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Ultrathin Graphene Nanofi ltration Membrane for Water 
Purifi cation
 A method of fabricating ultrathin ( ≈ 22–53 nm thick) graphene nanofi ltration 
membranes (uGNMs) on microporous substrates is presented for effi cient 
water purifi cation using chemically converted graphene (CCG). The prepared 
uGNMs show well packed layer structure formed by CCG sheets, as char-
acterized by scanning electron microscopy, atomic force microscopy, and 
transmission electron microscopy. The performance of the uGNMs for water 
treatment was evaluated on a dead end fi ltration device and the pure water 
fl ux of uGNMs was high (21.8 L m  − 2  h  − 1  bar  − 1 ). The uGNMs show high reten-
tion ( > 99%) for organic dyes and moderate retention ( ≈ 20–60%) for ion salts. 
The rejection mechanism of this kind of negatively charged membranes is 
intensively studied, and the results reveal that physical sieving and electro-
static interaction dominate the rejection process. Because of the ultrathin 
nature of uGNMs, 34 mg of CCG is suffi cient for making a square meter of 
nanofi ltration membrane, indicating that this new generation graphene-based 
nanofi ltration technology would be resource saving and cost-effective. The 
integration of high performance, low cost, and simple solution-based fabrica-
tion process promises uGNMs great potential application in practical water 
purifi cation. 
  1. Introduction 

 In the coming decade, the lack of clean water is a formi-
dable challenge because of rapid population growth, extended 
droughts and fast growing demands. Among all the possible 
solutions for the water resources crisis, low cost and high effi -
cient nanofi ltration might be the most promising one. Nano-
fi ltration technology is now widely used in drinking water and 
waste water treatments due to its low energy cost and simple 
operational process, in which the properties of nanofi ltration 
membranes (NFMs) are of vital importance. [  1–3  ]  Generally, most 
of polymeric NFMs have advantages of fl exibility, simple prepa-
ration process, and relatively low cost, but also face some prob-
lems, such as poor chemical resistance, limited lifetime, and 
membrane fouling. [  4  ]  On the contrary, inorganic ceramic NFMs 
possess the merits of thermal stability, certain solvent resistance, 
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high strength, and long lifetime, whereas 
have drawbacks of complex fabrication 
process, high cost, and brittleness. [  5  ]  
Hence, an ideal NFM would be made by a 
polymeric NFM-like solution-based simple 
process, and simultaneously combine the 
fi ne attributes of both membranes. How-
ever, to access such a NFM is still a big 
challenge unresolved hitherto. [  6  ,  7  ]  

 The emergence of carbon nanotubes 
(CNTs) casts a light on achieving the ideal 
NFMs, since CNTs not only possess the 
ceramic-like stability, but also the polymer-
like fl exibility and possible processibility. [  8  ]  
Moreover, CNTs could provide unique 1D 
nanochannel for water transporting. Inten-
sively theoretical calculations predicted 
that the permeation of water through a 
CNT is extremely fast. [  9–13  ]  Hinds and co-
workers experimentally investigated mass 
transport through aligned multiwalled 
CNT membranes with pore diameter 
around 7 nm, and, indeed, reported their 
high water fl ux, over 4 orders of magnitude 
larger than conventional hydrodynamic 
fl ow prediction. [  14  ]  Several reports have also explored the use of 
vertically-aligned CNTs membranes for fi ltration and separation 
applications. [  15–20  ]  Undoubtedly, aligned CNTs membranes are 
a fi ne model for nanofl uidics research, which mainly concerns 
the manner of liquid fl owing confi ned in nanosized channels. 
However, CNT-based NFMs are still far away from practical 
application because the approaches of preparing them often 
suffer from several common problems: relatively high cost of 
CNTs, time consuming and complex process of obtaining high 
density of vertically-aligned CNTs, and diffi culties for achieving 
large-scale production. [  16  ,  21  ]  

