Grafting Activated Graphene Oxide Nanosheets onto
Ultrafiltration Membranes Using Polydopamine to

Enhance Antifouling Properties

Xiaoyi Chen?, Erda Deng?, Dongwon Park?, Blaine A. Pfeifer®, Ning Dai®, and Haiging Lin®*

?Department of Chemical and Biological Engineering, University at Buffalo, The State University
of New York, Buffalo, NY 14260, USA
b Department of Civil, Structural and Environmental Engineering, University at Buffalo, The State

University of New York, Buffalo, NY 14260, USA

* Corresponding author. Tel: +1-716-645-1856, Email: haigingl@buffalo.edu (H. Lin)


mailto:haiqingl@buffalo.edu

ABSTRACT

Graphene oxide (GO) nanosheets are negatively charged and exhibit excellent antifouling
properties. However, their hydrophilicity makes it challenging for their grafting onto membrane
surfaces to improve antifouling properties for long-term underwater operation. Herein we
demonstrate a versatile approach to covalently graft GO onto ultrafiltration (UF) membrane
surfaces in aqueous solutions at = 22 °C. The membrane surface is first primed using dopamine
and then reacted with activated GO (aGO) containing amine-reactive esters. The aGO grafting
improves the membrane surface hydrophilicity without decreasing water permeance. When the
membranes are challenged with 1.0 g/L sodium alginate in a constant-flux crossflow system, the
aGO grafting increases the critical flux by 20% and reduces the fouling rate by 63% compared
with the pristine membrane. The modified membranes demonstrate stability for 48-h operation and

interval cleanings using NaOH solutions.
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1. INTRODUCTION

Ultrafiltration (UF) membranes have been widely used for wastewater treatment and reuse due
to their high energy-efficiency but are subject to fouling by contaminants in the feed water.!™
Fouling decreases water permeance and often increases transmembrane pressure to achieve desired
productivity and thus energy consumption. Antifouling properties of the UF membranes can be
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improved by grafting with hydrophilic materials (such as zwitterionic materials and

poly(ethylene glycol)®) or non-stick materials (such as fluorochemicals’ and polysiloxanes®!?).
There is an intensive effort in exploring new materials with superior antifouling properties for
surface modification of state-of-the-art commercial membranes.

Graphene oxide (GO) nanosheets contain abundant oxygen-containing groups and can be
highly hydrophilic.!''* Additionally, GO shows antimicrobial properties by inhibiting bacteria
growth and even kills bacteria by disrupting the cell membranes.!*"!” Therefore, GO has been
incorporated into membranes to increase antifouling and antimicrobial properties.'®!” However,
the hydrophilic GO must be covalently grafted onto the surface for long-term underwater

5 20 For example, GO nanosheets were first activated using 1-ethyl-3-(3-

operation.!
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) and then grafted
onto polyamide-based membranes via ethylenediamine, which improved both antifouling and
antimicrobial properties for forward osmosis applications.?” 2! Besides the carboxyl groups, epoxy
22,23

and hydroxyl groups on the GO surface were also used for covalent grafting to the surface.

However, these approaches require surfaces with specific functional groups or involve harsh
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processing conditions such as repeated heating or UV irradiation, which restrict their practical
applications.?> %

Herein we demonstrate a versatile, substrate-independent approach to covalently graft GO onto
polysulfone (PSf) UF membranes using dopamine without significantly decreasing water
permeance, as shown in Figure 1. First, dopamine forms insoluble polydopamine (PDA) in an
alkaline solution at = 22 °C, which deposits on solid portions of the membrane surface without
completely covering the pores.?*2” The PDA has been proposed to be polymers or colloids with
H-bonds and n-7 interactions.?® The PDA coating had been demonstrated to be stable during the
cleaning with hot water at 52 °C.?° Second, the GO nanosheets were treated with H20> to reduce
the size and then activated with EDC-NHS to convert the carboxyl groups to amine-reactive esters.
Finally, the activated GO (aGO) nanosheets were grafted via the reaction of their esters groups
with the amine groups on the PDA. The direct amide coupling between the carboxyl and amine
groups typically occurs at 160°C or above due to the high activation barrier.>**! The use of EDC-
NHS as a coupling reagent enables the reaction at ~ 20 °C and improves yields to = 85%.°? The
EDC-NHS has also been successfully used to activate GO nanosheets before their grafting to the
membranes with amine groups on the surface.?*?!

