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a b s t r a c t
One of the rising technology forward osmosis (FO) process enables to reduce the cost of seawater 
desalination. As such as reverse osmosis process, water transfers through the semi-permeable mem-
branes which are rejected to salts. However, the driving force of FO is not a hydraulic pressure gradient 
but an osmotic pressure gradient. To get a successful FO process, the membrane of FO should have 
high salts rejection features, high water permeability, and stability. Graphene oxide (GO) contained 
membranes are well known for alternative FO membranes due to its high water permeability prop-
erty. However, another property of GO in membrane fabrication was verified in our study. It was 
found in our research that reverse salt flux was significantly reduced to 0.06 mol m–2 h–1 using 2.0 M 
NaCl draw solution when GO was applied to the active layer of the membrane. Although there have 
been occasional reports of the use of GO to improve reverse salt flux performance rather than water 
flux performance improvement. In our study, however, GO was applied only to the localized active 
layer, resulting in a remarkably reduced reverse salt flux results. In addition, GO was used for the 
fabrication of hollow fiber membranes.

Keywords:  Graphene oxide; Hollow fiber membrane; Mixed matrix membrane; Polyamide; Thin film 
nanocomposite

1. Introduction

In recent years, accelerating population growth and activ-
ities have caused anthropogenic climate change, affecting the 
global environment and life [1]. Water stress is increasing 
especially due to the lack of freshwater [2,3]. Consequently, 
research and development of seawater desalination technology 
are constantly in progress to supply the shortage of water 
resources in reverse osmosis (RO) process. However, the 

development of the RO process is already saturated to reduce 
energy consumption. To reduce energy cost, there are various 
attempts to modify RO process plants. Recently, among these 
miscellaneous trials, forward osmosis (FO) process is in the 
spotlight for reducing energy cost [4].

The FO process which is powered osmosis pressure 
gradient as a driving force uses a concentration polariza-
tion phenomenon that occurs when a film composed of 
thin-film composite (TFC) is provided between liquids of 
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different concentrations [5]. Compared to RO, which is 
powered hydraulic pressure gradient as a driving force and 
driven by high operating pressures of 50–60 bar, energy 
can be dramatically reduced, and many studies have been 
conducted for several years [6].

However, the FO process is difficult to use as a single 
process, and there are few cases of commercialization due to 
low water permeability. For these reasons, research steered 
towards improving water permeability is being actively con-
ducted. Many mixed matrix membranes contain hydrophilic 
nanomaterials to improve water permeability of separa-
tion membranes, and various nanomaterials such as carbon 
nanotube, graphene oxide (GO), metal-organic framework, 
and zeolite have attracted interest [7–10].

Among them, GO has been studied a lot recently for 
reasons such as improvement of mechanical strength of the 
separation membrane and suppression of antifouling [8,11–
16] as well as replacement with various effectors.

In general, a TFC separator is synthesized using m- 
phenylenediamine (MPD) and 1,3,5-benzenetricarbonyl tri-
chloride (TMC) through interfacial polarization. In the case 
of MPD, it reacts with –OH and –COOH functional groups 
of GO [16], and acts as an amide linking ring for interfacial 
polymerization. If GO is added to the interfacial polymer-
ization, the polyamide (PA) layer thickness, water flux and 
reverse salt flux will be affected. The more GO added, the 
higher the crosslinking ratio of the generated PA, which 
makes it possible to obtain a thin and dense PA layer. 
When the reverse salt flux is lowered in the FO process, the 
fouling of the separation membrane is reduced, which can 
be an advantage in the durability and maintenance of the 
separation membrane.

In this research, the properties of GO and MPD was 
used to produce a separation membrane with improved low 
salt flux in the FO process, likewise, the performance of the 
separation membrane was evaluated.