 Apart from 1D CNTs, the newly emerged 2D graphene, an 
atomic layer of graphite, also holds outstanding chemical and 
thermal stabilities, and even superior fl exibility and solution 
processibility. [  22  ,  23  ]  More signifi cantly, graphene, especially 
chemically converted graphene (CCG) or graphene oxide (GO), 
can form highly ordered fi lms with 2D nanochannels between 
two graphene sheets by facile fi ltration-assisted assembly 
method. [  24  ,  25  ]  Recently, a large slip length was also obtained 
for water in planar confi nement between graphene layers by 
simulations, but results from experiments and the applications 
in nanofi ltration were rarely reported. [  26–29  ]  Li and co-workers 
constructed a kind of wet graphene membrane using wrinkled 
hydrazine reduced GO, and for the fi rst time investigated its 
potential application in nanofi ltration for nanoparticles and 
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     Figure  1 .     a) Digital photo of an uGNM coated on an AAO disk (left) and a twisted uGNM coated on a PVDF membrane (right). b) Schematic repre-
sentation of a brGO: graphene sheet with a certain amount of holes and most of the oxidized groups are located on the edges and the periphery of 
the holes on it. Note that the real graphene sheets extend further than depicted. c) Schematic view for possible permeation route: water molecules go 
though the nanochannels of the uGNMs and the holes on the graphene sheets and at last reach the pores of supporting membranes. The blank squares 
present the holes on the graphene sheets (black line). The edges of the brGO and the periphery of the holes are negatively charged.  
dyes. [  30  ,  31  ]  On the contrary, Geim and co-workers reported that 
micrometer-thick GO membranes were completely imperme-
able to liquids, vapors, and gases (even helium), but solely 
allowed unimpeded evaporation of H 2 O; after thermal reduc-
tion, the dried graphene membrane became impermeable to 
any substance including H 2 O vapor molecules. [  32  ]  This seem-
ingly declares the unavailability of dried graphene fi lms in 
NFMs. 

 Here, we designed and fabricated ultrathin (22–53-nm thick) 
graphene membranes with 2D nanochannels by the simple 
fi ltration-assisted assembly strategy, and successfully applied 
them as NFMs for water purifi cation. Accompanied by the 
relative high pure water fl ux (as high as 21.8 L m  − 2  h  − 1  bar  − 1 ), 
the resulting ultrathin graphene nanofi ltration membranes 
(uGNMs) showed high retention rates for organic dyes and 
moderate retention rates for salts, and the rejection mechanism 
of separation process for 2D nanochannels was discussed for 
the fi rst time.   

 2. Results and Discussion 

 We designed ultrathin graphene fi lms for possible nanofi ltra-
tion, because high solvent permeability needs the membrane 
to be as thin as possible. [  5  ,  32  ]  Considering the relative high 
pressure applied on NFMs (1–20 bar), we used commercial-
ized micro-fi ltration membranes (e.g., polyvinylidene fl uoride 
(PVDF) or mixed cellulose ester membranes) as supporting 
substrates. Accordingly, our uGNMs were readily prepared by 
fi ltering the extremely dilute base-refl uxing reduced GO (brGO) 
dispersion on such substrate( Figure    1  a). Generally, CCG is 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
prepared by chemically or thermally reducing GO. [  23  ,  25  ]  Herein, 
we employed Wilson’s method to obtain clean brGO by refl uxing 
GO in 0.01 M NaOH aqueous solution for 1 h, since oxidative 
debris left on GO could be removed by the base washing. [  33  ]  The 
residual functional groups of brGO mostly located at the edges 
and holes of graphene sheet (Figure  1 b). [  23  ,  34–36  ]  For a long time, 
CCG was always controversial for its inherent defects such as 
holes generated by the oxidation reaction which would blunt the 
electrical properties and limit the application of CCG in many 
fi elds. [  35  ,  37  ]  However, for the case of separation membranes, the 
holes on CCG may be an advantage because more holes mean 
more permeation “gates” and higher water fl ux (Figure  1 c).  

 The raw material of brGO was fully characterized by atomic 
force microscopy (AFM), thermogravimetric analysis (TGA), 
Raman spectroscopy (Supporting Information Figure S1) and 
X-ray diffraction (XRD) analysis. After a process of differential 
centrifugation fractionation, the brGO sheets showed relatively 
uniform lateral size around 1–2 mm and performed single lay-
ered feature deposited on the mica substrates with an average 
thickness of 0.8 nm ( Figure    2  a,b, and Supporting Informa-
tion Figure S2). As demonstrated by TGA measurements, GO 
was greatly reduced into brGO via the base refl uxing, as the 
mass loss before 250  ° C declined from 36.5% of GO to 11.7% 
of brGO (Figure  2 c). Two main peaks at 2q  =  12.6 °  and 24.1 °  
are observed in the XRD pattern of brGO in powder state 
(Figure  2 d), corresponding to interlayer spacing of  ≈ 0.7 and 
0.4 nm, respectively. The double peaks in XRD indicated a cer-
tain amount of functional groups still left on brGO, endowing 
single-layer dispersibility of brGO in water. [  38  ]  This fi ne dis-
persibility is crucial for achieving well-packed layer-structured 
fi lm. Notably, the uGNMs were so thin that the X-ray diffraction 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3693–3700
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     Figure  2 .     a,b) AFM images of brGO sheets dispersed on a mica. 
c) Thermogravimetric analysis in nitrogen of GO and brGO. d) XRD pat-
terns of base-refl uxing reduced GO (or brGO), hydrazine-reduced GO, 
and thermally treated brGO at 220  ° C in vacuum.  

