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ABSTRACT: Improving membrane durability associated with fouling and Active chlorine

Protein foulant

technology. Here, we demonstrate that attractive features of graphene oxide

chlorine resistance remains one of the major challenges in desalination membrane O 5

(GO) nanosheets such as high hydrophilicity, chemical robustness, and ultrafast

Graphene oxide

water permeation can be harnessed for a dual-action barrier coating layer that multilayer
enhances resistance to both fouling and chlorine-induced degradation of —— R T
polyamide (PA) thin-film composite (TFC) membranes while preserving their == T~ ~ ———

separation performance. GO multilayers were coated on the PA-TFC membrane
surfaces via layer-by-layer (LbL) deposition of oppositely charged GO

Polyamide active layer

Polysulfone support

nanosheets. Consequently, it was shown that the conformal GO coating layer

can increase the surface hydrophilicity and reduce the surface roughness, leading
to the significantly improved antifouling performance against a protein foulant. It
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)
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was also demonstrated that the chemically inert nature of GO nanosheets enables
the GO coating layer to act as a chlorine barrier for the underlying PA membrane,
resulting in a profound suppression of the membrane degradation in salt rejection upon chlorine exposure.
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B INTRODUCTION

The membrane desalination process of reverse osmosis (RO)
has become a leading technology for the sustainable production
of freshwater from saline sources.'”* Most of the currently
available commercial RO membranes adopt a thin-film
composite (TFC) configuration, as exemplified by an
interfacially polymerized, fully aromatic polyamide (PA)
selective layer on top of a microporous support membrane,
where the PA layer plays a dominant role in the membrane
permselectivity.® Although these PA-based membranes are
capable of discriminating a wide range of solutes, they often
suffer from performance deterioration, because of membrane
fouling. This fouling, which ultimately shortens the operating
lifetime of RO membranes, can be considered as a process by
which various matter such as proteins, micro-organisms, and
inorganic colloids settle and accumulate on the membrane
surface and disfavor the permeation of desired molecules.>*
To prevent and inhibit the degree of fouling, chlorine or
chlorine-based chemicals have been commonly used as
disinfecting agents in membrane systems, although the fully
aromatic PA membrane is highly susceptible to concomitant
oxidative degradation by chlorine, and, thus, the use of chlorine
is not desired for reliable application of PA-based membranes.’
Despite the progress made over the last few decades, there is
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still considerable need for improvements in PA-based
membrane durability associated with antifouling and chlorine
resistance.

To date, several methods have been explored to cope with
the aforementioned two major drawbacks, including the
membrane surface modification via the coating or grafting of
functional materials,” ' the incorporation of nanomaterials
into membranes,""'* and the fabrication of new membranes
with tailored chemistry.">™"* Among them, the membrane
surface coating is generally regarded as the most efficient
approach, because of its facile processability. Although an
additional surface coating can improve membrane durability,
the undesired reduction in water flux is usually observed,
following the typical trade-off relation between performance
and durability.3 In addition, it has been recognized that the
coating strategy to enhance both antifouling capability and
chlorine resistance is highly desirable to achieve the practical
long-term durability of the membrane.’® For example,
antifouling membranes are still required to have a certain
level of chlorine resistance, since they are hardly exposed to the
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free chlorine environment during the actual operating process.
Similarly, chlorine-resistant membranes do not necessarily offer
a complete solution for membrane fouling, because chlorine
cannot deactivate all nonbiological matter and/or biological
organisms that have the self-replicating nature to regenerate
biofouling. However, most studies have relied exclusively either
on reducin% fouling propensity or on improving chlorine
resistance,”'’ but rarely on combining both strategies for
synergic effects. Hence, there is a growing demand for the
unified coating strategy that enhances resistance to both fouling
and chlorine-induced degradation, while retaining the flux and
salt rejection performance of the original membrane.

Graphene oxide (GO) is a single sheet of graphene
functionalized with oxygen-rich functional groups in the form
of carboxyl, hydroxyl, ether, and epoxy groups.'® Recently, GO
nanosheets have attracted special interest in the field of water
purification membrane, because of their unique transport
properties."”™>' Many efforts have been made to fabricate
highly permeable membranes by taking advantage of the
extremely fast water transport along the nanochannels between
graphene nanosheets. For example, in a recent work, reduced
GO sheets were deposited by filtration on porous substrates,**
allowing the preferred water permeation with a modest NaCl
rejection rate (~40%). Also, the layer-by-layer (LbL) approach
via the bonding between GO sheets and trimesoyl chloride
(TMC) succeeded in securing the NaCl rejection performance
(~20%—30%), which otherwise could not be realized simply by
using the polysulfone support.”® In addition, an approach to
attain the synergic effect of carbon nanotube and reduced GO
composites was proposed and shown to be promising for the
water desalination.”® Along with the desalination purpose,
homogenous GO membranes were physically fabricated on
porous substrates and exhibited a high molecular sieving ability
for H, and/or CO, gas separations.”*** However, little
attention has been paid to other useful properties of GO that
can be used to improve membrane durability. For example,
coating membrane surfaces with highly hydrophilic, planar GO
nanosheets can suppress the fouling by hydrophobic foulants.'®
Furthermore, GO’s excellent chemical stability could potentially
be utilized as a protective coating layer for PA membranes
against chlorine attack.”® Together with the highly water
permeable nature of GO sheets, the GO surface coating can be
an excellent candidate to improve both antifouling and chlorine
resistance of membranes at the same time.'” "%

