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a b s t r a c t
Graphene oxide (GO) was applied to fabricate thin-film nanocomposite forward osmosis (TFN-FO) 
membranes with improved desalination performance. GO in various concentrations ranging from 
0.0005 to 0.06 wt% was added to the aqueous phase solution before the interfacial polymerization 
process. GO modified FO membranes were characterized and the desalination performance was inves-
tigated. Results indicated that the TFN-FO membranes formed a typical “ridge-and-valley” structure, 
achieved a lower reverse solute flux, and showed improvements on membrane hydrophilicity, water 
fluxes, and salt rejection. When 2 mol·L–1 of NaCl and 10 mmol·L–1 NaCl were used as the draw solu-
tion and the feed solution, respectively, the water flux of the membrane modified by 0.005 wt% GO 
reached the climax at 8.59 L∙m–2∙h–1 (LMH) in the active layer facing the feed solution mode (the active 
layer facing the draw solution), which increased 55.6% compared with that of the pristine membranes. 
Moreover, the desalination performance of TFN-FO was compared with the pristine FO membranes 
under different operating conditions with various draw solution concentrations, cross-flow rates and 
orientations of membranes. Results showed that the TFN-FO membranes had enhanced desalination 
performance under all operating conditions in this study. The 0.005 wt% GO nanosheet was the opti-
mal and such low contents of GO are promising for a wide-scale industrial application.
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1. Introduction

Forward osmosis (FO) has been gaining increasing pop-
ularity in the water industry, especially, useful for seawater 
desalination, wastewater management, and other industrial 
applications such as ethanol concentration, protein concen-
tration, algae separation, and power generation [1–3]. Known 
for their lower energy expenditure and effectiveness in alle-
viating membrane fouling, FO membranes are more competi-
tive compared to traditional pressure-driven membranes, for 
instance, reverse osmosis (RO) membranes and nanofiltra-
tion membranes [4,5]. Apart from the advantages, however, 

it is still challenging to produce an advanced FO membrane 
with high water fluxes, high rejection and reduced internal 
concentration polarization (ICP) [6–8].

A significant development of FO membrane materials 
was witnessed in the last decades, changing from nitro-
cellulose to recent cellulose acetate (CA) and thin-film 
composite (TFC) [1,9]. Compared with CA membranes pro-
duced through phase inversion, TFC membranes prepared 
by the interfacial polymerization process have advantages 
including better mechanical strength and lower ICP [9–11]. 
Moreover, a TFC-FO membrane can be divided into a sub-
strate membrane and an active layer, making it more flex-
ible for membrane preparation, and much preferable for 
the market. Currently, polysulfone (PSf) is widely used to 
prepare TFC membranes. However, poor permeability of 
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PSf-based membranes still remains a serious problem that 
cannot be neglected [11].

Membrane modification is one of the most effective 
approaches to enhancing membrane performance. Inorganic 
nanomaterials including zeolite, titanium dioxide, and silicon 
dioxide were widely utilized as membrane modifiers [12,13]. 
Recently, carbon nanomaterials such as carbon nanotubes 
(CNTs) and graphene oxide (GO) have gained increasing atten-
tion as modifier materials in membrane fabrication. Compared 
with CNTs, GO shows better mechanical performance, larger 
surface area, and natural hydrophilicity; hence potentially a 
more efficient membrane modifier [14–16]. Ganesh et al. [17] 
reported that GO modified PSf ultrafiltration (UF) membranes 
showed enhancements in both water fluxes and sodium sulfate 
rejection. Ionita et al. [15] reported that incorporating GO with 
PSf could improve the thermal and mechanical performance 
of membranes. However, previous studies indicated that the 
required amount of GO was rather large (over 0.25 wt%) when 
GO was added into UF membranes [15,18]. High contents of 
GO required would carry a relatively high financial cost if GO 
were to be used as a membrane modifier. Some researchers 
focused on embedding GO directly into the active layer of TFC 
membranes. Results showed improvements in membrane per-
formance such as water fluxes, salt rejection and antifouling 
[19,20]. However, most previous studies on GO modified thin-
film nanocomposite (TFN) membranes were associated with 
pressure-driven membranes. Only a few investigations looked 
into the influences of GO as a surface modifier for FO mem-
branes. Moreover, the aggregation of GO was reported when 
the amount of GO exceeded 0.06 wt% [20], resulting in poor 
desalination performance. Therefore, it is critical to identify 
the optimal amount of GO needed when using it as a mem-
brane modifier.