2. Experimental section

2.1. GO preparation and characterization

GO was prepared by a modified Hummers method 
proposed by Jang et al. [17] GO was chemically exfoliated 
from natural graphite (~325 mesh, Alfa Aesar) via modified 
Hummers method. 95% of sulfuric acid (H2SO4, OCI Co. Ltd.) 
was prepared in a glass beaker to be mixed with potassium 
persulfate (K2S2O8, OCI Co. Ltd.) and phosphorus pentoxide 
(P2O5, Daejung Chemicals & Materials Co. Ltd.). And then, 
natural graphite was added to the mixture and boiled to 80°C 
for half the day with continuous stirring. The mixture was 
naturally cooled down and vacuum-filtered by a nylon fil-
tration membrane and dried off at room temperature. The 
resulting substance is called pre-oxidized graphite. Dispersed 
pre-oxidized graphite solution in 95% of H2SO4 was placed 
in an ice bath. After fully dispersed, potassium permanga-
nate (KMnO4, OCI Co. Ltd.) was spooned slowly into the 
mixture, and boil to 35°C for half the day with stirring. The 
oxidized graphene solution was mixed with deionized water, 
and the next hydrogen peroxide (H2O2, OCI Co. Ltd.) droplet 
was added to the solution until the color changed to yellow. 
The resulting solution was quenched with 10% hydrochloric 

acid (HCl, OCI Co. Ltd.) and then rinsed by deionized water. 
The dialysis process against deionized water was applied 
for purifying rinsed GO solution using the dialysis tubing 
membrane (molecular weight cut off of 6–8 kDa, Spectrum 
Laboratories, Inc.). The finished product GO was obtained 
after drying the process at 50°C. The characterization of GO 
was investigated by Fourier transform infrared spectros-
copy (FT-IR, iS20 FT-IR spectrometer, Thermo ScientificTM 
NicoletTM).

2.2. Hollow fiber fabrication process

2.2.1. Dope solution preparation

Well dissolved polyethersulfone (PES, BASF Corp.) dope 
solution was prepared by simple stirring of mixed poly-
mer solution in the ratio of PES: polyethylene glycol (PEG, 
Samchun Pure Chemical Co. Ltd.): N,N-Dimethylacetamide 
(DMAC, Samchun Pure Chemical Co. Ltd.) = 20:60:20 (wt.%). 
400 g of PES was put in the dried glass jar and 1,200 g of 
PEG was put into the jar to wet the contained PES. And then, 
400 g of DMAC was mixed with the mixture. The whole 
mixture was stirred at 180 R.P.M. for 18 h below room tem-
perature. After dissolving, the color of the solution changed 
to a transparent brown. To preserve the resulting solution in 
the original state, it was transported into the container and 
sealed properly.

2.2.2. GO contained bore solution preparation

Bore solution consisted of three kinds according to the 
GO concentration. GO concentrations were 0, 0.05, and 
0.2 mg mL–1 in aqueous solution. According to the GO concen-
tration, the name of each sample was identified as 0 mg mL–1 
to pristine hollow fiber (HF), 0.05 mg mL–1 to GO-HF-1, and 
0.2 mg mL–1 to GO-HF-2. To prepare a specific concentra-
tion of GO solution, 12.5 and 50 mg dried GO sheets were 
weighed. The GO sheets were dispersed in 250 mL of deion-
ized water by sonication for 12 h. The dispersed GO aqueous 
solution was mixed with 234 g of DMAC by stirring. After 
12 h stirring, the fully dispersed GO contained bore solution 
was prepared.

2.2.3. HF membrane fabrication condition

The HFs were fabricated by the HF spinning machine 
as shown in Fig. 1. The condition of the spinning machine 
operation process was detailed in Table 1. The temperature 
of the water bath was set to 50°C. The configuration of noz-
zle construction consists of a 0.4 mm inner diameter for bore 
solution line, 0.2 mm thickness of gap, and 1.5 mm outer 
diameter for dope solution line. Dope solution and bore solu-
tion was supplied into each container chamber. After set up, 
dope solution supplement gear pump speed and bore solu-
tion supplement gear pump speed were set at each 20 and 
15 R.P.M separately. And take-up winder speed was set at 
2.5 m min–1.

