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A Facile Route to Enhance the Water Flux of Thin-Film Composite
Reverse Osmosis Membrane: Incorporating Thickness-Controlled
Graphene Oxide in Highly Porous Support Layer+

Jaewoo Lee,” Jun Hee Jang,® Hee-Ro Chae,” Sang H. Lee,” Chung-Hak Lee,** Pyung-Kyu Park,*°
Young-June Won® and In-Chul Kim®

In this study, we demonstrated that a reduction in solely the concentration of the polymer solution for preparation of the
support layer effectively enhances the water flux of a thin-film composite (TFC) reverse osmosis (RO) membrane. However,
a decrease in the polymer concentration caused the sub-surface structure of the support layer to become too porous,
which unavoidably weakened the mechanical strength of the support layer. To overcome the problem, we prepared a
highly porous support layer with improved mechanical strength by incorporating graphene oxide (GO) platelets. The
thickness of the GO platelets was controlled by adjusting the mechanical energy input per volume of precursor solution.
We confirmed that well-exfoliated GO platelets (mean thickness; about 1.5 nm) are more effective in enhancing
mechanical properties of the support layer. The TFC RO membrane made of the GO composite support layer had almost
1.6 to 4 times higher water flux with comparable salt rejection compared to both the current upper bounds of the RO

membranes prepared by

Introduction

Seawater desalination through advanced water treatment has
become more necessary than ever before because the water
scarcity problem has been accelerated by climate change and
increasing demographic pressure.l'3 Reverse osmosis (RO)
technology has been actively sought to alleviate the problems
caused by water deficiency because it consumes relatively low
energy compared with other desalination technologies such as
thermal desalination.® For the technology, however, there is
still a need for reducing high operational costs associated with
high hydraulic pressure.5 Therefore, high water permeability is
desired in the RO membrane to achieve high water flux under
low operating pressure while retaining high salt rejection in
order to reduce energy consumption in the RO process.

To obtain an RO membrane of high water permeability,
various approaches such as surface modification, the addition
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modification

of the active layer and the commercial RO membranes.

of nanomaterial, and molecular layer-by-layer assembly have
been taken to improve the active layer of the RO membrane.®
1t is not surprising that most of the studies on RO
membranes have focused on the active layer with no
consideration of the support layer, because both salt rejection
and most hydraulic resistance affecting the water permeability
have been believed to occur in the active layer. In contrast, the
support layer of the RO membrane has been regarded as a
peripheral or irrelevant factor to membrane performance,
because the role of the support layer has been considered only
to enable the layer to endure high pressure
compression. As a result, little work has been carried out on

active

the support layer.

Recently, a few studies have been conducted to investigate
the influence of the support layer on the active layer formation
or performance of the RO membrane."*™ Ghosh et al.*
demonstrated that a support layer with large and hydrophobic
surface pores was desirable to produce a rougher and looser
active layer because they could be more suitable for the
vigorous diffusion of the m-phenylenediamine (MPD) at the
polymerization step, thereby leading to improved water flux of
the RO membrane. The support layer with large surface pores
can be fabricated by decreasing the concentration of the
polymer solution or by adding hydrophilic additives. Those
approaches might be unsuitable, however, because the former
would inevitably weaken the mechanical strength of the
support layer and the latter would increase hydrophilicity of
the support layer.

In this study, to overcome the above-mentioned problems,
we prepared a highly porous polysulfone (PSf) support layer
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with improved mechanical strength by incorporating graphene
oxide (GO) platelets possessing a superior intrinsic strength
due to the sp2 carbon bonding network.™® *’ Since GO can
enhance mechanical strength of a polymer/GO nanocomposite
even at low GO content,lg'22 undesirable side effects stemming
from hydrophilicity of GO could become negligible, while
successfully reinforcing mechanical properties of the highly
porous support layer. Considering that the reinforcing effect of
GO platelets correlates with their dispersibility and interfacial
interaction between GO platelets and a polymer matrix, " 2
we prepared GO platelets possessing the most desirable
characteristics to fabricate a PSf/GO nanocomposite support
layer with both mechanical strength and highly porous
structure, simultaneously. Thin-film composite (TFC) RO
membranes were fabricated using the PSf/GO nanocomposite
support layer, and then they were compared with commercial
membranes as well as the previously reported membranes in
open literature in terms of water flux and salt rejection.

