1) that was constructed for each type of
membrane (PES, p-PES, and GO-p-PES).

2.6.2. Dynamic fouling experiments
The membrane antifouling property was evaluated using an ultra-

filtration experiment at similar initial flux using the previously de-
scribed dead-end filtration system. Three foulants were tested: BSA
(1 g L−1 solution in 10mM PBS), SMP extracted from an MBR
(0.02 g L−1 in 8.5 mM NaCl and 1.5mM CaCl2), and bacteria in-
tracellular products (BIP, 0.25 g L−1 as protein concentration in 8.5 mM
NaCl and 1.5mM CaCl2; for details see Supporting information). In-
itially, each membrane was filtrated with Milli-Q water for at least
30min to obtain a stable and similar initial flux (Jw0, L m−2 h−1). Then,
the foulant solution was filtered for 2 h, during which the flux was
recorded for each minute. After the foulant filtration step, the mem-
brane was washed using the background solution for 10min (the
washing time was not counted in the filtration cycle), and then the
Milli-Q water flux of the cleaned membrane was measured again (Jw, i).
These steps were repeated three times for each membrane. The flux (Jw)
of the membrane was determined using the following equation:

=
× ∆

J V
A tw (4)

The effect of the membrane modification on the fouling reversibility
was estimated based on the flux recovery ratio (FRR) for each cycle (i):

=FRR
J
Ji

W i

W

,

,0 (5)

2.7. Analysis of antibacterial and antibiofouling performance

2.7.1. Contact killing evaluation
The antibacterial activity of each membrane was studied using the

plate-counting method [48]. A single colony of E. coli was inoculated
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into 2mL of sterile Luria Bertani (LB) broth and incubated at 30 °C
overnight in an incubator at 200 rpm. Subsequently, the bacteria sus-
pension (0.1 mL) was transferred to sterile LB broth (10mL) and re-
grown for ~ 4 h to the exponential phase (OD=1 at 600 nm, corre-
sponding to 4× 108 colony-forming units per milliliter (CFUmL−1)).
Next, the culture was centrifuged, and the bacteria were washed three
times with sterile 10mM PBS solution. After washing, the bacteria were
resuspended in the PBS solution and diluted to a concentration of 105

CFUmL−1. Then, 100 μL of the diluted bacterial suspension was placed
on the membrane surface (1.54 cm2) for 3 h at room temperature in a
biological hood. After 3 h, the bacterial suspension and membrane were
carefully transferred into Eppendorf tubes containing 0.9 mL of PBS and
shaken vigorously for 30 s. Finally, 30 μL of the obtained bacteria so-
lution was spread on an LB agar plate, and the colonies were counted
after incubation at 30 °C overnight.

The antibacterial activities of the three membranes for E. coli were
further examined using fluorescent microscopy. After the contact-
killing assay, the membrane and bacteria solution were immediately
stained with dyes (SYTO 9 for all cells and PI for dead cells) and left in
the dark for 15min. Subsequently, the membrane and bacteria solution
were transferred into an Eppendorf tube containing 0.5mL PBS solution
and shaken vigorously. Then, the solution was centrifuged at 3000 rpm
for 5min, and 2 drops of the bottom concentrated bacteria were added
to a glass slide and examined using confocal laser scanning microscopy
(CLSM; Zeiss LSM 510, Carl Zeiss, Thornwood, NY). The microscope
was equipped with a Plan-Apochromat 20×0.8 numerical aperture
objective.