     Figure  3 .     a) TEM image of a free standing ultrathin graphene membrane on a copper mesh. 
The edges of the graphene sheets could be distinguished clearly from the dark lines in the 
image. b) SEM image (top view) of the coating of an uGNM on an AAO disk. The top half of 
the image shows the uniform and smooth coating of brGO sheets, whereas the bottom half 
shows the porous structure of the bare AAO disk. c) Amplifi ed SEM image (top view) of the 
coating of an uGNM on an AAO disk with more details about the surface morphology and 
the cross-section. The top half of the image shows the coating of brGO sheets, whereas the 
bottom half shows the bare AAO disk. d) SEM image (top view) of the surface morphology of an 
uGNM deposited on a mixed cellulose ester membrane with pore size of 0.22 mm, indicating 
the relatively smooth surface of the uGNM. The loading of all these uGNMs was 34 mg m  − 2 . 
e) AFM height and f) phase images of an uGNM coated on an AAO disk (pore size 200 nm). 
The right part of the image shows the bare AAO support, while the remaining parts shows the 
surface morphology of the uGNM.  
signal is too weak to detect. As a result, in 
this case the XRD data can only demonstrate 
the reduction of GO but gave limited infor-
mation about the interlayer spacing of the 
uGNMs. In fact, the interlayer spacing of the 
uGNMs was tunable by the degree of hydra-
tion and could be more than 1 nm after full 
hydration. [  39  ]  In addition, the average water 
contact angle increased from 43 °  on GO fi lm 
to 70 °  on the uGNM (Supporting Informa-
tion Figure S3), indicating the more hydro-
phobic nature of brGO.  

 In order to understand the manner in 
which graphene sheets stacked on the sup-
porting micro-pours fi lters, a sample fi ltrated 
on a smooth and rigid anodic aluminum 
oxide (AAO) membrane was character-
ized by transmission electron microscopy 
(TEM) and scanning electron microscopy 
(SEM) ( Figure    3   and Supporting Informa-
tion Figure S4). Graphene sheets assembled 
on the substrate forming a well-packed lami-
nated ultrathin fi lm. The surface of the mem-
brane is smooth and no obvious corrugation 
was observed except for some ripples formed 
by the edges of brGO sheets. This compact 
structure of our uGNMs is essentially dif-
ferent from that of previously reported wet 
graphene papers, in which corrugations of 
graphene sheets acted as the water chan-
nels. [  30  ]  In order to obtain the uniform, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3693–3700
smooth and tightly stacked membranes, extremely dilute brGO 
dispersions (as low as 0.36 mg mL  − 1 ) were applied in our 
experiments. Besides, relatively long fi ltration time ( ≈ 3 h) and a 
drying process in vacuum were also necessary. In our uGNMs, 
smoothness and fl attening are quite important to form uni-
form 2D nanochannels for water transport and to achieve high 
retention performance. [  12  ]  The average thickness of graphene 
layer with the most loading brGO (34 mg m  − 2 ) was measured 
to be 53 nm by AFM (Figure  3 e and Supporting Information 
Figure S5), and others with less brGO loadings were estimated 
as 22, 26, 33, and 44 nm assuming that the thickness is propor-
tional to the loading ( Table    1  ). The thickness determined from 
SEM (Figure  3 c) was  ≈ 40 nm, in reasonable agreement with 
AFM (Figure  3 e).   

 The thickest uGNM is so thin that it is still transparent on an 
anodic aluminum oxide (AAO) disk, and we can easily distin-
guish the characters behind it by naked eyes (Figure  1 a), and the 
sub-micrometer pores of AAO covered by uGNM can be even 
seen under SEM (Figure  3 b). Moreover, the uGNMs are thin 
enough to have excellent fl exibility and it can be bent randomly 
without breakage (Figure  1 a), providing a fl exible basis for pack-
aging uGNMs into more complex membrane modules which 
is still an unsolved challenge for carbon-based membranes. [  40  ]  
Notably, although the graphene membranes on the micro-
porous substrates are only tens of nanometers in thickness, 
they are stable in water for least half a year without any visible 
change in appearance, because most of the oxygen-contained 
3695wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  1.     Retention of organic dyes for uGNMs with different brGO loadings and brGO layer thickness. 

brGO loading 
[mg m  − 2 ]

Thickness 
[nm]

Pure water fl ux  J  0  
[L m  − 2  h  − 1  bar  − 1 ]

MB a)  DR 81 a)  

Retention [%]  J/J  0  [%] b)   C/C  0  c)  Retention [%]  J/J 0   [%] b)   C/C  0  c)  

