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a significant advantage, greatly facilitates 
GO deposition from solution using water 
as a low cost and environment-friendly 
solvent.[3] Recently, GO has attracted 
great attention as a novel 2-D membrane 
material in water purification application 
because of its excellent mechanical prop-
erty, atomically thin thickness, excellent 
dispersion in water, and ease to form com-
pact membrane structure or to be added 
into polymer matrix.[3,4]

Concept demonstration/preliminary 
studies on using graphene-based mem-
branes for water purification were focused 
on simulations for single layer graphene/
GO/reduced GO (rGO) with structural 
defects. Cohen-Tanugi et al.,[5] using 
molecular dynamics (MD) simulation, 
found that hydrogenated and hydroxylated 
defects with appropriate sizes on gra-
phene could have 2–3 orders of magnitude 
higher water permeability than commer-
cial reverse osmosis (RO) membranes but 
similarly high salt rejection, suggesting 
great potential of single-layered gra-
phene membranes for desalination. Lin 
et al.[6] showed by MD simulations that 

thermally reducing GO with different initial epoxy to hydroxyl 
ratios and different oxygen concentrations may generate selec-
tive defects on rGO for high water permeability and high salt 
rejection desalination. Figure 2a shows representative struc-
tures of rGO after reduction at 2,500 K, when GO flakes with 
different starting oxygen concentrations and epoxy concentra-
tions or epoxy/hydroxyl ratios are used. With the increase of 
oxygen concentration and epoxy concentration, rGO becomes 
more defective and has bigger nanopores because of more 
carbon removal from the GO matrix. This suggests pores on 
rGO may be controlled by controlling starting GO composi-
tion and reduction conditions. Further, they studied desalina-
tion performance of defects on rGO after reduction at different 
temperatures and using GO with different oxygen concentra-
tions and epoxy concentrations (Figure 2b). Too low oxygen 
concentration (17%) leads to complete water blocking irrespec-
tive of reduction temperature and initial epoxy concentration 
or epoxy/hydroxyl ratio. At higher initial oxygen concentration 
(25% and 33%), high water flux and 99% salt rejection can be 
obtained depending on reduction temperature epoxy/hydroxyl 
ratio. These promising simulation results, therefore, suggest 
appropriately reducing GO with desired starting composition 

As a newly emerging 2-dimensional (2-D) material with sub-nanometer thick-
ness, graphene oxide (GO) has been widely studied either as a pure/skeleton 
membrane material or as an additive in and a functional coating on matrix 
membranes for water purification because of its unique physico-chemico-
mechanical properties. Manipulating or incorporating this novel 2-D mate-
rial effectively into a membrane structure has been shown to significantly 
improve membrane performance, including increased water permeability, 
alleviated fouling, improved antibacterial properties, etc., which will eventu-
ally lead to lower energy consumption, longer lifetime, and lower mainte-
nance cost. As the pure/skeleton membrane material, GO flakes typically 
are deposited as a lamellar structure by solution-based coating processes 
on appropriate porous supports, and nano-channels between GO sheets 
and sometimes structural defects within GO could be utilized as transport 
passage. As an effective additive and surface functional coating, GO also 
shows great potential to improve water permeation, surface hydrophilicity, 
and chemical resistance. In this paper, the latest studies on the use of GO 
in membrane application for water purification are reviewed, and potential 
challenges are discussed. Moreover, possible future research directions to 
further develop GO or GO-incorporated membranes for water purification are 
suggested in different membrane separation processes.

1. Introduction

Graphene oxide (GO) is an oxidized form of graphene that is 
made of carbon atoms bonded in hexagonal honeycomb lattice. 
Due to the strong oxidation conditions during its synthesis, 
for example, by Hummers[1] or Staudenmaier[2] method, a 
large amount of oxygen-containing groups, including epoxide, 
hydroxyl, and carboxylic acid groups, exist in GO, as shown in 
Figure 1. These functional groups lead to good hydrophilicity 
and allow excellent dispersion of GO flakes in water. This, as 
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may lead to high performance desalination membranes. In 
another study, permeation of water and ions through function-
alized and un-functionalized pores of single layer graphene 
sheet was investigated using MD simulations.[7] They found 
that pristine pores with diameter approximately 0.75 nm can 
effectively exclude ions, whereas ion rejection decreased with 
the increase of ion concertation and pore diameter. Compar-
ison among carboxyl anion, amine cation, and hydroxyl groups 
indicated that carboxyl group had better ion rejection, particu-
larly for Cl−.

To experimentally demonstrate the feasibility of utilizing 
structural defects for selective water permeation, several clever 
experiments have been designed. Surwade et al.[8] covered a 
5-µm pore with a single layer of graphene with a grain size of 
50 µm, and then applied very short time (<10 s) oxygen plasm 
etching to create nanopores; their results indicated that under 
certain etching conditions, generated defects had an extremely 
high water permeability, about 1,000 times higher than com-
mercial RO membranes, and approximately 100% salt rejec-
tion. O’Hern et al.[9] transferred single layer graphene grown by 
chemical vapor deposition to a porous polycarbonate substrate 
and then used ion bombardment and oxidative etching to tune 
defects sizes on graphene in the sub-nanometer range and thus 
allow slat transport while excluding organic dye molecules. 
These experimental studies seem to support the simulation 
results and show the potential of the structural defects within 
graphene. However, it is very challenging to make macroscopic, 
single-layered graphene or GO membranes that have desired 
structural defects that are the only transport pathway and only 
allow water permeation.

Another parallel pathway of using GO in membrane fabri-
cation is to form lamellar structure and utilize nano-channels 
between GO flakes for selective water permeation. As the very 
first study, in 1961 Boehm et al.[10] synthesized graphite oxide 
and prepared membranes by evaporation of its suspension on 
a porous glass plate, and investigated water vapor permeation 

and ion diffusion. Bober et al.[11] studied desalination 
performance of the deposited graphite oxide membranes, and 
found a membrane with thickness of approximately 300 nm 
had high rejection for NaCl (≈90%) but low water permeance 
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Figure 1.  Chemical structure of graphene oxide (GO) composed of a gra-
phene sheet derivatized by phenyl epoxide and hydroxyl groups on the 
basal plane and carboxylic acid groups on the edge.
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(0.04 L (m2 h bar)–1) at 600 psi. After 50 years, Nair et al.[12] 
fabricated approximately micrometer-thick, free-standing GO 
membranes and found that water vapor permeated through 
the membrane with negligible transport resistance, but even 
helium can’t permeate through the dry membrane; they also 
found small organic molecules, such as methanol, acetone, 
and hexane etc., had several orders of magnitude lower per-
meability than water. In a following study in 2014,[13] they 
observed, by liquid phase diffusion experiments, thick GO 
membranes exhibited a sharp cutoff size of nano-chan-
nels at ≈0.9 nm; species with hydrated radius lager than 
≈0.45 nm were sieved out, whereas small species, such as 
K+, Mg2+ and AsO4

3− ions, permeated with approximately 
the same rate and showed weak dependence on ion charge 
(Figure 3). These promising preliminary results demonstrated 

that nano-channels between GO flakes have great potential 
for highly selective water permeation, and stimulated exten-
sive study of using GO membranes with lamellar structure 
for water purification. The enhanced water permeability 
through membranes composed of multiple GO flakes with 
pores within the flakes and having lamellar structure was 
studied using atomistic simulations and theoretical analysis 
to understand the observed water permeation behavior.[14] 
The physical picture of ultrafast flow between pristine gra-
phene sheets breaks down due to a side-pinning effect by 
water confined between oxidized regions in GO membranes. 
Generally, expanded interlayer gallery, wide channels formed 
at wrinkles, holes, and interedge spaces could prominently 
improve water flow in GO sheets.[14]