In the process of fabricating TFN-FO membranes, GO 
was embedded into the aqueous phase solution before 
the interfacial polymerization process to fully utilize the 
hydrophilic functional groups of GO. One principal objec-
tive of this study is to systematically investigate the feasi-
bility of GO to modify osmosis-driven membranes. The 
other objective is to optimize the required amount of GO, 
resulting in a lower financial and environmental cost for GO 
manufacturing.

2. Experimental setup

2.1. Materials

Polysulfone (PSf, Solvay P3500) purchased from 
BASF Co., Ltd. (China), polyvinylpyrrolidone (PVP, K30) 
purchased from Sigma-Aldrich, China, and 1-methyl-2- 
pyrrolidinone (NMP, ≥99%) purchased from Sinopharm 
Chemical Reagent Co., Ltd. (China) were used for the prepa-
ration of PSf substrate membranes. GO (DK Nano technol-
ogy Co., Ltd., China) with 30%–40% oxygen-containing 
groups were applied as the membrane modifier. Trimesoyl 
chloride (TMC, 98%) and m-phenylenediamine (MPD) were 
purchased from Aladdin (China). n-Hexane (99%) was sup-
plied by Sinopharm Chemical Reagent Co., Ltd. (China) and 
was used for the interfacial polymerization. Sodium chloride 
(NaCl) bought from Sinopharm Chemical Reagent Co., Ltd. 
(China) was utilized to test membrane performance.

2.2. Preparation of substrate membranes

The PSf UF membrane was fabricated and used as the 
substrate of FO membranes. The casting solution was pre-
pared by dissolving 0.5 wt% of PVP and 17.5 wt% of PSf into 
82 wt% NMP solution. The casting solution was spread on a 
clean glass plate at a knife height of 175 μm, and was then 
immediately transferred into a water bath. The substrate 
membrane showed a water flux of 367 L∙m–2∙h–1 (LMH), and 
99.4% rejection of 1 g∙L–1 bovine serum albumin under the 
pressure of 0.1 MPa in a dead-end filtration testing system.

2.3. Preparation of GO modified FO membranes

Different amounts of GO that are listed in Table 1 were 
dissolved into the deionized (DI) water and were ultrason-
icated for 3 h under a sonication power of 500 W. Then, 
2.0 wt% MPD was added to the GO solution. Through the 
interfacial polymerization, a dense active layer of a FO 
membrane was formed on the substrate membrane. Firstly, 
2.0 wt% MPD aqueous solution containing 0–0.06 wt% of 
GO was poured onto the surface of the substrate membrane 
for 2 min. Excess MPD aqueous solution was removed by a 
rubber roller. After that, 0.1 wt% TMC dissolved in n-hexane 
was poured onto the surface of the membrane. After 1 min, 
the TMC solution was drained off and the pure n-hexane 
was poured on the membrane to remove excess TMC solu-
tion. Later, the membrane was stored in an oven at 60°C for 
8 min. At last, the membrane was stored in a DI water bath 
for future use. After the membrane preparation procedures 
were complete, membranes were named as F0, F1, F2, F3, F4, 
F5, and F6 based on the amounts of GO in MPD solution.

