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a b s t r a c t

Forward osmosis membranes based on ultrathin graphene oxide (GO) were fabricated. Suitable cross-
linking agents were used to tune the interlayer spacing of GO sheets to achieve the desired membrane
performance. The physicochemical properties of membranes were evaluated using different techniques.
The interlayer spacing of GO-based membranes was controlled the interaction between the surface
functionality of GO with the nature of crosslinking agents, such as polyvinyl alcohol, meta-
phenylenediamine (MPD) and 1,3,5-benzenetricarbonyl chloride (TMC). The covalent bonds between
the layer and crosslinking agents effectively suppressed the d-spacing stretching. Unlike other symmetric
structures of membranes, the GO-MPD/TMC behaviour observed in the ultrathin polyamide (36 nm)
asymmetric structure for the performance of pressure-retarded osmosis (PRO) mode showed the highest
flux of 20.8 LMH and low reverse salt flux of 3.4 gMH. A consistent water flux for a long-term PRO
operation was achieved using GO-MPD/TMC membrane (~98.7%). Therefore, the GO-MPD/TMC mem-
brane can be used to suppress internal concentration polarisation.

© 2018 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic experimental setup for the FO/PRO performance of the GO-based
composite membranes.
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1. Introduction

The lack of adequate and safe water is among the most impor-
tant challenge of society. However, rivers, groundwater and lakes
that are the most important resources of Earth's suffer from
pollution due to industrial, power plant and municipal wastes [1,2].
Meanwhile, seawater desalination and wastewater reprocess are
considered as favourable clarifications to increase water supply and
alleviate water scarcity worldwide by using membrane-based for-
ward osmosis (FO) and pressure-retarded osmosis (PRO) [3,4].
Forward osmosis has also been explored for effective removal of
heavy metals and also organic micro pollutants including phenol,
nitrobenzene, aniline etc as an alternative to reverse osmosis [5,6].
Hence, world-wide water desalination is a challenging research; it
requires joint efforts from the research community and govern-
ment. The concept of the PRO is widely recognised as a potential
technology for wastewater reuse and seawater desalination.

Graphene oxide (GO) is a 2D layer structured material with
multiple O-containing functional groups, including hydroxyl, car-
boxylic acid and epoxy groups; it also has a wide range of appli-
cation in the mechanical and electronic industries [7,8].
Nevertheless, GO-based membrane technology is used mainly for
ionic and molecular sieving [9]. GO is an amphiphilic nanomaterial,
which initially absorbs water molecules through the hydrophilic
nature of the functional groups. Subsequently, the absorbed water
molecules are diffused to the hydrophobic behaviour generating
water channels, which may be responsible for the enhanced water
permeability through GO-based membranes [10e13]. The nano-
channel of ~0.3 nm of GO membrane is sufficient for the perme-
ation of water molecules [9,11]. However, water molecules or other
solvents, including constituents’ ions, interact with the different
functional groups present in the GO layer. Consequently, the
enhanced interlayer spacing can be applied in tuning the diameter
of nanochannel and the separation behaviour of GO-based mem-
branes [14e17]. Various kinds of GO-based membranes, including
thin-film composite, reverse osmosis (RO), nanofiltration (NF),
microfiltration, ultrafiltration and desalination, exhibited
improvement in mechanical strength, antimicrobial characteristics,
selectivity, water permeability and thermal stability compared to
the conventional membranes [18e21]. Hence, GO-based mem-
branes are used to remove dyes, separate monovalent and divalent
ions, efficiently capture and dehydrate solventewater mixtures
[22e30].

GO layers are usually incorporated in membranes by
LangmuireBlodgett assembly. Noncovalent bonding on inactive
porous support is performed via layer by layer assembly and sur-
face modification via covalent bonding by using different func-
tionalities present on the GO surface, deposition on a porous
support, evaporation to self-assembly and so on [22,31e36]. The
laminate structure and adhesiveness are two important factors
highly influenced by the nature of the porous support materials.

