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Partially oxidized few-layer graphene oxide (POFG) sheets are laminated with acryl binder to form large-area, free-standing, membranes for high-performance
forward osmosis. By controlling the interlayer distance of the sheets and their degree of oxidation, superior salt rejection and high water ﬂux can be achieved.
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Multi-stacked graphene oxide (GO) sheets containing intricate networks of microcapillary water channels are
attractive as ﬁltration membranes displaying both ultrahigh water permeation and ion exclusion properties.
However, their practical utilization as desalination membranes is hampered by multiple issues, which include
scalability, swelling of interlayer space, and mechanical instability under pressure-driven ﬂux. To address these
challenges, we have developed a process to laminate GO sheets with acryl binder to form large-area (> 1 m2 in
lab) free-standing membranes for high-performance desalination. The key to high-performance desalination lies
in the control of interlayer spacing in the graphene sheets and the controlled oxidation of graphene. Our results
show that the performance of partially oxidized few-layer graphene (POFG) is much better than heavily oxidized
GO in forward osmosis (FO) due to its smaller interlayer distance and resistance to swelling. Our acryl-laminated, POFG membrane (79 L/m2/h water ﬂux, 3.4 g/m2/h reverse salt ﬂux) performs at least seven times (with
respective to the water ﬂux) and three times (with respective to the reverse salt ﬂux) better than that of commercial cellulose triacetate (CTA) membrane (10 L/m2/h and 12 g/m2/h) in FO.
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GO and prevent swelling, the water ﬂux performance (~0.5–5.6 L/m2/
h) becomes impractically low after the encapsulation [12].
To overcome the mechanical vulnerability as well as swelling of the
stacked graphene sheets, researchers have attempted to embed GO
sheets in various polymer matrixes [e.g., poly(vinylidene ﬂuoride),
polyethersulfone, etc.] to produce ﬂexible and stable composite membranes [6,13,14]. Most of these polymer/GO membranes are prepared
using phase-inversion methods that involve solvent/non-solvent exchange, in which the formation of grain boundaries (nanocorridors),
voids and asymmetric structure (polymer rich on one side and GO on
another side) is inevitable, leading to deleterious eﬀects on the ﬁltration performance. To alleviate these problems, an active layer (e.g.,
polyamide, PVA, etc.) can be coated on polymer/GO composite membranes (double-layer structure) [7,14,15]. Although such double-layer
structure shows signiﬁcant improvement in ﬁltration, irreversible
membrane-fouling induced by internal concentration polarization (ICP)
limits their use in industrial applications [9].
Herein, we present a method of laminating partially oxidized fewlayer graphene (POFG) using an acryl-based sealant to form a largearea, free-standing, POFG/acryl-membrane, which can address the
problems of poor mechanical strength, scalability and swelling of GO
membranes mentioned earlier. When tested in FO, the acryl-sealed
POFG membrane shows higher water ﬂux (79 L/m2/h) and lower reverse salt ﬂux (3.4 g/m2/h) than commercial cellulose triacetate (CTA)
membranes (water ﬂux 10 L/m2/h, reverse salt ﬂux 12 g/m2/h) [11]
and its performances also exceeded those of other reported GO-based
membranes [25–27].