2.4. Characterization of GO nanosheets and FO membranes

The phase structure of the GO powder employed in 
this experiment was investigated using a X-ray diffrac-
tometer (X’Pert PRO, PANalytical B.V., the Netherlands) 
with 2θ ranging from 10° to 50°. The XRD measurement of 
GO was carried out under the Cu Kα radiation wavelength 
(λ = 1.54 Å) at 40 kV and 30 mA. The average interlayer 
space was determined by Bragg’s law using the following 
equation [21]:

n dλ = 2  sinθ � (1)

Table 1
The compositions of solution for the interfacial polymerization

Membrane Concentration 
of GO in MPD 
(wt%)

Concentration 
of MPD 
(wt%)

Concentration 
of TMC 
(wt%)

F0 0 2.0 0.1
F1 0.0005 2.0 0.1
F2 0.001 2.0 0.1
F3 0.0025 2.0 0.1
F4 0.005 2.0 0.1
F5 0.02 2.0 0.1
F6 0.06 2.0 0.1
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where n is an integer (1, 2, 3...), d is the space between dif-
fracting planes, θ is the incident angle, and λ is the wave-
length of the beam.

Attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR-FTIR, Nicolet iS10, Thermo Fisher 
Scientific, USA) was used to observe the GO nanosheets, 
with the wavenumbers ranging from 1,000 to 4,000 cm–1 at 
a resolution of 4.0 cm–1. Raman spectra of the GO aqueous 
solution were collected using a LabRAM Aramis (HORIBA 
Jobin Yvon) confocal micro-Raman system.

In order to investigate the hydrophilicity of membranes, 
a sessile drop analysis system (DSA100, KRUSS, Germany) 
was applied to measure the contact angles of membranes. The 
contact angles were tested immediately after placing a drop 
of DI water on the surface of membranes. Five locations in 
each sample were randomly selected to calculate the average 
contact angle. Before stuck onto glass slides, all membranes 
were dried in a freeze dryer for 48 h. The functional groups of 
membrane surface were characterized by ATR-FTIR, which 
was used to identify the presence of GO. ATR-FTIR spectra 
ranged from 1,000 to 4,000 cm–1 at a resolution of 4.0 cm–1. 
Before investigation, membrane samples were kept at room 
temperature for 24 h to dry. Moreover, a field emission scan-
ning electron microscope (FESEM, HITACHI S-4800, Japan) 
system was applied to observe views of the surfaces and the 
cross sections of the FO membranes. Before coated with gold, 
membrane samples were dried in an oven for 48 h at 80°C. 
The accelerating voltage of FESEM was 5 kV.

2.5. Evaluation of desalination performance of FO membranes

Salt rejections (R) of the pristine FO and the GO modified 
FO membranes were measured in a bench-scale RO filtration 
test system. The active area of each membrane sample was 
33.8 cm2. 10 L of 20 mmol∙L–1 sodium chloride solutions were 
selected as the feed solution. The system was kept at 0.25 MPa 
and with a cross-flow rate of 45 L∙h–1. R was calculated by the 
following equation:
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where Cp and Cf are NaCl concentrations in the permeate 
solution and the feed solution, respectively, which could be 
calculated by the conductivity of solution.

All membranes were also tested in the FO test system 
(Fig. 1) in the active layer facing the feed solution (AL-
FS) mode, which was characterized as the active layer 
facing the feed solution. Total active membrane area was 
33.8 cm2. 2 L of 2 mol∙L–1 NaCl were used as the draw solu-
tion while 2 L of 10 mmol∙L–1 NaCl as the feed solution. 
The flow rates of both the draw solution and the feed solu-
tion were maintained at 20 L∙h–1, while the temperature 
was kept at room temperature. A digital weight balance 
and a conductivity meter were used to evaluate the weight 
change of the draw solution and the conductivity change 
of the feed solution, respectively. The water flux (Jw) and 
the reverse solute flux (Js) were measured after the FO sys-
tem reached the steady state, which was 45 min from the 
beginning. Both Jw and Js were measured every 15 min and 
were repeated five times to calculate the average value. 

