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A perfect molecular level separating unit for any kind of species to be filtered is on very high demand. In
recent years, graphene oxide has emerged as an important material which can filter ions and molecules.
This is an emerging field of research which has drawn extensive attention after the work by Nair et al.
[1]. Following their work, various research groups started working in this area in last three years. Herein,

Keywords: ) we briefly review the recent development on graphene oxide membranes. This review is a summary of
fﬂrap?’ene oxide some very recent results and contributions made so far in this emerging research field. We have discussed
embrane recently developed mechanisms and models to understand the transport through GO based membranes.
This review begins with a basic background on membrane technology followed by discussion related to
developments of carbon materials based membrane technology. At the end we summarize advantages

and disadvantages of membranes based on graphene oxide and discuss their future prospective.
© 2015 Elsevier Ltd. All rights reserved.
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1. Membranes

A membrane is considered as a barrier with an ability to
allow the passage of certain species while blocks other depend-
ing on characteristics of the membrane and species to be filtered.
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Membrane technology is a rapidly growing research area with
several real time applications such as desalination and water
purification. Scientists and engineers have been working towards
the development of this technology for a more cost-effective
and a precise membrane. Indeed, there are already some well-
established membranes, otherwise, how is it possible to have clean
drinking water and to remove chemical contaminants? However,
their accuracy, ability, and cost effectiveness vary depending on
the membrane types. Till now, it is a difficult task to construct
atomic scale capillaries in membranes that will perfectly allow the
separation of the species from the solutions depending on their
molecular and ionic size (Fig. 1).
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Fig. 1. Schematic representing a membrane system.

2. Current membranes

Traditionally, membranes have been classified in to two types
and they are polymeric and membranes [2-6] and inorganic mem-
branes [7-15]. However, it is hard to choose one amongst them
as a preferred membrane based on their application, because
each type of the membrane is accompanied with advantages and
disadvantages. Such as, the polymeric membranes have high perm-
selectivity and fast permeation, but they have limited resistance
to temperature, solvents and corrosive environments. Inorganic
membranes, mainly made of ceramics or metals, have superior
thermal, mechanical and structural strength. Such membranes,
however, show extremely high selectivity but have limited per-
meability which often prohibits their wide scale applications.
On the other hand, micro porous silica membranes which are
also inorganic membranes have been used for molecular sieving
applications in the past. However, precise control of pore size in
sub-nanometer range for size dependent molecular filtration is an
issue which has not been totally resolved yet for these membranes.
These issues have been sorted out to some extent in zeolite mem-
branes which are another type of inorganic membranes.

Zeolites based membranes in molecular dimensions are stable
at high temperatures with hydrophilic and organophilic proper-
ties [16-21]. Due to these characteristics, zeolite membranes could
have been excellent filters in molecular scale but these membranes
are associated with features such as solid acidity, ion exchange
capability, adsorption or release capability, and catalytic nature
of zeolite which often limit their application. These characteristics
might be advantageous for certain applications but prohibit zeolite
membranes from the applications where the membrane is required
to act as a neutral filter. In other words, zeolite often catalyzes the
filtration process for certain species [18-20]. Other aspects which
we believe that will dilute their potential applicability are the pos-
sible existence of pores with different sizes in membranes (zeolite
pores with sub-nanomater size as well as the inter-crystal micron
size pores). In order to overcome this issue, the zeolite crystals
should be grown in an interlocking fashion so that the transport
can only occur through the zeolite pores. This adds up few more
steps in the synthesis procedure of precise molecular sieves.

3. Membranes based on carbon materials

In the last decade, carbon nanotube (CNT) membranes attracted
huge attention for possible filtration application [22-32]. Studies
related to CNT membranes have certainly provided a breakthrough
towards understanding the science associated with filtration mech-
anism. However, their application was limited due to the difficulties
associated with making their inner diameter in atomic range which
is also accompanied by a complex process to construct CNT mem-
branes. Nevertheless, successful efforts have been made in the past
to develop gold nanotubes with their inner diameter approximately
0.6 nm [33]. Template based electrochemical growth technique was
used to synthesize gold nanotubes for this purpose. These nano-
tubes were unique due to their inner diameter in the molecular

Table 1
Applications of membrane of different types.
Membrane type Application(s) Reference
Polymeric membrane Ultrafiltration, nanofiltration, [3,6]
reverse osmosis and gas
separation
Hybrid Fuel cells [5]
organic-inorganic
membrane
Inorganic membranes Gas separation, CO, [7,10,12]
capture/removal
Inorganic membranes H, generation [13]
Nanowire inorganic Oil-water separation [15]
membranes
Zeolite membrane Reverse osmosis [17-21]
CNT membranes Desalination/water purification [26,27,30]

CNT membranes Energy generation, [32]

biomolecules separation

level but could not get considerable attention for practical appli-
cation due to the difficulties associated with the re-production of
nanotube using electrochemical growth.