Encouraged by the exciting preliminary experimental dem-
onstrations and simulations, researchers from all over the 
world are exploring various ways of utilizing 2-D GO to improve 
membrane performance in water purification. There are three 
typical ways of fabricating GO-incorporated membranes:  
i) lamellar-structured membranes with GO as the skeleton 
material; ii) mixed matrix membranes (MMM) with GO as the 
additive; and iii) GO surface functional coatings. Figure 4 shows 
representative membrane structures formed via these three 
ways. In structure I, nano-channels between GO flakes in par-
allel dominate the molecular permeation, and current research 
is focused on modifying GO surface properties, controllably 
depositing GO flakes to form more ordered lamellar structure, 
and tuning the nano-channel size (physically and chemi-
cally).[14–16] In structure II, GO serves as a functional additive 
to modify the properties of the matrix membrane (typically 
hydrophobic), such as hydrophilicity and surface roughness, to 
improve surface hydrophilicity and antifouling performance, 
and/or to introduce extra transport pathways.[14,16] In struc-
ture III, GO acts as a functional coating that changes the con-
tacting material with the feed liquid, and thus may work as a 
protective layer, antibacterial and antifouling coating.[14,16,17] In 
this review, we discuss research progress on these three struc-
tures involving GO, point out potential problems, and finally 
suggest future research directions.
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Figure 2.  a) Representative defective structures of rGO after reduction at 2,500 K. The epoxy/hydroxyl ratio and initial oxygen concentration of GO 
sheets are shown along the horizontal and vertical directions, respectively. All structures are represented as ball and stick with carbon, oxygen and 
hydrogen atoms in grey, red and white color, respectively. b) separation performance of rGO membranes in water desalination.[6] Copyright 2015, 
Nature Publishing Group.

Figure 3.  Permeation rate of ions and neutral molecules with different 
hydrated radius through GO membranes. Permeation rates are normal-
ized per 1 m feed solution and measured by using 5-µm-thick membranes. 
Reproduced with permission.[13] Copyright 2014, IOP.



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1600918  (4 of 16)

2. GO-Based Membranes with Lamellar Structure

An ideal graphene-based membrane would be composed of 
just one layer of graphene or GO with desired structural defect 
size and high porosity to provide high water selectivity and 
high permeability. However, as we discussed above, only very 
limited studies have been conducted along this pathway. This 
is because i) there lacks simple and reliable methods for fab-
ricating single-layered graphene or GO membranes and ii) it 
is very difficult to control structural defect sizes and porosity. 
In contrast, pure/free GO membranes with lamellar structure 
can be prepared by facile solution-based deposition processes, 
and initial permeation studies using thick GO membranes with 
lamellar structure have shown potential of nano-channels for 
selective water permeation.[12,13]

Pure/free GO membranes with lamellar structure, how-
ever, may have potential stability problem, resulting from the 
swelling in water and other solvents and weak mechanical 
strength. Two major strategies are adopted to solve the poten-
tial stability issue of hydrophilic GO membranes in an aqueous 
environment. The first strategy is the layer-by-layer (LBL) 
assembly via electrostatic interactions, while the second one 
is to create covalent bonding between GO flakes using cross-
linking agents. Although, LBL assembly via electrostatic inter-
action can partially improve the stability of GO membranes and 
membrane performance, they are still susceptible for swelling 
in water and organic solution because of the charge screening 
effect. In contrast, chemically bonded GO membranes can be 
a good alternative for enhancing membrane performance and 
stability. Organic agents, such as diamine monomers, have 

been successfully employed as cross-linking agents. Figure 5a 
shows LBL assembly preparation steps of GO sheets with poly-
ethyleneimine (PEI) membrane; the electrostatic interactions 
between positively-charged PEI and negatively-charged GO 
improved stability of GO layers.[18] Figure 5b illustrates a sche-
matic of utilizing covalent reaction between GO sheets and 
1, 3, 5-benzenetricarbonyl trichloride (TMC) monomers to 
form stable GO-based membranes.[19]

2.1. Pure GO Membranes with Lamellar Structure

Following the work of thick pure/free GO membranes with 
lamellar structure, extensive studies were conducted to further 
investigate the potential of free GO membranes with lamellar 
structure for water purification. Similar selective ion diffu-
sion was reported by Sun et al.;[20] they found a micrometer-
thick (<10 µm) free standing GO membrane separated Na+ 
from Cu2+ due to the strong coordination interaction between 
heavy-metal ions and oxygen-containing functional groups of 
GO. Furthermore, organic contaminates, such as rhodamine B, 
were completely blocked by the membrane because of their 
strong interactions with oxygen containing functional groups 
on the GO sheets. Huang et al.[21] studied effects of feed pres-
sure during GO filtration deposition, pH, and salt concentra-
tion on water filtration performance of GO membranes with 
thickness around 500 nm. They reported that low pH and high 
pressure around 1.3 MPa led to the lowest water permeability 
but the highest Evans blue (EB) dye rejection, resulting from 
the narrowed interlayer spacing/nano-channels under these 
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Figure 4.  Three representative membrane structures with incorporated GO flakes: I) GO-based membranes with lamellar structure; dashed lines indi-
cate transport pathways of water molecules (a water molecule was shown on top of the membrane surface), and white channels within GO flakes (grey 
slab) are structural defects; II) mixed matrix membranes (MMM) with GO as the additive; light blue indicates the bulk matrix material, and groups of 
black lines indicate agglomerates of GO flakes; and III) GO functional coating on polymeric membrane.
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conditions. At pH 3, the permeability of this freestanding GO 
membrane was 12.19 L (m2 h bar)–1, approximately 15 times 
higher than commercial RO membrane, with 100% rejection of 
EB dye. Low pH and high salt concentration were found to lower 
the repulsion forces between the negatively charged GO sheets 
and thus dramatically decrease nano-channel size between GO 
flakes, which led to the decrease of the flux and increase of the 
dye rejection. High applied pressure also decreased interlayer 
spacing between GO flakes, and as a result water flux decreased 
and dye rejection increased. The “squeezed” nano-channels 
under high pressure, however, can be recovered by releasing 
the applied pressure due to the unique elastic properties.[21]

The above discussed work clearly showed potential of pure 
GO membranes with lamellar structure for selective water 
permeation. However, water permeability was still low due 
to the thick membrane thickness and thus long transport 
pathway. A natural step to proceed is to develop thinner GO 
membranes and investigate their potential for water purifica-
tion. Effect of GO layer thickness on desalination performance 
was studied by Deng et al.[22] They found that GO membranes 
thinner than 30 nm had a high water flux but low salt rejection 
(< 5%). Increasing thickness of GO membrane from 30 nm to 
300 nm decreased water flux from 1650 to 250 L (m2 h bar)–1 

and increased NaCl rejection from less than 5% to approxi-
mately 15%. Their results suggested that increasing GO 
membrane thickness can increase the salt rejection, but it is 
still way lower than polymeric RO membranes. They specu-
lated that thicker GO membranes may have more organized 
lamellar structure and smaller interlayer spacing. Higher rejec-
tion for hydrated Na+ by pure GO membranes with lamellar 
structure is expected if GO interlayer spacing can be reduced 
to be less than 0.7 nm, for example, by partially reducing GO. 
Han et al.[23] reported ultrathin (22–53 nm) rGO membranes 
for nanofiltration (NF). Their membranes were fabricated by 
vacuum filtration of base-refluxing reduced GO (brGO) disper-
sion on porous substrates (anodic alumina oxide (AAO) disks 
or Polyvinylidenefluoride (PVDF) membranes); membrane 
thickness was controlled by GO loading per membrane area. 
Accompanied with pure water permeability as high as 21.8 L 
(m2 h bar)–1, the resulting membranes showed >99% rejec-
tion for large organic dyes, such as methyl blue (MB) and 
direct red 81 (DR). Moreover, the ultrathin rGO membranes 
exhibited moderate rejection (20–60%) for salts with different 
cation to anion charge ratios. They suggested that rejection 
of organic dyes was attributed to the combined effect of size 
sieving and electrostatic interaction, whereas Donnan exclusion 
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Figure 5.  Strategies of improving GO-based membrane stability: a) LBL membrane preparation by electrostatic interaction between polycation and 
GO on PAN support. Reproduced with permission.[18] Copyright 2016, Elsevier. b) covalent interaction: (1) a step-by-step procedure to synthesize the 
GO membrane, (2) reaction between polydopamine and TMC, and (3) reaction between GO and TMC. Reproduced with permission.[19] Copyright 
2013, ACS.
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dominated the salt rejection. In another study, ultraviolet (UV) 
reduction was used to overcome the swelling of hydrated GO 
membranes.[22] Under UV irradiation, GO flakes were gradually 
reduced to rGO, resulting in a narrowed interlayer spacing. Salt 
rejection rates increased slowly with UV irradiation time. NaCl 
rejection (28%) by rGO membrane after UV irradiation for 4 
days was 1.5 times higher than that of GO membrane. Their 
results suggested that partial reduction can narrow interlay 
spacing, and thus increase salt rejection.