Following equations were used to calculate the water flux 
and the reverse solute flux, respectively.
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where ΔV is the volume of permeated water (L), Am is the mem-
brane area (m2), Δt is the permeation time (h), Ct is the con-
centration of NaCl at the end of permeation time, and Vt is the 
volume of permeated water at the end of permeation time (L).

2.6. Filtration optimization of FO membranes

The desalination performance of FO filtration is related 
to the operating conditions, including cross-flow rates, mem-
brane orientations and draw solution concentrations [22]. 
The GO modified membrane with the best desalination per-
formance tested in Section 2.5 (e.g., high water flux and high 
salt rejection) was selected to be compared with the pristine 
FO membrane under various application conditions, includ-
ing different cross-flow rates (15, 20 and 30 L∙h–1), membrane 
orientations in both the AL-FS and the AL-DS (the active 
layer facing the draw solution) and different draw solution 
concentrations (1, 2, and 4 mol∙L–1).

3. Results and discussion

3.1. Characterization of GO and FO membranes

Fig. 2(a) illustrates the phase structures of the GO 
nanosheets. The peak at 2θ = 10.46° was attributed to the 
(001) reflection of GO, indicating that the interlayer space of 
GO was 8.45 Å. Compared with the interlayer space of graph-
ite, which was reported to be approximately 3.37 Å [23], the 
increased interlayer distance between GO nanosheets was 
caused by the embedded oxygen-containing functional 
groups on the surface of GO nanosheets. Fig. 2(b) pres-
ents typical functional groups around the surface of GO 
nanosheets. It could be observed that there was a peak at 
1,051 cm–1 due to the C–O bonds in epoxy groups, a peak at 
1,400 attributed to the =C–H bands, and a peak at 1,613 cm–1 

attributed to the un-oxidized sp2 C=C bonds in the carbon 

Fig. 1. Setup of a forward osmosis testing system.
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lattice. A peak was also found at 1,720 cm–1, associated with 
the presence of carbonyl and stretching bands of carboxylic 
groups. One other peak presented at 3,432 cm–1 was associ-
ated with hydroxyl groups [20,24,25]. The Raman spectra 
of GO nanosheets (Fig. 2(c)) shows the typical two peaks at 
1,337 cm–1 (D band) and 1,592 cm–1 (G band), and the intensity 
ratio of D band and G band was 0.96, confirming the presence 
of oxygen-containing groups on GO nanosheets [20]. These 
results together proved the presence of oxygen-containing 
functional groups on GO, which would improve the hydro-
philicity of GO.

Fig. 3 shows the ATR-FTIR spectra of GO modified mem-
branes, with wavenumbers ranging from 1,000 to 4,000 cm–1. 

It was observed that all FO membranes prepared by the inter-
facial polymerization of MPD and TMC had similar peaks 
at specific wavenumbers. The peaks at 1,150, 1,294, and 
1,321 cm–1 were associated with the asymmetric sulfur diox-
ide stretching vibration and symmetry stretching vibration. 
The peaks at 1,487 and 1,585 cm–1 were related to aromatic 
in-plane ring bend stretching vibration. The formation of the 
peak at 1,649 cm–1 was attributed to the amide carbonyl (C=O) 
stretching vibration of the amide I [20,26]. At a wavenum-
ber of 1,649 cm–1, the intensity of the peaks tended to grow 
with GO concentrations. This improvement was potentially 
associated with the new amide chains formed by the inter-
action between hydroxyl groups of GO and amino groups 
of MPD, proving the presence of GO on the membrane sur-
face. Similar results were reported by previous researchers 
[26,27]. Another evidence that confirmed the presence of GO 
on membrane surface was a peak at 3,367 cm–1, which was 
associated with the hydroxyl stretching vibration existing 
on GO nanosheets [26]. With increasing GO concentrations, 
the transmittance peaks of membranes at the wavenumber 
of 3,367 cm–1 became more apparent, suggesting that GO 
nanosheets were embedded on the surface of the active layers 
of FO membranes.