The synergistic effect of the GO and PDA for membrane-related applications had been reported.

For example, PDA was used to prepare multi-layer GO membranes for nanofiltration via surface-

34,35 36, 37

priming,*® cross-linking, intercalation, and surface-protection.*® 3* PDA was also used to

graft GO onto metal mesh surface for water/oil separation,”® and directly graft GO (and with
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lysozyme) to enhance antimicrobial properties.'> !
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Figure 1. Schematic of the GO grafting onto the UF membrane (PS{/PDA/aGO), including three
steps, PDA deposition on the surface, GO activation to form aGO, and the grafting of aGO by
PDA. The R group refers to GO.

This work, for the first time, demonstrates the feasibility of grafting aGO with PDA to improve
the efficiency of UF membranes for wastewater treatment and reuse. The effect of the aGO grafting
on the membrane surface was thoroughly characterized, including hydrophilicity, roughness, pore
coverage, and antimicrobial activity. The antifouling properties of the aGO-grafted membranes
were determined using a constant-flux crossflow system with sodium alginate as a model foulant.
The grafted aGO nanosheets demonstrate stability in = 48-h operation and resistance to cleaning
using NaOH solutions. The surface modification occurs in aqueous solutions at =~ 22 °C and can

be adapted to improve the performance of the state-of-the-art commercial membrane modules.®
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2. RESULTS AND DISCUSSION
2.1 GO grafting and characterization

Figures 2a and 2b compare the GO nanosheets before and after the H2O2 treatment. The H202
is an oxidative agent and can remove the oxygenated carbon atoms, generating nanopores and
eventually decreasing the GO nanosheet size.!** In this work, all the GO used for the membrane
preparation was treated for Sh (denoted as GO-5h) unless otherwise noted. The size reduction
mitigates the aggregation of the GO nanosheets in the coating solutions and thus is expected to
facilitate their grafting onto the surface. Increasing the H202 treatment time reduces the GO sheet
size (as shown by the SEM images in Figure S1) and has a negligible effect on Zeta-potential (cf.

Table S1) and defect structures (as shown by the Raman spectra in Figure S2).

- s

Figure 2. Characterization of the GO nanosheets and the modified membranes. SEM images
of (a) GO and (b) GO-5h nanosheets on Si wafer. SEM images of the membrane surface for
(c) PSf, (d) PSf/PDA, and (e) PSf/PDA/aGO. In (e), the yellow and red circles show the
uncovered pores and covered pores on the membrane surface, respectively.




The thickness of the PDA layer on top of the PSf dense film on the Si wafers was determined
to be 10 + 2 nm, comparable to the values reported in the literature.2® 4> 4445 The PDA/aGO layer
shows almost the same thickness as the PDA layer, presumably because the GO sheets can only
be covalently bonded by the carboxyl groups on their edges. As both dense films and membranes
are made of PSf, the thickness of the coating layers is assumed to be the same for both substrates.
However, since the PDA is not soluble in any solvent,* the molecular weight and its impact on the
aGO grafting efficiency cannot be determined.