Moreover, rGO-based membranes were also studied for for-
ward osmosis (FO) application. As a low energy consumption 
process (no hydraulic pressure needed), FO has attracted great 
attention over the past decade as an alternative desalination 
method for a conventional pressure-driven RO process. Mem-
brane support selection is very important for FO membrane per-
formance, because the internal concentration polarization (ICP) 
could significantly reduce membrane permeability and aggra-
vate fouling. Liu et al.[24] reported the fabrication of ultrathin 
(100 nm), freestanding rGO FO membranes which greatly 
alleviated the ICP issue brought by FO membrane support. 
In this novel membrane fabrication strategy, hydrogen iodide 
(HI) steam worked as a reducing agent for the GO membrane, 
which also triggered the peeling of rGO membrane from cellu-
lose acetate substrate as immersing into water. The resulting 
freestanding rGO membrane showed high mechanical stability, 
which makes it suitable for FO application. The water perme-
ability of the freestanding, 100 nm rGO FO membrane reached 
57.0 L m–2 h–1, while using water as feed and NaCl (2.0 M) as 
the draw solution. Water permeability of the membrane also 
exhibited linear increase with the increase of the draw solution 
concentration (0.5–2.0 M), suggesting the ICP was almost elimi-
nated. After 12 h FO operation, the reverse NaCl flux was meas-
ured to be 0.02 mol (m2 h)–1. The freestanding rGO FO mem-
brane also showed high rejection for acid orange 7 and Cu2+.

Considering the nanometer-sized 2-D channels and surface 
hydrophilicity, ultrathin GO membranes were also studied 
for their potential for waste water treatment. Song et al.[25] 
conducted the filtration test of water containing a typical nat-
ural organic matter, humic acid (HA), using GO membranes 
(5–30 nm thick) supported on porous polyethersulfone (PES). 
They found that hydrophilic GO membrane surface enhanced 
water permeability and fouling resistance, and nano-channels 
of GO membranes also increased rejection for HA from 20% 
for pristine PES support to 80% for GO membrane.

Besides removing salt and organic contaminants in water by 
size sieving and/or electrostatic repulsion, hydrophilic nano-
channels in GO membranes with lamellar structure were also 
explored for selective extraction of water from organic solvents 
by pervaporation (PV). The sorption-diffusion mechanism plays 
a key role on molecular permeation in PV. Many researchers 
investigated potential of GO membranes with lamellar struc-
ture for organics dehydration, and found that nano-sized inter-
layer spacing between GO flakes can act as selective nano-
channels for water permeation in PV.[26–29] Table 1 summarizes 
recent results of GO-based membranes for organic dehydration 
by PV. In the following, we will discuss some representative 
results in more details.

Generally, PV performance of GO membranes is expected 
to depend on supporting porous substrate (pore size, material, 

and surface morphology etc.), interlayer spacing between GO 
flakes, GO layer thickness, and the functional groups on GO. 
Proof of concept studies were performed to show potential 
of GO membranes with lamellar structure for selective water 
extraction. Huang et al.[27] used a GO membrane (thickness: 
600–1,600 nm) for ethanol and dimethyl carbonate (DMC)/
water separation by PV. They coated a GO layer on a ceramic 
hollow fiber substrate by vacuum filtration process. Results 
showed high separation performance of the GO membranes 
for DMC/water mixture with separation factor of 740 and total 
permeability of 1702 g (m2 h)–1. They attributed this to the pref-
erential water sorption ability and fast water diffusivity through 
the GO layers. Liu et al.[26] found that permeability of alcohols, 
such as ethanol, 1-propanol and 2-propanol, was about 80 times 
lower than that of water; as a result, in PV of water/alcohol 
mixtures, water was preferentially extracted, and thus alcohols 
with concentration of ≈97% were generated. In these GO mem-
branes, the interlayer spacing between the GO sheets is sub-
nanometer and hydrophilic, and thus allow preferential water 
permeation. Moreover, structural defects on GO flakes gener-
ated during oxidation process may provide additional transport 
pathway for molecules, and the effect of these defects decreased 
with the increase of the GO layer thickness because of mutual 
stacking.[27]

To understand influence of GO membrane preparation con-
ditions and membrane nanostructure on PV performance and 
thus further improve both water flux and separation factor, 
various methods for GO deposition or post-treatment were 
explored. Liu et al.[26] found permeability in PV of ethanol/water 
mixture decreased more than 20 times with the increase of the 
drying temperature. Depending on the drying temperature 
(40–200 °C), the oxygenated groups at the edges of defects and 
GO flakes surface can create a GO interlayer spacing from sub-
0.6 to 1.0 nm. Besides controlling drying temperature of the 
deposited wet GO membranes, other methods, including pres-
surization and vacuuming during GO dispersion filtration and 
evaporation rate control, were adopted by Tsou et al.[29] for pre-
paring GO membranes on modified polyacrylonitrile (mPAN) 
support. Results revealed that GO membranes with different 
microstructures resulted; assembled GO membranes by pres-
surization had the smallest interlayer spacing and the best PV 
performance (Table 1). The pressure-assisted self-assembly 
technique was also used by other groups,[35,32] and results were 
in good agreement with those obtained by Tsou et al. Specifi-
cally, they investigated the effect of pressurization on GO mem-
brane fabrication for dehydration of ethanol.[32] Ethanol/water 
separation performance showed that pressurization improved 
GO packing density, thereby improving selectivity and 
decreasing permeability. However, pressure higher than 5 bar 
led to fast GO deposition rate, which may cause defects in the 
GO membranes. Hung et al.[33] applied this optimum pressure 
to deposit a GO layer with highly ordered lamellar structure on 
polyacrylonitrile (PAN) support for isopropanol/water separa-
tion. They studied the effect of GO coating thickness on PV 
performance, and found that the separation factor of GO mem-
brane increased initially with the coating thickness and then 
remained unchanged after an optimum thickness of 300 nm. 
When GO coating was thinner than the optimum thickness, 
it could not completely cover the support surface, therefore 
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separation factor was very low. When GO coating was thicker 
than the optimum thickness, permeability decreased because 
of increased mass transfer resistance; but, separation factor 
kept almost constant.[33] Moreover, they showed that interlayer 
spacing of GO coating increased during separation process. 
Hydrogen bonding (H-bonding) and π−π interactions are domi-
nant forces that hold GO flakes together during pervaporation. 
Intercalation of water and alcohol molecules between GO flakes 
leads to the substantially increased interlayer spacing, and thus 
decreases GO membrane PV performance.

2.2. GO Framework (GOF) Membranes

Despite initial promising performance of pure/free GO mem-
branes with lamellar structure for water purification, mem-
brane stability in aqueous solutions may be one potential 
concern. Pure/free GO membranes have only intermolecular 
interactions and thus may not be strong enough to provide 
long-term stability in aqueous phase. As GO is highly dispers-
ible in water, GO membranes may disintegrate during mem-
brane separation, particularly for long time operation. Also, 
GO flakes become negatively charged on hydration in water, 
and electrostatic repulsion can dissipate packed GO flakes.[37] 
Enhancing interactions between GO flakes or introducing 

chemical bonds between GO flakes are expected to improve 
GO membranes stability and thus increase their life time. 
Mixing GO with cross-linking agents, adding charged polymer 
between GO sheets, and using functionalized GO, therefore, 
have been studied for preparing more stable GOF membranes 
with enhanced interactions or chemical bonding between GO 
flakes.[18,35,37,38]

Hu et al.[19] prepared GO based FO membranes through LBL 
assembly of GO with poly(allylamine hydrochloride) (PAH) via 
electrostatic interaction. GO/PAH bilayer was around 16.5 nm 
thick, and the resulting 10-bilayer GO membrane had water 
permeability that was 3–4 times higher than commercial HTI 
membrane developed by Hydration Technology Innovations, 
LLC. Although reverse flux of ionic species (3.3 mol (m2 s)–1) 
of the membrane was not low enough, the rejection of sucrose 
by the 10-bilayer GO membrane was around 99%. GO mem-
branes prepared by LBL method, therefore, may be suitable for 
FO separation while using sucrose as drawing solution.