2.3. Porosity measuring

To measure the porosity of the prepared membranes, 
the dried membranes were cut to a length of 5 cm, weighed 



123K. Jang et al. / Desalination and Water Treatment 183 (2020) 121–130

and submerged into isopropanol (OCI Co. Ltd.) for 24 h. 
Excessive droplets of isopropanol were removed on the 
surface with filter paper. And the weight of isopropanol 
contained membranes was measured. Finally, the porosity 
can be calculated by the below equation.
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where mw is the mass of isopropanol, md is the mass of dried 
membrane, is the density of isopropanol (0.786 g cm–3) and ρm 
is the density of PES (1.37 g cm–3).

2.4. Evaluation of pure water permeability

The pure water permeability (PWP) was measured by 
deionized water penetrating each support membrane with-
out the PA layer. It was measured from the lumen of HFs 
to the shell side. Before the measurement, the system was 
in a steady state at 1.5 bar for 30 min. After the system was 
maintained at 1.0 bar, the mass of pure water that was passed 

through the membranes was measured. Finally, the PWP was 
calculated by Eq. (3).

J V
t Aw = ×∆  (2)

PWP =
J
P
w

∆
 (3)

where Jw is the water flux, Δt is the time during the water 
permeated, A is the area of lumen side and ΔP is the hyd-
raulic pressure difference.

2.5. Interfacial polymerization of PA on the support membrane

2 wt.% of (MPD, Sigma-Aldrich, Inc.) aqueous solution 
was fed to the lumen side of support membranes for 7 min. 
The flow rate of MPD was 4.68 mL min–1 and excess of MPD 
droplet was eliminated by purging a sweeping air for 2 min. 
The 0.15 wt.% of TMC (Tokyo Chemical Industry Co. Ltd.) 
in n-Hexane (flow rate was 2.78 mL min–1, OCI Co. Ltd.) was 
brought into contact with the MPD which saturated on the 
membrane’s lumen side, leading to a thin film of PA as a 

Table 1
Hollow fiber extrusion process condition according to the graphene concentration

Sample D.I. water 
(mL)

GO  
(mg)

DMAC  
(g)

Dope supply gear  
pump (R.P.M.)

Bore supply gear 
pump (R.P.M.)

Take-up winder 
(m min–1)

Pristine – – – 20 15 2.5
GO-HF-1 250 mL 12.5 mg 234 g 20 15 2.5
GO-HF-2 250 mL 50.0 mg 234 g 20 15 2.5

Preparation of 0.2 and 0.05 mg mL–1 GO mixed bore solution in condition of D.I. water: DMAC = 1:1 (vol.%).
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Fig. 1. (a) Schematic diagram of the hollow fiber membrane extrusion process and (b) structural formula of polyamide interfacial 
polymerization.
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selective active layer of support membranes. Heat treatment 
was performed at 70°C oven for 15 min and stored in D.I. 
water before using.

2.6. GO-HF membrane materials characterization

The lumen side and cross-section morphology confir-
mation of support membranes, GO-HFs and pristine HFs 
membranes were conducted by field-emission scanning 
electron microscopy (FE-SEM, S-4700, Hitachi, Japan). To get 
tidy cross-section images of membranes, the support mem-
branes, GO-HFs, and pristine HFs membranes were wet by 
ethanol and frozen by liquid nitrogen. The fully frozen sup-
port membranes, GO-HFs and pristine HFs membranes were 
cut in half and attached on the side of a specimen holder 
vertically. The cross-linking percentage of pristine HFs and 
GO-HFs were surveyed by X-ray photoelectron spectros-
copy (XPS, MULTILAB 2000, Thermo Scientific) in a range 
of 0–1,400 eV. The cross-linking percentage was calculated 
by using the weight percentage of C, N, and O via two below 
equation.
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X Y
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2.7. Cross-flow FO performance test