In this study, we demonstrate that the coating of GO
nanosheets on the surface of the fully aromatic PA-TFC
membrane serves as a dual-functional protective layer to
improve both membrane antifouling and chlorine resistance,
while maintaining its separation performance. Specifically, we
employed the LbL technique to deposit GO multilayers on the
membrane surface, because it is a simple, but reliable method to
create conformal GO assembly in a controllable manner. A pair
of oppositely charged GO nanosheets (positively charged,
aminated-GO (AGO) and negatively charged GO) were
alternatingly deposited on the interfacially polymerized PA
membrane surface primarily through electrostatic interaction.
We first investigated the effect of the GO coating on the
membrane performance (water flux and NaCl salt rejection)
and it was found that the membrane performance was
essentially unchanged by the GO coating. Then, we monitored
the flux change of the membrane during the filtration with the
feed solution containing a model protein foulant (bovine serum
albumin, BSA) to assess membrane antifouling performances.
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Also, the chlorine stability of the same GO multilayer-coated
PA membrane was examined by comparing the membrane
performance before and after chlorination. Consequently, the
GO assembly on the membrane surface significantly mitigated
membrane fouling against hydrophobic BSA molecules (an
ultimate flux decline of ~15% vs ~34% for the pristine PA
membrane after 12 h of exposure) and, at the same time,
improved membrane chlorine resistance by effectively retarding
the selectivity deterioration upon chlorine exposure (a rejection
reduction of ~4% vs ~50% for the pristine PA membrane after
1 h of treatment of 6000 mg/L NaOCI). It appears that such a
stability improvement can be attributed to the role of GO
nanosheets as protective layers that disfavor the adsorption of
hydrophobic proteins on the PA surface due to their
hydrophilicity and retard diffusion of active chlorine species
(OCI™ ions) toward the middle core area of the PA selective
layers, because of their transport resistance.

B EXPERIMENTAL SECTION

Materials. The following chemicals were used as received: graphite
powder (synthetic, <20 pm in size, Sigma—Aldrich), nitric acid
(HNO;; fuming, 90%, Junsei Chemical), potassium chlorate (KClO5;
Sigma—Aldrich), ethylenediamine (Sigma—Aldrich), 1-(3-dimethyla-
minopropyl)-3-ethylcarbodiimide methiodide (EDC; Sigma—Aldrich),
m-phenylenediamine (MPD; Sigma—Aldrich), trimesoyl chloride
(TMC; Sigma—Aldrich), triethylamine (TEA; > 99.5% Sigma—
Aldrich), sulfuric acid (H,SO4; 95%, Sigma—Aldrich), sodium chloride
(NaCl; Sigma—Aldrich), sodium hydroxide (NaOH; Fluka), sodium
hypochlorite (NaOCl; 4% aqueous solution, Sigma—Aldrich), ethanol
(> 95%, J.T. Baker), n-hexane (> 95%, J.T. Baker), and bovine serum
albumin (BSA; Sigma—Aldrich). Deionized (DI) water (18.2 MQ2 cm)
was prepared in a Millipore Milli-Q_purification system. Polysulfone
(PSf) ultrafiltration membrane (UES0) with a polyester nonwoven as
a support was obtained from Trisep Co.

Preparation of GO and Aminated-GO (AGO) Nanosheets.
GO nanosheets were prepared from graphite powder by the modified
Brodie method.”® In brief, 2 g of graphite powder was added to 75 g of
the solution with mass ratio of 3.1 HNO;/1.0 KCIO;, and then
oxidized by stirring the mixture at room temperature for 12 h. The
resulting mixture was diluted with DI water, and subsequently
centrifuged at least three times to obtain purified GO nanosheets.
AGO nanosheets were prepared through further modification of the
prepared GO nanosheets by using the method described in the
literature.”* " Briefly, 2 g of GO nanosheets was dispersed in 100 mL
of ethanol by sonication for 2 h, followed by the addition of S g of
ethylenediamine and 0.5 g of EDC, the latter being added as a
coupling agent that can induce the amide formation between the
carboxylic acid group of GO and the amine terminal group of
ethylenediamine. The resulting solution was stirred at room
temperature for 12 h, and then washed with DI water via at least
three centrifugation cycles.

Preparation of PA-TFC Membrane. A crosslinked, fully-aromatic
PA selective layer was synthesized on a microporous PSf/polyester
non-woven support via interfacial polymerization of MPD and TMC
monomers to prepare a PA-TFC membrane. The PSf support was first
rinsed with DI water and then immersed into a MPD (1.0 wt %)
solution in water for 3 min. TEA (0.1 wt %) was also added as an acid
acceptor in the MPD solution. Excess MPD solution was removed by
rolling with a rubber roller. Subsequently, the membrane was soaked
into a TMC (0.1 wt %) solution in n-hexane for 1 min and rinsed with
clean n-hexane, followed by drying at 70 °C for 10 min.