Since the discovery of graphene in 2004, this material has been
exploited for various applications and it has demonstrated out-
standing properties in every application it is tested for. There are
some reports showing the membrane properties of pure graphene
[34-37]. Pure graphene membrane without pores is highly imper-
meable due to the closely packed arrangement of carbon atoms
in the lattice. In addition, the pi-electron cloud repels all the
molecules. Such a type of impermeable graphene membrane can
find potential application in future for the synthesis of gel, imper-
meable capsule and sealed cages. It is still a challenge to use pure
graphene membrane as molecular and ionic sieves under nor-
mal condition. However, research works are in progress in this
direction to achieve a considerable water flux using graphene mem-
brane. Graphene, being a 2D ultra-thin planar material with very
high mechanical strength, it necessitates only a very low pressure
requirements to enable ultrafast liquid-phase and gas-phase sepa-
ration process.

Table 1 summarizes some of the important applications of mem-
branes other than graphene based materials.

4. Graphene oxide membranes

Recently, graphene oxide (GO) has emerged as excellent mem-
brane material. In the year 2012 Nair et al., demonstrated that
GO membrane allows un-impeded permeation of water whereas
it blocks everything else in the vapor form [1]. However, their
work does not ruled out the joint propagation of organic molecules
dissolved in water through GO membrane. The ease in making
atomically thin GO layers in the form of membrane provides an edge
over other membranes for their practical applications. Graphene, in
general, does not allow anything to pass through. Graphene oxide
(GO) is continuously demonstrating its excellent membrane char-
acteristics and offer huge potential for real applications. Table 2
lists the important applications of graphene based membranes.

In the following sections, we will discuss the application of
graphene oxide membranes.

4.1. GO membranes for gas separation

Nair et al. reported graphene oxide based membrane for the
first time [1]. In their work, it has been clearly demonstrated that
the graphene oxide membrane blocks everything expects water
vapour. This was a maiden effort to utilize a pure graphene oxide
membrane for filtration. According to Nair el al., the membranes
only allow water vapour to pass through and completely block the
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Fig. 2. (A) Schematic of an experimental set-up to assess the permeation of GO layers. (B) Plot showing the results of vapour permeation, weight loss of the container filled
with target solution over a period of time. (C) Schematic representing the possible water transport mechanism.

Figure re-used with permission from [1].

vapours of ethanol and other alcohol molecules. In their work, GO
was prepared by Hummers Method [38] and then through vigorous
ultra-sonication and centrifugation, graphene oxide (GO) sheets
with an average size of 1 wm were prepared [39-44]. In order to
make GO membranes, the GO solution can be vacuum filtered in a
conventional way on an alumina template support. Alternatively,
GO membrane can also be obtained by spraying GO solution on a
solid surface and then etching away the solid part as required.

In order to evaluate the permeation possibility, authors have
employed a weight loss measurements of the container filled with
alcohol (initially) and properly sealed with GO membrane shown in
the Fig. 2(A). Results indicated that there was no noticeable change
in the weight of the container when it was filled with ethanol.
However, a linear time dependent weight loss was noticed when
the container was filled with water as shown in Fig. 2(B). In their
experiment, they noticed no variation in the differential pressure
for the container filled with various gases such as He, H,, N, and Ar
under a small overpressure. From the results, they concluded that
no gas can pass through the membrane. Fig. 2(C) is the schematic
for possible water vapor transport method through GO membrane.
Nair et al. [1] explains that the GO laminates are made of crys-
tallites stacked on top of each other and the hydroxyl and epoxy
groups attached to the graphene sheets offers spacing between the

