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Abstract
Graphene Oxide (GO), as a new type of nanomaterial, has been used in a composite Nanofiltration (NF) membrane 

showing good performance. It was deposited on a polysulfone support membrane modified with dopamine. In order to 
prepare an NF membrane with good stability, GO was cross-linked with 1,3,5-benzenetricarbonyl trichloride through 
a layer-by-layer assembly method. The prepared GO composite NF membrane (M-GO) has been characterized by 
FTIR, XPS, and SEM. The prepared M-GO showed superior NF performance. The rejection rate and permeation flux 
of the membrane towards methyl blue were up to 98% and 70 kgm-2h-1, respectively, and the corresponding values 
towards PO43- were up to 92% and 120 kgm-2h-1, respectively.
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Introduction
Nanofiltration (NF) technology is widely applied in industry due to 

its low energy consumption, environmental benignity, high efficiency, 
and so on [1,2], especially in water treatment [3-6]. However, traditional 
NF membranes often have disadvantages of low water flux, weak anti-
fouling ability [7], and poor stability. In order to circumvent these 
drawbacks associated with traditional NF membranes, it is imperative 
to select an efficient membrane material. The properties of the chosen 
material directly affect the separation performance, stability, and anti-
fouling ability of the NF membrane. NF membranes prepared with 
different materials can be applied to different NF processes.

Recently, the application of dopamine to modify membrane 
surfaces has attracted widespread attention [8-10]. Researchers 
found that, in aqueous solution, the catechol moiety of dopamine is 
very easily oxidized to generate a dopamine quinone compound with 
an o-benzoquinone structure. Under certain conditions, dopamine 
quinone can react with fresh dopamine to generate a Polydopamine 
(PDA) composite layer on the surface of the substrate [11,12]. Such a 
polydopamine composite layer is strongly adhered to the matrix while 
also bearing hydrophilic hydroquinone groups, which provides a new 
means of improving the hydrophilicity of the membrane [13]. Modified 
polysulfone ultrafiltration membrane surfaces with dopamine, and 
the polydopamine-modified membranes showed better hydrophilicity 
than the unmodified membranes. In addition, dopamine can enable 
membrane functionalization [14] deposited a polydopamine and PEI 
mixed functional layer on a PAN ultrafiltration membrane surface, and 
then introduced zirconia to prepare an organic-inorganic composite NF 
membrane. The product showed better retention properties for divalent 
ions deposited polydopamine on the surfaces of a microfiltration 
membrane, a reverse osmosis membrane, and an ultrafiltration 
membrane, and then grafted long polyethylene glycol chains with 
different molecular weights to prepare composite membranes with 
better anti-fouling abilities [15].

With the development of nanotechnology, GO, as a typical 
nanomaterial, has been widely used in the field of membrane research 
and development [16-19]. Compared with traditional membranes, 
membranes modified with GO show significant advantages in terms 
of water flux, chemical stability, anti-fouling ability, and mechanical 
strength [20]. GO is a two-dimensional nanomaterial [21-24], 
bearing functionalities such as carboxyl, carbonyl, epoxy, and 

hydroxyl [25-27]. As a result, it is easy to stack to form a separation layer. 
The mechanism of operation of a GO separation layer with nanopores 
and a large amount of negative charge is shown in Fig. 1. The separation 
layer provides size-based rejection between neutral small molecules 
and charge-based rejection between anions, thus making GO a perfect 
membrane material deposited GO crosslinked with SG (solvent green) 
on a ceramic membrane surface modified with dopamine, and found 
that the prepared SG@GO composite membrane showed a significant 
improvement in terms of water flux [28]. Wang et al. [29] prepared a 
polycation/GO NF membrane by the Layer-By-Layer (LBL) assembly 
method and found that this membrane showed excellent anti-fouling 
ability (Figure 1).