To avoid swelling of GO membranes, chemical bonding 
was introduced into GO membranes to “lock” GO flakes in 
the adjacent layers.[19,39,40] GO membranes can also be stabi-
lized using cross-linking agents, such as multivalent ions,[37] 
diamine, or dyadic monomers.[32,34] Via a LBL deposition tech-
nique, TMC was used to cross-link adjacent GO flakes.[19] The 
resulting stabilized membrane exhibited high permeability 
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Table 1.  PV performance of GO-based membranes with lamellar structure for water/organics separation.

Organic components Preparation  
method

Membrane 
composition

Conditions Support layer Thickness  
(nm)

Flux  
(g m–2 h–1)

Separation  
factor

Reference

Methanol and Dimethyl 

carbonate

Vacuum filtration GO t: 25 to 40 °C 

Water: 1–2.6%

Ceramic hollow 

fiber

100 1702 740 [27]

Ethanol, methanol,  

1-propanol, 2-propanol

Vacuum filtration GO t: ≈25 °C Water:  

0 to 100%

PTFE 4,500 – 500–700 [26]

Butanol Vacuum filtration GO t: 30 to 70 °C 

Water: 5 to 15%

AAO 600 3,100 250 [30]

Isopropyl Vacuum filtration GO t: 50 to 70 °C 

Water: 10%

PVDF – 1,400 1,500 [31]

1-butanol Vacuum filtration, 

pressurization, and 

evaporation

GO t: 30 to 70 °C 

Water: 10%

PAN 300 4340 2241 [29]

Ethanol Pressurization GO t: ≈25 °C Water:  

0 to 100%

Cyclopore 

polycarbonate

10,000 3,500 1450 [32]

Isopropanol Pressurization GO t: 30 to 70 °C 

water: 30%

mPAN 400 4,137 1,164 [33]

Ethanol Vacuum spin 

coating

GO t: ≈25 °C Water: 

20%

PAN 93 500 350 [34]

Ethanol (Eth), n-propanol 

(NPA), isopropanol (IPA), 

ethyl acetate (EA)

Vacuum  

filtration

GO with  

EDA
t: 70 °C Water: 

10%

Ceramic hollow 

fiber

250 Eth = 1200 NPA =  

1400 IPA = 1800 EA =  

1900

Eth = 200 NPA = 1000  

IPA = 2000 EA = 2500

[28]

Ethanol Pressurization GO with 

diamines
t: 30 to 80 °C 

Water: 10%

CA 420 2,297 4,500 [35]

Methanol (MET), Ethanol 

(ETH), n-propanol (NPA), 

isopropanol (IPA),  

isobutanol (IBA),  

secbutanol (SEB),  

tert-butanol (TBA)

Vacuum  

filtration

GO with 

1,4-phenyldi-

boronic acid

t: ≈25 °C Water: 

10%

PVA 400 MEH = 450 ETH =  

300 NPA = 350 IPA =  

220 IBA = 500 SEB =  

450 TBA = 350

MEH = 900 ETH =  

4000 NPA = 10000 IPA = 

20000 IBA = 70000 SEB = 

105 TBA = 105

[36]
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ranging from 8 to 27.6 L (m2 h bar)–1. Albeit TMC cross-linked 
GO membranes did not show high salt rejection (6–46%), they 
gave a moderate rejection (46–66%) for MB and high rejec-
tion (93–95%) for Rhodamine-WT. Besides TMC used by Hu 
et al.,[19] diamines, as mentioned above, are another type of 
cross-linkers that could be applied to lock GO flakes and thus 
improve membrane stability. Xia et al.[39] reported, by using 
different diamines as cross-linkers, including ethylenediamine 
(EDA), 1,3-propaneddamine and m-phenylenediamine, the 
interlayer spacing of GO membrane was fixed at 0.92, 0.96 and 
0.98 nm, respectively (Figure 6). This greatly improved GO 
membrane stability. Applying a similar idea, Chung and co-
workers[38] used EDA to cross-link GO membrane as well. In 
addition, hyperbranched polyethylenimine (HPEI) (molecular 
weight: ≈60,000 g mol–1) was applied to modify the surface 
of membrane. The amine-modified membrane showed high 
water permeability of 5.01 L (m2 h bar)–1 and comparable high 
rejection towards heavy metal ions, such as Mg2+, Pb2+, Ni2+, 
Cd2+, and Zn2+. To increase the stability of GO layer, Chong 
et al.[41] firstly introduced a porous poly (methyl methacrylate) 
(PMMA) sacrificial layer on the hollow fiber support and below 
GO coating; the space between hollow fiber support and the 
GO membrane allows stress-free shrinkage. The defect-free 
GO hollow fiber membranes were subsequently fabricated by 
removing the sacrificial layer. Upon UV-light irradiation, pure 
water permeability of GO hollow fiber membranes with 150 nm 
thickness was greatly enhanced from 0.07 to 2.8 L (m2 h bar)–1; 
meanwhile, the membranes still maintained low molecular 
weight cut off ≈250 Da.

Hung et al.[35] studied the stability of freestanding GO 
membranes in ethanol/water pervaporation using X-ray dif-
fraction (XRD). They showed d-spacing of freestanding GO 
membranes increased after soaking in different solvents. To 
prevent the swelling of GO membranes and thus maintain 
desired interlayer spacing in PV, they used EDA as a cross 
linker to fix the lamellar structure of GO membranes during 
PV. They defined these GO membranes with molecular linkers 
between layers as GOF membranes. The interlayer distance 

between hydrated GO layers was fixed at 0.89 nm by this cross 
linker agent. They showed that separation factor increased 
significantly, particularly for water over larger alcohol, such 
as n-propanol, isopropanol and butanol. Three other diamine 
monomers were also employed for cross-linking GO sheets to 
prepare GOF membranes using a pressure-assisted method on 
CA substrate.[35] Results of wet and dry conditions of pristine 
GO and GOF membranes clarified that the interlayer spacing 
of GOF membranes were more stable than pristine GO mem-
branes. For pristine GO membranes, the solution that entered 
GO layers destroyed hydrogen bonding and π−π interactions 
and stretched interlayer spacing or d-spacing. In contrast, the 
formed C-N bonds between GO carboxylic and linker amine 
groups can resist interlayer stretching; as a result, separation 
factor increased significantly from 70 to 4500 for ethanol/
water mixture with the maximum water concentration on the 
permeate side of 99.8%.[35] Also, Li et al.[36] used phenyldibo-
ronic acid as cross-linker to fabricate GOF PV membrane. They 
found a high stability and excellent PV performance for isobu-
tanol/water mixture with flux around 500 g (m2 h)–1 and sepa-
ration factor higher than 70,000.

3. GO Composite Membranes and MMM 
with GO Additive

Although GO-based membranes with lamellar structure showed 
remarkable performance in various water separation processes 
as discussed above, they may be limited in NF, RO, and PV due 
to the sub-nanometer interlayer spacing. To extend the appli-
cations of GO-based membranes, for example, to ultrafiltration 
(UF) and microfiltration (MF), and further improve GO-based 
membrane performance, various inorganic materials, such as 
carbon nanotubes (CNTs), TiO2, Ag[42–44] and other nanoparti-
cles[9,40,43] have been hybridized with GO to improve their water 
purification performance. In addition, GO has been investi-
gated as a novel additive to various polymers to form MMM 
with improved water purification performance.[44–48]

3.1. GO/Nanoparticle Composite Membranes

Nanoparticles, such as CNTs, TiO2, zeolite, etc., have been 
added to GO membranes to improve their stability or fix 
interlayer spacing of GO flakes for various water purifica-
tion processes.[49,50] Han et al.[23] reported a highly permeable 
NF membrane by assembling multi-walled CNTs with rGO 
(G-CNTm). The permeability of resulting hybridized membrane 
(11.3 L (m2 h bar)–1) was more than two times higher than that 
of the corresponding rGO membrane, which can be attributed 
to the expanded interlayer spacing by CNTs. In addition to the 
enhanced water permeation, the membrane also showed high 
rejection for organic contaminants, with >99% for Direct Yellow 
and >96% for methyl orange (MO). G-CNTm also exhibited 
good rejection for salts (83.5% for Na2SO4) and excellent anti-
fouling performance for sodium alginate (SA) and HA.[51] Gao 
et al.[52] also blended single-walled carbon nanotubes (SWCNTs) 
and GO by sonication and prepared SWCNT-intercalated GO 
ultrathin laminar films by vacuum-filtering on AAO membrane. 