In the present work, we fabricated GO-based different cross-
linking membranes by using the pressure-assisted self-assembly
technique. The perpetration of GO, GO- polyvinyl alcohol (PVA),
GO-MPD, GO-TMC and GO-MPD/TMC membranes were analysed
using different techniques to characterize surface properties, such
as zeta potential, X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM). The GO-TMC and GO-MPD/
TMC showed asymmetric behaviour, while other membranes
showed symmetric properties. The effect of interlayer spacing on
the overall performance of the membranes in terms of permeability
and reverse salt flux (Js) was investigated. The membrane perfor-
mance was tested using a glass tube with FO/PRO cell, as shown in
Fig. 1.
2. Experimental

2.1. Materials

All the materials used in the present investigation are of
analytical grade unless stated otherwise. Polyvinylidene fluoride
(PVDF) membranes of with a pore size of 0.22 mm was purchased
from EMD Millipore (CA, USA). 1,3,5-Benzenetricarbonyl chloride
(TMC), MPD and polyvinyl alcohol were obtained from Alfa Aesar
(Haverhill, MA, USA). NaCl was obtained from Nihon Shiyaku In-
dustries Ltd. (Tokyo, Japan). Deionised (DI) water produced by
Thermo Fisher 18MU Barnstead Smart2Pure system (Schwerte,
Germany) was used throughout the experiments.

2.2. GO membrane fabrication

GO synthesis has been described previously [32]. A mixture of
4 g graphite-concentrated H2SO4 and NaNO3 was heated at 80 �C
for 2 h, and the resulting solution was cooled down in an ice bath
for 20min. Afterwards,16 g KMnO4was added for 2 hwith constant
stirring to assure homogeneous solution. The resultant solution
was diluted using 400mL of DI water, and 100mL of 30% H2O2 was
allowed to stand for 1 day to obtain GO sheets. Finally, the homo-
geneous solution was washed with HCl and DI water up to
neutralise the pH. The resulting GO sheets were dried and exfoli-
ated in DI water to prepare GO suspension by sonication.

The aqueous suspension of GO (20mL, 25 ppm) was allowed to
pass through a PVDF membrane at a pressure of 5 bar, and the GO
layer was detached from PVDF support to have a symmetric GO
membrane without any support layer. Thickness and size of GO
nano sheet have been evaluated using the method reported in the
literature using AFM (atomic force microscopic image analysis)
[37]. A GO size of 4e8 mm was determined from the size distribu-
tion of several GO sheets. From the inset chart, the GO thickness
(marked with blue crosses on the image) was evaluated as
1± 0.3 nm.

For preparation of GO-MPD and GO-PVA membranes, to an
aqueous dispersion of GO (25 ppm), 25 ppm of either PVA or MPD
aqueous solution was mixed and stirred for 10min at ambient
temperature in order to achieve complete homogenization. To
avoid pre-crosslinking, the 20mL mixed solution was filtrated us-
ing PVDF membrane at 5 bar and the GO membrane was air dried
under room temperature. This pressure assisted self-assembled
technique was followed from the literature [32]. GO-PVA, GO-
MPD and GO-TMCmembraneswere obtained in similar fashion. For
the fabrication of GO-MPD/TMC membrane, 20mL of 25 ppm TMC
in hexane solution was pressurised on GO-MPD membrane to
generate the GO-MPD/TMC membrane. Freestanding GO base
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membranewas stripped through a preserved hole (5mm) with 3M
copper double-sided tape. The homogeneity and absence of any
local undesired reaction resulting heterogeneous surface were
checked by the scanning electron microscopic imaging (SEM).

2.3. Membrane characterisation

The dynamic water contact angle of the GO-based composite
membranes (dry and wet) was measured by FACE Automatic
Interfacial Tensiometer (Japan). All data were collected after 1 s
time interval up to a duration of 10 s. The surface morphology and
symmetric/asymmetric nature of the GO-based composite mem-
branes were analysed by field-emission SEM (FE-SEM) by using FE-
SEM Model S-4800 (Hitachi Co., Japan) with 15 kV electron beam.
The XPS analysis of these GO-based composite membranes were
carried out using XPS (Thermo Scientific, K-Alpha) with an Al Ka X-
ray source (1486.71 eV, 5mǺ, 15 kV) to prove crosslinking. The
surface charge of these GO-based composite membranes was
determined in terms of zeta potential by using dynamic light
scattering (Zetasizer Nano ZS90, Malvern, United Kingdom). The
flat surface cell wasmeasuredwith the surface at a pH of 7 and NaCl
solution for calibration to evaluate the zeta potential. To measure
the interlayer spacing in GO-based composite membranes, we
applied XRD technique by using wide-angle XRD (Bruker D8
ADVANCE, Germany).