Figures 2c-e confirm the GO grafting onto the membrane surface by SEM. The PSf/PDA
displays a porous surface similar to the pristine PSf, indicating that the thin PDA coating does not
completely cover the surface pores. The PDA coating has been reported to slightly decrease the
surface pore size (or molecular weight cutoff).* ** After the aGO modification, the surface was
partially covered by the aGO sheets (as marked by the red circles), while other pores remain open
(marked by the yellow circles). The images of the Atomic Force Microscope (AFM) (cf. Figure
S3) show that both the PDA/GO modification has a negligible effect on the roughness of the
membrane surface. As the aGO nanosheet can be as thin as a few nanometers, direct observation
or quantification of the aGO on the membrane surface remains challenging, and the successful
grafting of the aGO is often implied by the changes to the surface properties.* 44® Additionally,
the PDA/aGO coating layer is too thin to observe in the cross-sectional SEM images, similar to
the prior studies.* 3 4% 4

2.2 Improved antifouling properties by aGO grafting
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Figure 3a presents the effect of the membrane modification on the surface hydrophilicity, as
indicated by the water contact angle. The PS{/PDA shows an average water contact angle of 58° +
3°, the same as the PSf (59° + 2°), which is consistent with the literature.* *° By contrast, the
PSt/PDA/aGO exhibits a water contact angle of 30° + 3°, indicating a significantly enhanced

hydrophilicity by the aGO grafting.
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Figure 3. Effect of surface modification on (a) the water contact angle (CA) and water
permeance for PSf UF membrane, and (b) the relative viability of E. coli to that for the
PS{/PDA after contacting the surfaces for 3 h. The error bars represent one standard deviation
from three repeated tests. In (a), the arrows point to the corresponding y-axis. In (b), PS{/PDA
was chosen as the standard, and thus, no error bar is reported.

Figure 3a also shows that the effect of the surface modification on pure water permeance (4w,
L m™ h'! bar!, or LMH/bar), determined using a constant-flux crossflow system.* The 4. can be

calculated using equation 1:

_ Q9w _ Jw
Aw = AmbAp ~ TMP (1

where A is the active membrane area (m?), Ap is the transmembrane pressure (TMP, bar), and



Ow (L h'!) and Jw (LMH) are the steady-state water flow rate and flux through the membrane,
respectively. The coating of PDA or PDA/aGO has a negligible effect on the Aw, which can be
ascribed to the thin coating layer (= 10 nm). The coating layer does not fully cover the pores, and
the increased hydrophilicity caused by the aGO grafting also mitigates any adverse effect of the
pore coverage on the water permeance.

Figure 3b illustrates the effect of surface modification on the antimicrobial properties, as
indicated by the relative viability of E. coli with the PS{/PDA as the standard. For example, the
relative viability for PSf equals the viability of PSf divided by the viability of PSf/PDA. The PDA
coating increases the adhesion and thus the viability of E. coli on the membrane because it has a

weak electrostatic repulsion with E. coli,'>°

while the aGO grafting reduces the viability of the
E. coli by 53% compared with PSf/PDA, consistent with the hydrophilic and bactericidal
properties of the GO.'> 213! However, PSf/PDA/aGO still shows higher viability of E. coli than
PSf as the aGO nanosheets do not completely cover the PDA surface.

The antifouling properties of the membranes were evaluated using a flux-stepping method in
the constant flux crossflow system with 1.0 g/L sodium alginate solution. Sodium alginate is a
natural polysaccharide and a vital element for biofilm formation, and therefore, it has been widely
used as a model foulant for investigating the membrane fouling during water purification.* > As
the system has two permeation cells in series,” a pristine membrane sample was always used to

directly compare with a modified sample to ensure the same testing conditions (including the flow

rate, temperature, foulant content, etc.). It is very difficult to compare various surface modification
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strategies for their efficiency to improve the antifouling properties because of the different testing
conditions (such as membranes, foulants, flow conditions, etc.). On the other hand, the side-by-
side comparison between the state-of-the-art commercial membrane and its modified version
yields valuable information on the effect of surface modification and its potential for practical
applications.