Adv. Mater. Interfaces 2017, 1600918

www.advmatinterfaces.de
www.advancedsciencenews.com

Figure 6.  d-spacing/interlayer spacing of GO membranes crosslinked 
with diamines at the dry and wet states: a) pure GO, b) GO/ethylene 
diamine, c) GO/butylenediamine, and d) GO/p-phenylenediamine. 
Reproduced with permission.[35] Copyright 2014, ACS.
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Size of the nano-channels of the SWCNT/GO ultrathin mem-
brane increased due to the intercalation of SWCNTs into the 
stacked GO layers, resulting in an improved water permeability. 
Permeability increased to 720  ±  50 L (m2 h bar)–1 with a slight 
decrease in the rejection rate of Coomassie Brilliant Blue dye, 
when the mass ratio of CNT to GO is 1:4. Instead of physi-
cally assembling CNT with rGO, Nellore et al.[43] fabricated a 
3D porous membrane by bridging GO and CNTs together with 
amide bonds; with further peptides modification, the 3D GO 
hybrid membrane presented antimicrobial and heavy-metal ion 
retention properties. They demonstrated PGLa modified mem-
brane not only gave 100% rejection for E. coli, but also showed 
efficient disinfection abilities. Moreover, glutathione attached 
3D membrane effectively captured As(III) (98%), As(V) (94%), 
and Pb(II) (98%) from wastewater.

TiO2, as a particularly appealing candidate owing to its low 
cost, high hydrophilicity, and good reactivity with the oxygen-
ated functional groups in GO, was also studied as an effective 
additive to GO membranes. Fu et al.[53] reported that by assem-
bling TiO2 nanoparticles with GO, a membrane with an average 
pore size of ≈3.5 nm can be fabricated. The final GO com-
posite membrane showed relatively high water permeability 
(7 L (m2 h bar)–1) and almost 100% rejection of MO. Crum-
pled GO nanocomposite membranes were reported by Jiang 
et al.;[54] upon assembling these nanocomposites, the resulting 
membranes achieved extraordinarily high permeability of 246 L 
(m2 h bar)–1. Moreover, multifunctional membranes were also 
demonstrated in their work by encapsulating different nanopar-
ticles into GO. GO-TiO2 nanocomposite based membrane not 
only presented >80% rejection of bovine serum albumin (BSA) 
and ≈30% rejection of MO, but also demonstrated in situ photo-
catalytic degradation ability for MO. GO-Ag nanocomposite 
based membrane exhibited superior antimicrobial properties. 
Xu et al.[55] synthesized photocatalytic GO-based hierarchical 
membranes for water purification by employing TiO2 decorated 
GO as separation layer covered by an additional TiO2 particle 
layer with strong photocatalytic activity. Superior separation 
performance resulting from the nano-channels in GO layer 
as well as the photocatalytic antifouling function provided by 
TiO2 nanoparticles (foulant decomposition under UV irradia-
tion) were obtained simultaneously. To prevent the swelling of 
hydrated GO membranes, monolayer titania (TO)[22,56] flakes 
were inserted between GO flakes, and then the composite 
membrane was cross-linked by chitosan (CTS) chains to adjust 
the interlayer spacing. The rejection of NaCl by GO/TO com-
posite membrane increased greatly from 5% to more than 30% 
with water flux around 710 L (m2 h bar)–1 which is 70 times 
more than commercial NF membranes.

Other GO-based nanocomposites incorporated with inor-
ganic nanoparticles can also be a potential candidate for post 
membrane surface functionalization to derive a synergic effect. 
Sun et al.[57] developed a GO-AgNPs modified CA membrane 
by vacuum filtration. The modified membrane showed an inac-
tivation of 86% E. coli, revealing its high antibacterial activity. 
Photocatalytic performance of the modified membranes were 
also studied to impede biofouling and prolong the membrane 
service time.[57]

GO, decorated by TiO2 as GO-TiO2 hybrid nanoparticles, has 
been selected as an efficient photocatalyst for photocatalytic 

membrane fabrication owing to its outstanding antifouling 
property.[58] It was reported that addition of GO into TiO2 
matrix increased light absorption in the visible spectral range 
according to the band-gap energy decrease, which is in agree-
ment with most of the studies on GO-TiO2 catalyst.[59–67] Three 
different GO-TiO2 composite membranes were fabricated 
by liquid phase deposition (LPD), vacuum filtration and dip-
coating methods, respectively.[68–70] Researchers observed the 
water permeability increase and comparable efficiency of pol-
lutant abatement, when the membrane was exposed to irradia-
tion (UV or visible). This was attributed to the high photocata-
lytic activity, photo-enhanced hydrophilicity, and antifouling 
properties along with the GO-TiO2 modified membrane. Gao 
et al.[71] grafted the polysulfone (PSF) membrane surface with 
GO-TiO2 nanocomposites by a facile deposition method, and 
conducted both batch and filtration experiments to examine 
the photocatalytic antifouling property using MB as a contami-
nant. With the presence of either UV or sunlight irradiation, 
the modified membrane showed effective and very similar MB 
photo degradation performance, resulting in efficient removal 
of the foulant.

SiO2 was also used to hybridize with GO to form composite 
membranes. A SiO2-GO composite membrane was made by 
seeding and condensing the hydrolysis products of tetraethyl 
orthosilicate onto the GO sheets.[72] The negatively charged 
SiO2-GO composite membrane was used for removing neutral 
organic molecules (glucose and sucrose), and the best obtained 
performance was approximately 90% rejection of glucose with 
water flux around 10 L (m2 h bar)–1.

3.2. Polymer-GO MMM

GO was also used as an effective additive to polymeric mem-
branes to form MMM with improved water separation perfor-
mance. To date, numerous studies reported the preparation of 
polymer-GO MMM, such as GO/ PVDF,[73–75] GO/PES[76–78] 
and GO/PSF[79–81] membranes. The studied polymer-GO MMM 
showed enhanced hydrophilicity, stability, antifouling, and anti-
bacterial properties due to the outstanding properties of GO. 
The phase-inversion method was commonly employed for pre-
paring polymer-GO MMM. Normally, a low concentration of 
GO (<3 wt.%) was dispersed in an organic solvent by sonication 
to generate a homogeneous solution. Then, pre-dried PVDF, 
PSF or PES polymer was dissolved in the dope solution. After 
being fully degassed, the solution was casted on a glass plate, 
followed by immersion in water bath.[76,79,82]

Compared with the pristine polymer membranes, polymer-
GO MMM usually showed structure, porosity, and pore size 
changes, and exhibited enhanced surface hydrophilicity, 
which improved the water permeability and membrane anti-
fouling property. Table 2 summarized polymer-GO MMM for 
water purification, especially by UF. Zhao et al.[74,75] prepared 
PVDF-GO MMM with finger-like pore structure along with the 
increased porosity and pore size. High permeability recovery 
ratio and low flux decay rate were found, which reflects 
better antifouling performance resulting from the enhanced 
hydrophilicity. Zinadini et al.[76,83] fabricated PES-GO MMM 
by mixing 1 wt.% Polyvinylpyrrolidone (PVP) with GO first 
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and then blended with PES, forming wider finger-like pores. 
PES-GO (0.5 wt.%) sample showed a 12o decrease of the water 
contact angle, a 2.5 times increase of the pure water perme-
ability, and as high as 90.5% permeability recovery ratio, after 
the membrane was fouled by 8,000 ppm powder milk solution, 
indicating significantly improved hydrophilicity and antifouling 

property. Similar results were reported on the water permea-
bility and antifouling property for the PSF-GO MMM fabricated 
by wet phase inversion method.[79–81] Rezaee et al.[79] found that 
the modified PSF membrane with 1 wt.% GO had the lowest 
water contact angle and the maximum porosity, pore size and 
permeability, as well as increased arsenate rejection from 25.9% 
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Table 2.  Polymer-GO MMM for water purification by UF.