Experimental
Fabrication of support layers with various surface pore sizes

Four types of support layers with different surface pore sizes
were prepared by employing polymer concentrations ranging
from 10 wt% to 25 wt%. PSf (Solvay Korea, Korea) in the
amount corresponding to each concentration was dissolved in
1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, USA) by stirring
for 12 h at 60 °C. After sonication for 1 h, the polymer
solutions were kept for 12 h at 25 °C without stirring until
bubbles disappeared in the solution prior to casting. After a
polyester non-woven fabric was wetted with solvent, the
polymer solution was drawn down on the fabric using a
micrometric film applicator (Elcometer 3570, Elcometer). The
nascent support layers were then immersed in a water bath
for 24 h at room temperature for entire liquid-liquid demixing.

Preparation of thickness-controlled GO platelets

The preparation procedures of precursor GO are similar to
those described in a previous study.19 GO platelets were
prepared from natural graphite powders (100 mesh, Alfar
Aesar, USA) via a modified Hummers method.? First, natural
graphite powders, sulfuric acid (H,SO,, 95%, DAEJUNG, Korea),
and nitric acid (HNO3, 60%, DC chemical Co. Ltd., Korea) were
mixed, and then potassium permanganate (KMnO,, Sigma-
Aldrich, USA) was gradually added into the mixture under
stirring. After stirring at 35—-40 °C for 2 h, de-ionized (DI) water
was slowly added into the mixture. The mixture was
continually stirred at 100 °C until the dark green color of the
mixture turned into light brownish. After the mixture was
transferred into an ice bath, DI water and H,0, (DUKSAN,
Korea) were slowly added into the mixture with vigorous
stirring to remove the excess permanganate.25 The resultant
mixture was washed using 5% HCl aqueous solution to
eliminate metal ions followed by DI water several times.?® The
obtained graphite oxide (GtO) particles were added to NMP.
To prepare different thickness (or exfoliation) of the GO
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platelets, the as-prepared GtO solution was sonicated by
simply adjusting the mechanical energy input per volume of
GtO solution. Using a tip sonicator (Sonic VCX-750, Sonics &
Materials, Inc., USA) in an ice water bath for 30 min, 92 kJ was
applied to 20, 80, and 240 mL of GtO solutions (4 mg/mL),
corresponding to the energy inputs of 4.6, 1.2, and 0.4 kJ/mL,
respectively.

Fabrication of highly porous support layer reinforced by thickness-
controlled GO

The as-produced GO platelets were incorporated in the highly
porous support layer according to the following procedure
regardless of their thickness. The polymer solution consisting
of 10 wt% of PSf and 90 wt% of NMP including various
concentrations of GO platelets (0.5, 1, and 2 mg/mL) was
casted to prepare the PSf/GO nanocomposite support layers
with the following contents of GO platelets relative to PSf
weight: 0.5, 0.9, and 1.8 wt%. The nascent highly porous
support layers reinforced by GO platelets were then immersed
in a water bath for 24 h at room temperature for entire liquid-
liquid demixing. All the support layers had similar thickness
regardless of the incorporation of GO platelets (Fig. S1 in
Supporting Information).

Fabrication of polyamide active layer by interfacial polymerization

TFC membranes were prepared by forming a polyamide
selective layer on top of the as-prepared porous PSf support
layer via interfacial polymerization. Briefly, PSf support layers
were first immersed in an aqueous solution containing 2 wt%
MPD (Woongjin Chemical, Korea) with additives [2 wt%
triethylamine (TEA, SAMCHUN, Korea), 4 wt% camphor
sulfonic acid (CSA, Aldrich, USA), and 1.5 wt% DMSO
(DAEJUNG, Korea)] for 1 min. The MPD soaked support layers
were rolled with a rubber roller to remove the excess solution
from the membrane surface. The MPD saturated support
layers were then immersed in a solution of a 0.1 w/v%
trimesoyl chloride (TMC, Aldrich, USA) dissolved in hexane
(DUKSAN, Korea) for 1 min. After being cured at 60 °C for 10
min, the fabricated TFC membranes were rinsed carefully and
stored in deionized water for 30 min at room temperature
prior to testing.