Table 2
Graphene based membranes and their applications.
Membrane type Application(s) Reference
Graphene based membrane Selective ion-transport [35]
Graphene oxide membrane Vapor transport [1]
Graphene membrane Selective gas transport [44]
Graphene oxide membrane Hydrogen separation [46]
Graphene oxide nanoplatelet Water transport [50]
membrane
Ozonated graphene oxide Proton exchange [54]
membrane
Graphene oxide membrane Bacterial inactivation [56]
filters and removal
Graphene oxide membrane Desalination [60]

membranes. According to their model and explanation, the pris-
tine graphene capillaries are wide open to accommodate the water
molecule and the capillaries becomes narrow in low humidity,
which do not provide enough Vander-Waals distance to accommo-
date water molecules and this mechanism is shown in the Fig. 3.
Following this work, this area gotimmense attention and in another
few years several research works have been reported. Kim et al.
demonstrated that graphene oxide sheets can be appropriately
engineered for gas separation applications [44]. In their work, they
have investigated the gas permeation behaviour of GO membranes
and demonstrated the selective gas diffusion by controlling the
membrane parameters.

In order to design good quality membranes, Kim et al., have
employed two different methods for GO preparation. In the first
method, the authors obtained several layered GO membranes while
in the second method, they employed spin coating to obtain thin
GO membrane. Based on their result, they concluded that the gas
transport mechanisms associated with the membranes obtained
through these two different methods vary. In their work, they
have witnessed molecular weight dependence of the gas perme-
ation through the GO membrane. Fig. 4 depicts the gas permeation
through ultrathin GO membranes and in that work Kim et al. [44]
observed that the gas permeation decreases upon increasing the
humidity of the feed. In other words, the condensed water molecule
affects the transport of gases though the pores in the membrane.
Furthermore, the authors observed a gas permeation trend which

oxidized pristine
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HOH A L0l Yored o
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Fig. 3. Schematic model of the nanocapillaries in GO films. Monolayer water can
move through the capillaries when they wide open however in the low humidity
the capillaries becomes narrower (shown by dashed line) and as a result there is no
sufficient space between the capillaries to accommodate the water molecule.

Figure reproduced with permission from [1].
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Fig. 4. (A) Permeation of gases (H,, He, CHy4, N3, O, and CO as function of molecular weight under different conditions, i.e. dry and hydrated state. (B) Gas permeation with
time (h) for H, and CO,, and also the selectivity for H, and CO,. (C) Variation of gas permeation with the kinetic diameter of the gases under dry and hydrated state. (D)
Variation of CO, /N, selectivity with CO, permeability; it also compares the GO membrane properties with well known membrane of silica and zeolite.

Figure reproduced with permission from [44].

varies in the following order CO, >H; > He > CH4 > 0, >N, at room
temperature. Their study on gas transport is certainly one step
ahead in the field of membrane technology based on graphene
oxide.

Zhang et al. [45] demonstrated the improved hydrophilic-
ity, permeability and antifouling performances of graphene-oxide
ultra-filtration membranes by incorporating oxidized MWCNTSs
and PVDF. The researchers compared the hydrophilicity, per-
meability and antifouling performances of PVDF-OMWCNTs,
PVDF-GO, PVDF-GO-OMW(CNTs. Briefly, all these materials were
synthesized by the combination of solution blending route and
phase inversion method. Of these various membranes that have

been synthesized the contact angle is least for PVDF-GO-OMWCNTSs
indicating the improved hydrophilicity of this membrane over
other membranes. Further, it was reported, of all these membranes
PVDF-GO-OMWCNTs membrane exhibited a greater permeation
flux of about 240% and an increase in BSA rejection rate 14.23%
and also upon comparison with its pristine counter parts.

In another work, Li et al. studied the hydrogen separation using
ultrathin GO membranes [46] and their experimental set-up is
shown in Fig. 5. In their work, the authors observed selectivity of
3400 for Hy /CO, mixture and 900 for H, /N, mixtures. An important
point in this study is that the permeation is through the struc-
tural defects on GO. Fig. 6 shows the permeation results as the

YN
gas outlet silicone o-ring
— [ ]

GO membrane
¥
gas inlet, H,, GC sample in
€Oz, Ny, CH,, O Arinlet
He 1 -— GC sample out
— e Desktop | | |-
N Aroutlet b o Chromatography for GC
i

Fig. 5. Schematic of experimental set-up used by Li et al. for the permeation measurement.