14.1 d) 22 21.81 99.2 90.0 1.27 99.9 89.6 1.31

17.0 e) 26 12.62 99.7 91.1 1.30 99.8 89.7 1.33

21.2 e) 33 5.00 99.7 89.4 1.32 99.9 87.2 1.33

28.3 e) 44 4.37 99.6 90.4 1.33 99.9 95.8 1.34

34.0 e) 53 3.26 99.8 95.0 1.36 99.9 95.6 1.35

    a) The concentration of feed dye solution  C  0  was 0.02 mM.  b) The ratio of permeate fl ux of the dye solution  J  to the pure water fl ux  J  0 .  c) Concentration ratio of upper stream 
( C ) when the permeation volume was 10 mL to the original feeding solution ( C  0 , 35 mL).  d) The applied pressure was 1 bar.  e) The applied pressure was 5 bar.   
groups on GO were removed during the base refl uxing. Such 
robust nature is critical to water purifi cation membranes. 

 We tested pure water fl uxes to evaluate the performance of 
uGNMs. A series of uGNMs were fabricated for water trans-
porting with different loadings of brGO, ranging from 14.1 to 
34.0 mg m  − 2  (Table  1 ). The fl uxes were recorded until steady 
state was reached, typically after half an hour. The initial fl ux 
could be as large as 51 L m  − 2  h  − 1  bar  − 1  for our uGNMs (Sup-
porting Information Figure S6), while at steady-state the value 
dropped to  ≈ 1/2 of the initial fl ux (21.8 L m  − 2  h  − 1  bar  − 1 ). As 
shown in  Figure    4  a, under a low pressure of 1 bar, an expo-
nential decrease in the water fl ux was observed with increasing 
brGO loading. At a constant brGO loading, the water permea-
tion rate increased linearly with increasing applied pressure 
(Figure  4 b). A maximum pressure of 7 bar was applied due 
to the limitation of our fi ltration device, but it is believed that 
these membranes could withstand higher pressures due to the 
outstanding mechanical properties of graphene and the sup-
porting effect of the substrates. As presented in Figure  4 a, the 
uGNM with the lowest loading of brGO (14.1 mg m  − 2 ) showed 
the highest water fl ux under a steady state (21.8 L m  − 2  h  − 1  bar  − 1 ), 
which was a considerable high value compared with the com-
mercial NFMs (for example, the pure water fl ux of commercial 
low desalting membrane UTC60 is 15.4 L m  − 2  h  − 1  bar  − 1 ). [  1  ]  This 
value is also comparable with that of vertically-aligned CNTs 
membranes reported recently (72 L m  − 2  h  − 1  bar  − 1 ). [  41  ]   

 Theoretically, the Hagen–Poiseuille equation was usually 
employed to estimate the mass fl ow through porous materials 
per unit area when the fl uid behaves as a classical liquid. [  14  ,  32  ,  41  ]  
Given the average size of water nanochannels of uGNMs, under 
the pressure of  Δ  P  (1 bar), the Hagen–Poiseuille equation can 
be transformed into following form:

 
Flux ≈ h4 · �P

12L 2 · η · �x   
(1)

   

where  h  is the vertical space between adjacent graphene sheets, 
 L  the average lateral length of the brGO sheets (1  μ m in our 
case),   η   the viscosity of water (0.001 Pa s at 20  ° C), and  Δ  x  the 
thickness of uGNM. In our case, we assumed the Hagen–Poi-
seuille equation for fl ow through thin parallel plates was  Q   =  ( h  3  
 L   Δ  p )/ (12   η  l ), the effective channel length was  l   =   L   Δ  x /  h , and 
an areal density was 1/ L  2 . For the thickest uGNM (  Δ x   ≈  53 nm), 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
this equation yields a fl ux of 1.4  ×  10  − 4  L m  − 2  h  − 1  bar  − 1 , four 
orders of magnitude smaller than our experimental value 
(3.3 L m  − 2  h  − 1  bar  − 1 ). One possible explanation is that water 
molecules might go through the defects of graphene sheets 
(Figure  1 c), leading to smaller  L  and higher fl ux calculated from 
 Equation (1) . 