1. Introduction
In the drive to alleviate water shortages caused by a growing population, seawater desalination and wastewater treatment are some of
the most valuable technologies today [1]. In recent years, forward osmosis (FO) process has attracted growing interest in energy-eﬃcient
water desalination and wastewater treatment technologies. FO is driven
mainly by osmotic pressure, thus it requires less energy input and has a
lower fouling tendency compared to reverse osmosis (RO) [2]. The
main drawback is the need to have a high concentration draw liquid.
However, FO can ﬁnd niche applications in the treatment of crude oil/
water mixtures, the concentration of fruit juices, and biofuel wastewater treatments; these processes are not suitable for RO due to fouling
tendencies when these concentrated liquids are purged through a RO
cartridge [3]. Therefore, FO membranes combining the advantages of
high water ﬂux and high ion rejection are heavily demanded.
The ability of GO to form lamellar membranes with chemically
tunable interfacial properties has stimulated interest in molecular
sieving and desalination applications [4]. GO nanosheets can be assembled into laminar structures by vacuum ﬁltration, drop-casting,
spin-coating, and layer-by-layer (LBL) deposition methods, where a
combination of electrostatic and van der Waals forces hold the sheets
together [8,11,12]. However, most membranes prepared by these
methods are mechanically fragile, thus they require additional support
substrates, which limit the water ﬂux of the FO membrane. For example, Rahman et al. [10] modiﬁed commercial thin-ﬁlm composite
(TFC) membrane support with Ag/GO composites. Some other examples include PAN-supported GO membranes [8] and PES-supported
GO/Polypyrrole membranes [5]. Recently, Zhang et al. [11] reported a
reduced graphene oxide (rGO)-based FO membrane that exhibits a
higher water ﬂux than commercial cellulose triacetate (CTA) membrane, but the preparation method involved tedious vacuum ﬁltration
and hydrogen iodide vapor reduction [11]. In most previous studies,
when free-standing GO was used as the desalination membrane, the
active testing area is restricted to only 2 mm2. Although seldom explicitly stated, this is due to the poor stability of the membrane at larger
length scale, where leakage paths due to cracks and pinholes would
multiply [11]. Another problem is that when GO nanosheets are wetted,
the inﬁltration of multilayer water increases the interlayer spacing of
the nanosheets to > 9 Å. This permeation cut-oﬀ of ~9 Å is larger than
the diameters of hydrated ions of common salts, which limits the use of
GO nanosheets in desalination unless a method to physically conﬁne the
interlayers and prevent its expansion can be developed. Even though an
epoxy-encapsulation method has been used to physically conﬁne the

2. Experimental methods and materials
2.1. Materials
Graphite ﬂakes were purchased from Asbury Carbons Ltd. Sodium
Nitrate (NaNO3), Sulfuric acid (H2SO4), Hydrogen Peroxide (H2O2,
30%), Graphite rock, Lithium perchlorate (LiClO4), Propylene carbonate, Carbon rod, Phosphoric acid (H3PO4) were purchased from Sigma
Aldrich Pte. Ltd. The sealant-polymer solution was purchased from
Ronseal® (Type: Satin, a water-based acryl-polymer sealant).
2.2. Synthesis of graphene oxide (GO)
GO was synthesized from graphite through the modiﬁed-Hummers'
method [24]. 1 g of graphite ﬂakes (Asbury Carbons Ltd.) and 1 g of
NaNO3 were added to 500 mL round bottom ﬂask and 45 mL of conc.

Scheme 1. Schematic illustration of Few-layer graphene synthesis.
2
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Fig. 1. Scanning electron microscopic (SEM) images of (a) exfoliated GO and (b) partially oxidized few-layer graphene (POFG); optical images and histograms of GO
[(c), (e)] and POFG [(d), (f)], respectively; (g) FTIR Spectra of few-layer graphene (FG), POFG and GO showing variation in the oxidation and (h) powder-XRD
analysis of GO and POFG.

2.3. Synthesis of few-layer graphene (FG)

H2SO4 was added to it. This mixture was allowed to stir for a few hours
(3–4 h). Then 6 g of KMnO4 was added slowly to the mixture at ice bath,
to avoid rapid heat evolution. After 4 h, the ﬂask was shifted to an oil
bath and the reaction mixture was allowed to stir at 35 °C for 2 h, then
temperature was increased to 60 °C and stirred for another 4 h. Finally,
40 mL of water was added to the reaction mixture (very slowly) and
allowed to stir at 90 °C for 1 h, then the reaction was quenched by the
addition of 10 mL of 30% H2O2. The warm solution was then ﬁltered
and washed with de-ionised water (DI water). The solid was dissolved
in DI water and sonicated for 2 h to exfoliate the oxidized graphene
sheets. The solution was centrifuged at 1000 rpm for 2 min to remove
all the visible graphite particles, and then centrifuged at 13000 rpm for
2 h. These steps were continued until the pH of supernatant was 4–5.