Surface Modification of PA-TFC Membrane with GO
Multilayer. The surface of the prepared PA-TFC membrane was
modified by depositing a GO multilayer onto the PA selective layer
(referred to here as “GO-coated PA membrane”) via LbL deposition of
oppositely charged GO and AGO nanosheets. Aqueous suspensions of
negatively charged GO (1.0 wt %) and positively charged AGO (1.0
wt %) were prepared by sonication for 1 h to ensure a uniform
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Figure 1. (a) FT-IR spectra of graphene oxide (GO) and aminated-GO (AGO) nanosheets. (b) AFM topographic image of GO nanosheets. (c)

Cross-sectional height profiles along the lines marked in panel b.

dispersion of nanosheets. The pH values of the GO and AGO aqueous
suspensions were adjusted to 3.0 and 10.0, respectively. The PA
membrane, whose surface is known to have a negative charge, was first
dipped into the aqueous suspension of positively charged AGO for 10
min, followed by rinsing with DI water. Then, the membrane was
immersed into the aqueous suspension of negatively charged GO for
10 min and subsequently rinsed with DI water. This process completes
one cycle of LbL deposition to form one bilayer of AGO/GO. The
deposition cycle was repeated until the desired number of AGO/GO
bilayers (“AGO/GO bilayer” is simply referred to as “GO bilayer”) was
obtained. After LbL deposition was finished, the membrane was dried
at 70 °C for 10 min. For comparison, the “GO-underlaid PA
membrane” and “GO-sandwiched PA membrane” were also prepared:
in the former, the GO multilayer was placed between the PSf support
and the PA layer; in the latter, it was coated on both sides of the PA
layer. For the preparation of the GO-underlaid PA membrane, the PSf
support was first treated with an aqueous solution of H,SO, (5.0 wt
%) at 80 °C for 30 min to impart the negative charge on the PSf
surface.”” Next, the GO multilayer was deposited on the surface of the
acid-treated PSf support by following the above-mentioned LbL
protocol. Subsequently, the PA selective layer was fabricated on the
GO-coated PSf membrane via interfacial polymerization process as
described above. To prepare the GO-sandwiched PA membrane, the
surface of the fabricated GO-underlaid PA membrane (i.e., the top side
of the PA layer) was further coated by LbL deposition of GO
multilayer.

Characterization of GO Nanosheets and Membranes. The
chemical structures of the GO and AGO nanosheets and membranes
were characterized by Fourier transform infrared (FT-IR) and X-ray
photoelectron spectroscopy (XPS) analyses. FT-IR was performed on
a Nicolet IS10 spectrometer (ThermoFischer Scientific) equipped
with an attenuated total reflectance unit. XPS spectra were recorded
on a PHI-5000 Versaprobe spectrometer using monochromatized Al
Ka radiation at 1486.6 eV. The surface zeta potentials of the GO and
AGO nanosheets and membranes were determined with an electro-
phoretic measurement apparatus (ELSZ, Otsuka Electronics). The
zeta potential was measured in a background aqueous solution of NaCl
(10 mM) containing mobility-monitoring particles. A plate sample cell
was used for all membrane samples. The morphology and thickness of
the GO nanosheets were characterized using an atomic force
microscopy (AFM) (Veeco Nanoscope V) operated in tapping
mode. The surface morphologies of the membranes were examined
by scanning electron microscopy (SEM) (FEI Inspect FS0) and
atomic force microscopy (AFM). SEM micrographs of membrane
surfaces were obtained at an accelerating voltage of 10 kV. The
arithmetic average (R,) roughness of membranes was estimated from
the topography images of S ym X S ym area. Water contact angles of
the membrane surfaces were measured with a goniometer (NRL CA
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Goniometer, Rame-Hart, Inc.) equipped with a video capture
apparatus at room temperature. The averaged contact angle was
determined from eight measurements for each sample.

Membrane Performance Tests. Membrane performance was
assessed with 2000 mg/L NaCl aqueous solution at pH 5.8 in a cross-
flow system with an effective area (A) of 13.85 cm® Water flux and salt
rejection were determined under an operating pressure of 15.5 bar at
room temperature. Permeate flux was automatically recorded by a
digital balance and performance data were measured after steady flux
had been reached. Water flux (F) was determined from the total
amount of the collected permeate (V) for a fixed time (), as described
by F (L/(m* h)) = V/At. Salt concentrations of permeate (Cp) and
feed (C;) were measured with a conductivity meter (Eutech PC650),
and salt rejection (R) was calculated by the following equation: R (%)
=100 X (1 = C,/Cy.