2.7.2. Antibiofouling behavior in a cross-flow system
The dynamic biofouling experiment was performed in a lab-scale

cross-flow system to evaluate the resistance of the GO-p-PES membrane
to biofilm formation by E. coli, as previously reported [15]. Before the
experiment, the system was disinfected and washed with bleach solu-
tion (10%, v/v), EDTA solution (5mM, pH 7), ethanol (70%, v/v), and
Milli-Q water. Similar to the procedure described in Section 2.7.1, the
E. coli pellets were first prepared and resuspended in sterile synthetic
wastewater to reach a concentration of 3×106 CFUmL−1. The syn-
thetic wastewater was prepared based on our previous research [49]
and the composition of the wastewater is given in Table S1. The fouling
experiment for all the membranes (2.5 cm×2.5 cm) was conducted for
12 h under a similar initial flux (~ 50 Lm−2 h−1). The decline of the
membrane flux, which reflects the biofouling resistance propensity, was
monitored and recorded each hour. Furthermore, the biofilms that
formed on the membrane surface were analyzed after each biofouling
experiment. The membrane was gently rinsed with the background
solution and subsequently stained with SYTO 9, PI, and concavalin A
(Con A) for live bacteria, dead bacteria, and EPS, respectively, for
45min in a dark environment after being removed from the system.
After that, surface CLSM images were captured using a Zeiss LSM 510
(Carl Zeiss, Thornwood, NY) equipped with a Plan-Apochromat
20×0.8 numerical aperture objective. Finally, the confocal images
were further analyzed using Auto PHLIP-mL, Image-J, and MATLAB
software to calculate the formed biofilm parameters (e.g., dead/live
biovolume, EPS biovolume, and average thickness).

2.8. Stability of the GO-p-PES membrane

The long-term stability of the synthesized GO-p-PES membrane was
investigated by measuring the leached GO using UV–visible spectro-
scopy. Modified membrane coupons (1.54 cm2) were submerged in a
50mL plastic tube containing 3mL of salt solution (8.5 mM NaCl and
1.5 mM CaCl2) and placed in a water bath shaker (25 °C) at 100 rpm for
a few days. The leached GO present in the solution was measured using
UV–visible spectroscopy at a wavelength of 232 nm. The leached per-
centage of GO on different days was calculated relative to the amount of
GO incorporated on the membrane after rinsing and using a standard

curve. The amount of GO loaded (mg cm−2) was estimated by sub-
tracting the amount of GO in the washing solution from the amount in
the loading solution after the vacuum filtration. Similar to the mod-
ification step of GO loaded into the polyampholyte hydrogel matrix
(step two in Section 2.3.2), the GO suspension was filtrated through the
membrane several times, and each time the washed solution and water
that passed through the membrane during the vacuum filtration were
collected. Eventually, the amount of GO in the collected solution was
calculated based on the standard curve.

2.9. Statistical analyses

Differences between samples were determined using a one-way
analysis of variance (ANOVA) followed by a post hoc test (Tukey HSD)
using Origin software (Northampton, MA01060, USA). Significant dif-
ferences (p=0.05) between sample groups are denoted in figures with
an asterisk.

3. Results and discussion

3.1. Membrane surface characteristics

Fig. 1a presents the surface Raman spectra of the three membranes.
A new peak at 1360 cm−1, attributed to the specific D band of the GO,
appeared on the GO-p-PES membrane surface, confirming the suc-
cessful loading of GO into the zwitterionic polyampholyte hydrogel
matrix [38,41]. The changes in the membrane surface morphology
before and after immobilization of the GO nanosheets (~ 30 nm, as
measured by DLS, see Fig. S2) into the hydrogel were further in-
vestigated using SEM. From Figs. 1b and 1c, it seems that the porosity of
the pristine PES membrane decreased following the grafting. However,
this decrease in porosity, as will be shown later, does not change the
membrane selectivity. We surmise that the collapse of the dry hydrogel
on the membrane surface may cover the membrane surface, thereby
making the pores look smaller. In addition, as shown in Fig. 1d, the
pores became indiscernible after the incorporation of GO. This finding
confirms the successful loading of the GO nanosheets into the zwitter-
ionic polyampholyte hydrogel using the vacuum filtration method. In
order to further verify that the GO nanosheets were incorporated into
the hydrogel, the GO suspension was also vacuum-filtered through a
bulk polyampholyte hydrogel (see Supporting information for details)
and the hydrogel was sliced in the middle. The GO was clearly visible in
the matrix of the hydrogel, indicating that the GO nanosheets suc-
cessfully loaded into the hydrogel using vacuum filtration method (Fig.
S3).

The ATR-FTIR spectrum after each step was also measured. As ob-
served in Fig. 2, two new peaks appeared for the p-PES membrane at
1040 cm−1 and 954 cm−1, which are attributed to the sulfonic acid
group of VSA and the quaternary amine of METMAC [23,50], respec-
tively. These peaks indicate the surface grafting of the zwitterionic
polyampholyte hydrogel to the PES membrane. As expected, these two
characteristic peaks are still visible in the spectrum of the GO-p-PES
membrane, suggesting that the loading of the GO did not affect the
grafted polyampholyte hydrogel property.