Figure adopted from the supporting information of [46] with permission.
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Figure reproduced with permission from [46].

function of kinetic diameter of gas molecules and membrane thick-
ness. Authors observed that H, with a kinetic diameter of 0.289 nm
permeates 300 times faster than CO,, which has kinetic diameter
of 0.33 nm. Results, suggested that the average size of pores vary
between 0.289 and 0.33 nm. Based on their results, authors explain
that the transport pathway for gas molecules is the structural defect
rather than the interlayer spacing proposed by Nair et al. [1] for
water vapour transport. However, when they employed GO for
water permeation test, Li et al. [46] results agree well with Nair
et al. [1] as the water permeation decreased for reduced GO mem-
brane. This is due to the narrowing of interlayer spacing in reduced
GO. When they performed a single gas permeation test using 18 nm
GO membrane, authors observed no gas permeation changes and
suggested that the interlayer spacing were not channels for trans-
port but structural defects with GO flakes are the pathway for
transport.

Reports by Nair et al. [1], Kim et al. [44] and Li et al. [46] on
gas and vapour transport through GO membrane has been consid-
ered as very important contributions to the science and technology
of membranes. Further, in another important work, Schrier [47]
demonstrated the usefulness of a two dimensional hydrocarbon
polymer called Porous Graphene E-Stilbene 1 (PG-ES1) in order
to separate CO, from N5, O, and CH4. Based on the molecular
dynamics simulations, in the same work, Schrier [47] evidenced
that the two dimensional PG-ES1 employed adopted a combination
of surface adsorption as well as narrow pores to separate CO, from
the other gases mixture. Moreover, the CO, permeance, CO,/N;
selectivity and CO,/CH4 selectivity for the PG-ES1 employed in
this work was found to be 3 x 10° GPU, 60 and 500 respectively.
These observed values were found to be the best of all other val-
ues reported and thereby the material employed in this work

400+
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1504
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(1)
o
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has potential applications in CO, capture and upgrading biogenic
methane.

4.2. GO membrane as ionic and molecular sieve in solution

Reports discussed in Section 4.1 have shown the potential of
GO membrane as a future material for filtration. Work reported
by Nair et al. was immediately followed by a demonstration of
selective ion penetration through GO membrane by Sun et al. [48].
Sun et al. reported that sodium salts permeate freely through the
membrane whereas the salts of heavy metals take a longer time to
pass through. Their membrane blocks the copper salts and organic
contaminants. The reason for the observed behaviour is that the
metal salts permeate through nanocapillaries in GO membrane,
however, in the case of heavy metal ions the coordination between
them and GO membranes block the permeation. Fig. 7 shows the
variation of permeation with time in the form of change in con-
ductivity. The mechanism of permeation is completely based on
the theory proposed by Nair et al. [1]. According to them, the high
capillary pressure leads to the friction less flow of water and the dis-
tance available between the layers is responsible for the water flow.
Therefore, when the distance is higher, ions in their hydrated form
can pass through the membrane channels. So, larger species cannot
pass while smaller ones move through the capillaries. However, it is
interesting to note that the permeation ability reported by Sun et al.
[48] is independent of the size of the tested species. In their report,
the permeation ability follows the trend Na > Mn > Cd, but the size
variation has a trend Mn > Cd > Cu>Na. With this, Sun et al. [48]
concluded that the electrostatic interaction between the functional
group in GO and hydrated ions are responsible for this selective
(however, size independent) permeation. Further, Sun et al. [48]

60
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o 404 |-¥-NaHCO,
= —9-Cuso,
.g 30 |—€~Mnso,
G —-CdSO,
3 204
c
o
O 104

Time (min)

Fig. 7. (A) Change of conductivity (as permeation parameter) with time for various salts. (B) The plot shows the initial process of the salt transport through GO membrane.

Figure re-used with permission from [48].
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Figure re-used with permission from Sun et al. [48].

also studied the barrier separation properties and demonstrated
that sodium salts can be separated from copper salts and also from
the organic molecules using GO membrane. Fig. 8 is the represen-
tative barrier separation behaviour. The inset in Fig. 8 shows the
photographs of the feed and permeates with time. In the first case
of NaCl + CuSQy, feed has the colour of CuSO,4 which does not affect
the colour of filtrate due to the separation. Similarly, the colour of
RhB does not affect the colour of permeate since RhB does not pass
through the membrane. As discussed in the original article [48],
the conductivity change is slow in initial stage followed by a rapid
increase.