Membrane Fouling Tests. Membrane fouling was evaluated from
filtration experiments with an aqueous feed solution containing a
model protein foulant (BSA) using the cross-flow apparatus. The
membrane was first stabilized with DI water at an operating pressure
of 15.5 bar for 12 h. After water flux reached a steady state, a certain
amount of BSA was instantaneously added to the feed reservoir to
make the concentration of 100 mg/L, and permeate flux was recorded
at the time interval of 1 h. The extent of membrane fouling was
assessed by the relative water flux, which is the measured flux
normalized by the initial value.

Membrane Chlorine Stability Tests. The chlorine solution was
prepared by diluting a commercial sodium hypochlorite stock solution
(4% NaOCl aqueous solution) in DI water to make the chlorine
concentration of 6000 mg/L. Since alkaline solutions are often used as
cleaning agents,®® we prepare the chlorine solution at high pH (pH
10), which was achieved by a simple dilution without additional pH
adjustment. Chlorination was performed by soaking membrane
samples in the prepared chlorine solution (chlorine concentration =
6000 mg/L, pH 10) for different periods of exposure time (f.y, 0—12
h). After chlorination, samples were rinsed thoroughly with DI water
prior to measurement. Water flux and salt rejection of the pristine PA
and the GO-coated PA membranes were measured before and after
chlorination, and the chlorine stability for each membrane was
evaluated from the extent of performance change after chlorine
exposure.

B RESULTS AND DISCUSSION

Properties of GO and AGO Nanosheets. Figure 1la
shows FT-IR spectra of the GO and AGO nanosheets. GO
exhibited the characteristic peaks at 1057 cm™ (C-O
stretching), 1250 cm™ (C—OH stretching), 1617 cm™' (C=
C bonds), and 1715 cm™" (carboxylic acid C=0 stretching),
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Figure 2. Schematic illustration of a multilayered graphene oxide (GO) coating on a polyamide thin-film composite membrane surface via layer-by-
layer (LbL) deposition of oppositely charged GO and aminated-GO (AGO) nanosheets.
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Figure 3. Top-down SEM images of (a) the pristine, uncoated polyamide (PA) and (b) the GO y-coated PA membranes (scale bar = 1 ym). AFM
height images of (c) the pristine PA and (d) the GO,y-coated PA membranes.

together with a broad band at ~3300 cm™' (O-H
stretching).>*>” The observed FT-IR spectra indicate that
GO nanosheets contain ether, epoxy, carboxylic acid, and
hydroxyl functional groups. For the AGO, the peak according
to the carbonyl group appeared at 1660 cm™' (amide C=0
stretching) instead of at 1715 cm™ (carboxylic acid C=0
stretching),®" verifying the formation of amide linkages
between the carboxylic acid on GO and the terminal amine
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of ethylenediamine. In addition, the appearance of a new peak
at 1579 cm™' (N—H in-plane stretching) and the intensification
of the broad band at ~3300 cm™' (N—H stretching) indicate
the deposition of amine functional groups on GO and further
support the successful modification of GO with amine
functional groups to prepare AGO." Zeta potential measure-
ments revealed that the GO and AGO nanosheets had a surface
charge of —25.7 + 0.7 mV at pH 3.0 and +20.6 + 1.1 mV at pH
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Figure 4. (a) FT-IR spectra of the pristine, uncoated polyamide (PA) and the GO y-coated PA membranes. The representative images of water
contact angles on (b) the pristine PA and (c) the GO,,-coated PA membranes.

10.0, respectively. This result, together with FT-IR results,
shows that the GO nanosheets are negatively charged at pH
3.0, mainly due to the presence of carboxylic acid groups, while
the AGO nanosheets are positively charged at pH 10.0, because
of amine functional groups. The morphology of individual GO
nanosheets was examined by atomic force microscopy (AFM).
The sample was prepared by dipping a silicon surface into a
diluted GO suspension for several seconds and then dried
under air. As seen in Figures 1b and 1c, the lateral dimension of
the GO nanosheets ranges from 20 nm to 2000 nm, and GO
thickness was estimated to be 2—4 nm, indicating that the
prepared GO nanosheets consist of 2—4 graphene layers.
Membrane Modification and Properties. Figure 2
depicts the LbL deposition of AGO and GO nanosheets on
the PA-TFC membrane surface. For convenience, a PA-TFC
membrane is shortened to a PA membrane. The PA membrane
was first dipped into an aqueous suspension of positively
charged aminated-GO (AGO), and the deposition of AGO
layer is favored by the negative charge of carboxylic acid groups
on the PA surface resulting from the hydrolysis of unreacted
TMC.* Then, negatively charged GO was deposited through
electrostatic interaction to create a pair of AGO/GO layers
(referenced as one GO bilayer). The sequential AGO/GO
depositions were repeated until the desired number of GO
bilayers was reached. The LbL-assembled GO multilayers are
denoted as GO,, where x is the number of bilayers. Besides
dominant electrostatic forces, hydrogen bonding between
uncharged functional groups (e.g, amine, carboxylic acid, and
hydroxyl groups) on the AGO and GO sheets is likely to
reinforce the stability of the GO multilayer.”® To verify the
stability of the GO-coated PA membrane, presumably endowed
with electrostatic force and also hydrogen bonding, we
performed the long-term filtration test in a cross-flow system
for 72 h and verified good resistance of the GO layer against
detachment and delamination from the PA surface by
characterizing the surface morphology and water contact
angle of the membrane after the filtration test (see Figure S1
in the Supporting Information). Furthermore, we confirmed
the stability of the GO multilayer, when the GO-coated
membrane is exposed to the various operating pHs (4—10)
(Figure S2 in the Supporting Information) and to the

pressurized chlorine solution (Figure S3 in the Supporting
Information).