 Another possible explanation for such high fl ux could be 
the slip fl ow theory. The basic assumptions of Hagen–Poi-
seuille equation are laminar fl ow and no-slip (or liquid fl ow 
with zero velocity) at the boundary layer, and the departure of 
experimental fl ux from the classical equation suggests that the 
velocity of the liquid fl ow at graphene wall is not zero. Simi-
larly, in the cases of CNTs with a diameter smaller than 10 nm, 
a fl ow enhancement of 10 3 –10 4  fold was also found for water 
confi ned in 1D nanochannels. [  14  ,  41  ]  Such a fast transport of 
water though small-diameter CNTs was mainly ascribed to the 
two reasons of (1) low friction between water and hydrophobic 
carbon wall and (2) ordered hydrogen bonds formed by the 
single fi le of water molecules. [  9–11  ,  14  ]  Likewise, our uGNMs also 
possess frictionless carbon walls and nanocapillaries that are 
in 2D form (Figure  1 c). Notably, the oxygen-contained groups 
on graphene sheets would block water molecules because of 
the strong interaction between them. Thus only the graphene 
regions without functional groups were responsible for the 
fast transport of water. [  32  ]  This explanation was supported 
by the fact that the neat GO membrane showed only half of 
pure water fl ux of brGO membranes at the same conditions. 
Furthermore, we measured the fl ux of a number of liquids 
with different polarities, such as isopropanol, ethanol, hexane, 
cyclohexane, and toluene. According to the slip fl ow theory, 
more hydrophobic liquid would lead to lower fl ux under the 
same pressure, because of greater interaction between more 
hydrophobic liquid and graphene walls. As shown in Figure  4 c, 
the most hydrophilic liquid of water showed the highest fl ux, 
and the most hydrophobic liquid of hexane showed the lowest 
fl ux. As expected by the slip fl ow theory, the fl uxes decreased 
with the decreasing of polarities, which is in agreement with 
the case of CNTs. [  9  ,  11  ,  14  ]  According to  Equation (1) , fl ux is in 
inverse proportion to liquid viscosity (  η  ). But in fact, as shown 
in Figure  4 c, the fl ux of hexane with small viscosity (  η    =  
0.33 mPa s at 20  ° C) is much lower than that of water with rela-
tively high viscosity (  η    =  1 mPa s at 20  ° C), which implies that 
the real fl ux of the thicker uGNMs can not be fully described 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3693–3700
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     Figure  5 .     UV-vis absorbance changes of upper stream of DR 81 solution 
when the permeation volume was 5, 10, and 15 mL under the pressure of 
5 bar. Inset: the photographic image showed the color change of 0.02 mM 
DR 81 solution (left) and the collected fi ltrate (right). The uGNM used 
here had a brGO loading of 28.3 mg m  − 2 .  

     Figure  4 .     a) Variations of pure water fl ux as a function of brGO loading 
coated on the membranes. The pressure applied here was 1 bar. 
b) Water fl ux versus pressure applied on the uGNM with a brGO loading 
of 28.3 mg m  − 2 . c) Flux for various liquids as a function of their polarities 
under a pressure of 5 bar. The polarities were listed in the parenthesis 
behind each the name of the liquids. The uGNM used here had a brGO 
loading of 34.0 mg m  − 2 .  
by  Equation (1) . Actually, slip fl ow theory itself is still a contro-
versial topic for lack of enough direct proof, more experiments 
should be carried out to get deeper understanding for the liquid 
transport in 2D nanochannels. 

 Subsequently, we further investigated the nanofi ltration 
performance of uGNMs for organic dyes. Retention measure-
ments with dye solutions of methyl blue (MB) and direct red 
81 (DR 81) were carried out using pressure driven fi ltration at 
relatively low pressure (no more than 5 bar), followed by UV-vis 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3693–3700
analysis of the dye concentrations of permeate and feed solu-
tions. The results are listed in Table  1 . The retention increased 
with increasing the thickness of brGO layer of uGNMs. For the 
53 nm uGNM, the retentions for MB and DR 81 are as high as 
99.8% and 99.9%, respectively. As shown in Table  1 , the fl ux 
went down a little when fi ltrating dye solution but still main-
taining nearly 90% of the pure water fl ux. According to the 
structure of uGNMs, the retention mechanism could be pos-
sibly attributed to three main models: (1) direct absorption of 
dye molecules by brGO, (2), physical sieving by 2D nanochan-
nels which is controlled by channel sizes, and (3) electrostatic 
interaction between charged dyes and the negatively charged 
groups of brGO. [  1  ,  3  ,  42  ]  Previous reports showed that graphene 
contained fi lters could decolor aqueous solutions by adsorption 
of dyes. [  43  ]  In fact, the extent of dye absorption into the mem-
brane could be probed by measuring the concentration change 
of the upper stream. If the fi ltration process is dominated by 
absorption, the concentration of the upper stream would not 
change obviously with increasing permeation volume. In 
Table  1  we listed the concentration ratio of upper stream ( C ) 
when the permeation volume was 10 mL to the original feeding 
solution (35 mL,  C  0 ). The ideal value of  C/C  0  is 1.4 if there is 
no dye absorption into the membrane at all and the rejection 
rate is 100%. The experimental values are 1.27–1.36, and the 
thicker uGNMs showed higher values of  C/C  0 , indicating less 
dyes absorption. For the 44 nm uGNM, the dye concentration 
(DR 81) in upper stream increased gradually when the permea-
tion volume was 5, 10 and 15 mL under a pressure of 5 bar 
( Figure    5  ), and the dark red DR 81 solution had also turned into 
colorless after fi ltration (see the inset in Figure  5 ). Our result 
indicates that the dye separation of our uGNMs is not domi-
nated by the absorption mechanism. Because the average size 
of the 2D nanocapillaries of uGNMs is smaller than that of dye 
molecules (MB 20 Å, DR 81 22.8 Å, estimated using a Molec-
ular Mechanics 2 method in Chem3D), physical sieving by 
nanochannels of the uGNMs is believed as the dominant factor 
in retention of organic molecules. However, the effect of elec-
trostatic interaction between charged dyes and the negatively 
3697wileyonlinelibrary.combH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