FO performance test was progressed in active layer 
facing feed solution (AL-FS) mode through the HF module 
system. Briefly, the HF module system fabrication of GO-HF 
and pristine HF membranes were progressed with a 1-inch 
polyvinyl chloride column (ArtRyx®) and resin (SKA-2702-S, 
Shin Kwang Chemicals Co. Ltd.) in lab scale. The schematic 
diagram of the FO performance test process was displayed 
in Fig. 3. Two gear pumps (Gear Pump Drive, Cole-Parmer 
Instrument Co. LLC) were used to circulate the feed and 
draw solution. The draw solution consisted of sodium chlo-
ride (NaCl, OCI Co. Ltd.) aqueous solution of 0.5, 1.0, 1.5, 
and 2.0 M. Deionized water was used for feed solution. 
During the FO process, the draw solution flowed over the 
shell side of GO-HF and pristine HF membranes. In the 
lumen side, deionized water was passed through the active 
layer. The water flux was detected by the balance connected 
to the computer system and it was recorded by RS-Key 
program in real-time. The reverse salt flux was detected by 
conductivity meter connected to the computer system and 
it was recorded by RS-Com in real-time. The whole process 
was managed at 25°C without pressure difference between 
the membrane.

2.8. Theoretical calculation of water permeability coefficient A, 
solute permeability coefficient B, and structural parameter S 
values from FO experiments

After the FO test had been conducted on the fabri-
cated membrane module. The water permeability coefficient 

(A, LMH bar–1), and the solute permeability coefficient 
(B, LMH) of the membrane were calculated based on the 
results from the FO test. The process of obtaining A and B 
values is as follows.
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πD,b, πD,m equals to the osmotic pressure of draw bulk 
solution and draw side of each membrane. CD refers to the 
concentration of the draw solution. Finally, Jw and Js stand 
for water flux and solute flux, respectively. All tests were 
conducted in triplicate and the mean value was used [18].

The structural parameter (S, μm) was described in the 
equation below. (From the following equation, mass trans-
fer coefficient k is inversely proportional to solute resistance 
kappa (K), k

K
=

1 ) [19].
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where D is the bulk diffusion coefficient of the draw sol-
ute, πD,b is the bulk osmotic pressure of the draw solution, 
πF,b is the bulk osmotic pressure of the feed solution, CD,b is 
the concentration of the draw solution, CF,b is the concentra-

tion of the draw solution, exp −










J S
D
w  is the dilutive internal 

concentration polarization and exp
J
k
w







  is the concentrative 

external concentration polarization.

3. Results and discussion

3.1. Characterization of support membrane

In this paper, the method of selectively loading GO 
only on the lumen side of the HF used as the active layer 
is shown in Fig. 1a. The GO was loaded on the lumen side 
of the membrane by a simultaneous spinning way using GO 
contained bore solution. This is the way how to load GO on 
the active layer as a thin layer. This easy and simple spin-
ning method enabled the advantage of GO to retain on the 
lumen side of HF. The various functional groups of GO were 
electrically negatively charged [20–23]. Oxygen based func-
tional groups formed hydrogen bonding with PES, the main 
component of HFs, in the solution state. And after the solvent 
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was removed, PES and GO were stacked by Van der Waals 
forces. This interaction between GO and PES allowed GO 
to be loaded on the lumen side of HFs during the non-sol-
vent induced phase separation process [24]. After spinning, 
pristine HF and GO-HFs were soaked in glycerol to remain 
hydrophilic immediately just after spinning. As the concen-
tration of GO in bore solution increased, the degree of GO 
loading increased and these affected PWP and lumen side 
FE-SEM results. The PWP results shown in Table 2 tended 
to increase as the content of GO increased. Each result 
was indicated as 344 L m–2 h–1 bar–1 for pristine HFs, 
1,256 L m–2 h–1 bar–1 for GO-HF-1, and 1,024 L m–2 h–1 bar–1 
for GO-HF-2 separately. In these results, the GO-HF-1 mem-
brane had the highest PWP, GO-HF-2 membrane was next, 
and the worst was pristine HFs membrane. The reason why 
PWP increased as a result of applying the GO was that the 
amount of GO loaded was increased as the concentration of 
GO in bore solution. The increase of loaded GO on the lumen 
side of HFs as the increase of GO concentration in bore 
solution was approved in Figs. 2a–c. According to the prec-
edent research, the hydrophilic GO applied membranes had 
increased water permeability property [25]. The hydrophilic-
ity of GO is attributed to functional groups of GO and the 
GO which was used in our co-extrusion process examined by 
FT-IR to confirm the existence of the hydrophilic functional 
groups in Fig. 2. There was the absorption of infrared radi-
ation between 3,500~1,000 cm–1. The characteristic attributed 
to GO functional groups were at (a) ~3,391 cm–1 (C=O stretch-
ing vibration of ketone or carboxyl), (b) ~3,200 cm–1 (O–H 
stretching vibration of carboxyl), (c) ~1,730 cm–1 (C=O stretch-
ing vibration of carboxyl), (d) ~1,620 cm–1 (C=C stretching 
vibration of sp2-hybridized C=C), (e) ~1,400 cm–1 (O–H defor-
mation of alcohol), (f) ~1,227 cm–1 (O=C–O–R stretching 