2.4. Membrane performance

The feed solution was directly in contact with the membrane.
The osmotic pressure difference created between the feed solution
and the draw solution across the membrane is the driving force for
the forward osmic separation. A 2M NaCl solution was used as the
draw solution in the FO and PRO modes for confirmation, where FO
membranes was facing the dense active side of the feed solution,
and the PROmode was facing on the porous supporting layer of the
feed solution. In the present studies, FO operation for the time
resulting Dm of permeate corresponds to the Dv through an
effective membrane surface A. The water J value can be evaluated
using the equation below [38,39].

J ¼ Dv

A t
¼

Dm
r

A t
(1)

where r denotes the density of the feed solution at the operating
temperature. The reverse Js is a quantitative measure for the loss of
selectivity of FO performance. The salt solution J across the mem-
brane from the draw side to the feed side. The lower the value of the
reverse Js is, the better the FO performance of the membrane is. If c
Fig. 2. Water contact angles (a) and zeta potential (b) for GO-bas
and v are the concentration and volume of salt in feed, then Js can
be expressed as follows [2,40].

Js ¼ c v
A t

(2)

The normalisedwater J (Jn) for the FO process by using these GO-
based composite membranes can be evaluated in terms of the
initial water J (J0) and the water J at time t (J) by using the
expression as follows:

JN ¼ J
J0

(3)

The JSp for these GO-based composite FO membranes was
determined in terms of the ratio of specific Js to the water J, as
follows:

JSp ¼ Js
J

(4)

3. Results and discussion

3.1. Characterization

To determine the hydrophilicity/hydrophobicity of the resulting
GO-based composite membranes, we measured the dynamic water
contact angles, as shown in Fig. 2 (a). The water contact angles of
these composite membranes followed the following trend:
GO<GO-PVA<GO-MPD<GO-MPD/TMC<GO/TMC. The water
contact angle was measured in the dry state of the membranes. The
contact angle values clearly indicated that except for GO/TMC
composite membranes, all GO-based composite membranes are
highly hydrophilic in nature. Given the presence of multiple hy-
droxyl and carboxylic groups on the surface of GO sheets, the GO
membrane is highly hydrophilic in nature. Even the presence of
polar epoxy groupmay contribute towards the hydrophilicity of the
GO membrane. However, the GO membrane shows a contact angle
ranging from 42� to 47� in the GO-PVA composite membrane re-
ported by Lecaros et al. [24] They also reported that the contact
angle values increased with the increase in PVA content in the GO-
PVA composite membranes and increased to more than 62� at 8wt
% PVA content in GO. Our investigation revealed that GO-PVA
composite membrane possessed a water contact angle of 64�. The
contact angles for GO-MPD, GO-MPD/TMC and GO/TMC were 74�,
83� and 92�, respectively. The enhancement of contact angle via the
incorporation of different crosslinking agents revealed that the
utilisation of eOH and eCOOH groups in the GO surface of
ed composite membranes with different crosslinking agents.
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crosslinking agentsmade themembrane less hydrophilic. Park et al.
[26] reported a reduction in the water contact angle by increasing
the relative amount of GO in polysulfone membranes. Hung et al.
[32,35] reported that the GOecellulose acetate composite mem-
branes with different crosslinking diamides possess contact angles
ranging from 80� to 25�, thereby revealing the hydrophilic nature of
these compositemembranes. For GO-PVA, the alcoholic -OH groups
of PVA interact with either epoxy group fromGO resultingeOH and
eO- moieties by opening up of epoxy ring; or reacts with eCOOH
groups of GO resulting ester moieties. Some unused eOH groups of
PVA also add to the overall hydrophilicity of GO membrane.
Therefore, by crosslinking with PVA, the water contact angle
increased marginally. GO-MPD membrane, the eNH2 groups from
MPD were utilized either to open up epoxy ring by nucleophilic
attack or amide bond formation with GO -COOH groups. Unlike
PVA, no extra hydrophilic eOH groups were introduced and hence
the hydrophilicity of GO-MPD is lesser compared to GO-PVA. GO/
TMC and GO-TMC/MPD are asymmetric in nature. GO/TMC cross-
linking occurred mainly by the reaction of eOH from GO to the acid
chloride (-COCl) from TMC. Practically, for these two membranes
the active surface would have more evidence of polyamide or
polyester moieties.