The surface hydrophilicity was investigated using the sessile drop
contact angle measurements. Fig. 3 shows that the membrane contact
angle decreased from 78°± 4° to 63°± 3° after surface grafting of the
pristine PES membrane with the polyampholyte hydrogel. The decrease
in contact angle is probably attributed to the strong hydration capacity
of the grafted hydrophilic hydrogel [51]. Moreover, compared with the
p-PES membrane, modification with GO further enhanced the surface
hydrophilicity, indicating that the hydrophilic GO nanosheets were
introduced into the hydrogel [52]. Nonetheless, hydrogels are usually
extremely hydrophilic in water [53], and the addition GO is not likely
to further enhance the hydrophilicity of the membrane.
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3.2. Water permeability and MWCO

As shown in Fig. 4a, the water permeability for the pristine PES
membrane was 133 ± 4 Lm−2 h−1 bar−1. The permeability decreased
to 93 ± 6 Lm−2 h−1 bar−1 and 70 ± 5 Lm−2 h−1 bar−1 following
the zwitterionic polyampholyte hydrogel grafting and loading with the

GO nanosheets, respectively. The decline in water permeability was
most likely due to the coating of the membrane surface with the grafted
hydrogel while the GO nanosheets partially blocked the membrane
pores, as observed in the SEM images in Fig. 1b–d.

A decline in membrane permeability is typically accompanied by an

Fig. 1. Surface Raman spectra (a) and SEM images (b–d) of the pristine PES, p-PES, and GO-p-PES membranes. The scale bar in the SEM images is 1 µm.

Fig. 2. Surface ATR-FTIR spectra of the pristine PES, p-PES, and GO-p-PES
membranes.

Fig. 3. Water contact angles of the pristine PES, p-PES, and GO-p-PES mem-
branes. The values are expressed as means± SD, n= 5. The asterisk indicates
that the contact angle of the modified membrane with GO show a statistically
significant difference compared with that of the pristine PES membrane
(p < 0.05).
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increase in selectivity [54]. However, similar to the previous research
[55], the MWCO of the p-PES membrane increased to ~210 kDa com-
pared with an MWCO of 134 ± 16 kDa for the pristine PES membrane
(Fig. 4b), probably owing to the degradation of the PES membrane
during the UV grafting process (which cannot be directly observed from
the SEM images in Fig. 1). In contrast, the MWCO of the GO-p-PES
membrane decreased to ~ 120 kDa, most likely because of blockage of
the membrane pores by the incorporated GO nanosheets.

3.3. Antifouling property

3.3.1. Static adsorption of protein
The fouling propensity of the three membranes was evaluated using

static adsorption measurements with fluorescence BSA. Representative
fluorescence images of the PES membrane, p-PES membrane and GO-p-
PES membrane, as well as the relative BSA adsorption amounts, are
presented in Fig. 5. The pristine PES membrane had a bright green
fluorescence intensity (Fig. 5a), indicating significant adsorption of
protein, possibly ascribing to the hydrophobic interaction between the
protein molecules and the PES membrane surface [56,57]. Compared
with that of the pristine PES membrane, the fluorescence intensity of
the p-PES membrane (Fig. 5b) was noticeably reduced, and almost no
fluorescence was observed on the GO-p-PES membrane (Fig. 5c). Fur-
thermore, the relative adsorption amount (Fig. 5d) also shown that the
adsorption of the GO-p-PES membrane was reduced by more than 70%
compared with that of the pristine PES membrane, probably owing to
the synergistic effects of the grafted zwitterionic polyampholyte hy-
drogel and loaded hydrophilic GO nanosheets.

3.3.2. Dynamic fouling resistance
The antifouling properties of the three membranes were evaluated

using filtration tests with two foulants under a similar initial flux (~
50 Lm−2 h−1). As observed in Fig. 6, the flux of the three membranes
decreased rapidly during the initial stage of filtration with the BSA
solution, due to the combined effects of concentration polarization,
protein adsorption, and pore blocking [58]. However, the flux re-
coveries of the p-PES and GO-p-PES membranes following the washing
step for each filtration cycle were much higher than that of the pristine
PES membrane. In addition, as shown in Table 1, the FRR values of the
p-PES membrane and GO-p-PES membrane were higher (~ 80% for
both modified membranes) than that of the pristine PES membrane (~
46%) after three cycles. The higher FRR value following the simple
physical washing indicates that the GO-loaded polyampholyte hydrogel
coating effectively weakened the interactions between the membrane
surface and foulants; thus, the fouling layer was much more reversible

than that of the pristine PES membrane. The fouling propensity of the
three membranes was also tested with SMP extracted from an MBR
system as a realistic foulant (Fig. S4a and S4b). As observed with the
BSA solution, the two modified membranes still displayed a lower flux
decline when the SMP solution was filtered and much higher FRR va-
lues after three filtration cycles compared with the corresponding re-
sults for the pristine membrane.