Polymer matrix GO concentration  
(wt%)

Water permeability,  
L (m2 h bar)–1, (Pristine/MMM)

Contaminant rejection 
(Pristine/MMM)

Main Finding Reference

PVDF 0.1-0.4 200/800 Kaolin: 99.9%/99.9% The fabricated PVDF membrane with GO  

showed a high rejection of Kaolin with  

outstanding water flux.

[73]

PVDF 0.5-2.0 14.8/26.5 N/A GO nanosheets penetrate into the finger-like  

voids and thin-walled sponge pore; increased 

hydrophilicity leads to higher flux.

[74]

PVP-PVDF 1.0-3.0 (N/A)/443 N/A Optimum GO concentration on the membrane 

permeability, antifouling and mechanical  

properties was found.

[75]

PES 0.1-1.0 2.1/5.1 Dye: 90%/99% Adding GO flakes to PES membrane led to high 

rejection of Direct Red 16.

[76]

PES 0.5-1.0 14/20.3 N/A GO/PES membrane showed anti-fouling property 

for MBR application.

[83]

PES 0.5-1.0 5.1/9.6 Melanoidin: 44%/59%; 

Spent wash effluents: 

39%/54%

Modified GO with polyacrylic acid showed higher 

hydrophilicity and thus higher water flux.

[78]

PSF 0.2-2.0 4.9/12.5 Arsenic: 25.9%/83.7% Adding GO to PSF membrane enhanced the  

membrane hydrophilicity, porosity, flux and  

arsenate rejection.

[79]

PSF 0.02-0.39 200/430 N/A Membrane with GO nano-platelets showed better 

anti-biofouling capability, superior mechanical 

strength and water flux.

[80]

PSF 2000 ppm (N/A)/50 Na2SO4: 38%/72% GO doping into polymer matrix resulted in 

enhanced hydrophilicity, water flux, and salt  

rejection. GO was also found to play a major role 

on modifying membrane morphology.

[81]

PVP-PEI 0.025-0.200 N/A BSA: 99%/98% These MMMs demonstrated an improved  

biocompatibility: reduced protein adsorption,  

suppressed platelet adhesion, and lower  

complement activation.

[84]

PDAAQ-PVDFa) 0.5-2.0 17.6/68 BSA: 74%/77% Conductive poly 1,5-diaminoanthraquinone/rGO 

nanohybrid blended PVDF membrane showed 

excellent fouling recover by applying very low 

voltage on membrane.

[44]

APTS-PVDF 0.5-2.0 235/401 BSA: 40%/55% Organosilane-functionalized GO showed  

remarkable anti-fouling property and  

high water flux.

[85]

PSFb) 0.1-1.0 8/14 BSA: 92%/89% Mixture of GO with nano silver particles improved 

hydrophilicity and permeability, and exhibited 

superior antibacterial properties.

[86]

PSFc) 0.17-0.70 105/135 HA: 81%/98.7% Adding TiO2 to GO improved membrane’s  

water flux and anti-fouling properties in removal  

of humic acid.

[87]

PVDFd) 1.0 116.5/410 N/A Adding oxidized CNTs and GO resulted in higher 

permeability and anti-fouling performance.

[88]

a)reduced GO was added; b)GO and Ag nanoparticles were added; c)GO and TiO2 nanoparticles were added; d)GO and oxidized CNTs were added; NA = not available.  
*: relative to the polymer matrix.
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for pristine PSF to 83.7%. Lee et al.[80] revealed the anti-bio-
fouling activity of the PSF-GO membrane. They found micro-
organism amount on the membrane surface decreased with the 
increase of GO content measured by confocal laser scanning 
microscopy (CLSM). This may result from the increased nega-
tive zeta potential, which induces strong electrostatic repulsion 
between the microorganism and the membrane surface.

Polymer functionalized GO or GO-polymer co-additives were 
prepared to improve dispersibility of GO in organic solvents 
and reinforce interfacial interactions required between GO and 
the polymer matrix.[89] Kaleekkal et al.[84] incorporated GO-PVP 
nanocomposite into the poly(ether imide) (PEI) matrix to prepare 
MMM. They found that the GO-PVP-PEI membrane showed a 
4-time increase of the water permeability in UF and improved 
permeability recovery ratio during the protein filtration. In addi-
tion, the GO-PVP-PEI MMM exhibited greater protein adsorp-
tion resistance, suppressed platelet adhesion, and prolonged 
clotting time as compared to the pristine PEI membrane, demo
nstrating its greater biocompatibility. Yu et al.[90] also modified 
the GO by hyper-branched PEI and blended into PES solution 
to prepare MMM, and the high permeability recovery ratio and 
bacteriostatic rate showed effective antifouling and antibacterial 
properties. Meanwhile, other polymer or chemically func-
tionalized GO was also reported to illustrate their unique prop-
erty. Liu et al.[44] prepared a conductive and hydrophilic PVDF 
membrane with poly(1,5-diaminoanthraquinone)/reduced GO 
additive. It showed electrocatalytic activity towards oxygen reduc-
tion reaction under electric field as well as antifouling ability in 
BSA filtration. Xu et al.[85] synthesized functionalized GO (f-GO) 
using 3-aminopropyltriethoxysilane (APTS) and dispersed it 
into PVDF to form MMM via the phase inversion. Membrane 
performance, both permeability and BSA rejection, improved 
by adding GO and f-GO into PVDF. Compared with PVDF-
GO membrane, PVDF-f-GO and membrane showed increased 
water permeability from 160 to 190 L (m2 h bar)–1 and slightly 
increased BSA rejection from 52 to 58%.

Various inorganic nanoparticles, such as Au,[91] silica,[92] 
Ag,[86] ZnO,[93] cobalt oxide,[46] and TiO2,[87] were conjugated 
on the GO surface to form GO nanoparticle composites. They 
were mixed with polymers as co-functional additives to prepare 
UF MMM so the benefits of two types of particles could be 
combined to exhibit synergistic properties. Mahmoudi et al.[86] 
decorated GO with Ag nanoparticles and then mixed with PSF 
to prepare MMM by wet-phase inversion method. Membrane 
hydrophilicity, solute rejection, permeability and antibacterial 
properties were all improved with the presence of Ag-GO nano
plates in the membrane matrix. Kumar et al.[87] blended GO 

with TiO2 as nano-fillers to synthesize antifouling PSF mem-
branes for HA removal. Both of them reported a higher water 
permeability and improved antifouling performance of the 
modified membranes. Additionally, other graphene derivatives, 
such as CNTs, together with GO have also been investigated 
as additives for polymeric MMM preparation. Zhang et al.[88] 
fabricated PVDF MMM with GO/oxidized CNTs as additive 
to obtain a strong synergetic effect. Due to the co-supporting 
network of both fillers,[94] excellent dispersion as well as excep-
tional antifouling and permeability performance was obtained.

GO was also used as effective additive in conventional 
polymeric membranes to improve their PV performance for 
water removal from alcohols. Table 3 summarizes the PV perfor-
mance of representative polymer-GO MMM for water/alcohol 
mixtures. Dharupaneedi et al.[95] embedded modified-GO 
sheets in chitosan polymeric matrix for dehydration of alcohol 
solvents. Results showed that H-bonding between polar groups 
and electrostatic interaction between GO and chitons created 
a good interface, thereby improving permeability, thermal and 
physic-mechanical characteristics. GO flakes also decreased 
alcohol affinity while increasing water affinity, which signifi-
cantly increased diffusion resistance for alcohols. Cao et al.[96] 
added rGO and GO in SA and studied ethanol/water separation 
by PV. They found that the resulting MMM exhibited unusual 
crystallinity change and had increased free volume. MMM with 
rGO additive had the highest separation factor and permeability 
because of the synergy between permselectivity of water chan-
nels and crystallinity of polymer matrix. Moreover, due to the 
interfacial interaction between rGO nanosheets and SA chains, 
the MMM had high swelling resistance and mechanical sta-
bility.[97] Sulfonated poly ether sulfone (SPES) membrane with 
sulfonated GO additive showed similar behavior as that of SA/
rGO MMM. Gahlot et al.[98] reported that adding sulfonated GO 
to SPES matrix increased permeability as well as thermal and 
physical properties. Generally, comparison between GO-based 
membranes with lamellar structure and polymer-GO MMM 
in PV (Tables 1 and 3) shows that former usually has higher 
flux than latter, while physical- mechanical and thermal proper-
ties of polymer-GO MMM are typically better than GO-based 
membranes.