The overall separation scheme of a membrane is highly influ-
enced by the surface charge of the membranes [41e43]. Therefore,
zeta potential was measured for GO-based composite membranes
and depicted in Fig. 2 (b). The zeta potential was recorder at pH 7
for all the membranes. The GO membrane possessed highly nega-
tive surface charge which can be attributed to the presence of
deprotonated carboxylic groups for the zeta potential value
of �32.3mV. GO-PVA membrane showed less negative surface
charge of zeta potential values of �18.5mV than that of the GO
membrane. The utilisation of eCOOH groups from the GO surface
formation of ester group coupling with the eOH group of PVA may
be responsible for the reduction in the negative surface charge for
the GO-PVA composite membrane. The GO-polyamide composite
membranes also possess a negative surface charge in a pH range of
3.5e8.5. In GO-MPD, the negative surface charge of the membrane
further increased compared with that of GO membrane. Although
some eCOOH groups from GO were utilised in the formation of
amide linkage with MPD, the real reason for the enhanced negative
surface charge is unknown. For other GO-based composite mem-
branes, the reduction in the negative surface charge indicated the
less availability of surface eCOOH group due to its utilisation in
TMC and MPD/TMC crosslinking compared with GO membranes.
The GO surface function groups interacted with the eOH and eNH2
groups of TMC and MPD/TMC in crosslinking, and the negative
surface charges, that is �28.5 and �23.1mV, were measured,
respectively. Hence, GO/TMC and GO-MPD/TMC membranes are
suitable for PRO and FO application. In GO-MPD, the negative sur-
face charge of the membrane further increased compared with that
of GO membrane. Although some eCOOH groups from GO were
utilized in the formation of amide linkage with MPD, the real
reason for the enhanced negative surface charge is unknown.

The FTIR spectra for GO based membranes are shown in
Supplementary Fig. 1. The absorption peaks at 3300, 1726, 1626,
1364, 1213, and 1029 cm�1 were assigned to stretching of hydroxyl
(OH), carboxyl (C¼O), aromatic (C¼C), carboxy (C-O), epoxy (C-O),
and alkoxy (C-O) groups, respectively. OH peak was found to be
reduced after crosslinking. The sensitivity of FTIR is not impressive
and the above spectra did not give much information on the
membrane characterization. Therefore, it is essential to employ
additional technique like XPS in order to proper characterization of
the resulting GO based membranes.

Fig. 3 shows the XPS spectra for GO-based composite mem-
branes. The deconvoluted XPS spectrum in the C 1s region for the
GO membrane showed peaks at 288.2, 286.7, 284.6 and 285.6 eV
which were assigned to eC¼O, C-O-C, C-C and C-O/C-N, respec-
tively. Similar XPS spectra in the C 1s region was also reported by
Zhang et al. [25] for carboxyl-functionalised GO polyamide NF
membrane, Lecaros et al. [24] for GO framework composite mem-
brane, Hung et al. for GO-framework membranes and Zhou et al.
[25] for GO-based hollow fibre membrane. For GO-PVA composite
membrane, the relative intensity of 285.6 eV peak was enhances
due to the presence of several hydroxyl groups from PVA moiety.
Consequently, a significant reduction in the CeC peak at 284.6 eV
was observed. This reduction was similar for all the composite
membranes possibly due to crosslinking. A significant enhance-
ment in the carbonyl peak intensity observed for GO/TMC and GO-
MPD/TMC membranes were ascribed to the contribution from
several carbonyl moieties of TMC crosslinking. The enhancement in
eC¼O peak was also reported by Zhang et al. [25] for their car-
boxylic acid-functionalised GO-based membranes. The changes in
the relative intensities of diamine-based spacers/crosslinking
agents in GO-based composite membranes was also previously
reported by Hung et al.