Figure 1: Separation mechanism of the GO membrane.
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In order to solve the problems of traditional NF membranes showing 
low ion retention capacity, low water flux, weak pollution resistance, and 
poor stability, we deposited GO on the surface of a dopamine-modified 
polysulfone ultrafiltration membrane by the LBL self-assembly 
method. The GO was then cross-linked with 1,3,5-benzenetricarbonyl 
trichloride (TMC) to prepare a GO composite NF membrane (M-GO). 
The experimental process and the corresponding reaction principle 
are shown in Figure  2. It found that the M-GO displays interesting 
properties, such as high anion retention capacity, high water flux, good 
pollution resistance, and good stability. This may be attributed to the 
following factors: 1) polydopamine formed on the PS (polysulfone) 
membrane surface showed strong adhesion and strong hydrophilicity; 
2) the cross-linking agent (TMC) covalently cross-linked GO, increasing 
the stability of the GO separation layer; 3) the edges of GO bear a large 
number of hydrophilic groups that can rapidly bind water molecules; 
the bound water molecules extend through the predominately 
hydrophobic skeleton of graphene, facilitating the passage of water 
molecules through the nanopores by the capillary effect [30-33]. In 
this study, the deposition conditions of M-GO were investigated and 
appropriate characterization tests were carried out.

Materials and Methods
GO was purchased from the Chinese Academy of Sciences Chengdu 

Organic Chemistry Co., Ltd (Chengdu, China). Dopamine (DA, 98%) 
was supplied by Ark Pharm, Inc. TMC was obtained from Chemical 
Technology (Shanghai) Co., Ltd. Isopar L was purchased from Sigma – 

Aldrich (Darmstadt, Germany). Flat-sheet PS ultrafiltration membrane 
was purchased from Sepro Membranes. Methyl blue, Congo red, acid 
magenta, crystal violet, and methyl orange were all purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. NaCl, Na2SO4, and 
Na3PO4 were obtained from Beijing Chemical Factory.

Membrane preparation

(1) A 6 cm × 6 cm flat-sheet PS membrane was immersed in the 
volume fraction of 30% ethanol (ethanol/water (30:70, v/v)) for 30 min, 
then taken out, quickly rinsed with deionized water, and dried at room 
temperature.

(2) A solution of dopamine (2 g) was prepared in Tris-HCl buffer 
(1 L) and adjusted to pH 8.5.

(3) The treated PS membrane was immersed in the freshly prepared 
dopamine solution for 1  hr, then taken out and quickly rinsed with 
deionized water to remove unreacted chemical species from its surface, 
and dried at room temperature. In this way, a dopamine composite 
membrane (M-PDA) was prepared. Repeating the aforementioned 
steps yielded a multi-layer dopamine composite membrane M-PDAn.

(4) The M-PDA was immersed in a 0.2% (w/v) TMC solution in 
Isopar L for 30 min, then taken out and briefly rinsed with Isopar L to 
remove excess TMC. In this way, the composite membrane M-TMC 
was prepared.

(5) M-TMC was immersed in a 0.5 gL-1 GO solution in Isopar L for 

Figure 2: Preparation of M-GO and reaction principles.
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30 min, then taken out and briefly rinsed with Isopar L to remove excess 
GO. In this way, the GO composite membrane (M-GO1) was prepared.

(6) M-GO1 was immersed in a water bath at 95°C for 2  h to 
completely remove any residual Isopar L.

(7) The aforementioned procedure was repeated to prepare M-GOn 
with different numbers of composite layers.

Characterization

The surface morphologies of PS and composite membranes were 
characterized by scanning electron microscopy (SEM) (SU-8020, 
Hitachi, Tokyo, Japan). The change in the elemental composition during 
the process of preparing composite membranes was tested by X-ray 
photoelectron spectroscopy (XPS) (ESCALAB 250, HitachiIn order to 
study the hydrophilicity of the surfaces of the composite membranes, 
a contact-angle meter (OCA20, Data Physics, Stuttgart, Germany) was 
used to measure water contact angles thereon.

Attenuated total reflectance FTIR spectra (Vertex  70, Bruker, 
Karlsruhe, Germany) were recorded to assess the functional group 
changes of the composite membranes. In order to study the change 
in surface roughness of the composite membranes, atomic force 
microscopy (AFM, DMFASTSCAN2-SYS, Karlsruhe, Bruker) was used. 
Zeta potentials of composite membrane surfaces were measured with a 
zeta potential meter (Zetasizer 2000, Malvern, Malvern, UK).

Nanofiltration experiments

The rejection efficiencies and water fluxes of organic dyes (methyl 
blue, Congo red, acid fuchsin, crystal violet, methyl orange) and anions 
(Cl-, SO4

2-, PO4
3-) were measured. The experimental set-up is shown in 

Figure 3. Firstly, organic dye and salt solutions at certain concentrations 
were prepared as raw materials. These solutions were pumped into the 
membrane cell by means of a piston pump, making the raw material 
liquid flow through the graphene composite membrane surface, 
whereupon the ions and dye molecules were partially rejected. When 
the operating pressure was stable, aliquots of the treated solution were 
collected, recording the operating time and the mass of the treated 
solution. In this study, the concentrations of ions and organic dyes in 
the treated solutions were measured by chromatography and UV/Vis 
spectrophotometry, respectively. Lastly, we calculated the corresponding 
rejection and flux.