Graphite rock (~0.5 Kg, < 10 Ω) was used as the negative electrode
and electrochemically charged at a voltage of 15 ± 5 V in a 30 mg/mL
solution of LiClO4 in propylene carbonate (PC). Carbon rod (or lithium
ﬂake) was used as the positive electrode. During the electrochemical
charging, HCl/DMF (50 mL/50 mL) (HCl used: 1 M) solution was used
to remove the solid by products. Following the electrochemical charging, the expanded graphite was transferred into a glass Suslick cell
(15 mL), followed by the addition of 50 mg/mL of LiCl in DMF solution
(10 mL), PC (2 mL) and TMA (1 mL). The mixture was then sonicated
for > 10 h (70% amplitude modulation, Sonics VCX750, 20 kHz) with
an ultrasonic intensity of ~100 W/cm2 (note that laboratory bath
3
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Fig. 2. Optical microscopic images of GO and POFG ﬁlms: (a) Dry GO ﬁlm, (b) GO ﬁlm after soaking 4 days in DI water (c) Dry POFG ﬁlm (d) POFG ﬁlm after
soaking 4 days in DI water; (e) XRD analysis of GO ﬁlms after immersion in water; (f), (g) after immersion of POFG ﬁlms in water and tracking XRD peak shifts for the
7.5 Å and 3.3 Å peaks in POFG.

Scheme 2. Schematic illustration of the POFG/acryl membrane drying process. (a) POFG/acryl solution (b) POFG sheets embedded in acryl-polymer spheres (c)
POFG sheets embedded in acryl-polymer honeycomb patterns (d) Continuous POFG/acryl membrane formation (e) large-area POFG/acryl membrane (20 cm × 15
cm) (f) Schematic illustration of FO process.

sonication may not work well due to low ultrasonic intensity).
The sonicated graphene powder was washed by HCl/DMF and
several polar solvents of DMF, ammonia, water, isopropanol and THF,
respectively. The grey-black graphene powder was collected by centrifugation or/and ﬁltering during the washing. The graphite ﬂakes
were thermally expanded to form few-layer graphene (FG) by subjecting it to microwave treatment (for 2 min) in a domestic microwave
oven (Panasonic, 1100 W) [19].

KMnO4 was added slowly to the mixture followed by stirring at room
temperature for 1 h. Later, the reaction was quenched using 30% H2O2
(5 mL) and washed via centrifugation at 10000 rpm till the pH of the
supernatant reached to 4–5. Using the same reaction conditions, the
process could be scaled-up to > 1 Kg, but care must be taken while
adding KMnO4 to the acid mixture. The as-obtained POFG ﬂakes have a
typical thickness of 2.5–4.7 nm (corresponds to 3–5 layers; Fig. S1.)
with a yield of 40%.

2.4. Synthesis of partially oxidized few-layer graphene (POFG)

2.5. Synthesis of GO/Acryl and POFG/Acryl Composites

1 g of few-layer graphene (FG) was suspended in 100 mL of concentrated H2SO4/H3PO4 (90:10 mL) and stirred for 30 min and 5.6 g

GO/Acryl composite solutions were prepared by blending GO with
diﬀerent amounts of water-based polymer solution (5 to 20 vol%). For
4
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Fig. 3. Comparative FO performance: (a–c) Water ﬂux and (d–f) reverse salt ﬂux of the various membranes.

Scheme 3. Schematic illustration of diﬀusion pathways in GO/acryl and POFG/acryl membranes. Diﬀusion Pathways: 1. edges of the sheets; 2. inter-layer spacing
and 3. defects or pores.

namely: the ions can diﬀuse through pores, inter-edge areas and/or
interlayer nanochannels [16]. It is diﬃcult to control the size of the
pores and the inter-edge areas, so using large GO sheets with lateral
size > 100 μm, along with a binding material to provide the necessary
cohesive forces, can reduce unwanted leakage paths [21]. To improve
the ﬁltration properties further, the wetting properties of the capillary
channels can be tuned by chemical treatment. The hydrophilic and
hydrophobic tracks in the channels act synergistically to enhance a high
water ﬂux. The permeation of water is mediated by the oxygenated
domains (high surface tension), and its near-zero friction ﬂow occurs
through the pristine graphene regions (low surface tension) [17].
To study the correlation between hydrophobicity in the channels
and FO performance, two types of GO were synthesized, namely, fully
oxidized GO and partially oxidized few-layer graphene (POFG). The
fully oxidized GO was synthesized by the conventional Hummer's
method [24], whereas POFG was synthesized by the mild oxidation of
electrochemically exfoliated few-layer graphene ﬂakes from graphite
[19] (Methods and Materials section Scheme 1). Scanning Electron
Microscopy (SEM) and optical images in Fig. 1(a–f) show that POFG
sheets have larger ﬂake-size distribution (70–110 μm) compared to GO
(2–15 μm). This is because of its preparation method which avoids
vigorous oxidation conditions that cause fragmentation in GO sheets.21