As shown in Fig. 4, the SEM images of GO-based composite
membranes showed the surface morphology, as well as the cross-
section, of the membranes. The surface image of GO membrane
showed that it possesses nodular structure which is typical for GO
surface. The GO thickness was 152 nm. The cross-sectional image
also clearly showed the appearance of GO sheet structure. The
surface morphology changed significantly for GO composite
membrane. The typical signature of crosslinking on the surface was
evident. The overall thickness of the membrane increased to
222 nm; compared with GO-PVA, GO-MPD showed much similar
surface morphology to that of GO membrane. This phenomenon
can be easily explained by considering the fabricationmode and the
size of the crosslinking agents. Given the smaller size of MPD than
PVA, the applied pressure caused the MPD molecules to penetrate
the pores of the GOmembrane. Consequently, GO-MPD surface was
similar to GO membrane. Meanwhile, successful crosslinking was
evident due to the enhancement of GO-MPD membrane thickness
compared with that of GO membrane. GO, GO-MPD and GO-PVA
membranes were symmetric in nature, while asymmetry was
introduced for GO/TMC or GO-MPD/TMC membranes because TMC
is insoluble in water but soluble in organic solvent. The homoge-
neous distribution of GO/TMC crosslinking was evident in the
surface images of GO/TMC and GO-MPD/TMC membranes. The
surface morphologies of these two membranes were but distinctly
different from the surface morphology of the other membranes.
The active layer was found on the top of the membranes where the
pressure was applied during the fabrication of GO/TMC membrane
with a thickness of 193 nm. For GO-MPD/TMC membrane, the
active layer with a thickness of 36 nmwas observed on a regular GO
membrane with a thickness of 197 nm, as well as on the typical
signature of interfacial polymerisation. During capturing the cross-
sectional view of GO-MPD/TMC membrane, different locations
were randomly chosen in order to measure the polyamide active
layer. The thickness range was evaluated in the range 30e40 nm;
hence the thickness was reported as 36± 5 nm. The overall SEM
analysis also revealed an enhancement in the GO membrane
thickness during crosslinking, thereby enhancing the d-spacing
between different GO sheets due to crosslinking. Although similar
enhancement in the d-spacing was also observed by the incorpo-
ration of diamine-based crosslinking agents into GO membranes,
systematic X-ray diffraction (XRD) analysis is essential.

It is also required to mention that due to the presence of 36 nm
thick active layer in GO-MPD/TMC membrane, the surface charac-
terization of this asymmetric membrane mostly evidenced the
signature of polyamide surface formed byMPD and TMC. The water



Fig. 3. XPS spectra for GO-based composite membranes, including (a) GO, (b) GO-PVA, (c) GO-MPD, (d) GO/TMC and (e) GO-MPD/TMC membranes.

Fig. 4. SEM images for GO-based composite membranes; (aee) surface; (fej) cross-sectional view: (a, f) GO; (b, g) GO-PVA; (c, h) GO-MPD; (d, i) GO/TMC; and (e, j) GO-MPD/TMC.
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contact angle of 83� and zeta potential ofe 24mV aremostly due to
the polyamide active layer. The relative enhancement in the
288.2 eV and 285.6 eV peaks in deconvoluted XPS spectra for this
asymmetric membrane also suggested the enhancement of
carbonyl (C¼O) and (C-N) bonds on the active side of the mem-
brane surface. Both of these bonds are expected from the amide
functionality of polyamide layer formed by coupling of TMC and
MPD.

Fig. 5 shows the XRD pattern for GO-basedmembranes in dry, as
well as wet, condition. An aqueous solution of 2M NaCl was used
for wet condition to mimic effect of draw solution on the d-spacing
of GO layers. For asymmetric membranes the active layers were
subjected to the investigation. In the dry state, the GO membrane
possessed the d-spacing of 0.85 nm which is similar to that re-
ported in our previous investigations [24,32]. The slight change
either can attribute to the different mode of preparation of the GO
membrane ormay bewithin the error limit, as shown in Fig. 5 (a, c).
The wet state of the d-spacing GO membrane increased due to the
penetration of water molecules and salt ions between the layers.
Similar enhancement in the d-spacing was also reported in the
literature. The extent of enhancement in the d-spacing was
dependent on the interaction between the solvent molecules con-
taining ions and the GO sheets, as shown in Fig. 5 (b, c). In the
present study, the enhancement in the d-spacing was due to the
electrostatic interaction between H2O molecules, Naþ and Cl� ions
with eCOOH and epoxy groups from GO sheets. The crosslinking
agents showed enhanced d-spacing behaviour utilised in suitable
tuning of the interlayer spacing in GO-based membranes, and GO
composites membrane achieved either flux (J) improvement or
rejection.