Characterization

The Advanced Rheometric Expansion System (ARES)
(Rheometric Scientific ARES, Rheometric Scientific, USA) was
used to measure the viscosities of the polymer solutions used
in this study. The mean surface pore size of the support layer
was estimated on the basis of the correlation between solute
separation and solute radius in solute transport based on the
log-normal  probability function].27 As a test solute,
polyethylene glycol (PEG, MW< 20,000) or polyethylene oxide
(PEO, MW> 20,000) was chosen. The surface pore size of the
support layer was determined by Stokes radii of the test solute
corresponding to its molecular weight, which is 50% rejected
by the support layer (Fig. S2 in Supporting Information). The
amount of the separated solute was measured by a total
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organic carbon analyzer (Sievers 5310, GE, USA). The tensile
properties of support layers were measured by a Universal
testing machine (Instron, USA). All the specimens were
measured at a rate of 1 mm/min using 50 N load cells. Zeta
potential measurements of the GO dispersions were carried
out using an electrophoretic light scattering spectrometer
(ELS-Z2, Ostuka Electronic, Tokyo, Japan) at room temperature.
The topology of the active layer surface and the thickness of
GO platelets were probed by a Scanning Probe Microscope
(SPM) (INNV-BASE, VEECO, USA). The
concentrations of nitrogen and oxygen in active layers were
investigated using X-ray photoelectron spectroscopy (XPS)
(Axis-HSI, Kratos Analytical, UK) to compare the extent of
cross-linking of polyamide. Micro-images were acquired by a
Field Emission Scanning Electron Microscope (FESEM) (AURIGA,
Carl Zeiss, Germany). Cross-sectional images of membranes
were obtained by fracturing the samples immediately after
being immersed in liquid nitrogen to prevent them from being
destroyed. A sputter coater (SCD 005, BAL-TEC, Germany) was
used to coat all samples with platinum for 100 seconds.

relative atomic

Membrane filtration test

Water flux and salt rejection of the prepared TFC membranes
were assessed by a bench scale cross-flow system with a 2000
ppm NaCl solution. The effective membrane area is 24.8 cm?.
The cross-flow rate was fixed at 22.2 cm/s, and the
temperature was constant at 25 £ 0.5 °C. The RO system was
stabilized only with the NaCl solution for 30 min at an applied
pressure of 2410 kPa (24.1 bar), and then operated for 30 min
at a constant pressure of 1550 kPa (15.5 bar) to measure water
flux (L/m?/h). The water flux was calculated by dividing the
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volume of the collected permeate for 30 min by membrane
area. Observed salt rejection was determined by measuring
the difference in the salt concentration of the feed () and the
permeate (C,) with a conductivity meter using the following
equation: salt rejection (%) = 100 x (1- C,/Cy).

Results and discussion
Preparation of support layers with various surface pore sizes

To verify the influence of the support layer on the
performance of the RO membrane in terms of water flux and
salt rejection, four types of support layers with distinctive
structures and surface pore sizes were fabricated by varying
the PSf polymer solution concentration from 10 wt% to 25 wt%
in light of the fact that typical PSf polymer concentration used
for conventional RO membranes ranges over 15 wt% to 25
wt%.?® This allowed us to examine the effect of the support
layer on the water flux of the RO membrane, maintaining all
other properties of the support layer except its surface pore
size.

It has been reported that the rate of precipitation during a
phase inversion process slows down as the viscosity of the
polymer solution increases, resulting in the decrease of the
surface pore size.” % such explanations from earlier studies
were in good agreement with our experimental results from
the fabrication of the PSf support layer. With the increase of
PSf concentration from 10 wt% to 25 wt%, the viscosity of the
polymer solution increased (Fig. 1a), and the mean surface
pore size of the support layer decreased substantially from
18.2 to 4.4 nm (Fig. 1b and Fig. S2 in Supporting Information).
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Fig. 1 (a) Viscosities of polymer solution and (b) Mean surface pore size of each support layer as a function of polymer (PSf)
concentration. (c) Water flux and salt rejection of RO membranes fabricated using support layers with different mean surface pore sizes.

Error bar: standard deviation (n=5). (d) Tensile strength and (e)

Young’s modulus of support layers as a function of polymer

concentration used for the preparation of the support layer. Error bars: standard deviation (n=5).
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Fig. 2 SPM images of (a) 1-GO, (b) 5-GO and (c) 14-GO on a silicon wafer and the height of each GO platelet along the white line (a’, b’,

c’) corresponding to each cross-sectional image.