example, 7 vol% GO/Acryl composite prepared by mixing 0.7 mL of
acryl polymer solution into 9.3 mL of GO (2 mg/mL) solution and
stirred at room temperature for 24 h. Similar procedures were adopted
to prepare POFG/Acryl composites. 7 vol% POFG/Acryl composite was
prepared by mixing 0.7 mL of acryl polymer solution into 9.3 mL of
POFG (2 mg/mL) solution and stirred at room temperature for 24 h.
2.6. Fabrication of GO/acryl and POFG/acryl free-standing membrane
The as-prepared GO/Acryl composite solution was casted on a
polypropylene-coated surface and allowed to dry at room temperature
for 24 h. Finally, free-standing GO/Acryl membrane was peeled-oﬀ the
from the substrate polymer surface. POFG/Acryl membrane was also
fabricated the same way. (Schematic illustration of the fabrication
technique was presented in Supporting Information Scheme S2).
3. Results and discussion
3.1. Characterization of the GO, POFG
There are three possible pathways for the movement of sub-nanometer particles (e.g., hydrated ions) through stacked sheets of GO,
5

Desalination xxx (xxxx) xxx–xxx

J. Balapanuru et al.

Fig. 4. SEM images of (a, b) pure acryl, (d, e) GO/acryl (7 vol%) composite and (g, h) POFG/acryl (7 vol%) membranes. Cross-section TEM imaging of (c) pure acryl
(f) GO/acryl and (i) POFG/acryl membranes.

POFG ﬂakes have a typical thickness of 2.5 to 4.7 nm as determined by
AFM, which corresponds to between 3 and 5 layers of graphene (Supporting Information Fig. S1). The diﬀering degrees of oxidation in GO
and POFG have been investigated by Fourier Transform Infrared (FTIR)
analysis. Fig. 1(g) shows that the intensities of peaks corresponding to
C]O (1741 cm−1) and –OH (3385 cm−1) vibrations are lower in POFG
than in fully oxidized GO (Normalized FTIR data is presented in Supporting Information (Fig. S2)). This is also supported by the thermogravimetric analysis (TGA) data of GO and POFG (See Fig. S3 in supporting information) where POFG shows higher thermal stability than
that of GO. The milder oxidation process used in the preparation of
POFG enabled us to achieve edge functionalization while maintaining a
pristine graphene basal plane. The Raman spectra of POFG and GO
(Supporting Information Fig.S4) also conﬁrms that POFG contains less
oxidative defects compared to that of GO. The intensity ratio of D band
over G band (ID/IG) reﬂects the extent of structural defects and disorder
in graphene materials [30]. As shown in Fig. S4. the ID/IG value for GO
is ~0.91 whereas for POFG it is ~0.48, which indicates that POFG is
less defective compared to that of GO [30]. The relatively stronger 2D
peak at 2704 cm−1 for POFG also represents its more ordered structure
compared to that of GO.