The surface morphology of the GO,y-coated PA membrane
was compared with the pristine, uncoated PA membrane
(Figure 3). The pristine PA membrane surface exhibited a
rough ridge-and-valley structure, which is a typical characteristic
of interfacially polymerized, fully-aromatic PAs (see Figure
3a)." After LbL deposition of planar AGO and GO nanosheets
on the PA membrane, it can be clearly seen that the membrane
surface is significantly smoothened by filling the valley regions
of the rough PA surface with GO sheets (Figure 3b). AFM
estimated the arithmetic average (R,) roughness of the GO -
coated PA membrane to be ~21.5 nm, much lower than that of
the pristine PA membrane (~46.5 nm) (see Figures 3c and 3d).
It was also found that the high level of GO coverage was
achieved by 10 GO bilayers, although the membrane surface
was not completely covered by GO sheets.

FT-IR and X-ray photoelectron spectroscopy (XPS) were
performed to characterize the chemical structures of the
pristine PA and GO,j-coated PA membranes. As shown in
Figure 4a, the pristine PA membrane had characteristic peaks at
1660 cm™" (amide I, C=O0 stretching), 1610 cm™" (hydrogen-
bonded C=0), and 1542 cm™ (amide II, N—H in-plane
bending) and a broad band at ~3400 cm™' (N-H
stretching).38 For the GOy-coated PA membrane, the peak
at 1715 cm™' (carboxylic acid C=O stretching) was
pronounced and the broad band at ~3400 cm ™" was intensified,
compared to that of the pristine one. These spectral differences
could be attributed to the carboxylic acid, hydroxyl, and amine
groups rich in GO nanosheets that constituted the GO,y-coated
PA membrane.'"®* From XPS results, the oxygen atomic
content of the GO,y-coated PA membrane was determined to
be 15.3 + 1.3, apparently higher than that of the pristine PA
membrane (13.4 + 0.4), indicating the presence of oxygen-
containing carboxylic acid and hydroxyl groups. Such
observation was in good agreement with the FT-IR results
that also demonstrated the abundance of the oxygen-containing
carboxylic acid and hydroxyl groups in the GOjy-coated PA
membrane.

Wettability, evaluated by the water contact angle, is an
important surface property that can be correlated strongly with
the membrane performance as well as fouling. The GOy-
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coated PA membrane exhibited a remarkably lower contact
angle (6 = 25.9° & 3.0°) than that of the pristine PA membrane
(6 =70.6° + 2.4°) (Figures 4b and 4c), illustrating that the GO
coating enhances the membrane wettability likely associated
with the hydrophilic nature of constituent GO sheets. Both
AGO and GO nanosheets are readily dispersed in aqueous
media, because of their strong hydrophilicity originating from a
high density of hydrophilic functional groups present on their
surfaces, thereby leading to the hydrophilic surface coating on
the PA membranes.'®

Membrane Performance. To evaluate the effect of the
GO surface coating on the membrane performance, the water
flux and salt (NaCl) rejection of the GO-coated PA membranes
were measured as a function of the number of GO bilayers
(Figure S). The pristine PA membrane (equivalent to 0 bilayer)

25 —— . 100
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g 15K 60 =
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10 40 O
5 T
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Number of GO bilayers

Figure S. Water flux and NaCl rejection of the GO-coated polyamide
(PA) membranes as a function of the number of GO bilayers. Note
that O bilayer corresponds to the pristine, uncoated PA membrane. All
performance measurements were conducted using an aqueous solution
of NaCl (2000 mg/L) at an operating pressure of 15.5 bar.

exhibited water flux of (12.5 + 0.8) L/(m” h) and salt rejection
0f 97.1% =+ 1.1%. Interestingly, it was found that the membrane
performance after GO surface coating remained essentially
unchanged within measurement errors, regardless of the
number of GO bilayers. For example, the water flux and salt
rejection of the GO,y-coated PA membrane were estimated to
be 140 + 03 L/(m*> h) and 96.4% =+ 0.9%, respectively,
comparable to those of the pristine PA membrane. This result
is quite intriguing, since one would expect that the GO surface
coating will reduce the water flux by increasing the hydro-
dynamic resistance and also by reducing the effective contact
area resulting from the smoothened surface.*' In fact, this result
is in qualitative agreement with the previous experimental
observation that water permeability of the LbL-assembled,
multilayered GO membrane was not a strong function of the
multilayer thickness. This phenomena was attributed presum-
ably to the unique water transport (a nearly frictionless,
ultrafast water flow) through the stacked GO nanosheets.”* In
this vein, the observation in our system suggests that increasing
the surface hydrophilicity via the GO coating, as well as the
extremely high water permeability of the GO nanochannels,
possibly overwhelm the flux loss by hydrodynamic resistance.