3.4. Antibacterial and antibiofouling properties

3.4.1. Surface antibacterial activity
The surface antibacterial activities of the three membranes were

evaluated using the contact killing approach. As shown in Fig. 7a, the
pristine PES membrane and p-PES membrane had no toxicity toward E.
coli, whereas a decline of nearly 80% of the E. coli colonies was ob-
served for the GO-p-PES membrane. This finding indicates that the
immobilized GO nanosheets in the zwitterionic hydrogel matrix im-
parted antimicrobial activity to the membrane. In addition, the anti-
microbial activity of the GO-p-PES membrane was affected by the GO
nanosheets content in the hydrogel (see Fig. S5), in agreement with
previous research [37]. Moreover, GO-p-PES membrane that was stored
in water for over a month still showed a comparable antibacterial
property to the membrane that was stored for only a few days, implying
the stability of GO-enabled antimicrobial property.

The antibacterial activities of the membranes to E. coli were also
studied using CLSM fluorescence analysis. Following three hours of
surface contact with E. coli, the bacteria was stained with SYTO 9 (live
cells, but can also stain dead cells [59–61]) and PI (dead cells). As seen
from Fig. 7b, the number of dead bacteria was very low for the PES
(Fig. 7b) and p-PES (Fig. 7f) membranes, whereas most of the cells on
the GO-p-PES membrane appeared to be dead (Fig. 7f). This result
further confirmed that the GO nanosheets modified zwitterionic poly-
ampholyte PES membrane indeed effectively suppressed the bacteria
viability.

3.4.2. Antibiofouling property
The biofouling mitigation potential of the three membranes was

evaluated using dynamic biofouling assays in a cross-flow system with
synthetic wastewater. As observed in Fig. 8, the pristine PES membrane
displayed a flux decline of nearly 65% after 12 h of the fouling ex-
periment. However, a flux decline of less than 25% was recorded for the
GO-p-PES membrane, suggesting that the GO-functionalized poly-
ampholyte hydrogel membrane exhibited good antibiofouling proper-
ties.

The biofilm on the membrane surfaces at the end of the filtration

Fig. 4. (a) Water permeability and (b) PEG rejection of the pristine PES, p-PES, and GO-p-PES membranes. The values are expressed as means± SD, n=3.

W. Zhang et al. Journal of Membrane Science 565 (2018) 293–302

298



experiments was analyzed using CLSM. As observed in Fig. 9a–c, the
surface biofilm layers of the p-PES and GO-p-PES membranes were
thinner (~ 8 and 9 µm, respectively) than that of the pristine PES
membrane (~ 19 µm). In addition, the calculated biovolume constitu-
tion (Fig. 9d) on the GO-p-PES membrane surface also indicated fewer
bacteria (live and dead) and a lower amount of EPS than on the pristine
PES membrane. These results may be attributed to the grafted zwit-
terionic polyampholyte hydrogel conferring antifouling properties and
the loading of GO nanosheets providing antibacterial properties. Con-
sequently, for the GO-p-PES membrane, in addition to less initial bac-
teria being attached on the membrane surface because of the improved
surface hydrophilicity and hydration layer, some of the adhesive pro-
liferating bacteria were killed by the incorporated biocide GO na-
nosheets.

It might be speculated that even though the bacteria were effec-
tively killed by the modified membrane, the intracellular products of
dead bacteria would contaminate and foul the membrane [62]. Hence,
the antifouling propensity of the GO-p-PES membrane toward BIP was
also studied. The results (Fig. S6) clearly show that the GO-p-PES
membrane possessed a higher flux recovery than the pristine PES
membrane, implying the GO-p-PES membrane also possess a higher
fouling resistance for BIP.