3698

www.afm-journal.de
www.MaterialsViews.com

     Figure  6 .     Retention measured for four different salt solutions (0.02 M) 
with different ion valences. The uGNM used here had a brGO loading of 
34.0 mg m  − 2 , and a pressure of 5 bar was applied.  
charged groups of brGO could not be ignored. To understand 
this, we have to recall the structure of uGNMs (Figure  1 b), 
which is negatively charged because of the carboxylic groups 
on brGO (the zeta potential of brGO is  − 43 mV at 25  ° C). [  34  ,  36  ]  
Considering that MB and DR is negatively charged, the electro-
static repulsion could also play an important role in rejecting 
negatively charged dye molecules. To prove the important role 
of electrostatic interaction in retention mechanism, we tested 
the retention of 33 nm uGNM to electroneutral rhodamine B 
(RB). The retention for RB was found to be 78%, much lower 
than that for MB and DR 81, confi rming the importance of elec-
trostatic repulsion for separating charged dyes. Given that dif-
ferent reducing methods may result in distinct CCG sheets with 
different degrees of functionalization, and their corresponding 
membranes possibly have variant fi ltration performances, we 
also designed and fabricated ultrathin membranes made of 
hydrazine-reduced (hGM) and thermally reduced GO (tGM). 
The corresponding XRD data were shown in Figure  2 d. The 
hGM showed much lower retention for RB (40%) than uGNM 
(78%) with similar water fl ux. The higher retention of uGNMs 
possibly resulted from more uniform and smaller nanochan-
nels formed by base-refl uxed GO, since hydrazine-reduced GO 
possessed much more wrinkles and corrugations (Supporting 
Information Figure S7). [  30  ]  Interestingly, after thermal treat-
ment of uGNM at 220  ° C for 1 h, the resulting tGM exhibited 
only half of pure water fl ux while remained similar retention 
of RB (76%) to original uGNMs. This result could be explained 
by the decrease of nanochannels size (or  d  space between adja-
cent brGO sheets) after thermal treatment, since only one peak 
at 2  θ    =  24.3 °  was detected in XRD measurement (Figure  2 d). 
It seems our result is not well coincident with Geim’s report 
in which the thermally reduced GO membrane became 100 
times less permeable to water. The difference could be con-
tributed to two main reasons. Firstly, Geim’s membranes were 
1–2 orders of magnitude thicker than our uGNMs, and thicker 
membranes means more blocks for water transport. Secondly, 
in our experiments, uGNMs fully contacted with bulk water, 
and this high humidity could broaden the graphene capillary as 
demonstrated in some early reports, facilitating the water trans-
port. [  32  ,  44  ]  Apparently, different type of reducing treatment leads 
to different type, location and degree of remaining functional 
groups on graphene sheets. The residual functional groups play 
an important role in determining the morphology of graphene 
and the interspace between graphene sheets. As a result, the 
performance of graphene fi ltration membrane largely depends 
on the reducing method. The low dye retentions at low brGO 
loadings suggests the thinner uGNMs may act as a kind of con-
ventional porous NFMs. Judging from the rejection perform-
ance, the pore size of the thinnest uGNM seems to be  ≈ 1–2 nm. 
The porosity (  ε  ) of the thinnest uGNM is  ≈ 0.68% as calculated 
from the Hagen–Poiseuille equation (  ε    =  8  Flux  ·   η    ·   Δ  x / ( r  2  ·  Δ  p ), 
where  r  is the radius of pores).  