The GO composite membrane prepared in dry condition showed
the following d-spacing trend: GO<GO-MPD/TMC<GO-



Fig. 5. (aec) XRD analysis for GO-based composite membrane in dry and wet conditions in understanding the d-spacing between GO sheets.
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MPD<GO/TMC<GO-PVA, respectively. The largest d-spacing for
GO-PVA can be attributed to the bridging of polymer molecules
between two GO sheets. The opening of the strained epoxy ring of
GO surface interacted with the nucleophilic attack of eOH groups
from the PVA polymer. The wet condition for GO-PVA membranes
enhanced the interlayer spacing possibly due to the swelling of
bridged PVA polymer molecules apart from the conventional
solventeGO interaction. In GO-MPD membrane, an amide linkage
eNH2 group of MPD was observed between the eCOOH group of
the GO surface, and the epoxy ring opening into the nucleophilic
attack of eNH2 group of MPD may be responsible for the enhanced
interlayer spacing. GO sheet interaction was modified, thereby
resulting in decreased interaction with the solvent molecules in
wet state. Hence, only marginal enhancement in the d-spacing of
GO-MPD membrane was observed in the wet condition compared
with dry condition. GO/TMC and GO-MPD/TMC membranes
exhibited asymmetric membrane synthesis strategy, as shown in
the SEM image. The acid chloride (eCOCl) groups of TMC were not
expected the form any strong bond between the two consecutive
layers of GO. Therefore, the slight enhancement in TMC was asso-
ciated with the GOmembrane and the TMCmolecules between the
two layers of GO membrane due to high pressure fabrication. The
membrane in the wet state showed enhancement in the interlayer
spacing of GO/TMC membrane. GO-MPD/TMC and GO-MPD
membranes were also fabricated in an aqueous medium, followed
by pressurising of TMC in an organic medium. The both phases
were utilised to result in the asymmetric behaviour of GO-MPD/
TMC membrane. The interlayer spacing between both conditions
(dry, wet) also revealed the compression of GO-MPD/TMC mem-
brane. The simplified chemical structures of these GO composite
membranes are depicted in Fig. 6, as follows:
3.2. Membrane performance

An overall performance of GO composite membrane was used
carried out the operation for 6 h by using the FO, RO and long-term
stability, as shown in Fig. 7. The FO modes, as well as the PRO
modes, were evaluated in terms of the water J, reverse Js and spe-
cific J (JSp). As shown in Fig. 7 (a, b), the water J in both modes
followed the trend as follows: GO<GO-PVA<GO/TMC<GO-
MPD<GO-MPD/TMC. The reverse Js values showed the trend as
follows: GO>GO-PVA>GO/TMC>GO-MPD>GO-MPD/TMC.
Interlayer spacing highly influenced the penetration of water
molecules across the membrane. The observed water flux is the
resultant of two counter motion: motion of water molecules from
feed to permeate side and motion of the ions of the salt from
permeate to feed side. For densemembrane, the contribution of the
2nd factor is insignificant, while with increase in porosity of the
membrane, the 2nd factor contributes. The observed water flux is
the resultant of two counter motion: motion of water molecules
from feed to permeate side and motion of the ions of the salt from
permeate to feed side. For densemembrane, the contribution of the
2nd factor is insignificant, while with increase in porosity of the
membrane, the 2nd factor contributes. The enhancement in d-
spacing increased the motion of water molecules, but the flow of
salt from the draw side to the feed side also increased. Therefore,
the interlayer spacing favored both motions which are directed
oppositely, that is the motion of water molecules from the feed side
to the draw solution side and the motion of salt ions from the draw
solution side to the feed side. Consequently, the observed water J
was a result of these two counter motions. As shown in Fig. 7 (c), JSp
followed the trend: GO>GO-PVA>GO/TMC>GO-MPD>GO-
MPD/TMC. The water J values of GO, GO-MPD and GO-PVA mem-
branes were similar in both FO and PROmodes. In the FOmode, the
dense active layer faced the feed solution, and the PRO mode is the
porous supporting layer facing the feed solution. Similar J values
were observed for GO, GO-PVA and GO-MPD membranes in both
modes in terms of symmetric behaviour and GO/TMC and GO-MPD/
TMC membranes in terms of asymmetric nature which were also
concluded from the SEM image analysis. By contrast, the GO/TMC
and GO-MPD/TMC membrane performances of the water J values
for PRO mode were higher than those for FO mode which was in
accordance with our hypothesis.