Water contact angles were measured to evaluate the 
hydrophilicity of FO membranes. It could be observed that 
the PSf substrate membrane had the highest contact angle 
of 87.8° (Fig. 4). Moreover, while the GO concentrations rose 
from 0 to 0.06 wt%, the contact angles declined from 72.9° 
to 57.6°, witnessing almost a 21% reduction. This result sug-
gested that the GO modified membranes were more hydro-
philic than membranes without GO, which was due to the 
presence of hydroxyl groups on the surface of GO modified 
membranes confirmed by the results of ATR-FTIR.

Fig. 5 illustrates the FESEM images of FO membrane 
cross sections. A computer software, “Nano Meansurer”, was 
applied to measure the width of polyamide active (PA) layers 
in SEM images. By comparing the width of PA layers to the 
scale in SEM images, the thickness of the PA layer of a FO 
membrane could be determined. 20 locations were selected 
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Fig. 2. (a) X-ray diffraction pattern of GO nanosheets, (b) ATR-
FTIR spectra of GO nanosheets, and (c) Raman spectra of GO 
nanosheets.

4000 3500 3000 2500 2000 1500 1000

1585

1321

1487

1294

1243

11501649

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

 F0
 F1
 F2
 F3
 F4
 F5
 F6

3367

Fig. 3. ATR-FTIR spectra of FO membranes modified with 
different GO concentrations.



77X. Wu et al. / Desalination and Water Treatment 85 (2017) 73–83

from each SEM image to calculate the average thickness of a 
PA layer. It could be observed from Fig. 5 that, the thickness 
of the dense polyamide layer of the pristine FO membrane 
was approximately 226 nm while the average thickness of F4 
membrane decreased to 153 nm. This reduction was poten-
tially due to the interference of GO in the interfacial polym-
erization process. It was believed that during the interfacial 
polymerization process, the dense polyamide layer tended 
to build up when the MPD diffused into the organic side of 
the interface [28]. When GO nanosheets embedded, they tend 
to horizontally arrange on the membrane surface [19,29]. 
These GO nanosheets prevented MPD from further diffus-
ing, and therefore impeded the reaction between MPD and 
TMC, resulting in a thinner PA layer. Moreover, according 
to the results of ATR-FTIR and previous studies [26,30,31], 
besides the hydrogen bonds between GO and MPD, the car-
boxylic groups of GO also reacted chemically with the amino 
groups of MPD, and with the acylchloride groups of TMC 
(Fig. 6). As a result, the amounts of amino groups and chlo-
ride groups for the interfacial polymerization declined, and 
the extent of the interfacial polymerization was weakened. 
Besides reducing the thickness of PA layers, GO also affected 
the surface structure of PA layers of FO membranes. It was 
observed from Fig. 7 that all these FO membranes prepared 
through the interfacial polymerization showed similar sur-
face morphologies, which was known as the ridge-and-valley 
structure [19]. There was a crosslinking network above the 
globular structures in all samples. However, the membrane 
surface of F6 was not uniform, which was potentially due to 
the effects of high-concentration GO in the interfacial polym-
erization process [29].