Influence of the surface pore size of support layer on water flux
and salt rejection of the RO membrane

TFC RO membranes were prepared using the as-prepared four
types of support layers with different surface pore sizes; the
water flux and salt rejection of each TFC membrane were then
evaluated. Ghosh et al.™® reported that a support layer with
large and hydrophobic surface pores was desirable to produce
a more permeable active layer, and thus to enhance water flux
of the RO membrane. In this study, the mean surface pore size
of the support layer increased from 4.4 to 18.2 nm with the
decrease of PSf concentration (Fig. 1b). Furthermore, because
only the PSf concentration was altered, there would not be
any significant difference in hydrophobicity between the four
types of support layers. Consequently, it was anticipated that
the water flux of the as-prepared RO membrane would
increase by increasing the mean surface pore size of the
support layer. As shown in Fig. 1c, the water flux was clearly
augmented from 1.09 (+0.01) to 5.18 (+0.10) LMH/bar with an
increase in the surface pore size of the support layer without
any significant change in salt rejection.

Preparation of thickness-controlled GO

Although the enhancement of the RO membrane in water flux
could be achieved with the decrease of polymer concentration
used for the preparation of the support layer, it also had such
a negative effect that the sub-surface structure of the support
layer became too porous (Fig. S3 in Supporting Information),
which in turn provided the support layer with weak
mechanical strength (Fig. 1d and 1e). Given that the RO
membrane is typically operated under high pressure, it is
undesirable to make the RO membrane with such a feeble
support layer. Therefore, we devised a new method

4| J. Name., 2012, 00, 1-3

incorporating GO platelets into the porous support layer,
particularly controlling the thickness of the GO platelets to
maximize their efficiency.

The GO platelets were made of a graphite oxide (GtO)
solution, but the thickness of the GO platelets was dependent
on the mechanical energy input per volume of the GtO
solution because the energy input affected the extent of
exfoliation of the GO platelets. The GO platelets were
exfoliated by applying the energy input of 4.6, 1.2, and 0.4
kJ/mL. Successive thickness measurements for five samples of
GO platelets prepared at each energy input gave a statistical
mean thickness of about 1.5 (+0.4), 5.2 (+0.9), and 14.2 (+1.7)
nm, respectively (Fig. 2). Each exfoliation was marked as
single-layer (1-GO), five-layer (5-GO), and fourteen-layer GO
(14-GO).

Improving mechanical strength of porous support layer with the
addition of thickness-controlled GO

Fig. 3a and 3b show the mechanical properties of PSf/GO
nanocomposite support layers prepared with 10 wt% of PSf
and a different amount of 1-GO or 14-GO. Regardless of the
GO content (0.5 wt%—1.8 wt%) and the extent of exfoliation (1-
or 14-G0), the tensile strength (Fig. 3a) and modulus (Fig. 3b)
of each support layer were augmented compared to those
without GO. However, the improvement in the mechanical
properties of PSf/GO nanocomposites by GO platelets
diminished at the GO content greater than ~1 wt%. This is
attributed to the fact that excess GO platelets can provide
stress convergence points in the nanocomposites by causing
19311t §s also noteworthy
that 1-GO was always more effective than 14-GO in enhancing

aggregation during phase separation.

both mechanical properties. Several studies have ascribed this

This journal is © The Royal Society of Chemistry 20xx
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GO and 1-GO. Error bars: standard deviation (n=5). (c) Zeta potentials of three different groups of GO platelets. Error bars: standard deviation (n=5).

phenomenon to the fact that the load-bearing capability of
nanofillers, just like GO platelets, depends on the dispersion
and interfacial interaction between the nanofillers and
polymer matrix.>*®’ First, the large specific surface area of
nanofillers was reported to be the key attribute in relation to
the increasing load transfer of the nanofillers.”® Consequently,
more exfoliated 1-GO platelets would be more effective than
less exfoliated 14-GO at equivalent loading in the
enhancement of mechanical properties. Second, better
dispersibility of 1-GO could be another reason. GO platelets
are susceptible to agglomeration because of their unusually
large specific surface area and additional m-it bonding.B' 8
However, the agglomeration would have a negative effect on
the mechanical strength of the support layer because it would
decrease in the specific surface area of platelets and/or
formation of stress convergence points (or defects) within the
polymer matrix.” * As shown in Fig. 3c, 1-GO shows the
highest zeta potential, which means that 1-GO would have the
largest number of exposed oxygenated functional groups at
equivalent loading. As a result, 1-GO could maintain more
stable dispersion due to strong electrostatic repulsion among
them, unlike the insufficiently exfoliated 14-GO.*°