These two oppositely directed motions can also be evidenced by
determining the water J as a function for up to 6 h. A drastic
decrease in water J for GO membrane was attributed predomi-
nantly to reverse Js in the wet state which created obstacles in the
motion of water molecules from the feed to the permeate stream. A
similar reduction in water J with time was observed for GO/TMC
membrane. Long-term experiments showed a particular trend. The
membrane with significantly different d-spacing between dry and
wet states was high showed high reduction inwater J during a long-



Fig. 6. Simplified chemical structure of GO-based composite membrane.

Fig. 7. Performance of GO-based membranes in terms of (a) water flux, (b) reverse salt flux, (c) specific flux and (d) normalised flux as a function of time (up to 6 h).
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term FO operation. Therefore, the asymmetric membrane GO-MPD/
TMC and symmetric membrane GO-MPD showed stable J for
almost all throughout the operation for 6 h.

The severe internal concentration polarization was reported to
be responsible for lowering the permeate flux in FO mode
compared to PRO mode. Hence the flux in PRO mode was found to
be 1.6e2 times more compared to that of FOmode [44e48]. In view
of this, the observed lower flux value in FO mode was referred to
internal concentration polarization. For the asymmetric membrane,
two orientations of the membrane are studied: one with the active
layer facing the feed solution (FO mode) and the other with the
active layer facing the draw solution (PRO mode). When the feed
solution is against the active layer and the draw solution is against
the backing layer, as in the case of FO desalination, the ICP
phenomenon now occurs on the permeate side. We refer to this as
dilutive ICP since the draw solution is diluted by the permeate
water within the porous support of the membrane [49]. In view of
this, the observed lower flux value in FO mode for present inves-
tigation was referred to internal concentration polarization.
Moreover, in present investigation the flux value in PRO mode is
1.15 times than that in FO mode. This clearly indicates that there is
suppression of ICP, i.e. from 1.60 to 2.00 times to 1.15 times.

4. Conclusion

GO interacting with different crosslinking agents (i.e. PVA, MPD
and TMC) were used to fabricate the symmetric membrane, and
composite membranes were used to carry out FO and PRO studies
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for up to 6 h. The composite membranes were confirmed using
various techniques for the physicochemical properties, and these
results confirmed to the successfully fabricated membrane. How-
ever, this result was attributable to the utilisation of hydroxyl and
carboxylic acid groups on the surface of GO interacting with the
different crosslinking agents. GO-PVA, GO-MPD, GO/TMC and GO-
MPD/TMC membranes enhanced the water contact angle, conse-
quently reducing the hydrophilicity of the membrane. XRD analysis
was also carried out to study the d-spacing between two consec-
utive layers of GO membranes in dry, as well as in wet, state. Large
interlayer spacing did not only facilitate the movement of water
from the feed side to the permeate side but also the salt from the
draw solution side to the feed side. These mutually opposite mo-
tions determined the overall water J of the composite membranes.
Long-term membrane operation also revealed that GO-MPD/TMC
and GO-MPD membranes exhibited stable water J in FO mode for
6 h. Given that GO, GO-PVA and GO-MPD are symmetric mem-
branes, both FO and PRO modes showed similar water J values,
while GO/TMC and GO-MPD/TMC membranes on the PRO mode
showed higher J PRO values than FO mode values. GO-MPD/TMC
composite membrane achieved the higher J PRO mode values
than the FO values in the water desalination. It can also suppress
internal concentration polarisation remarkably.
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