Figure 4 presents an example result for the PSf and PS{/PDA/aGO membranes, where Jw for
both membranes was gradually increased from 15 LMH to 135 LMH at 15 LMH/step and 10 min
for each step. Before the fouling test, the aGO modified membrane exhibits pure-water permeance
of 830 LMH/bar, slightly higher than the PSf (730 LMH/bar), because of the improved surface
hydrophilicity. At the Jw below 90 LMH, the TMP of both membranes remains constant,
suggesting negligible fouling. After the Jw reaches 105 LMH, the TMP increases more rapidly for
PSf than PSf/PDA/aGO, indicating the improved antifouling properties by aGO grafting caused
by the improved surface hydrophilicity. Additionally, considering the negative charge of the
alginate, the grafting of negatively charged aGO (cf. Table S1) can increase the electrostatic

repulsion of the alginate, hindering its deposition onto the membrane surface.” >*
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Figure 4. Improved antifouling properties of aGO-grafted PSf membranes in constant flux
filtration tests with 1.0 g/L sodium alginate solution. (a) TMP and water flux (Jw) as a function
of operating time (the arrows point to the corresponding y-axis). (b) TMPag and (¢c) dTMP/dt as
a function of Jw in PSf and PSf/PDA/aGO at a feed flow rate of 1 L/min. (d) Comparison of the
fouling rate in PS{/PDA and PSf/PDA/aGO at a feed flow rate of 2 L/min.

The fouling resistance of the membranes can be characterized by the critical flux (Jc, below
which the TMP remains constant with time) and the threshold flux (Jm, above which the TMP

increases significantly with time).* ** 5 Industrial membranes are often operated below their Ju
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values to avoid rapid fouling. Figure 4b illustrates the determination of J. and Ju. Based on the
flux-stepping tests (cf. Figure 4a), the average TMP (TMPavg) at each flux is calculated and plotted
with Jw. The data can be separated into three regions (A, B, and C) according to the slopes. The
intersection between the first (A) and second (B) linear region is defined as J., while the
intersection of the second (B) and third (C) region is Ju. PSf/PDA/aGO membrane exhibits the Ji
value of 121 LMH, higher than the PSf (112 LMH), confirming the improved antifouling property
by aGO grafting.

Figure 4c compares the d7TMP/dt values at each flux for PSf and PS{/PDA/aGO. At Jw below
90 LMH (below J¢), both membranes show negligible fouling. At Jw above 105 LMH, dTMP/dt
values increase significantly, while PSf/PDA/aGO exhibits lower d7MP/dt values than PSf. For
example, the dTMP/d¢ reduces by 63% from 5.7 bar/h in PSf to 2.1 bar/h in PSf/PDA/aGO at Jw
of 135 LMH. Figure S4 also confirms the improved antifouling properties by the aGO grafting at
a higher feed flow rate (1.5 L/min corresponding to a Reynolds number of 1350), instead of 1
L/min (a Reynolds number of 900). Increasing the Reynolds number also increases the Ju values
for both membranes, consistent with the increased shear force caused by increasing the flow rate.

Figure 4d directly elucidates the improved antifouling behavior derived from aGO grafting by
comparing PSf/PDA and PSf/PDA/aGO. The TMP and Jw values as a function of the operating
time are presented in Figure S7a. At the Jw above 130 LMH, the aGO grafting reduces the fouling
rate by 30% compared with the PSf/PDA. Additionally, Figures 4c and 4d show that increasing the

feed flow rate from 1 L/h to 2 L/h (and thus the Reynolds number from 900 to 1800) can
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significantly decrease the d7MP/dt values. As a result, the Jw exceeds the limit of the mass flow
controller before the Ji can be determined in Figure 4d.

The effect of the H20: treating time for the GO on the membrane performance was also
investigated. As the treatment time increases from 2 h to 9 h, the values of Ji» and dTMP/dt remain
almost constant (cf. Figure S5 and Table S2), though all the aGO-grafted samples show lower
dTMP/dt values than the pristine PSf. Figure S6 shows that grafting with 1 g/L or 0.1 g/L. aGO
solution has a similar effect in improving the antifouling properties compared with the pristine PSf.
However, optimizing the concentration of aGO in the grafting is beyond the scope of this study.