vibration of aromatic ether), (g) ~1,056 cm–1 (C–OH stretch-
ing vibration of alcohol or hydroxyl), and the broadband 
between 3,050~3,800 cm–1 (hydroxyl with C–OH vibrations 
from COOH and H2O) [25,26]. From these results, the GO 
applied to the lumen side of HFs was confirmed that it is con-
taining hydrophilic functional groups such as carboxyl and 
hydroxyl. It demonstrated that the increase of GO loaded 
on the lumen side of HFs induced the increase of water per-
meability. Furthermore, as shown in the FE-SEM images of 
Fig. 2a, no stain was observed on the surface of the lumen 
side pristine HFs membrane, which means that GO was 
not present on the lumen side surface of the pristine HFs. 
On the contrary, in the case of GO-HF-1, it was confirmed 
that the GO was smeared overall. In the case of GO-HF-2, 
which was made of a bore solution with a higher GO content 
than GO-HF-1, the lumen side was stained by GO as such as 
GO-HF-1. In addition, the more and thicker GO flakes have 
been identified on the lumen side surface of GO-HF-2 than 
GO-HF-1. In other words, it was confirmed that excessive 
GO was loaded on the surface of the lumen side as the GO 
content increases in the bore solution, causing the formation 
of immoderate GO flakes on the surface. On the other hand, 
in terms of porosity, GO did not affect the structure of the 
entire HFs. From the average porosity results in Table 2, the 
results of pristine HFs membranes, GO-HF-1 membranes, 
and GO-HF-2 membranes have shown almost similar values. 
These results demonstrated that GO did not directly partici-
pate in HFs structural change but only adhered to the surface 
of the lumen side to be an active layer on the cross-sectional 
images of Figs. 3–i. No significant structural changes were 
observed at low magnification. Similarly, it was confirmed 
that at high magnification, the monolith structure of HFs 
support membrane was shown regardless of GO content 
and presence. This ensured that GO was selectively loaded 
only on the surface of the lumen side of support membrane, 
without losing the hydrophilicity properties of GO, and 
the degree of GO loading was able to be controlled by the 
concentration of GO in the bore solution and did not alter 
the original structure of support membrane.

3.2. GO-HF membranes characterization

In general, PA has been used as the active layer of TFC in 
the desalination process. In this study, PA was applied as an 
active layer, and PA was formed on the lumen side surface 
of HFs support membrane through interfacial polymeriza-
tion of MPD and TMC. In addition, the adsorption between 
GO and PES which were stacked by Van der Waals force was 
able to be complemented by the formation of PA on the active 
layer. In other words, GO was likely to be released by hydro-
gen bonding with the solution when the aqueous solution 
flows, but the problem was solved because the PA formed 
near the functional groups percolated into the structure 
of the PES. [24,25] Therefore, the pristine HFs membrane, 
GO-HF-1 membranes, and GO-HF-2 membranes were sub-
ject to PA interfacial polymerization after its physical proper-
ties evaluation was completed. The functional groups of GO 
allowed PA to be selectively formed on GO-loaded active lay-
ers, and its morphology was confirmed by FE-SEM results on 
the lumen side surface. Figs. 3b, e, and h are FE-SEM results 
of pristine HFs membranes, GO-HF-1 membranes, and 
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Fig. 2. FT-IR result of GO applied on the lumen side of the HF 
membrane.