The presence of oxygen functional groups on the basal plane of GO
imposes steric repulsion eﬀects, which causes the interlayer distance in
stacked GO sheets to widen. Thus, both hydrophilic eﬀects and a larger
interlayer distance will cause a greater inﬁltration of water in GO
compared to the POFG samples. The interlayer distances of POFG and
GO have been investigated using powder XRD. As shown in Fig. 1(h),
the interlayer spacing in restacked GO sheets is 7.5 Å, which is consistent with previous reports.18 The XRD spectrum of POFG in Fig. 1(h)
shows two peaks: the interlayer spacing of 7.5 Å corresponds to the
oxidized edges, similar to that present in the oxidized GO, while the
3.3 Å spacing is characteristic of tightly packed graphene layers in the
inner regions [19,23]. It is understood that the minimum cut-oﬀ interlayer spacing to block monovalent hydrated ions is 6.4 Å and 7.2 Å
for K+ and Na+ respectively [12]; thus, it can be expected that POFG
should oﬀer size-exclusion eﬀects to the hydrated ions due to its smaller
interlayer spacing.
In addition, it is important to study the swelling behavior of pure
GO and POFG ﬁlms (in water) to assess their long-term stability [18].
To do so, we have soaked the GO and POFG free-standing ﬁlms for
4 days in deionized water, and the swelling behavior was visually
captured by the optical spectroscope. As shown in Fig. 2(c, d), the
6
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Fig. 5. Photo-induced Force Microscopy (PiFM) imaging of POFG/acryl membrane: (a) Topographic and phase images of the selected region. (c) A hyperspectral IR
(hyPIR) acquired from 770–1890 cm−1 with an image of the PiFM response at all wavenumbers and (b) PiFM imaging acquired by tuning the laser to speciﬁc
wavenumbers at 1023, 1738 and 1572 cm−1.

3.2. Fabrication Process of GO or POFG/acryl Membrane

increase in thickness of POFG is about two times smaller (thickness
change from 33.8 μm to 75.3 μm) compared to that of GO Fig. 2(a, b)
(thickness change from 33.3 μm to 116.3 μm), which conﬁrms the
smaller inter-plane distance as well as larger hydrophobicity of POFG
[17]. To conﬁrm the changes in inter-layer spacing, we have carried out
XRD analysis of these samples after immersion in water, where the
interlayer spacing in GO was found to increase from 7.5 Å to 9 Å
(Fig. 2(e)). POFG ﬁlm is characterized by two interlayer spacings. There
is only a 0.5 Å increment in POFG ﬁlm (Fig. 2(f)) for the 7.5 Å peak and
an insigniﬁcant change for the 3.3 Å peak (Fig. 2(g)), thus conﬁrming
that the smaller interlayer spacing in POFG resists swelling.
To improve the stability of GO-based membranes, polymer matrixes
(PES, PVDF, PSf, etc.) prepared using the phase-inversion preparation
method had been used by various researchers to form composites with
GO [14,15]. Even though the water ﬂux of the composite membranes
was improved, the salt-rejection property became poorer relative to the
pure GO membrane due to the presence of microvoids and grain
boundaries. In addition, the phase segregation of GO occurred due to
hydrophilic (GO)/hydrophobic (polymer) incompatibility, which created voids on one side and a dense layer on the other side, leading to
internal concentration polarization (ICP) in ionic solutions. Clearly,
there is a need to identify a polymer that allows homogeneous distribution of GO and forms void-free interfaces. Our search brings us to
an acrylic-based water-soluble polymer that can be cured by a roomtemperature drying process.