Thin film composite (TFC) membranes usually have high 
water permeability and good separation factor because of the 
thin active layer thickness, typically less than 300 nm. Recently, 
adding nanoparticles in this layer creates a new type of high 
performance membrane for water desalination.[49,101,102] In 
GO-TFC MMM preparation, GO flakes were blended into 
polymer matrix during interfacial polymerization reaction to 
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Table 3.  PV performance of polymer-GO mix MMM for water/alcohol mixtures.

Alcohol Polymeric Matrix Separation condition Flux, g m–2 h–1 Separation factor Reference

Ethanol (Eth), Isopropanol 

(IPA), Isobutanol (IBA)
PEI+PAA t: 50 °C Water: 5% Eth = 196 IPA = 210 IBA = 215 Eth = 600 IPA = 650 IBA = 680 [99]

Ethanol SA t: 30 to 60 °C Water: 10% 550 4,623 [100]

Ethanol SA t: 40 to 70 °C Water: 10% 1,699 1566 [96]

Ethanol (Eth) and  

Isopropanol (IPA)

Chitson t: 40 to 60 °C water: 10% Eth = 250 IPA = 310 Eth = 1093 IPA = 7711 [95]

Ethanol SPES t: ≈25 °C Water: 30% 910 28 [98]
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improve the physical properties of the host polymers.[45,103–107] 
By directly involving GO flakes into interfacial polymeriza-
tion, Bano et al.[104] reported the fabrication of novel poly-
amide (PA)-GO MMM. Unlike physically blending GO with 
polymer, GO flakes cross-linked with TMC via the formation 
of ester bonds during the polymerization process. Upon GO 
loading from 0.0 to 0.3%, the hydrophilicity and zeta poten-
tial of the membrane increased, and the surface roughness 
decreased. While maintaining high salt retention, water per-
meability of PA-GO MMM increased drastically from 0.46 to 
1.54 L (m2 h bar)–1, and presented excellent antifouling proper-
ties for BSA and HA. Chae et al.[103] reported the fabrication 
of thin film nanocomposite (TFN) membranes by introducing 
GO into the polymerization process between m-phenylenedi-
amine (MPD) and TMC to form PA. The resulting membranes 
(GO-TFC) showed improved hydrophilicity and decreased sur-
face roughness and the zeta potential with the increase of the 
GO loading. Permeability of the 38-GO-TFC (38 ppm GO con-
tent) membrane (1.08 L (m2 h bar)–1) was about 80% higher 
than that of the TFC membrane. The anti-biofouling property 
of GO-TFC membranes was evaluated by a cell attachment test; 
smooth, negatively charged and more hydrophilic surface led to 
greatly improved membrane antifouling performance. Because 
of the H-bonding between embedded GO and PA, the salt rejec-
tion of GO-TFC was retained at 2,000 ppm NaCl. By applying 
a similar idea, Safarpour et al.[108] embedded rGO/TiO2 nano
composites into PA polymer matrix during polymerization 
between MPD and TMC. The resulting rGO/TiO2/RO mem-
brane exhibited 3.42 L (m2 h bar)–1 water permeability and 
99.45% salt rejection at rGO/TiO2 loading of 0.02 wt%. With 
the incorporation of rGO/TiO2, the anti-biofouling ability of 
the rGO/TiO2/RO membranes was greatly improved; also, salt 
rejection only dropped 3% upon chlorination.

4. GO Functional Coatings on Membranes

GO was also used as an effective functional coating material 
for MF, UF, RO membranes to enhance surface-based inter-
actions, for example, to increase permeability during filtra-
tion, improve antifouling performance of UF membranes, and 
enhance chlorine resistance and anti-biofouling properties of 
RO membranes.[15,109–111] Typically, GO functional coatings on 
membranes or sometimes on meshes were deposited by dip-
coating, vacuum filtration, or chemical bonding on the surface. 
Hibbs et al.[112] demonstrated, by reacting with 1-ethyl-3-[3-
(dimethylamino)propyl] carbodiimide (EDC) and N-hydroxysuc-
cinimide (NHS), followed by cross-linking with EDA, GO can 
be reversibly bonded to PA RO membrane surface (78.6% cov-
erage). GO surface modification exhibited no detrimental effect 
on intrinsic PA RO membrane transport properties. Anti-bio-
fouling performance of the resulting membranes, however, was 
enhanced by reducing about 65% of E. coli on the membrane 
surface. To improve both antifouling and chlorine resistance of 
the PA membrane, Chai et al.[113] deposited oppositely charged 
GO, aminated GO and regular GO on the surface of the PA 
membrane through LBL method. GO multilayers, therefore, 
packed tightly on PA surface through electrostatic interaction. 
Compared with neat PA membrane, ten GO bilayer (GO10) 

coated PA membrane showed lower surface roughness and 
improved hydrophilicity. Membrane permeation performance 
remained almost the same after GO coating. Water perme-
ability of GO10-coated PA membrane, however, reduced only 
15% after 12 h filtration of BSA (100 mg L–1) solution. In con-
trast, permeability of PA membranes decreased linearly from 
0.8 to less than 0.53 L/(m2.h.bar) after 12 h filtration. This dem-
onstrates high anti-biofouling capability and chlorine resistance 
improvement for PA based RO membrane after GO coating.

GO coatings can also work as a surface modifier to increase 
water permeability, suppress salt reverse flow, and improve 
antifouling ability of FO membranes. Ginic-Markovic et al.[114] 
developed two methods, LbL strategy and hybrid (H)-grafting 
strategy, to attach GO on the surface of TFC PA FO membrane 
via poly L-lysine (PLL). After GO/PLL surface modification, 
water permeability maintained almost the same as the neat 
PA membrane, whereas the reverse flow (2 m NaCl draw solu-
tion) of GO/PLL-H membrane dramatically decreased 63% and 
that of GO/PLL-LBL membrane increased 78%. This suggested 
H-grafting of GO was a better way to improve desalination 
performance of PA based FO membrane. The resulting GO/
PLL-H membrane also exhibited high antibacterial activity. By 
applying a similar idea, Ray et al.[115] sequentially deposited Au 
nanostars (AuNS) and polyethylene glycol (PEG) to fabricate a 
novel PA-GO-AuNS-PEG membrane. The resulting membrane 
not only retained similar performance to the PA membrane, 
but also reduced fouling from minerals (CaCO3 and CaSO4), 
organics (HA) and bacteria (E. coli). The mechanism of the 
multi-antifouling properties of the PA-GO-AuNS-PEG mem-
brane was also investigated. They suggested that the neutral 
surface charge and Au particles prevented nucleation of Ca2+. 
Consequently, the mineral scaling of the membrane was pre-
vented. Moreover, attributed to the hydrophilic and uncharged 
surface properties and AuNS’s ability to prevent organic matter 
accumulation, the PA-GO-AuNS-PEG membrane also exhibited 
good anti-organic fouling ability.

Soroush et al.[110] recently reported GO/AgNPs decorated TFC/
PA/FO membrane with significantly improved anti-biofouling 
ability. GO flakes worked as a support for anti-bacterial AgNPs, 
and the GO/AgNPs composite was then grafted on the PA sur-
face using cysteamine via amide bonds. While retaining the 
membrane transport property, the resulting GO/AgNPs/PA 
membrane exhibited >95% bacterial inactivation for E. coli. 
Similar GO/AgNPs/PA membranes were prepared by Asadishad 
and co-workers.[109] Rather than synthesizing GO/AgNPs com-
posite first, they did Ag decoration in situ on the top of GO mod-
ified PA membrane. The resulting GO/AgNPs/PA membrane 
showed improved bacterial inactivation for E. coli.D21f2, E. coli.
O157:H7, and Enterococcus faecalis. Moreover, after 7 days’ Ag 
releasing, surface Ag particles could be regenerated by the same 
way. After Ag regeneration, membrane could retain its antibacte-
rial properties and 75% of its initial Ag loading.