The support layer with 1-GO of 0.9 wt% gave the highest
tensile strength of ~1.42 MPa, which is greater by about 78%
than that (~0.80 MPa) without GO. The PSf concentration used
for the support layer of a conventional RO membrane ranges
over 15 wt%-25 wt%.% Taking into account the tensile
strength of 1.62 MPa for the support layer prepared with 15

(a) (b) :
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® E | L
£i= | | ]
£ o 39 l o %
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S > e
222 S 205
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32 2%
&3 13 -
QL @© o
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wt% of PSf (Fig. 3a), it was surprising that only with the
addition of 0.9 wt% of 1-GO, the tensile strength of the
support layer (~1.42 MPa) prepared with such a low PSf
concentration (10 wt%) could reach about 90% of that (~1.62
MPa) with 15 wt% of PSf. A similar trend to tensile strength is
also observable in Young’s modulus (Fig. 3b).

Influence of GO incorporated support layer on the active layer of
RO Membrane

Although 1-GO endows a highly porous support layer with
excellent mechanical properties, it cannot be a desirable
alternative to enhance RO membrane performance if it
adversely affects the formation of the active layer with
favorable structure for water permeation during the interfacial
polymerization. For this reason, we prepared a 10 wt% PSf
support layer incorporated with 0.9 wt% 1-GO, and then
fabricated the TFC RO membrane (TFC-1-GO) using that
support layer. Then, we investigated the influence of GO
incorporation on the active layer of TFC-1-GO in terms of
surface roughness, cross-linking degree, and thickness of the
active layer.

First, the addition of 1-GO into the PSf 10 wt% support layer
did not cause any significant change in the roughness of the
active layer (Fig. 4a and Fig. S4 in Supporting Information). The
average roughness (Ra) of the active layer of the TFC-1-GO
membrane was 46.2 (+5.6) nm, while that of the TFC
membrane made with a PSf 10 wt% support layer (TFC-10

(c)

300,

Active layer
thickness (nm
B o= X
o ) C ) (=]

(=]
o =]

TFC-1-GO TFC-10 TFC-1-GO

Fig. 4 (a) Average roughness of active layers formed on PSf 10 wt% support layer (left, TFC-10) and PSf 10 wt% support layer reinforced
with 0.9 wt% 1-GO (right, TFC-1-GO). Error bar: standard deviation (n=5). (b) Nitrogen/oxygen (N/O) ratio in the active layer of TFC
membranes made with PSf 10 wt% support layer (TFC-10) and PSf 10 wt% support layer reinforced with 0.9 wt% 1-GO (TFC-1-GO). Error
bar: standard deviation (n=3). Note that the N/O ratio reflects relative cross-linking degree of the active layer. (c) Average thickness of

the TFC-10 and TFC-1-GO membranes (scale bar: 1 ym). Error bar: standard deviation of the mean (n=3).
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membrane) was 40.7 (£5.0) nm. Second, it is known that there
is a positive correlation between the nitrogen/oxygen (N/O)
ratio and the cross-linking degree of polyamide active Iayer.40
The cross-linking degree of the active layer was examined by
the N/O ratios of polyamide active layers in the TFC-10 and
TFC-1-GO membranes. However, there was no significant
difference in the N/O ratios between the TFC-1-GO membrane
[0.52 (+0.02)] and the TFC-10 membrane [0.55 (+0.03)] (Fig.
4b). Third, we also confirmed that the addition of 1-GO into

the PSf 10 wt% support layer did not cause any significant

change in the active layer thickness. As shown in Fig. 4c and Fig.

S5 in Supporting Information, the active layer thickness of the
TFC-1-GO membranes was 264 (+17) nm, while that of the TFC-
10 was 259 (+35) nm.

These results can be attributed to the fact that the content
of GO added in polymer solution in our study was about 160
times lower than the amount of hydrophilic additives used in
the quoted reference.™ Actually, we confirmed that the
increase in hydrophilicity of support layer induced by GO
platelets was not significant to affect the formation of active
layer during the interfacial polymerization by examining the
solid-liquid interfacial free energy (Table S1 in supporting
information). From these results, we have concluded that the
incorporation of 1-GO into the support layer does not cause
any significant change in the structure of the TFC RO
membrane, but significantly reinforces its mechanical strength,
such as its tensile strength and modulus.

Table 1. Comparison of performance of TFC-1-GO membrane with others.
Number in parentheses: standard deviation (n=5).