Figures S7b and S7c¢ display the antifouling test for PSf/PDA and PS{/PDA/aGO when
challenged by 5.0 g/L sodium alginate at a feed flow rate of 1.5 L/min. The increased sodium
alginate concentration accelerates the fouling rate for both membranes. However, the
PSf/PDA/aGO still shows 17% less fouling rate than PS{/PDA.

Figure 5 displays the SEM images of PSf and PS{/PDA/aGO surfaces after the 4-h fouling by
sodium alginate. The aGO-grafted membranes show a smoother surface than the pristine one,
suggesting the improved antifouling properties.'” #* 3¢ Both fouled membranes exhibit rougher
surfaces than the pristine ones (cf. Figure 2). Figures 5c and 5f also show that the deposition of the

foulant on the surface covers the pores, decreasing the water permeance.
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(a) PSTIPDA/aGO

(d) PST

Figure 5. SEM images of the membrane surface fouled by sodium alginate. (a), (b), and (c):
PSt/PDA/aGO at different magnifications; (d), (e), and (f): PSf at different magnifications. The
4-h fouling was conducted with 1.0 g/L sodium alginate at a feed flow rate of 1 L/min and Jw of
130 LMH.

2.3 Continuous operation and cleaning of the modified membranes

Figure 6a demonstrates the stability of the surface modification via 48-h continuous crossflow
operation with 1.0 g/L sodium alginate. The PS{/PDA/aGO exhibits a lower Aw value (770
LMH/bar) than the PSf (830 LMH/bar). The Jw was set at 85 LMH, below the Ji values and above
the J. values, and thus both membranes showed fouling behavior. At the beginning of the filtration,
the TMP of the membranes were comparable, despite the lower Aw value in PSf/PDA/aGO. After
the 10-h operation, the aGO-grafted membrane exhibits lower TMP values than the pristine PSf,

indicating the improved antifouling properties by the aGO grafting.
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Figure 6. Long-term stability of the aGO-grafted PSf membranes tested with 1.0 g/ sodium
alginate. TMP as a function of operating time (a) in the first 48 h at Jw of 85 LMH and (b)
continuous flux-stepping tests at various Jw values for 50 min (the arrows point to the
corresponding y-axis). (¢) dTMP/dt as a function of Jw in the flux-stepping test. (d) TMP
evolution in PSf/PDA/aGO membrane during the multiple fouling-cleaning cycles at the feed
flow rate of 1 L/min. For (a), the decrease of TMP at =17 h is presumably caused by a fluctuation

of the feed pressure.

Figure 6b displays the 50-min flux-stepping test results after the 48-h continuous test for both

membranes. The TMP increases with increasing Jw values, and the increase is slower for
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PSf/PDA/aGO than PSf. Figure 6¢ presents the d7MP/dt values as a function of Jw. At Jw above
95 LMH, the PSf exhibits accelerated fouling while the aGO-grafted membrane does not. At Jw of
105 LMH, PSF/PDA/aGO shows dTMP/d¢ of 0.53 bar/h, 54% lower than the PSf (1.1 bar/h). These
tests demonstrate the stability of the membranes and PDA/aGO coating during the ~ 48-h test.
Longer-term stability tests will be needed for the membranes to be considered, and the impact of
the aGO and dopamine on the quality of clean water needs to be addressed for practical
applications. However, it is beyond the scope of this study.

As the foulant accumulates on the surface, the membranes can be cleaned using chemical
agents. Figure 6d displays the effect of cleaning on the performance recovery for PSf/PDA/aGO
in a multi-cycle fouling-cleaning experiment. The membrane was challenged by 1.0 g/L sodium
alginate at Jw of 130 LMH, above its Ju for accelerated fouling. After 60-min operation, the
membrane was cleaned using an aqueous NaOH solution (pH of 11) in the crossflow system for
30 min. The fouling-cleaning process was repeated for 4 times (cf. Figure 6d) while the cleaning
is not displayed for simplification. During the first fouling test, the TMP increases by 58% from
0.48 bar to 0.76 bar and then decreases to 0.48 bar after the cleaning, the same as the initial 7TMP
value, indicating that the cleaning completely recovers the membrane performance. In the
following fouling-cleaning cycles, the TMP remains within a range between 0.48 bar and 0.65 bar,
confirming the stability of the aGO-grafted membranes, their resistance to chemical cleaning, and

promise for industrial applications.
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3. CONCLUSION