The observed effect is due to the wet condition of GO mem-
brane to allow any ions to pass through. Once the membrane is
wet, the capillaries become wider to accommodate hydrated Na*
ions. The process of narrowing and widening of the nanocapilaries
was introduced by Nair et al.

Huang et al. [49] have studied the filtration properties of GO
nanochannels. They have tuned the membrane properties by tuning
pH, salt concentration and pressure. Hung et al. [49] observed 85%
of rejection rate for Evans Blue (EB) and noticed a water flux of
71Lm~2h-1bar~! for some of their membranes. Fig. 9(A) depicts
how the flux rate decreases abruptly with a slight increase in NaCl
concentration. According to their explanation, the nanochannel
network in membrane, which is actually the inter sheet dis-
tance blocks some molecules. Furthermore, these nanochannels are
biased for one type of charges thereby making the pores depend-
ent on the charge of testing ion. Authors have concluded a charge
type dependence of filtration process of GO membrane by doing
experiment with varied concentration at a fixed pressure. It is
understood that the additional electrolyte suppress the channel
width and hence the filtration. It can be concluded from their work
that the membrane filtration depends on type and concentration
of charge near GO membrane. This result was backed by solution
pH dependence of membrane properties (Fig. 9B). Due to the pro-
tonation of carboxylic acid the electrostatic repulsion between GO
sheets weakens at lower pH. As a consequence of this the flux rate
decreases and the rejection of EB molecules takes place.

Hu and Mi [50] have used GO membrane for separation
in liquid medium. In their work, GO membrane was made by
the layer-by-layer deposition of GO nanosheets linked by 1,3,5-
benzenetricarbonyltrichloride. Authors measured the water flux
and rejection for the GO membranes using a dead-end membrane
filtration technique. Fig. 10(A)-(C) shows some of their results. They
observed that the water flux does not show a monotonic decrease
with increase in the number of GO layers. Authors have tested the
separation performance as function of number of GO layers for NaCl,
Na;S0O4 and two organic dyes. As we see in the plots the rejection
rate for salts depends on the number of layers. These membranes

show a rejection rate of over 90% for rhodamine WT (R-WT) dye
and around 50% for the MB dye. Authors conclude that the higher
rejection for R-WT is due size exclusion effect for higher molecular
weight and also because of the negative charge of GO. As discussed
in the original article, the presence of carboxylic groups enhances
the rejection of negatively charged R-WT. Fig. 10(C) supports their
assumption of charge effect on rejection rate of species. Authors
observed a decrease of rejection rate with increasing concentration
of salts for a membrane with 15 GO layers (which they explained on
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Fig.9. (A)Plot showing the variation of flux with NaCl concentration. (B) Plots show
the variation of water flux and rejection ratio with pH of the solution.

Figure re-used from [49] with permission.
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the basis of varied Debye length for different concentration of salts).
Variation in Debye length also affects the electrostatic repulsion
between the ions and charged membrane and hence the perme-
ation ability.

Huang et al. [51] recently observed ultrafast water flow using
GO membrane through the nanochannels with a size distribu-
tion of 3-5nm. The GO membranes studied by the authors have
nanostrand channels. Schematic of the preparation of such type
of modified membrane is shown in Fig. 11. We recommend the
readers to go through the original article for the complete syn-
thesis procedure. Further to test the permeation ability authors

have selected various species for their permeation through these
membranes. Table 3 taken from the original article shows the sum-
mary of the results obtained by Huang et al. [51]. It appears that
their membranes have 100% rejection only for Au nanoparticles of
5 nm diameter and it is slightly less for cytochrome c. In their study
the smallest ion tested was K3FeCNg, which is close to 1 nm. Fur-
ther the authors reported that their membranes show a favourable
behaviour for the species with one type charge. They observed that
the negatively charge GO membrane can trap the positively charged
species.