Hydrophilic GO coatings can also be used to improve the sep-
aration performance of polymeric UF membranes and mitigate 
their fouling problems. Contaminants and pollutants including 
microorganisms, bacteria, oil, proteins, and even heavy metal 
ions (e.g., Hg, Cd, and As ions) can be effectively removed from 
the wastewater by UF. Huang et al.[116] designed and fabricated 
GO/PA UF membranes with optimized hierarchical surface 
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roughness by facile vacuum filtration for antifouling oil/water 
separation. They observed full recovery of the pure water perme-
ability with the 10 nm thickness GO coating on the PA mem-
brane surface, indicating absence of surface fouling and mini-
mization of internal fouling in the membrane. Thereafter, Li 
et al.[117] treated GO dispersion with UV irradiation to modify 
its surface properties, and prepared 10 nm GO coated PA mem-
branes with tunable underwater oleophobicity. They found a 
higher percentage of hydrophilic oxygen-containing functional 
groups on the GO flakes after UV treatment, which led to its 
underwater superoleophobic property. Figure 7 shows the pro-
posed anti-fouling mechanism of the GO coated PA membranes 
in oil/water separation. Musico et al.[118] prepared GO and poly 
(N-vinylcarbazole)-GO (PVK-GO) functionalized cellulose nitrate 
(CN) membranes by vacuum filtration, and investigated their 
anti-bacterial ability using E. coli and Bacillus subtilis (B. sub-
tilis) solution. The membrane pore size decreased after GO and 
PVK-GO coating, leading to an increase of the rejection for the 

bacteria. They also found that both GO and 
PVK-GO plate counts presented a removal of 
4 and 3 logs for B. subtilis and E. coli, indi-
cating the improved anti-bacterial capability of 
GO functionalized membranes. Liu et al.[119] 
reported a GO coated wire mesh fabricated by 
drop-coating method for oil/water separation, 
and they observed superoleophobicity and 
good durability of the GO-embellished mesh.

GO quantum dots (GOQDs), small GO 
nanosheets with the diameter in the range of 
3–20 nm,[120] have been applied in the anti-
bacterial research field due to their unique 
properties, such as morphology,[121] ultra-
small lateral sizes,[122] and cytotoxicity[123] etc. 
However, few studies reported application of 
GOQDs on membrane fabrication or modifi-
cation. Zeng et al.[124] employed them for pre-
paring GOQD-functionalized PVDF mem-
brane with bactericidal and anti-biofouling 
abilities. Modified GOQD-PVDF membrane 
showed significantly improved hydrophilic, 
anti-bacterial and anti-biofouling properties 
without sacrificing the permeation property 

of the pristine PVDF membrane. Modified GOQD-PVDF mem-
brane was even superior to GO-PVDF membrane.

5. Separation Stability and Thermal/Mechanical 
Properties

Table 4 summarizes the separation stability and thermal/
mechanical properties of different types of GO-related mem-
branes. The performance stability of membranes with GO as 
the selective layer (type I) was studied for water/alcohol PV 
separation from 30 to 1800 h.[30,32,36] Tang et al.[32] compared 
mechanical properties of free-standing GO membranes with 
PS membrane, and found that GO membranes had improved 
Young’s modulus and tensile stress. The separation stability 
of was investigated by Chen et al.[30] The separation factor and 
flux were almost stable in the temperature range of 25 to 80 °C, 
after running for about 30 h.
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Figure 7.  Schematic illustration of underwater antifouling behavior of GO coated PA surface 
in the process of oil/water emulsion separation: (I) oil droplets in contract with GO coated 
membrane surface, (II) accumulation of oil droplets and release of big oil droplets, and (III) GO 
coated PA membrane after water flushing/cleaning. Reproduced with permission.[116]

Table 4.  Separation stability and thermal/mechanical properties of GO-related membranes.

Membrane type* Application Separation stability Thermal/mechanical properties Reference

I PV 30 to 1600 h testing with negligible  

performance change

higher tensile and better thermal stability than dense  

PSF membrane.

[30,32,36]

II UF Stable upon chemical washing at  

different pH

Improvement of thermal stability, tensile strength  

and elongation

[73,125–127]

RO Constant performance of PA/GO in 5 h. – [104,106]

PV Stable operation from 5 to 144 h Slight improvement of degradation temperature,  

Young’s modulus and hardness

[28,95,96,99]

III UF Almost stable performance of E. coli separation  

for 20 h.

– [124]

RO Stable under E. coli separation for 6 h. – [109]

*: As defined in Figure 4.



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1600918  (14 of 16)

The separation stability and thermal/mechanical proper-
ties of GO-MMM membranes (type II) are similar to those of 
the polymer matrix.[28,95,96,99] Typically, GO sheets as additive 
improved mechanical properties, such as Young’s modules, 
elongation, and hardness as well as thermal stability. Permea-
tion results of GO/EDA MMM membrane showed that water 
flux and water/alcohol separation factor changed during the 
first several hours and then reached steady state and kept con-
stant for over more than 144 h.[28] GO sheets in polymeric UF 
membranes also enhanced separation stability under chemical 
washing and at different pH values as well as mechanical prop-
erties.[73,125–127] However, limited studies have been focused on 
performance stability and mechanical/thermal properties of 
GO-MMM membrane for RO and NF membrane.[104,106]

The performance stability of GO functional coatings 
(type III) was studied for only several hours for E. coli separa-
tion,[124] and there is no study on thermal/mechanical stability 
of those coated GO and long-term performance stability.

6. Conclusions and Outlook

Significant progress has been made on using 2-D GO as a novel 
material in membrane separation for water purification, from 
PV, RO, NF to UF and MF. 2-D, hydrophilic nano-channels of 
GO-based membranes with lamellar structure have shown great 
potential for highly selectively extracting water from organics 
by PV and removing >≈1 nm organic molecules and partially 
removing ions by NF. Fundamental understanding on inter-
layer nanostructures and how to effectively control and design 
them for targeted separation are still missing. Membrane sta-
bility over long operation time and in different feed conditions 
is a potential concern, although various molecular linkers have 
been used to interconnect adjacent GO flakes together and 
sometimes chemical bonding between GO and substrates were 
also formed. In addition, GO-based membranes with lamellar 
structure are still too thick (typically >10 nm), which usually 
corresponds to longer than 1 µm transport pathway. Therefore, 
effective and scalable GO coating processes need to be devel-
oped to deposit thinner (<5 nm) layers composed of smaller GO 
flakes that are packed uniformly in lamellar structure. Effec-
tive techniques are also needed to stabilize ultrathin GO-based 
membranes. GO, as a novel additive for MMM, can greatly 
improve the membrane surface hydrophilicity, create additional 
pathway for water molecules through the membrane matrix, 
and increase mechanical strength of the membrane matrix. As 
a result, MMM with GO additive, at the optimum GO loading, 
usually showed improved water separation performance. How-
ever, understanding of interactions between polymers or GO 
at the interface, dispersing GO uniformly in organic solvents, 
and developing effective coating methods and post-treatment 
methods to minimize defects of MMM are still challenging. 
GO or modified GO functional coatings have been shown to 
significantly improve the antifouling/anti-bacterial properties 
of RO and UF membranes. Functional coatings with only sev-
eral layers of GO/modified GO effectively covered membranes 
surface but had negligible resistance for water transport. These 
novel and ultrathin (<5 nm) functional coatings may have wide 
applications on improving antifouling/anti-bacterial resistance 

of commercial membranes, although coating stability over long 
time operation may be a potential concern. Figure 8 shows the 
outlook of GO-incorporated membranes for water purification. 
In conclusion, GO, as a novel 2-D material with sub-nanometer 
thickness, high lateral size to thickness ratio, excellent flex-
ibility and thus good conformality to the substrates with various 
morphology, rich oxygen-containing functional groups, and 
good compatibility with various materials, allows very flexible 
use in membrane configuration and is expected to have wide 
applications in membrane separation for water purification.
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