We demonstrate a facile approach to covalently graft hydrophilic GO onto the UF membrane
surface using PDA. A thin PDA layer (= 10 nm) can be deposited on PSf membranes without fully
covering the pores or significantly decreasing water permeance, while the amine groups react with
the ester groups on the aGO to allow grafting of the aGO in a robust manner. The aGO grafting
increases surface hydrophilicity and retains high water permeance in alginate fouling tests
compared with PSf and PS{/PDA. In a constant-flux crossflow system, the aGO grafting can
reduce the fouling rate by 63%. After the 48-h continuous test, the PSf/PDA/aGO exhibits 54%
lower fouling rate than the pristine PSf, confirming the integrity and effectiveness of the aGO
grafting over a long time. The fouled PSf/PDA/aGO membranes were cleaned using a NaOH
solution, leading to nearly 100% recovery of water permeance. The surface modification of
membranes with dopamine and aGO occurs in aqueous solutions at =~ 22 °C, and thus, it may be

used for the post-modification of commercial membrane modules for industrial uses.

4. EXPERIMENTAL SECTION

Materials. Natural graphite powder (325 mesh) was purchased from Qingdao Huatai Graphite
Co. (Qingdao, China). H2SO4 (99%), H202 (30 wt.% in H20), KMnO4 (>99.0%), dopamine
hydrochloride, Trizma base (>99.9 %), 2-(N-morpholino) ethanesulfonic acid (MES, > 99.0 %),
EDC (= 98 %), NHS (> 98 %), and sodium alginate were procured from Sigma-Aldrich

Corporation (St. Louis, MO). HCI1 (2.0 M) and ethanol (95 %) were supplied by VWR International
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(Radnor, PA). PSf100 UF membrane (with molecular weight cutoff of 100 kDa) was purchased
from Alfa Laval AB (Lund, Sweden). NaOH and sterile 0.9 % saline solution were obtained from
Fisher Scientific International (Hampton, NH). Lysogeny Broth (LB) and LB agar were purchased
from Thermo Fisher Scientific (Waltham, MA).

Preparation of GO and PSf/PDA/aGO membranes. GO was prepared from graphite using the
modified Hummers' method.*** %’ First, graphite (3 g) was added to concentrated H2SO4 (70 mL)
followed by the gradual addition of KMnO4 (9 g) in an ice bath (below 20 °C). The solution was
then moved to a 40 °C water bath and stirred for 30 min. Second, water (150 mL) was added to
the solution, which was then heated at 90 °C for 15 min before more water (500 mL) was added.
H202 was then gradually added to remove the residual KMnO4 or manganese dioxide. Third, GO
was obtained by filtration and then washed with HCI solution and deionized water before
purification by centrifugation and dispersion in deionized (DI) water by ultrasonication. Finally,
H202 (10 mL) was added to 2 g/L. GO solution (100 mL), which was then heated at 100 °C for 5 h
for GO oxidation to reduce the sheet size. The final GO product was obtained by dialysis and
centrifugation. Although this approach of GO production involves aggressive chemicals, more
environmentally friendly processes have also been developed.’”*

The GO was grafted onto the PSf membrane surface in three steps. First, the membrane surface
was exposed to a 2.0 g/l dopamine solution for 1 h using a rocking platform shaker (VWR
International, Radnor, PA) with the tilt of level 6 and shaking speed of 30.* ** The membrane was

then rinsed with and sonicated in deionized water to remove the unbonded PDA. Second, to

18



prepare aGO, 0.1 g/L GO was dispersed in 10 mM MES buffer by sonication, and then 2 mM EDC
and 5 mM NHS were added before 15-min sonication to convert the carboxyl groups to amine-
reactive esters. The pH of the solution was then adjusted to 8.0 using NaOH. Finally, the PDA
coated membrane was exposed to the aGO solution for 3 h. The membrane was then rinsed using
DI water and kept in water before uses.