Research articles discussed above suggested that the membrane
properties are dependent on the ionic charge of the test species
used for filtration. In a very recent article, Joshi et al. [52] stud-
ied the permeation of many species with different ionic charges.
This article has a lot to differ and agree with other research papers
discussed earlier. Joshi et al. tested variety of solvents which are
water based and non-water based to check the permeation through
GO membranes, but they observed that only water based solutions
are found to pass through the nanochannels of the GO membrane.
Authors report that molecules dissolved in water can enter and
move through the graphene capillaries until the physical size of
ions or molecules exceeds the critical one which is approximately
4.5A. In their methodology, the GO membrane was transferred into
acopper foil, glued and sealed in a U-tube set-up as shown in Fig. 12.
Several salt solutions containing ions with different sizes were
tested in order to check their permeation through GO membrane
as function of size. In order to check permeation, authors adopted
two methods. One being the qualitative is the in-situ monitoring of
the ion permeation through membrane by measuring the conduc-
tivity of permeates with time. In order to measure the transport of
species from feed to permeate in quantitative Joshi et al. performed
chemical analysis for species present in both sides. Fig. 12 shows
the permeation as function of size of ionic or molecular species in
their hydrated form. Fig. 13 clearly shows a sharp cutoff for the
rate of diffusion for the species large than the critical size of ~4.5 A.
This report further gives the estimate of diffusion rate J for the net-
work of capillaries present inside the GO laminates. Authors used
the classical diffusion equation

A
]:DxACfof
Legy

where D=10"° cm?/s is the diffusion coefficient for small ions in
water and AC is the concentration gradient across the membrane.
For a 5um thick GO membrane with an area of 1cm?, authors
estimated an effective area Ay equal to 103 cm? of the water col-
umn (effective length approximately 0.5 cm) through which the
diffusion can occur. Using these numbers, Joshi et al. [52] found
the diffusion coefficient value of 2 x 10~3 mg/h/cm? which is 3000
times smaller than the measured rate. Furthermore, the authors
reported that the ion permeability of the GO membrane is as
high as that for a sheet of the standard filter paper. Authors also

Table 3
Size-specific molecule or ion MW (gmol-1) Concentration Size in nm (width diameter) Analyte Permeance (Im=2H-'bar1) Rejection (%)
v-CD 1451.3 0.67 mM <1.2 N 575 + 30 20+ 3
v-CD/Ad 1451.3 0.67 mM per 3.3 mM 1.2 N 571 £ 25 41 +£2
Rhodamine B 479.01 1mM 1.8x1.4 + 279 + 20 87 £3
[Fe(CN)g >~ 212.0 1.5mM Diameter 0.9 - 585 + 32 36 +3
EB 960.8 15 M 1.2x3.1 - 573 + 28 83 +1
Cyt.c 12,800 0.125mgml-! 2.5x25x3.7 - 568 + 55 98 +1
TMPyP 678.8 0.75 pM 1.7x1.7 + 235 + 18 99 + 1
Gold particles / 10'2 unit per ml Diameter 5 - 593 + 31 100 £1

Reproduced with permission from [50].

Abbreviations: Ad, adamantane; y-CD, y-cyclodextrin; cyt. c, cytochrome c; NSC, nanostrand-channelled; TMPyP, 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)-21,23-H-

porphyrin tetratosylate.
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U tube setup used for filtration experiment. (C) Variation of permeation rate with
hydrated radius of the species tested for filtration. Some species are named in the
plot while other can be found in original article.

Figure adopted with permission from [52].

estimated the rejection rate, which is up to some extant similar to
the reported value by others. In their work, the permeation depends
only on size. No noticeable dependence of charge of the species on
permeation was noticed. In order to support their model and mech-
anism, Joshi et al. [52] performed molecular dynamics simulations
to understand the fast permeation.

Fig. 13 istherepresentative theoretical set-up employed for sim-
ulations and the permeation results. For a brief explanation, Joshi
et al. [52] used two reservoirs for feed and permeate, separated
by graphene with a variation in width from 7 to 13 A. Their model
suggests that the graphene capillary can accommodate 2 layers of

(A)

[

water molecules and also supports the cut-off at critical size around
~4.5A.

Joshietal.[52] work was followed by some important reports on
membrane application of GO. For example, Huang et al. [53] studied
molecular separation of aqueous organic solution using GO mem-
brane and is very interesting. Huang et al. [ 53] have used a different
approach to utilize the membrane properties of GOES. Readers must
refer the original article for full technical details in order to under-
stand their membrane preparation method. As evident from Fig. 14,
authors have coated the ceramic hollow support with GO to make
a membrane structure by vacuum suction method according to the
geometric configuration of the hollow fibre. Similar to the other
vacuum filtration methods, the GO sheets stacks to the surface in
the form of membrane with controlled thickness. Using such sys-
tem, authors have measured the performance of the membrane to
separate DMC/water mixture with three different concentrations
limited to 3% feed water content to avoid the phase separation.
Authors performed the permeation experiment at four different
temperatures and observed that the total permeation flux increases
linearly with temperature (Fig. 15).