The same membrane fabrication process applies to both GO or
POFG, thus selecting either GO or POFG allows us to study the role of
hydrophobicity/hydrophilicity in desalination. First, POFG/acryl composite solution was cast on a polypropylene-coated surface and allowed
to dry for 24 h at room temperature. The typical drying process
(Scheme 2) of this polymer involves evaporation of solvent (water),
which leads to the formation of microscopic acrylic polymer spheres.
Subsequently, these spheres self-assemble into a honeycomb-like pattern by capillary forces, and the attractive forces between the spheres
leads to the deformation and coalescence of the spheres. As shown in
the above schematic, acrylic polymer spheres bind onto the POFG
surface via hydrogen bonding interactions and polar-polar interactions
[20] between the ester groups of polyacrylate and oxygen functionalities of POFG sheets [20]. Upon solvent evaporation, the polymer
spheres coalesced and laminated the embedded POFG into a continuous
POFG/acryl cohesive ﬁlm. The air-dried membrane ﬁlm was subsequently peeled oﬀ from the polypropylene surface and was used
without any further modiﬁcations. The advantage of this method is its
scalability. On the bench top, we can easily fabricate a 20 cm × 15 cm
membrane using an aqueous-based process (Scheme 2(e)). POFG/acryl
membranes of diﬀerent compositions were fabricated by varying the
composition of acryl to POFG (5 vol% to 20 vol% of acryl in POFG) and
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41.4 L/m2/h). The good performance of POFG originates from several
unique features: its ﬂake size is much larger, and it also has larger regions of hydrophobic channels compared to fully oxidized GO (Fig. 1).
Theoretical studies have shown that friction-free water transport
across the membrane takes place via non-oxidized nanochannels in GO
[16,28,29]. The salt-retention performance of the POFG/acryl membrane is attributed to its large ﬂake size and close-packed structure,
which presents more trapping sites for ions compared to fully oxidized
GO, the latter has a relatively loose packing structure. The POFG/acryl
membrane has good tortuosity due to the convoluted path for ions
through the channels and edges, as illustrated in (Scheme 3). It should
be noted that if unoxidized graphite nanoplatelets (GNP) were used to
make a GNP/acryl composite FO membrane using the same method for
POFG/acryl, a much poorer performance was obtained. This suggests
that some degree of oxygenation of the graphene is required to help
with dispersion of the ﬂake and to allow a high water ﬂux.
Fig. 4 shows the surface and cross-sectional morphologies of pure
acryl, GO/acryl and POFG/acryl membranes. Compared to the POFG/
acryl membrane, the surface of the GO/acryl membrane (Fig. 4(c))
appears to be rough, which is due to the more convoluted, disordered
structure of the restacked GO sheets present in the acryl matrix. In
contrast, a very smooth surface was observed for the POFG/acryl
membrane (Fig. 4(e)). The larger sized POFG and its stronger π-π
stacking (and hence smaller interlayer distance) may be responsible for
the highly ordered, layered stacking structure of POFG.
Probing the inner structures of the membrane may oﬀer clues to the
variation of performance among the diﬀerent composite membranes.
Using cross-section SEM, we observed that the pure acryl (Fig. 4(a–b))
membrane does not have a layered structure. In contrast, the crosssectional morphologies of GO/acryl and POFG/acryl composite membranes (Fig. 4(e), (h)) reveal lamellar structures. We have prepared
ultrathin samples for TEM imaging using a microtome equipped with a
diamond knife. As shown in Fig. 4(f), the POFG/acryl membrane has a
homogeneous distribution of POFG, whereas the GO/acryl membrane
has a random distribution of GO.