Membrane Fouling. We first utilized GO’s beneficial
properties, strong hydrophilicity and planar geometry, to
improve antifouling performance. It is known that the
morphological and physicochemical properties of membrane
surfaces strongly affect the fouling behavior.*"** More
hydrophilic and smoother surface of the GO-coated PA
membrane is expected to bear better antifouling capability

than the uncoated PA membrane.*"** To verify this, we

monitored the relative water flux of the GO,y-coated PA
membrane as a function of operation time during the filtration
with aqueous solution of BSA (100 mg/L), in comparison with
the pristine PA membrane (Figure 6). In the case of the pristine
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Figure 6. Normalized water flux of the pristine, uncoated polyamide
(PA) and the GOy-coated PA membranes as a function of filtration
time upon the addition of BSA foulants (100 mg/L). The normalized
flux was obtained by dividing the measured value after a certain
operation time by the initial flux value.

PA membrane, water flux decreased rapidly in the early period
of the filtration, and then decreased monotonically (almost
linearly) with increasing filtration time up to 12 h. In contrast,
for the GO,y-coated PA membrane, water permeation
decreased gradually and then reached a plateau at ~6 h. It
was noted that the GO,,-coated PA membrane exhibited a
lower degree of final flux reduction (~15%) after filtration for
12 h than that of the pristine PA membrane (~34%),
demonstrating improved antifouling performance by the
multilayered GO coating.

The membrane surface charge has been considered to be one
of the important properties that determine fouling behavior, in
particular related to charged foulants such as BSA which
possesses negative charge at pH >4.8.” The zeta potential of the
GO,y-coated PA membrane was measured to be —14.2 + 2.6
mV under the operating pH condition (pH 5.8), comparable to
that of the pristine PA membrane (—30.6 + 0.2 mV). This
indicates that the surface charge and associated electrostatic
interaction are not critical to determine the observed fouling
behavior in this study; otherwise, fouling would be more
pronounced for the GO, o-coated PA membrane.* Instead, the
suppressed fouling in the GOjy-coated membrane can be
attributed to enhanced hydrophilicity and/or reduced surface
roughness imparted by the multilayered GO coating that could
minimize the preferential attraction between the hydrophobic
BSA molecule and the membrane surface and the possibility of
the BSA molecule being stuck in the rough surface,
respectively.”

Membrane Chlorine Resistance. We further studied the
effect of the multilayered GO coating on the chlorine-induced
degradation of the membrane. The degradation mechanism of
the fully aromatic PA membrane by chlorine has been
extensively studied.”'”**** The membrane failure is usually
ascribed to the structural change of the PA selective layer in
response to chlorine exposure. The possible chemical
mechanism of PA degradation involves chlorine attack on the
amide nitrogen (N-chlorination) and aromatic ring (ring
chlorination) along with the subsequent amide bond cleavage
via hydrolysis, which could disrupt the intermolecular hydrogen
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bonds and eventually destroy the PA network.'”** This
structural change causes conformational deformation associated
with enhanced chain flexibility and reduced crosslinking
density, typically leading to increased water flux and decreased
salt rejection.>*

To evaluate the chlorine stability of the GO-coated
membranes prepared in this study, we measured their
separation performance before and after chlorine exposure.
Performance data of the GO-coated PA membranes after
chlorination (for 1 h) normalized by those of their counterparts
having the same number of GO bilayers before chlorination
were presented as a function of the number of GO bilayers in
Figure 7. It was seen that chlorine exposure increased water flux

(@)

3.0

2.0

Normalized flux

0.6

0.4

0.2

Normalized rejection

0.0

Number of GO bilayers

Figure 7. (a) Normalized water flux and (b) normalized NaCl
rejection of the chlorinated, GO-coated polyamide (PA) membranes,
as a function of the number of GO bilayers (chlorination conditions:
chlorine concentration = 6000 mg/L, pH 10, and chlorine exposure
time = 1 h). The normalized values were obtained by dividing the
measured values of the GO-coated membranes after chlorination by
those of their counterparts having the same number of GO bilayers
before chlorination.

(e.g, normalized flux of ~3.0 to ~3.3) and reduced salt
rejection (i.e, normalized rejection of ~0.5 to ~1.0) for all
tested membranes. The extent of increase in water flux by
chlorination was generally lower when the PA membranes were
coated with a higher number of GO bilayers (see Figure 7a),
although the difference was not significant. A more-pronounced
effect of the GO coating was observed for the rejection
behavior in response to chlorine. While the salt rejection of the
uncoated PA membrane (0 bilayer) was dramatically decreased
to ~50% upon 1 h of chlorine exposure, the degree of
reduction in salt rejection decreased progressively as the
number of GO bilayers increased and even reached <4% for the
GOjj-coated PA membrane, indicating that the remarkable
enhancement in resistance to the chlorine-induced degradation
of salt rejection was achieved by the GO multilayered coating.