In a very recent work, Gao et al. [54] demonstrated the applica-
bility of GO as proton exchange membrane for fuel cell application.
In order to perform the experiment, the authors have used ozonated
GO and the resulting material has higher percentage of oxygenated
functional group. The free standing ozonated GO films when tested
for fuel cells application they showed improved proton conductiv-
ity at higher humidity. Fig. 16 shows the ozonation, proton hoping
in ozonated GO flake, conductivity as function of relative humid-
ity and finally a schematic of the polymer electrolyte fuel cell with
GO/ozonated GO membrane. Work by Gao et al. [54] is certainly
an important step towards implementing GO for fuel cell applica-
tion. All the article cited above have shown the potential of GO for
membrane application.
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Fig. 13. (A) Schematic shows the theoretical set-up used to understand the transport phenomenon. (B) Plot showing the permeation in terms of ions/molecules per second

as function of size of the species tested in our theoretical experiment.
Figure adopted with permission from [52].
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Loh et al. [55] employed the surface of water as a template and
assembled the GO film on it by exploiting the amphiphilicity of
GO films. Authors have cross linked the GO sheets with methacry-
late to get a highly wrinkled membrane with enormous surface
area. According to their report the cross-linking introduces several
covalent linkages. The highly wrinkled membrane obtained in this
work has been employed to favour the rapid stem-cell differentia-
tion without the use of any other inducers. Such type of scalable GO
membranes has futuristic applications in regenerative medicine. In
another work, Rodrigues et al. [56] has reported the usefulness of
graphene oxide modified membranes for the removal of bacteria
and their inactivation. The reported superior antibacterial activity
of these modified membranes was due to the production of reactive
oxygen species (ROS) which is capable of damaging the bacterial
cell and hinders their metabolic activity which in turn inhibit the
bacterial growth. From these observations, it was evident that these
membranes are potential candidates for waste water treatment. In
a recent work, Lee et al. [57] demonstrated that the inclusion of
graphene oxide membranes in to the membrane bioreactor sup-
presses the fouling encountered during waste water treatment.
Further, Lee et al. [57] evidenced that the use of graphene oxide
membrane overcame the fouling to a situation such that five-
fold lengthening time witnessed between the chemical cleanings.
Moreover, it was very surprising to note that the inclusion of only
1 wt% graphene oxide during the synthesis of membrane is highly
efficient to result in a novel membrane that can exhibit excellent
anti-fouling capability for membrane bioreactors. The inclusion of
graphene oxide was found to alter the pore size, pore structure and
surface charge of the membrane. Experiments also confirmed that
these graphene oxide modified membranes also exhibited superior
mechanical strength and excellent water flux. From all these supe-
rior characteristics, itis evident that these membranes are excellent
candidates for desalination.

Bano et al. [58] reported a graphene blended polymer matrix
for an efficient desalination application. More specifically, they
have demonstrated a graphene oxide incorporated poly amide (PA)
nanofiltration membrane with enhanced permeability, excellent
selectivity and antifouling properties for an effective desalination.
The improved flux associated with graphene oxide-PA membrane
(0.2% graphene oxide membrane) was found to be twelve times
better than with either PA alone or graphene oxide membrane
itself. The effective desalination and the improved flux together
with the observed antifouling property of this particular mem-
brane were attributed to the improved hydrophilicity of the PA
membrane that resulted due to the incorporation of graphene
oxide. Recently, reduced graphene oxide/TiO, blended polyvinyli-
dene fluoride membrane (PVDF) was reported by Safarpour et al.
[59]. The foretold membrane was synthesized using phase inver-
sion technique. Results indicated that the inclusion of 0.05wt%
graphene oxide/TiO, exhibited excellent water flux. In addition
to that, this graphene oxide-TiO, blended PVDF membrane also
exhibited excellent fouling resistance. The excellent fouling resis-
tance and the hydrophilicity were attributed to the inclusion
of graphene oxide with numerous oxygen terminated functional
groups. Further, classical molecular dynamics calculations were
performed by Nicolai et al. [60] by considering the coupling
observed between salt rejection and water permeability as a func-
tion of linker concentration, thickness and applied pressure. Based
on the calculation, Nicolai et al. [60] reported that water permeabil-
ity in graphene oxide can be tuned from 5Lcm~2day~! MPa~! to
400Lcm~2day~! MPa~!. The important observations made in this
work were the following: (i) when the pore size remains the same,
the water permeability can be increased by decreasing the spacing
between the pores, (ii) for a given spacing between the pores, the
water permeability can be increased by increasing the pore size,
(iii) a 100% salt rejection was witnessed for linker concentrations