The performance of the M-GO was assessed by checking its 
rejection and flux. The membrane was subjected to organic dye and ion 
rejection studies using organic dyes at 100 ppm and NaCl, Na2SO4, and 
Na3PO4 at 500  ppm. All permeation experiments were carried out at 
a pressure of 0.6 MPa, and the effective membrane area was 15.9 cm2. 
The rejection percentage and flux were calculated using the following 
equation (1) and (2):

p fR(%) 100 (1- (C / C ))= ×                 (1)

Where R is the rejection rate, and Cp (ppm) and Cf (ppm) are the 
concentrations of permeate and the feed solution, respectively.

 
WF

A t
=

⋅                     (2)

Here, F (kgm-2h-1) is the permeation flux, W (kg) is the mass of 
permeation solution, A (m2) is the effective membrane area, and t (h) is 
the operation time.

Results and Discussions
Characterization of the base support and its composite 
membranes

In this study, all membranes were characterized, namely the PS 
membrane, one-layer PDA composite membrane (M-PDA), three-layer 
PDA composite membrane (M-PDA3), TMC composite membrane 
(M-TMC), two-layer GO composite membrane (M-GO2), four-layer 
GO composite membrane (M-GO4), and six-layer GO composite 
membrane (M-GO6). The preparation conditions of the membranes 
were as follows: dopamine concentration 2 gL-1; TMC concentration 0.2 
w t%; GO concentration 0.5 gL-1.

In order to study changes in the surface morphology in the process of 
preparing GO composite membranes, the surfaces of the PS membrane, 
M-PDA, and M-GO2 were each examined by SEM, the SEM images 
are shown in Figure 4(a-c). From Figure 4(a), it can be seen that there 
were numerous holes of diameter around 100 nm on the surface of the 
PS membrane. After the deposition of PDA, the diameter of the holes 
clearly decreased, as shown in Figure 4(b), and it was difficult to observe 
their distribution. In addition, some particles were sparsely distributed 
on the M-PDA surface, attributable to the aggregation of PDA. From 
Figure 4(c), it can be seen that the M-GO2 surface exhibited a layered 
sheet structure, attributable to layer-by-layer stacking of GO. Moreover, 
irregular wrinkles appeared on the M-GO2 surface, which improved 
the water flux to some extent, since these increased the contact area 
between water and the membrane surface [34].

XPS was used to analyze the hybridization of carbon on the surfaces 
of the PS membrane, M-PDA, and M-GO2. XPS images are shown in 
Figure 5. As can be seen in Figure 5(a,b), the hybridization of the carbon 
on the PS membrane and M-PDA remained unchanged, with peaks due 
to C–C (sp2) at 284.6 eV and C–C–O at 286.5 eV. The main reason for 
this result is that polysulfone and PDA contain C–C (sp2) (existing in 
benzene rings) and C–O. As shown in Figure 5(c), the carbon spectrum 
of M-GO2 can be deconvoluted into three parts, namely a C–C (sp2) 
peak at 284.6 eV, a C–OH peak at 285.9 eV, and a C–COOH peak at 
289 eV, attributable to GO on the M-GO2 surface. The XPS results thus 
confirmed that GO had been successfully deposited on the membrane 
surface.

FTIR spectra of the PS, M-PDA, M-GO2, and M-GO4 are shown 
in Figure 6. It can be seen that M-PDA has a similar FTIR spectrum to 

 
Figure 3: Performance evaluation apparatus for M-GO.
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and ester groups. Here, the carboxyl groups may have been present in 
GO or due to unreacted acyl chloride groups of TMC. Anhydride and 
ester groups may have resulted from reactions between TMC and PDA 
or GO. The intensity of the peak at 1724  cm-1 clearly increased with 
increasing number of GO layers, further corroborating that GO was 
successfully assembled on the membrane surface.