tested for FO performance (Supporting Information Table S1).
3.3. GO/polyethersulfone (PES) membrane fabrication
For comparison, we fabricated GO-PES membranes via the standard
phase-inversion method. In a typical process, a GO-PES composite solution (e.g., GO (1 wt%) + PES (20 wt%) + Polyvinylpyrrolidone (1 wt
%) + DMF solvent) was cast on a supporting layer (glass) and then
submerged in a coagulation bath containing a non-solvent (DI water).
Due to the solvent and non-solvent exchange, precipitation occurs as
shown in Fig. S6. The prepared membranes from the above two processes (Acryl sealing and phase-inversion) were tested in FO using 2 M
NaCl solution as a draw and DI water as a feed solution.
3.4. Forward osmosis performance
Fig. 3 shows the water ﬂux and reverse salt ﬂux performance of
various membranes. The active testing area for FO is standardized at
2 cm2 for all. In general, a high water ﬂux has to be matched by a low
reverse salt ﬂux for good desalination performance. The desalination
membrane prepared via the acryl sealing process (GO/acryl) shows a
lower salt permeation (7.5 g/m2/h) (Fig. 3(d)) compared to membranes
prepared using the phase-inversion method (GO/PES, 33.6 g/m2/h) and
commercial cellulose triacetate (CTA) membrane (12 g/m2/h) [11].
The superior performance of POFG/acryl membrane is attributed to the
eﬃcient sealing ability of acryl binder at the POFG-acryl interface. The
pure acrylic polymer membrane has a much lower water ﬂux than GOacryl (Fig. 3(a)) and POFG-acryl composite membrane (Fig. 3(c)),
which means water permeates mostly through the GO or POFG interlayer channels. The eﬃcient sealing between POFG and acryl should be
due to their functional group interactions and compatibility. The salt
rejection ability is ascribed to the interlayer distance in conﬁned POFG,
which aﬀords the appropriate size exclusion eﬀect for hydrated Na+. In
contrast, in the case of GO/PES membrane, salt ions permeate through
both voids created at GO-PES interface and the PES matrix, leading to a
higher salt leakage compared to the GO/acryl membrane.
The hydrophilicity of GO allows highly eﬃcient permeation of
water molecules; hence, it is unsurprising to see improvement in water
ﬂux for both GO/PES and GO/acryl membranes compared to the
polymer-alone membranes (PES, acryl membranes respectively). As
shown in Fig. 3(a), GO/acryl membrane (37.2 L/m2/h) shows better
water permeability compared to the GO/PES membrane (33.1 L/m2/h).
The improved water ﬂux in the GO/acryl membrane is attributed to its
symmetric membrane structure with uniform dispersion of GO sheets,
which creates a network of channels for water transport. In contrast, in
GO/PES, the membrane phase segregates into polymer-rich hydrophobic regions and hydrophilic regions, which creates a larger diﬀusion
barrier for water transport. The asymmetric structure in the GO/PES
membrane further leads to internal concentration polarization (ICP),
which also aﬀects the water permeability. Hence, acryl-laminated GO
membranes show better performance in desalination compared to GO
membranes made by conventional phase-inversion methods. The acryllamination method was further extended to diﬀerent types of graphene
derivatives: POFG and graphene nanoplatelets (GNP).
The eﬀect of hydrophobicity of the GO on the FO performance was
investigated next. Fig. 3(c) shows that the POFG/acryl membrane
shows the highest water ﬂux ((79 L/m2/h), Fig. 3(b, e)) and lowest
reverse salt ﬂux (3.4 g/m2/h) among all composite membranes tested
(Fig. 3(f)), including GO/acryl (32.5 L/m2/h and 7.5 g/m2/h), GNP/
acryl (13.2 L/m2/h and 294.8 g/m2/h) and commercial membrane
cellulose triacetate (CTA) (water ﬂux 10 L/m2/h, reverse salt ﬂux 12 g/
m2/h) [11]. The water ﬂux performance of the POFG/acryl membrane
is signiﬁcantly higher than that of other reported graphene-based
membranes (for rGO membrane: [11] 57 L/m2/h, GO-polyamide/
polysulfone membrane: [25] 34.7 L/m2/h, polyvinylpyrrolidone modiﬁed GO membrane: [26] 33.2 L/m2/h, CN/rGO membrane: [27]

3.5. Nano-FTIR Imaging of POFG/acryl Membrane
To probe the nature of chemical bonding between the polymer and
POFG at the phase boundary, a nano-FTIR imaging technique was used
to perform chemical imaging. Here, we applied Photoinduced Force
Microscopy (PiFM) to generate local IR absorption spectra with lateral
resolution better than 10 nm and within a probing depth that is limited
to 10 nm.
The chemical and morphological structure of the interface between
POFG and acryl-binder was probed by hyperspectral IR (hyPIR) imaging [22], where PiFM spectra are acquired for each pixel of an (n × n)
array with the laser tuned to the diﬀerent wavenumbers that correspond to the various absorption peaks of the POFG and acryl-binder.
Fig. 5(a) shows the topography and phase images of a selected
portion of the POFG/acryl membrane where the POFG and acryl-binder
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4. Conclusions
We have developed a method of laminating partially oxidized fewlayer graphene (POFG) sheets with an acryl-based sealant to fabricate
large-area, free-standing high-performance GO-based membranes for
ﬁltration applications. We observed that desalination membranes constructed from few-layered graphene ﬂakes synthesized by a low-oxidation route exhibit better desalination performance than that made
using conventional GO materials. The good performance of POFG
membranes was due to its smaller interlayer distance, higher hydrophobicity and swelling resistance. Our study addressed three critical
issues facing GO-based membranes in desalination applications: (i)
scalability, (ii) mechanical stability of the GO-based free-standing
membranes, and (iii) a high water ﬂux/salt rejection ratio. By using an
acryl-laminated POFG membrane, we are able to achieve high water
ﬂux while maintaining salt retention performance at least 7 times
higher than the conventional CTA membranes and ~2–3 times better
than that of GO membranes. Most importantly, our fabrication process
is readily scalable to large-sized membranes, thus making it useful for
industrial level nanoﬁltration and wastewater treatment applications.
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