3.2. Desalination performance of FO membranes

It was observed that water fluxes of membranes modified 
by GO were higher than that of the pristine FO membrane, 
ranging from 2.4% to 56.1% (Fig. 8(a)). The water fluxes of 
membranes kept rising with increasing GO concentrations, 
and reached the maximum of 8.59 LMH when the GO con-
centration was 0.005 wt%. This was mainly due to the fact that 
the embedded GO nanosheets increased the hydrophilicity 
of membrane surfaces, which was confirmed by the results of 
ATR-FTIR and the contact angle experiments. The hydrophilic 
surface improved the adsorption of water molecules on the 
membrane surfaces through interactions between hydrogen 
bonds, and eventually enhanced the transportation of water 
molecules into membranes [17,19,20]. However, when the 
GO concentration was higher than 0.005 wt%, the water flux 
decreased but still above the F0 level. This was a combination 
of the opposite effects of increased hydrophilicity on mem-
brane surfaces and GO aggregation at a high concentration. 
According to the results of contact angles, the hydrophilicity 
of membranes increased with growing GO concentrations, 
leading to a higher water flux. Moreover, thinner PA layers 
of GO modified membranes also contributed to the enhance-
ment of water fluxes [31]. As a result, compared with the F4 
membrane, F5 and F6 membranes had lower water fluxes. 
Fig. 8(b) illustrates the influence of GO on the reverse solute 
flux of membranes. Similar to the result of water fluxes, no 
significant differences were observed between the F0 and the 
F1 membranes, which was due to the negligible influence of Fig. 5. FESEM of cross sections of (a) F0 and (b) F4 membranes.
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the small amount of GO on these FO membranes. When the 
concentrations of GO increased from 0.001 to 0.02 wt%, the 
reverse solute fluxes became lower than that of the pristine 
FO membrane, indicating the desalination performance of 
membranes was comprehensively improved by GO. When 
embedded with GO, the PA layers of FO membranes grew 
denser, leading to an improved separation performance [31].

Regarding sodium chloride rejection, the tendency of 
the salt rejection changed inversely with the tendency of the 
reverse solute flux (Fig. 8(c)). It was observed that the NaCl 
rejection of 0.02 wt% GO modified membrane (F4) grew 
from 83.7% to 89.5%. This enhanced salt rejection was due 
to the arrangement of GO nanosheets on the active layer that 
became denser [29,31]. However, when the GO concentration 
increased to 0.06 wt%, the salt rejection decreased to 78.2% 
due to the interaction between GO and MPD, as well as the 
interaction between GO and TMC. The interactions impeded 
the interfacial polymerization process and influenced the for-
mation of the active layer, resulting in a weaker desalination 
performance of membranes. It could be found that 0.06 wt% 
GO concentration deteriorated the desalination performance 
of FO membranes. The result from Fig. 8 also indicated that 
there was no obvious “trade-off” phenomenon between the 
water fluxes and the salt rejection of GO modified mem-
branes. These results altogether suggested that the improve-
ment of desalination performance was comprehensive, 
meaning both water fluxes and salt rejection were enhanced.

3.3. FO filtration optimization

According to the result of the desalination performance 
test, it was found that the F4 membrane showed the high-
est water flux and improved salt rejection. Therefore, F4 
membrane was selected to be compared with the pristine FO 
membrane under different filtration conditions. Fig. 9 illus-
trates the water fluxes of the pristine FO membrane and F4 
membrane at different cross-flow rates. 2 L of 2 mol∙L–1 NaCl 
and 2 L of 10 mmol∙L–1 NaCl were used as the draw solu-
tion and the feed solution, respectively, with the active layer 
of the membrane facing the feed solution. It was observed 
that during the 300 min test, water fluxes of F4 were higher 
than that of the F0 membrane at the same cross-flow rate. In 
addition, water fluxes of both two membranes had similar 
tendencies, which showed that higher the cross-flow rates 

of FO filtration were, higher the water fluxes would be. The 
major reason was that a larger shear force provided by higher 
rates reduced the aggregation of NaCl on the surface of mem-
branes. This ultimately mitigated the external concentration 

Fig. 6. Reactions of GO with MPD and GO with TMC.

Fig. 7. FESEM of surfaces of (a) F0, (b) F4, and (c) F6 membranes.
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polarization of membranes, and increased the water fluxes of 
membranes. Compared with the beginning of the filtration, 
the water flux underwent different levels of decrease at the 
end of the test. It could also be observed that when the rates 
of cross-flow increased from 15 to 30 L∙h–1, the percentages 
of water flux decrease dropped from 14.0% to 7.4% in the 
pristine FO membranes. In comparison, the dropping per-
centages of F4 membranes were smaller, which were 10.2% 
for 15 L∙h–1, 8.9% for 20 L∙h–1 and 5.1% for 30 L∙h–1, respec-
tively. This was attributed to the increased hydrophilicity 
of membrane surface which led to an easier adsorption of 
water molecules, and reduced the aggregation of NaCl on 

the membrane surface. Moreover, it was also observed that 
the increase of water fluxes was slight when the cross-flow 
rates grew, which was in line with other studies stating that 
the influence of external concentration polarization was not 
dominant for water fluxes of membranes [32].