 NFMs are also usually applied to separate ions from water, 
although the retention is moderate compared with reverse 
osmosis membranes. [  2  ,  45  ]  Additionally, the retention perform-
ance of salts can refl ect the charge characteristics of mem-
branes. Thus, as an exploratory study, we tested the retentions 
of our uGNMs to four kinds of salt NaCl, Na 2 SO 4 , MgCl 2  and 
MgSO 4  at the concentration of 0.02 M under a pressure of 5 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
bar. A high rejection of Na 2 SO 4  was achieved at  ≈ 60%. As 
shown in  Figure    6  , the retention ( R ) sequence of the salt solu-
tions was  R  (Na 2 SO 4 )  >   R  (NaCl)  >   R  (MgSO 4 )  >   R  (MgCl 2 ). This 
sequence can be explained by Donnan exclusion theory that is 
usually used to explain the retention mechanism for charged 
NFMs. [  2  ,  17  ,  45  ]  As mentioned above, uGNMs are negatively 
charged because of the carboxylic groups at edges and holes of 
brGO sheets. According to the Donnan exclusion theory, the 
Donnan potential at the interphase of solution and membrane 
tends to exclude co-ions from the membrane. In order to keep 
the electroneutrality of the solution on each side of the mem-
brane, the counter ions have to be rejected as well. As a result, 
the retention of salt is sensitive to the valences of the cationic 
(Z + ) and anionic (Z − ) species of the salts. Donnan theory pro-
vides the following equation for the retentions of salts,

 
R = 1 − Cm

B

CB
= 1 −

( |ZB| CB

|ZB| Cm
B + Cm

X

)|ZB |/|ZA|

  
(2)

     

 where  Z  B  and  Z  A  are the valence of the co-ions and counter-
ions,  C  B  and  C  B  m  the concentrations of the co-ions in solution 
and membrane phase, and  C  X  m  is the membrane charge con-
centration. From this equation, it can be qualitatively calculated 
that the retention sequence of the salts used in our experi-
ments is  R  (Na 2 SO 4 )  >   R  (NaCl)  ≈   R  (MgSO 4 )  >   R  (MgCl 2 ). [  2  ]  
Our experimental sequence is identical with the calculated one, 
revealing that the salt rejection of the uGNMs is mainly deter-
mined by the Donnan exclusion. It should be noted that, the 
salts retentions for uGNMs are higher than and comparable to 
the CNTs-based NFMs at the concentration of 20 mM made by 
Bakajin and co-workers, [  17  ]  but lower than some of commercial 
desalination NFMs. Two main reasons might contribute to the 
low salt retention. Firstly, the operation pressure in our cases is 
quite low ( < 8 bar) owing to the limitation of our fi ltration device. 
Many studies demonstrated that retention of salts decreases 
with a decrease in applied pressure. [  1  ,  46  ]  Secondly, there might 
be some pores larger than 2 nm and even unzipped slits in 
the CCG sheets of uGNMs caused by the strong oxidation, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3693–3700
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lowering the salt retention. Hence, further optimization in both 
aspects of fi ltration device and graphene membranes is needed 
in future studies. As demonstrated above, uGNMs showed high 
retention for organic dyes and moderate retention for salts, 
indicating their potential application in the concentration and 
separation of dyes.   

 3. Conclusions 

 In summary, dried, ultrathin, and robust graphene nanofi ltra-
tion membranes were fi rstly fabricated from brGO by vacuum-
assisted assembly strategy. The brGO sheets stacked with each 
other forming sub-1-nm sized 2D nanocapillaries, and the 
hydrophobic carbon nanochannels favor high water fl ux. The 
uGNMs showed excellent performance for retention of organic 
dyes, especially for the charged dyes, based on the mechanism of 
physical sieving and electrostatic interaction. The Donnan exclu-
sion dominated the salt rejection of the graphene membranes. 
The uGNMs are extremely thin, and less than 35 mg of brGO is 
needed for making a square meter membrane. Compared with 
the membranes made of aligned CNTs, the stacked graphene 
membranes have the advantages of low cost and simple fabri-
cation process. The uGNMs perfectly integrated the merits of 
both graphene (such as highly thermal stability, fi ne chemical 
resistance, and excellent mechanical property) and polymer 
materials (such as high fl exibility, simple solution-based proces-
sibility, and scalability), opening a door for the next generation 
of NFMs. Further improvement of uGNMs might include opti-
mizing the size and density of holes on the graphene sheets, 
adjusting the space between graphene sheets, and increasing 
the antifouling property by chemical modifi cation.   

 4. Experimental Section 
  Materials:  Graphite powder (40  μ m) was purchased from Qingdao 

Henglide Graphite Co., Ltd. All the other reagents were purchased from 
Aldrich and used as received. 