For elucidating the degradation behavior, we further
monitored the performance changes of the GO,y-coated PA
membrane (chosen because of its best performance in this
study, as shown in Figure 7) as a function of chlorine exposure
time (texp), in comparison with the pristine PA membrane
(Figure 8). As the chlorination time increased, the normalized
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Figure 8. Changes in (a) normalized water flux and (b) normalized
NaCl rejection of the pristine, uncoated polyamide (PA) and the
GO, y-coated PA membranes as a function of chlorine exposure time
(texp; chlorination conditions: chlorine concentration = 6000 mg/L
and pH 10). The normalized values were obtained by dividing the
measured values of the membranes after chlorination for a certain time
by those before chlorination.

water flux increased rapidly before it reached a plateau for both
membranes, and no significant difference in the flux levels was
observed between them throughout the measured chlorine
exposure time (up to 10 h; see Figure 8a). On the other hand,
the extent of reduction in salt rejection was effectively
suppressed for the GO,y-coated membrane, compared to the
pristine PA membrane, although increasing the chlorination
time continuously deteriorated salt rejection for both
membranes (Figure 8b). In particular, in the early stage of
chlorination (<1 h), the salt rejection of the GOj,-coated
membrane remained almost unchanged, while that of the
pristine PA membrane was rapidly reduced, suggesting that the
multilayered GO coating present on the PA membrane plays an
important role in preventing the selectivity deterioration.
However, the retarding effect of the GO coating on the
rejection loss diminished gradually with increasing chlorination
time, and ultimately vanished at the highest chlorine dose
(chlorination for 10 h). At this point, we would like to
emphasize that, although 10 h of chlorine exposure makes no
difference in both GO,-coated and pristine PA membranes, a
simulated condition of 6000 mg/L NaOCI solution was quite
harsh, compared to those used in some previous studies (e.g,
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10-100 ppm and ~50 pm).'*** Simply considering the

exposure level (equivalent to the product of the NaOCI
concentration and exposure time (ppm h)), the GO,o-coated
PA membrane that maintained salt rejection higher than 92.3%
+ 2.7% up to 1 h of chlorine exposure under the current
NaOCI solution is expected to maintain such salt rejection
performance up to ~8 months of chlorine exposure in ~1 ppm
NaOCl solution at atmospheric pressure.'?

At first glance, one might argue that the GO multilayer itself
could serve as a salt discriminating layer that compensates for
the loss of salt rejection of the underlying PA selective layer
upon chlorination. However, this is not likely to be the case,
since the NaCl rejection of the GO,, multilayer solely
deposited on a polysulfone (PSf) support (GO;, membrane)
was estimated to be 12.2% + 0.6%, implying that the GO
multilayer itself does not provide a highly selective separation
function for NaCl salt, which is in reasonable agreement with
the previous report on the separation performance of the LbL-
based GO membranes.*’

In order to rationalize the observed performance behavior
upon chlorine exposure, we looked more closely at the
structure of the PA selective layer, because its structural change
in response to chlorine determines the membrane permse-
lectivity. The PA layer structure (e.g., molecular density and
crosslinking degree) has been reported to be highly depth-
heterogeneous, characterized as a densely cross-linked “inner
core layer” sandwiched by looser outer layers. Essentially, the
inner core layer is mainly responsible for salt rejection, while
the bulk density of the PA selective layer determines water
permeation.‘”’%_49 With this scenario, upon chlorination,
reactive chlorine species (OCI™ ion) first attack the outmost
layer and then gradually penetrate toward the inner core layer
in a way that the enhanced chain flexibility in chlorinated region
facilitates the chlorine diffusion. Thus, the salt rejection would
not deteriorate unless the inner core layer begins to degrade by
prolonged chlorination, although the water flux would be
changed continuously with increasing chlorine exposure,
because of its dependence on the volume-averaged density of
the PA selective layer.

For the chlorination of the GO-coated PA membrane, the
chemically robust GO layer is likely to act as a barrier layer that
can protect the underlying PA from chlorine attack, as
manifested in the highly suppressed reduction rate of salt
rejection for the increased number of GO bilayers (Figure 8b).
XPS analysis revealed that there is no trace of chlorine detected
for the GO,, multilayer assembled on a planar silicon surface
after exposure to chlorine for 1 h. The chlorine content of the
GO, y-coated PA membrane was estimated to be 2.3 + 0.3,
which is much less than that of the uncoated one (5.5 + 1.4),
indicating that the presence of the GO multilayer disfavors
chlorine uptake. It should be noted that some amount of
chlorine detected for the GO,j-coated PA membrane is
attributed due to incomplete GO coverage on the PA surface.
Although in-depth structural characterization of the GO layer
(e.g, GO interlayer spacing, GO functionality) is further
needed to elucidate the molecular transport mechanism in the
GO coating in conjunction with chlorine attack, it is reasonable
to postulate that the chemically robust GO coating on the
membrane surface could shield chlorine attack to some degree
and retard its subsequent diffusion toward the inner PA region
through the top of the PA layer. The rejection mechanism of
the GO multilayer was reported to involve size exclusion
determined by the GO interlayer spacing and electrostatic