n <32. From all these observations, it is evident that these types of
graphene oxide membranes are suitable candidates for an effective
desalination application. Li et al. [61] in their recent work reported
carbon dots impregnated graphene oxide membrane as an effective
tunable permeation system. According to Li et al. [61], the purpose
of embedding the carbon dots in the interspaces is to tune the spac-
ing and channels that exist between graphene oxide layers. Further,
Li et al. [61] attributed that the compositional similarity between
carbon dots and graphene oxide favoured a better distribution
of carbon dots than any other nanomaterials on to the graphene
oxide and thereby an excellent compatible permeation membrane
has emerged. Results also confirmed that the permeation of the
graphene oxide membrane from 18 Lh~! m~2 was increased to a
whopping 204Lh~! m~2 by embedding the carbon dots on to the
graphene oxide membrane. The carbon dots embedded graphene
oxide membrane have been also tested and found to be efficient
towards removing organic pollutants.

5. Conclusions and future prospective:

Membranes that operate via the application of pressure were
used in waste water treatment and in pharmaceuticals. In reality,
a superior ultrafast membrane is expected to be extremely thin
in order to have efficient (maximum) permeability and robust to
tolerate the applied pressure. At present, there is an urgent need
to develop speciality membrane that finds potential application in
energy and environmental research. The speciality membranes to
be developed for such application should exhibit maximum rejec-
tion rate and exceptional permeance. In practice, though there
are several polymeric membranes that have been developed and
reported for speciality applications, their permeation is very poor.
Disadvantage of employing polymeric membranes for energy and
environment applications is that they cannot withstand extreme
temperatures and conditions such as strong acid, alkali or organic
solvents [62-64]. All these above mentioned issues associated with
polymeric membranes are the major cause for a growing demand to
develop alternate membranes that will be used for energy and envi-
ronment applications. On the other hand, owing to the excellent
mechanical property, chemical inertness, availability of rich func-
tional groups and environmental safety, carbon based materials are
widely being researched for membrane applications. Initially, car-
bon nanotubes (CNTs) were considered as an excellent candidate
for membrane applications because of their inherent 1-D hollow
structure with excellent mechanical strength. However, large scale
assembly of highly dense vertical arrays of CNTs for membrane
applications is really a very difficult task. Therefore, creation of
CNT membranes remains only in theory and the practical imple-
mentation of this membrane may not be possible [65,66]. Later,
amorphous carbon forms such as diamond like carbons have been
attempted for membrane applications due to their exceptional
mechanical hardness and chemical inertness [67,68]. However,
their real time application is also very limited due to their high
energy requirement and the equipment size [69]. Due to its excel-
lent characteristics [70], we believe that GO is expected to be
material of interest for membrane applications. A recent report
on the stability of GO in water is worth mentioning here if we
consider GO membranes of practical application in future [71].
Several research groups have reported properties associated with
graphene oxide membranes [1,52-57] as well as GO based recon-
structed layered materials [ 72] to support the versatile future of the
GO. Indeed, there are some agreements and disagreements on the
observed results and the proposed transport mechanism. However,
these can be clearly understood in the near future due to ongoing
continuous efforts. Upon comparison with other membrane mate-
rials, GO membrane has a leading edge due to the ease of their
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preparation and processing, and provide uniform pore size distri-
bution in membranes. Further, the structure of the GO membranes
can be modified to tailor the pore size or the interlayer spacing
between the GO layers to utilize such membranes for real appli-
cations. The important parameters such as durability and stability
of membranes need improvement for practical applicability. The
membranes based on single layers with good filtration proper-
ties and enhanced water flow can be accompanied with problems
related to durability, scalability and reproducibility. Whereas the
multilayer based membranes have potential for practical applica-
tion under controlled thickness but the application can have some
limitations related to the thermal stability of GO [70].
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