Fig. 10 shows the average water fluxes of the F0 and the 
F4 membranes before and after 300 min filtration test with 
different membrane orientations. The water flux showed 
in this figure was calculated by the average value of four 
duplicate samples (Table S1). 2 mol∙L–1 NaCl was used as 
the draw solution and 10 mmol∙L–1 NaCl was employed as 
the feed solution. The cross-flow rate was maintained at 
20 L∙h–1. It could be observed that both the F0 membrane and 
the F4 membrane witnessed a slight reduction of water flux 
during the 300 min water flux test in both AL-DS and AL-FS 
orientations. The water flux reduction for the F0 membrane 
was 7.7% in AL-FS mode and 12.7% in AL-DS mode, while 
the water flux reduction for the F4 membrane was 10.5% 
in AL-FS mode and 11.1% in AL-DS mode. Compared with 
membranes in AL-FS orientation, membranes in AL-DS ori-
entation had a more significant drop of water fluxes. This 
was due to the high water fluxes of membranes in the AL-DS 
mode, which enhanced the dilution of the draw solution and 
the concentration of the feed solution and finally reduced the 
osmotic pressure across the FO membranes. Overall, it was 
found that the GO modified FO membrane always showed 
greater water fluxes than that of the pristine membrane when 

F0 F1 F2 F3 F4 F5 F6
4

5

6

7

8

9

10

W
at

er
 fl

ux
 (L

M
H)

a

F0 F1 F2 F3 F4 F5 F6
0

5

10

15

20

25

30

35

40

45

Re
ve

rs
e 

so
lu

te
 fl

ux
 (g

M
H)

b

F0 F1 F2 F3 F4 F5 F6
60

65

70

75

80

85

90

95

100

Na
Cl

 re
je

ct
io

n 
(%

)

c

Fig. 8. Desalination performance of membranes with different 
GO concentrations: (a) water fluxes of membranes, (b) reversed 
solute fluxes of membranes, and (c) salt rejection of membranes. 
Water fluxes and reversed solute fluxes were measured in the FO 
operating conditions: the AL-FS mode, 2 mol∙L–1 NaCl solution 
as the draw solution and 10 mmol∙L–1 NaCl solution as the feed 
solution. Rejections were tested under the RO operating condi-
tions: 20 mmol∙L–1 NaCl solution as the feed solution, the pres-
sure was 0.25 MPa, and the cross-flow rate was 45 L∙h–1.

0 30 60 90 120 150 180 210 240 270 300
0

2

4

6

8

10

12

14

W
at

er
 fl

ux
 (L

M
H)

Time (min)

 F4-15 L•h-1

 F4-20 L•h-1

 F4-30 L•h-1

b

0 30 60 90 120 150 180 210 240 270 300
0

2

4

6

8

10

12

14

W
at

er
 fl

ux
 (L

M
H)

Time (min)

 F0-15 L•h-1

 F0-20 L•h-1

 F0-30 L•h-1

a  

Fig. 9. Water fluxes of membranes with different cross-flow rates: 
(a) water fluxes of the F0 membrane, and (b) water fluxes of the 
F4 membrane. The FO operating conditions: the AL-FS mode, 
2 mol∙L–1 NaCl solution as the draw solution, and 10 mmol∙L–1 
NaCl solution as the feed solution.
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examined under identical conditions. Based on the results 
acquired, it could be concluded that GO was an effective 
modifier to be used on the surface of FO membranes.