 
Figure 4: SEM images of different membrane during the assembly process: 
(a) PS membrane, (b)    M-PDA, (c) M-GO

that of the PS membrane, indicating no new functional groups on its 
surface. In contrast to the spectra of the PS membrane and M-PDA, 
the FTIR spectra of M-GO2 and M-GO4 show a new peak at 1724 cm-1, 
attributable to the C=O stretching vibrations of carboxyl, anhydride, 

 

 

 

Figure 5: XPS spectra of different membrane surfaces: (a) Base membrane, 
(b) M-PDA, (c) M-GO2.
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To study the hydrophilicity of the membranes, we measured water 
contact angles at the surfaces of different membranes, namely PS, 
M-PDA, M-PDA3, M-TMC, M-GO2, M-GO4, and M-GO6. As can be 
seen from Figure 7, the contact angle on the hydrophobic PS membrane 
was 82°C. This decreased to 70°C after modification with PDA, 
indicating that PDA increased the hydrophilicity of the membrane 
surface because of its hydrophilic catechol groups. In addition, 
M-PDA showed a similar contact angle as M-PDA3, indicating that 
the number of PDA composite layers has essentially no influence on 
the hydrophilicity of the membrane surface. The hydrophilicity of 
M-TMC, with a contact angle of 73°C, is somewhat decreased due to 
the hydrophobic benzene ring. Moreover, the water contact angles of 
M-GO2, M-GO4, and M-GO6 were all about 36°C, indicating perfect 
hydrophilicity, which can be attributed to GO bearing large numbers of 
hydrophilic groups, including carboxyl, hydroxy, epoxy, and carbonyl. 
The contact-angle measurements thus indicated that PDA and GO can 
improve the hydrophilicity of the membrane surface to different degrees. 
The root average arithmetic roughnesses (Ra) of the membrane surfaces 
were characterized by AFM. Three-dimensional AFM images of the PS 
membrane, M-PDA, and M-GO2 are shown in Figure 8(a-c). The AFM 
image of the PS membrane shows its Ra to be about 3.93 ± 0.2 nm; the 
surface is smooth and free from wrinkles. As can be seen from Figure 
8(b), the Ra of M-PDA (20.48 ± 0.1 nm) was sharply increased due to 
aggregates of PDA with an average particle size of 30-200 nm, consistent 
with the SEM images. From Figure 8(c), it can be seen that the surface 
of M-GO2 (Ra=24.01 ± 0.4 nm) became even rougher due to irregular 
stacking of GO thereon. The AFM and SEM images of M-GO revealed 
GO sheets with an average particle size of 20-100  nm irregularly 
arranged on the membrane surface, which may have been due to the 
insufficient ultrasonication of GO or its inherently wrinkled structure. 
As a result, the water flux may have been somewhat improved due to the 
increased contact area between water and the membrane surface [30]. 
Zeta potential determination offers a means of studying the changing 
charge on the composite membrane surface [35,36]. The zeta potentials 
of the various membranes are plotted in Figure 9. It can be seen that 
the zeta potential of the PS membrane was close to zero, indicating no 
charge on the base surface. M-PDA has a negative charge of -12.72 mV, 
which may be attributed to deprotonation of the catechol groups of 
PDA [37,38]. M-TMC and M-TMC2 had negative charges of -35.39 
and -101.1  mV, respectively, resulting from the carboxyl groups on 
the membrane surface. In humid air, the acid chloride groups on 
TMC may be hydrolyzed to carboxyl groups, imparting the membrane 
surface with negative charge. M-GO1 (-183.4 mV) clearly had a more 

 
Figure 6: ATR-FTIR spectra of the PS membrane, M-PDA, M-GO2, and M-GO4.  

Figure 7: Contact-angle measurements of membranes during the assembly 
process.

 
 

 
 

Figure 8: AFM images of membranes: (a) PS membrane, (b) M-PDA 
membrane, (c) M-GO2.
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negative zeta potential than M-TMC due to the carboxyl groups on GO 
deposited on the membrane surface. The same was true for M-TMC2 
(-121.6 mV) and M-GO2 (-183.4 mV). The zeta potentials of the GO 
composite membranes thus became more negative with increasing 
number of GO composite layers.

Nanofiltration performance of M-GO2

Solutions of methyl blue, Congo red, acid magenta, methyl orange, 
and crystal violet, each at 100  ppm, were used as raw materials to 
determine the nanofiltration performances of M-GO2 towards organic 
dyes of different molecular weights. The experimental results are shown 
in Figure 10. M-GO2 showed different rejections and water fluxes for the 
various organic dyes. With increasing molecular weight of the organic 
dyes, the rejection rate of M-GO2 decreased. However, the water flux 
increased. For methyl blue with higher molecular weight, the rejection 
rate and permeation flux of the membrane were up to 98% and 70 kgm-

2h-1, respectively. For methyl orange, with lower molecular weight, the 
rejection rate and permeation flux of the membrane were up to 72% 
and 97 kgm-2h-1, respectively.