  Characterization:  UV-vis spectra were obtained on a Varian Cary 100 
Bio UV-vis spectrophotometer. AFM images were obtained on a NSK 
SPI3800, under tapping mode. TEM studies were conducted on a JEOL 
JEM2010 electron microscope at 200 kV. TGA was carried out on a Perkin-
Elmer Pyris 6 TGA instrument under nitrogen with a heating rate of 10  ° C 
min  − 1 . Raman measurements were conducted on a LabRam-1B Raman 
spectroscope equipped with a 514 nm laser source. The contact angle 
measurements were carried out on a DropMeter A-200 (MAIST Vision 
Inspection & Measurement Ltd. Co.). SEM images were obtained by 
Hitachi S4800 fi eld-emission SEM system. XRD was carried out on X’ Pert 
PRO diffractometer equipped with Cu Ka radiation (40 kV, 40 mA). Zeta 
potentials were measured by laser Doppler electrophoresis using a Zeta-
Nanosizer (Nano ZS, Malvern Instruments Ltd., Worcestershire, UK).  

 Preparation of Narrow-Dispersed GO and Base-Refl uxing Reduced GO 
(brGO):  Firstly, a modifi ed Hummers’ method was applied to prepare 
GO which was described in previous studies. [  47–50  ]  The resulting GO 
aqueous dispersion (1 mg mL  − 1 ) was sonicated for 10 min followed by 
centrifugation at 10 000 rpm for 15 min. The supernatant was collected 
and the sediment was re-dispersed in de-ionized water. Repeat the 
centrifugation procedure four times and collect all the supernatant to 
obtain the centrifugal classifi ed and narrow-dispersed GO dispersion. [  51  ]  

 The as-prepared centrifugal classifi ed GO aqueous dispersion (50 mL, 
0.5 mg mL  − 1 ) and NaOH (20 mg) were added into 100 mL Schlenk fl ask 
with stirring under nitrogen fl ow. After stirring for 0.5 h, the system was 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3693–3700
heated to refl ux for an hour, resulting in uniform dark black dispersion. 
After cooling down to room temperature, the dispersion was centrifuged 
at 17 900 rpm for an hour. Discard the light dark supernatant and wash 
the sediment three times by deionized water, giving the stable brGO. [  33  ]  

  Fabrication of uGNMs:  Extremely dilute brGO dispersion was prepared 
by adding a certain amount of brGO into water (50 mL) followed by 
10 min ultrasonication. In order to fabricate uGNMs with different 
thickness, a series of dilute brGO dispersion were prepared with 
concentrations ranged from 0.36 to 0.864  μ g mL  − 1 . Then the dilute 
brGO dispersion (50 mL) was fi ltrated under vacuum on microfi ltration 
membranes such as mixed cellulose ester membranes, PVDF 
membranes, or AAO membranes (Anodisc 47 purchased from Whatman) 
with pore size of around 200 nm. The uGNM system composed of 
ultrathin graphene layer and the substrate membrane (note: we use 
only uGNMs to represent the composite membrane in the paper) was 
dried in vacuum for 24 h at 40  ° C before use. Samples for AFM and SEM 
characterizations were prepared by stripping part of the graphene layer 
coated on an AAO disk by tape. The sample for TEM characterization 
was prepared by the following two steps: (1) to exfoliate the neat 
graphene membrane from the composite membrane by immersing the 
composite membrane with an AAO substrate in water, (2) to transport a 
piece of free standing graphene layer onto a TEM copper mesh and put 
it in vacuum oven overnight at 40  ° C before characterization. 

 As control experiments, we also prepared graphene membranes 
made of hydrazine-reduced GO by the same protocol mentioned above 
(experiment details of preparing hydrazine-reduced GO are given in the 
Supporting Information). [  25  ,  30  ]  Moreover, some uGNMs were heated at 
220  ° C in a vacuum for further investigation. [  32  ]  Herein, the hydrazine-
reduced ultrathin graphene membrane is designated as hGM, and the 
thermally treated graphene membrane is denoted as tGM. 

  Measurements of Pure Water Flux and Retention:  The pure water fl ux 
and retention measurements were performed on a dead end fi ltration 
device driven by nitrogen gas as shown in Supporting Information 
Figure S8. The area for water permeation in this device is 2.83 cm 2 . The 
selected uGNM was fi xed at the bottom of the water tanker. The applied 
pressure could be adjusted from 0 to 7 bar. Pure water fl ux was obtained 
by measuring the mass of water collected every two minutes under a 
certain pressure. As shown in Supporting Information Figure S6, for 
a typical fl ux measurement, pure water fl ux decayed with time rapidly 
at fi rst, and was steady after about half an hour, and the steady-state 
value was recorded as the fl ux of the uGNMs. Similar declines for CNTs 
membranes were also reported in Hinds’ work, where initial water fl ux 
was preferred. [  14  ]  In our cases, the initial water fl ux could be as large as 
51 L m  − 2  h  − 1  bar  − 1 .   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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