Table 2
Pure water permeability (PWP) and porosity of pristine HF and 
GO-HFs

Sample PWP (L m–2 h–1 bar–1) Porosity (%)

Pristine 344 81
GO-HF-1 1,256 82
GO-HF-2 1,024 82
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GO-HF-2 membranes at low-magnifications, respectively. 
The black stain which is not observed in Fig. 4b, a low-mag-
nification FE-SEM image of pristine HFs membrane, is the 
part of GO without functional groups in Figs. 4e and h. Since 
there were parts of the absence of oxygen functional groups 
on GO flakes, little or no PA was formed near that area, and 
black spots were observed around the synthesized PA. Those 
FE-SEM images are shown in Figs. 4e and h of GO-HF-1 
membranes and GO-HF-2 membranes separately. As the 
amount of loaded GO increased, the selectively formed PA 
area was evenly spread. The high-magnification FE-SEM 
results are displayed in Figs. 4c, f and i. The uniformly dis-
tributed ridge-and-valley structure of PA was confirmed in 
Fig. 3c the pristine HFs membranes. As shown in Figs. 4f and 
i separately, the partially distributed ridge-and-valley struc-
ture of PA was observed at the edge of GO flakes where the 
most of oxygen functional groups existed. The cross-section 
of high magnification FE-SEM images of pristine HFs mem-
branes, GO-HF-1 membranes, and GO-HF-2 membranes 
is shown in Figs. 4a, d, and g. In cross-section, the well 
formation of the PA active layer on the lumen side of HFs 
was confirmed. The PA roughness of GO-HF-2 membranes 
was less smooth than GO-HF-1 membranes, however, it was 
smoother than the PA roughness of pristine HFs. The reason 
why there was a difference in the degree of roughness would 
be because GO with amphiphilic acted as a surfactant during 

interfacial polymerization, resulting in a smaller ridge-
and-valley structure [25,27,28]. However, the roughness of 
GO-HF-2 membranes became rougher than GO-HF-1 mem-
branes, because the GO loaded on the surface of the active 
layer was excessively coated.

The amount of PA formation; the active layer that played 
the most important role in filtering salt, was determined 
by calculating the cross-linking percentage of PA chemical 
structure. The cross-linking percentage of PA was calculated 
from the atomic weight percentage of carbon, oxygen, and 
nitrogen determined through XPS measurement which was 
detected only from the portion of PA on HF membranes, 
GO-HF-1 membranes, and GO-HF-2 membranes. The cal-
culation method has been described in Eqs. (4) and (5). The 
results calculated using the atomic weight percentage are 
summarized in Table 2. The results showed that pristine 
HFs membranes were the smallest with 55.62%, GO-HF-1 
membranes with 60.77%, and GO-HF-2 membranes with the 
highest cross-linking percentage of 75.47%. The hydroxyl 
and carboxyl groups in the functional groups of GO elec-
trically attracted the amine groups of MPD, thereby MPD 
gathered near those functional groups, and resulting in the 
interfacial polymerization with TMC in the converged MPD 
region [23,25]. The cross-linking of PA was concentrated 
in the area where the functional group exists. Hence, the 
cross-linking was formed in the area of GO flake edge where 
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Fig. 3. SEM images of non-PA coated pristine HF and GO-HFs shows on below. The lumen side surface of (a) pristine HF, (b) GO-HF-
1, and (c) GO-HF-2 were displayed. The low magnification cross-section image of (d) pristine HF, (e) GO-HF-1, and (f) GO-HF-2 were 
displayed. And the high magnification cross-section image of (g) pristine HF, (h) GO-HF-1, and (i) GO-HF-2 were displayed.
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the GO functional groups are dominant, and it seems like 
that the PA channel was formed by the presence of GO func-
tional groups [29]. And the hydrogen bonding contained 
PA channel can attract water to keep the usual water flux 
of the TFC membrane [4]. In addition, when the GO con-
centration of the bore solution increased during the loading 
of GO, the amount of loaded GO increased, so that the GO 
functional groups also increased. Consequently, the cross- 
linking percentage also increased, as the amount of loaded 
GO increased. These quantitative results are displayed 
in Figs. 4c, f and i, through the image where the PA was 
partially formed.