Characterization. The GO nanosheets and membrane surface were imaged using a focused ion
beam scanning electron microscope (FIB-SEM, Carl Zeiss Auriga CrossBeam, Carl Zeiss
Germany). Surface hydrophilicity was characterized using a Ramé Hart contact angle goniometer
(Model 190, Succasunna, NJ). Raman spectra of GO with various H202 treatment times were
collected using Raman spectroscopy (Renishaw InVia, UK) with a 514 nm laser source. The
charge of GO solution was characterized using a dynamic light scattering analyzer (Zetasizer Nano,
Malvern, Worcestershire, UK). The surface morphology of PSf/PDA/aGO and pristine membranes
was characterized using AFM (Bruker Dimension Icon with ScanAsyst, Bruker, Germany) in the
tapping mode. The AFM probe is TESPA-V2 (Bruker, Germany) with a nominal spring constant
of 42 N/m.

The thickness of the PDA layer on the membrane cannot be measured due to the interference
from the uncovered surface pores.* ** ! Instead, thin dense PSf films (~ 100 nm) on silicon wafers
were used as substrates for PDA coating. First, the wafers were cleaned using acetone and blow-
dried. Second, a 4 wt% PSf in cyclopentanone was spin-coated on the wafer using an MTC-100

spin coater (MicroNano Tools, Canada) at 40% relative humidity. The spin rate was set as 500
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rpm for 3 s followed by 4000 rpm for 60 s. Finally, dopamine was deposited on the PSf following
the same procedures for the membrane modification. Multi-wavelength ellipsometry (FS-1, Film
Sense, NE) was used to determine the thickness of the PDA layer.*?

The antimicrobial activity of the PSf/PDA/aGO membranes was evaluated using a plate
counting method.'> ®? Escherichia coli (E. coli, BL21(DE3), New England BioLabs) was used as
the model bacteria. First, the cells were cultivated in lysogeny broth (LB) (3 mL) overnight at
37 °C. Then the cultures were diluted in 30 mL of LB (1:100) and grown until the exponential
phase was reached (ODeoo 0.6). The E. coli suspension was diluted to around 8 x 108 CFU mL"!
before use (where CFU denotes colony-forming unit). Second, the membrane samples were cut
into small coupons with an effective area of 3.9 cm? and placed in the holders for the surface to
expose to the E. coli suspension (2 mL) for 1 h. The membrane samples were then rinsed by
applying gentle flow drops of sterile 0.9% saline solution to both sides to remove the free bacteria
that did not adhere to the membranes. The rinsing process for all the membrane samples was the
same to ensure a valid comparison. Third, the membranes were placed in the saline solution (12
mL) and sonicated for 8 min at 40 HZ to detach the bacteria from the surface. Three aliquots of
each resulting saline solution were mixed in LB broth to achieve 102, 10°, and 10* dilution ratios,
respectively. The diluted solution was then spread evenly on an LB agar for plate counting. After
15 min of drying in a sterile condition, the LB agar plates were placed in a 36 °C incubator
overnight. The number of colonies on the plate reflects the viability of the bacteria cells on the

membrane surface, which relates to its antimicrobial property.
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Pure water permeance was determined using a custom-made constant-flux crossflow system.*
In the measurement, the Ow was set to constants using a mass flow controller on the permeate
while the TMP was monitored. The constant-flux crossflow system was also used to determine the
antifouling properties of the membranes with 1.0 g/L sodium alginate as a model foulant.* The
feed pressure was held constant while the permeate pressure decreased to retain the targeted Qw.

The increase of TMP with time (d7MP/dt) reflects the fouling rate of the membrane.
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