Fig. 11 shows the water fluxes of the pristine FO mem-
brane and F4 membrane using different concentrations of the 
draw solutions. As the concentrations of the draw solutions 
increased, both membranes showed higher water fluxes, 
which could be attributed to the higher osmotic pressure dif-
ference found over the membranes [33]. In addition, higher 
water flux was found in F4 membrane compared with the 
pristine FO membrane at a same draw solution concentra-
tion. The water fluxes showed no obvious decrease during 
the 300 min test. This could be explained by the insignificant 
impacts of the water fluxes on the reduction of osmotic pres-
sure when the water fluxes were not high. In the meantime, 
reverse solute fluxes went up as the concentration of draw 
solution increased (Figs. 11(c) and (d)), which was associated 
with the high salt concentration gradient passing through 
the active layer of membranes [33]. Compared with the per-
centages of water fluxes increase, the percentages of reverse 
solute fluxes increase were noticeably larger. When the con-
centrations of the draw solution rose from 2 to 4 mol∙L–1, the 
percentages of water fluxes increase were 77% for the F0 
membrane and 45% for the F4 membrane. The reverse sol-
ute flux, however, increased 162% in the F0 membrane and 
276% in the F4 membrane. For a high-quality FO membrane, 
both high water flux and low reverse solute flux are desired. 
Therefore, according to these results, it was suggested that 
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Fig. 10. Water fluxes of the F0 and the F4 membranes with dif-
ferent membrane orientations before and after 300 min filtration 
test. The FO operating conditions: 2 mol∙L–1 NaCl solution as the 
draw solution, 10 mmol∙L–1 NaCl solution as the feed solution, 
and the cross-flow rate was 20 L∙h–1.
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Fig. 11.Water fluxes and reverse solute fluxes of membranes with different concentrations of draw solutions: (a) water fluxes of the 
F0 membrane overtime, (b) water fluxes of the F4 membrane over time, (c) average water fluxes and reverse solute fluxes of the F0 
membrane, and (d) average water fluxes and reverse solute fluxes of the F4 membrane. Water fluxes and reversed solute fluxes were 
measured under the FO operating conditions: the AL-FS mode, 10 mmol∙L–1 NaCl solution as the feed solution, and the cross-flow 
rate was 20 L∙h–1.
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when the draw solution concentration was 2 mol∙L–1, both the 
F0 membrane and the F4 membrane showed higher desalina-
tion efficiency.

4. Conclusions

FO membranes were prepared and modified by GO 
dispersed in the MPD solution before the interfacial 
polymerization. The GO modified membranes showed 
improvements on hydrophilicity, sodium chloride rejection 
and water fluxes when the concentrations of embedded 
GO were adjusted from 0.001 to 0.02 wt%. The key factor to 
promote desalination performance is the GO concentration. 
Among all membranes that were tested, the membranes 
modified by 0.005 wt% of GO nanosheets showed the 
optimized desalination performance.
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Supplementary material

Table S1
Water fluxes of F0 and F4 membranes before and after 300 min filtration test

Membrane Duplicate samples Initial water flux (LMH) Final water flux (LMH)

F0 in AL-FS mode No. 1 5.67 5.26
No. 2 5.83 5.38
No. 3 5.77 5.29
No. 4 5.64 5.21

F0 in AL-DS mode No. 1 7.40 6.40
No. 2 7.42 6.43
No. 3 7.39 6.52
No. 4 7.35 6.47

F4 in AL-FS mode No. 1 9.32 8.16
No. 2 9.20 8.23
No. 3 9.20 8.33
No. 4 9.17 8.28

F4 in AL-DS mode No. 1 11.78 11.02
No. 2 12.48 11.14
No. 3 11.96 10.45
No. 4 12.64 10.85

The FO operating conditions: 2 mol∙L–1 NaCl solution as the draw solution, 10 mmol∙L–1 NaCl solution as the feed solution, and the cross-flow 
rate was 20 L∙h–1.