In order to study the nanofiltration performances of M-GO2 
towards anions with different valences, solutions of NaCl, Na2SO4, 
and Na3PO4, each at 500  ppm, were used as raw materials to detect 
the rejection rates and permeation fluxes of Cl-, SO4

2-, and PO4
3-, 

respectively. The test results are shown in Table 1. The rejection rates 
of the NF membrane towards Cl-, SO4

2-, and PO4
3- were 48%, 86%, and 

92%, respectively, with consistent permeation fluxes of about 120 kgm-

2h-1. The results of rejection rate of anion can be attributed to the zeta 
potential (-183.4  mV) of the NF membrane surface. With adequate 
negative charge, the membrane could show good rejection capacity of 
anions, due to the strong coulombic repulsion. In fact, the rejection rate 
of anion is related to zeta potential, while, the permeation flux is related 
to membrane properties and the size of rejected ions. As the sizes of Cl-, 
SO4

2-, PO4
3- (2-5Å) are much smaller than those of membrane pores, 

the permeation flux is mainly determined by the membrane properties. 
Therefore, permeation flux is almost unchanged when Cl-, SO4

2-, PO4
3- 

are respectively rejected using the same membrane.

The anti-fouling ability of an NF membrane is one of the important 
indices to assess its performance. In this study, the anti-fouling ability 
of the NF membrane was tested by continuous operation for 12 hrs. The 
membrane was tainted with methyl blue (feed solution concentration 
100 ppm) and then washed with clean water for 1 hr at intervals of 3 
hrs. Firstly, the original permeation flux of the membrane to methyl 
blue was tested and denoted as J0. Secondly, the membrane was washed 

for 1 hr after 3 hrs of operation; the permeation flux was recorded and 
denoted as J1. Similarly, J2, J3, and J4 were recorded after 6 hrs, 9 hrs, 
and 12  hrs respectively, of operation. Lastly, with methyl blue as the 
foulant, the water recovery rate (FRR) of the membrane was calculated 
according to equation (3):

FRR (%) = J4/J0                  (3)

The experimental results are shown in Figure 11, the red curve 
represents the variations of membrane flux with operation time while 
the black curve represents the variations of rejection rate with operation 
time. It is clearly noted that the rejection rate almost kept constant 
within the whole operation time. However, in the first three hours, the 
rapid adsorption of the methyl blue onto membrane surface would 
lead to the sharp decrease of membrane flux. After the adsorption  

Figure 9: Changes in zeta potential on surface of the composite membranes.

 

Figure 10: Nano-filtration performances of M-GO2 towards organic dyes 
with different molecular weights.

Figure 11: Anti-fouling ability of M-GO2.

Anion Rejection rate (%) Permeation flux (kg·m-2·h-1)
Cl- 48.12 122.20

SO42- 86.47 121.33
PO43- 91.84 120.32

Table 1: Nanofiltration performances of M-GO2 towards Cl-, SO4
2-, and PO4

3-
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reached saturation, the permeation flux remains essentially constant. 
The permeation flux of the membrane decreased from 70 kgm-2h-1 to 
64 kgm-2h-1, and the FRR was about 90%. In addition, the rejection rate 
of the membrane increased from 97% to 100%. As GO has the ability for 
irreversible adsorption of methyl blue, the apertures of the membrane 
may diminish in size with increasing operation time, leading to 
the membrane showing increased rejection rate and decreased 
permeation flux.

Conclusions
GO, as a single-atom-thick layer structure, readily accumulates 

into a two-dimensional structure with nanopores rich in hydrophilic 
groups. In this study, we have taken advantage of the specific structure 
of GO, depositing it on a PS membrane surface by an LBL assembly 
method. The GO was then cross-linked with TMC. As GO bears a 
large number of hydrophilic groups, the water contact angle of the 
prepared NF membrane surface was as low as 36°C. Moreover, water 
can pass through the GO surface without any impediment, so that the 
membrane has high water flux. The prepared GO separation layer has a 
high negative zeta potential (-183.4 mV) because of the carboxyl groups 
on GO, which can enhance the anti-fouling ability and stability of the 
NF membrane. Indeed, its FRR is up to 90%.
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