: : 20,22 . . .
interaction (charge effect).””* In particular, size exclusion

could play a dominant role in discriminating active chlorine
species (OCI™ ion), compared to the salt ion (Cl7), since both
ions are monovalent: Diffusion of the larger OCI™ ion through
the GO multilayer is expected to be more restricted than the
smaller CI” ion. As a result, the GO multilayers possibly could
serve as an effective barrier that slows the penetration of active
chlorine species toward the underlying PA, although it
exhibited a relative low rejection of NaCl salt. In our study,
the retarded diffusion of active chlorine species by the GO
coating appears to be effective enough to delay performance
deterioration, particularly in the early stage of chlorination (for
less than 1 h), where the chlorine penetration depth does not
overreach the inner core layer within the PA selective layer. For
the pristine PA membrane at this stage, the degradation by
chlorine would be already propagated to the inner core region
to some degree, resulting in a significant reduction in salt
rejection. However, since continuous exposure to chlorine
would degrade salt rejection by destroying the inner core region
after the critical period of chlorination time, the protective role
of the GO coating in retarding selectivity loss could become
lessened with increasing chlorination time and ultimately no
longer effective at the highest chlorine dose, as illustrated in
Figure 8b. This result suggests that the GO coating is likely to
restrict the chlorine diffusion, rather than completely block its
passage.

The chlorine attack and its penetration into the PA structure
presumably take place through both outmost sides of the PA
layer during the typical soaking experiment for chlorination:
top side (directly contacting with chlorine) and bottom side
(contacting with chlorine that is diffused through the pore
structure of the underlying porous support). Although the GO
coating can retard the chlorine penetration through the top side
of the PA selective layer, chlorine degradation could progress
through its bottom side and further reduce the overall PA
network density, leading to a considerable increase in water
flux.

To confirm our hypothesis, we laid the GO multilayers
underneath the PA selective layers of the pristine PA and GOy
coated PA membranes by LbL deposition of AGO and GO
nanosheets prior to interfacial polymerization to prepare GOy
underlaid PA and GO,y-sandwiched PA membranes, respec-
tively, and compared their performance changes upon
chlorination (see Figure 9). Similar to the case of the GOy
coated PA membrane, the GOjj-underlaid PA membrane
showed the highly suppressed selectivity loss along with a
slightly retarded flux increase, compared to those of the pristine
one upon chlorination. In addition, the GO,y-sandwiched PA
membrane led to further suppression in flux increase while
maintaining the high retention level of salt rejection after
chlorination, in comparison with those of one-side-coated (i.e.,
GO-coated or GO-underlaid) PA membranes. These exper-
imental results strongly support our argument that the PA
structural damage by chlorine attack occurs through both sides
of the PA layer.

We further examined the role of the GO layer in chlorine-
induced degradation under the more-realistic cleaning con-
dition where membranes are exposed to the pressurized
chlorine solution during the filtration (see Figure S3 in the
Supporting Information). Although the rate of reduction in
NaCl rejection was accelerated when membranes were exposed
to the pressurized chlorine solution (chlorine concentration =
100 mg/ L), in comparison with the case of soaking membranes
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Figure 9. (a) Water flux and (b) NaCl rejection of the pristine,
uncovered polyamide (PA), GO -coated PA, GO,y-underlaid PA, and
GO,y-sandwiched PA membranes before and after chlorine exposure
for 1 h (chlorination conditions: chlorine concentration = 6000 mg/L
and pH 10).

into chlorine solution, the presence of the GO layer was found
to remarkably retard the selectivity loss of the PA membranes,
even for the pressurized chlorine exposure.

Bl CONCLUSION

In summary, we have developed a dual-action durable coating
strategy to improve resistance to both fouling and chlorine-
induced degradation of polyamide—thin-film composite (PA-
TFC) membranes via layer-by-layer (LbL) deposition of
graphene oxide (GO) nanosheets. In contrast to conventional
coatings that typically cause a flux decline, the membrane
permeability was not altered by the LbL-assembled GO coating,
presumably because of the unique water transport between GO
nanosheets. The GO coating mitigated membrane fouling by
rendering the membrane surface more hydrophilic and/or
smoother. In addition, the chemically robust nature of GO
enables the GO coating layer to act as a protective layer for the
underlying PA structure upon chlorination, which maintained
the high level of salt rejection. The improved chlorine stability
of the GO-coated PA membrane was ascribed to the impeding
role of GO coating layers through which diffusion of the
reactive chlorine species was retarded before eventually
reaching and disrupting the core region of PA layers. The
unique functions offered by the GO multilayered coating could
be utilized to develop a new class of highly durable and highly
permeable membranes for desalination and water treatment.
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