3.5. Stability of the GO-p-PES membrane

Leaching experiments were conducted to assess the stability of the
synthesized GO-p-PES membrane. The incorporated GO concentration
on the membrane surface was 0.57 ± 0.13mg cm−2 upon initial
loading with 10mgmL−1 GO suspension. After 7 days, a very small
amount of the GO nanosheets leached, leaving 98% of the GO na-
nosheets in the hydrogel (Fig. 10). The small amount of the leached GO
most likely consisted of GO nanosheets that were physically adsorbed to
the hydrogel surface and were not removed during the washing steps.

Fig. 5. (a–c) Fluorescence images and (d) re-
lative adsorption percentage of the pristine
PES, p-PES, and GO-p-PES membranes after
exposure to a 50mg L−1 FITC-BSA solution for
12 h at room temperature. The values are ex-
pressed as means± SD, n=7. The asterisk
indicates that the relative adsorbed amounts of
the modified membranes are significantly dif-
ferent from the pristine PES membrane
(p < 0.05). The scale bar in the images is
500 µm.

Fig. 6. Time-dependent recycling fluxes of the pristine PES, p-PES, and GO-p-
PES membranes during the BSA (1 g L−1 in 10mM PBS) ultrafiltration experi-
ment. The tests were conducted under similar initial flux (50 Lm−2 h−1) by
adjusting the TMP (0.2–0.7 bar).

Table 1
Flux recovery ratio (FRR) values for the pristine PES, p-PES, and GO-p-PES
membranes after each BSA fouling experiment cycle. The values are expressed
as means± SD, n= 3.

Membranes First-cycle FRR (%) Second-cycle FRR (%) Third-cycle FRR (%)

PES 69.3 ± 1.4 59.2 ± 1.3 45.6 ± 3.1
p-PES 96.8 ± 2.2 87.1 ± 4.9 79.9 ± 3.3
GO-p-PES 93.9 ± 3.2 84.1 ± 2.2 80.1 ± 4.5
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This inference is supported by a subsequent leaching experiment, in
which the hydrogel was soaked in Milli-Q water for 1 day, removed,
and then soaked for 1 day in clean Milli-Q water. The GO concentration
following the second soaking step was negligible. This finding, together
with the results of filtration experiments, suggests that the dual anti-
fouling and antibacterial properties of the GO-p-PES membrane can be
stable during long-term filtration.

4. Conclusion

This study demonstrated that grafting of a zwitterionic poly-
ampholyte hydrogel PES membrane followed by loading of the hy-
drogel with GO nanosheets can be employed as an effective method to
produce a GO-functionalized zwitterionic polyampholyte UF mem-
brane. The successful preparation of the GO-p-PES membrane was
confirmed by Raman spectroscopy, SEM, and ATR-FTIR analyses.
Contact angle measurements demonstrated that the hydrophilicity of
the GO-p-PES membrane increased due to the loaded GO into the
grafted hydrogel matrix. The static protein adsorption results revealed
that the GO-p-PES membrane had much lower adsorption propensity
than the pristine membrane. Three types of foulants were tested using
dynamic filtration experiments. The GO-p-PES membrane had much
higher FRR than the pristine PES membrane for all three foulants. In
addition, contact killing and antibiofouling experiments revealed the
antibacterial property of the GO-p-PES membrane, and leaching ex-
periments proved that the loaded GO was stable in the grafted hydrogel
matrix. Taken together, these findings suggest that the synthesized dual
antifouling and antibacterial GO-p-PES membrane shows great poten-
tial in treating water and wastewater.
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Fig. 7. (a) Antibacterial activity of PES membrane, p-PES, and GO-p-PES membranes after surface contact with E. coli (~ 4×104 CFU/1.54 cm2) for 3 h. The values
are expressed as means± SD, n=8. Confocal images displaying the dead and live E. coli cells (~4×107 CFU) on the (b–c) PES membrane, (d–e) p-PES membrane
and (f–g) GO-p-PES membrane after 3 h of contact killing. The scale bar in the images is 5 µm.

Fig. 8. Flux decline of the pristine PES, p-PES, and GO-p-PES membranes in a
cross-flow system. The flux was normalized by an initial water flux. The bio-
fouling was conducted for 12 h with E. coli (3×106 CFUmL−1). The cross-flow
velocity rate was 11.1 cm s−1, and the temperature was maintained at
25 ± 0.5 °C.
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