Unit water L
Rejection
Membrane flux References
[%]
[LMH/bar]
5.42 (+ 98.2
TFC-1-GO This work
0.28) (+0.7)
mLbL 1.34 98.7 Gu’
CNT o
. 3.41 98.5 Lee
composite 1
CNT .42
. 2.86 95.7 Kim
composite 2
Dow-filmte 1.93 99.0 X X
Tested in this work
SW30HR (+0.08) (+0.1)
Hydranautics 2.72 98.4 X X
Tested in this work
LFC-1 (+0.06) (+0.2)
Hydranautics 1.56 97.9 . X
Tested in this work
SWC5 (+0.03) (+0.1)
Tested
2.67 99.0 . .
Nano H20 SW400ES in this
(+0.03) (+0.1)
work
Tested
2.94 98.9
Woongjin FE in this
(+0.04)  (0.0)
work
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Comparison of water flux and salt rejection between TFC-1-
GO membrane and other RO membranes

We compared the TFC-1-GO membrane with other various RO
membranes in terms of water flux and salt rejection to verify
the validity of maximizing the surface pore size of the support
layer by reducing the PSf concentration to enhance water flux.
For the comparison,

reported in literature (two for CNT composites and one for
7, 41, 42

we selected three RO membranes

molecular layer-by-layer). We also evaluated the
performance of five

comparison with the TFC-1-GO membrane for the purpose of

commercial RO membranes for
examining its potential for industrial applications.

Table 1 reveals that water flux of the TFC-1-GO membrane
went as far as to surpass the reported literature values for CNT
composite RO membranes or a molecular layer-by-layer RO
membrane. In addition, the TFC-1-GO exhibited better
membrane performance than diverse commercial RO
membranes with comparable salt rejection. These results
suggest that a GO-reinforced highly porous support layer
enables hand-made RO membranes to outperform commercial
membranes.

Mitigation of RO membrane compaction by single-layer GO

Lastly, we conducted the long-term operation of the RO
membranes prepared using the 15 wt% support layer, the 10
wt% support layers with and without 0.9 wt% 1-GO to evaluate
how effective the GO platelets are in reducing compaction and
flux decline of RO membranes caused by high pressure
compression.

It has been known that the compaction of the porous
support layer can cause a decrease in water flux and an
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Fig. 5 (a) Water flux and (b) salt rejection of the RO membranes
prepared using the 15 wt% support layer (TFC-15), the 10 wt%
support layer without and with 0.9 wt% 1-GO (TFC-10 and TFC-1-
GO, respectively). Error bar: standard deviation (n=2).
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increase in salt rejection of RO membranes because the
surface pore radii of support layer become smaller as the
porous support layer compacts, thereby increasing the
effective path length for the diffusion of water and salt.”®

The flux decline of RO membranes was observed in our
study similarly as described in the early studies. In detail, the
water flux of TFC-15 and TFC-1-GO membranes decreased by
41% and 46%, respectively, whereas that of TFC-10 membrane
declined by 57% after 48 h (Fig. 5a). This implies that GO
platelets enhanced the mechanical stability of 10 wt% support
layer to be able to endure the compaction at a level
comparable to the 15 wt% support layer.

It is also noteworthy that the increase in salt rejection of
TFC-15 and TFC-1-GO membranes (0.29% and 0.41%,
respectively) was significantly lower than that of TFC 10
membrane (0.89%). This also supports that TFC-15 and TFC-1-
GO membranes experienced less compaction compared to
TFC-10 membrane.

Conclusions

Graphene oxide (GO) nanoplatelets were incorporated into a
highly porous support layer to fabricate high performance
thin-film composite (TFC) reverse osmosis (RO) membrane
with both good mechanical strength and high flux. The
following conclusion can be drawn:
1) Single-layer GO (1-GO) platelets were more desirable to
improve the mechanical strength of polysulfone (PSf) support
layer with highly porous structure.
2) 1-GO platelets could be produced by adjusting mechanical
energy input per volume of precursor solution.
3) The mechanical strength of the support layer prepared
with 10 wt% of PSf and 0.9 wt% 1-GO were comparable to
those of the support layer of conventional RO membrane.
4) The GO composite support layer provided TFC RO
membrane with 1.6 to 4 times higher water flux with
comparable salt rejection compared to both commercial RO
membranes and current upper bounds of RO membranes
prepared by the modification of active layer.
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Incorporation of single-layer graphene oxide in highly porous support layer provides
thin-film composite reverse osmosis membrane with superior water flux, retaining high

salt rejection.