3.3. FO performance

So far, the GO-HFs membranes have been tested for the 
confirmation of loaded GO and its properties. In this study, 
GO-HFs membranes were fabricated to be applied for the 
desalination FO process. Therefore, an FO test using a NaCl 
solution was performed to evaluate the performance. For 
the FO test, a 1-inch column module of the laboratory scale 
was made for applying the manufactured GO-HFs mem-
branes, and the FO test process shown in Fig. 5 was per-
formed. The module production method was discussed in 
the experimental method. Through the FO test, the results 
of water flux and reverse salt flux were confirmed, and the 

results of Js/Jw, which was about the reverse salt flux per 
water flux, were also confirmed. Fig. 6 shows the results 
of the aforementioned experiments with different GO con-
tents. In Fig. 6a the water flux was relatively high in pristine 
HFs membrane compared to GO-HFs membranes, but the 
difference was not noticeably large. Compared to the water 
flux among the three samples at the concentration of 2.0 M 
NaCl draw solution, the water flux displayed a minimal dif-
ference, 15.76 LMH for pristine HF membranes, 14.11 LMH 
for GO-HF-1 membranes and 14.73 LMH for GO-HF-2 
membranes, separately. These results were in contrast to 
the PWP results mentioned earlier, and the water flux of 
GO-HF membranes was decreased compared to the water 
flux of pristine HF membranes. The water flux is influenced 
by the hydrophilicity of materials, and the hydrophilicity of 
GO-HF membranes was higher than the pristine HF mem-
brane in previous PWP results due to its hydrophilic func-
tional groups. However, since the oxygen functional groups 
of GO were bonded with PA after interfacial polymeriza-
tion, the hydrophilicity of GO-HF membranes was reduced 
after PA interfacial polymerization process [21,25]. In Fig. 6b 
the results of reverse salt flux were summarized by GO 
content and draw solution concentration. Reverse salt flux 
results in 2.0 M NaCl draw solution showed 0.18 mol m–2 h–1 
for pristine HFs membranes, 0.06 mol m–2 h–1 for GO-HF-1 
membranes, and 0.66 mol m–2 h–1 for GO-HF-2 membranes. 
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Fig. 4. SEM images of GO-HF membranes. (a) shows cross-section of pristine HF in a high magnification, (b,c) the interior of pristine 
HF as a low magnification and a high magnification separately, (d) the cross-section of GO-HF-1 in a high magnification, (e,f) 
the interior of GO-HF-1 as a low magnification and a high magnification separately, (g) the cross-section of GO-HF-2 in a high 
magnification, (h,i) the interior of GO-HF-2 as a low magnification and a high magnification separately.
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The reverse salt flux of GO-HF-1 membranes was signifi-
cantly reduced compared to pristine HFs that did not con-
tain GO. Since the graphitic part of GO with less functional 
groups is hydrophobic, the water flux penetrated the part 
where the PA acted as a channel. This led to an improve-
ment in reverse salt flux performance. However, in the case 
of GO-HF-2 membranes, the reverse salt flux was higher 

than pristine HFs membranes, which was caused by crack-
ing which occurred on GO surface after interfacial polym-
erization due to excessive GO, namely, some PA-free chan-
nels were formed on excessive GO surface, which induced 
an increase of reverse salt flux. The aforementioned cracks 
were confirmed by the high magnification lumen side 
FE-SEM results of Fig. 4i GO-HF-2 membranes. Finally, 
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a graph comparing the Js/Jw results is shown in Fig. 6c to 
confirm the results of the improved reverse salt flux to the 
water flux. The results in Table 4 show that pristine HFs 
membranes were 0.012 bar–1, GO-HF-1 membranes were 
0.004 bar–1, and GO-HF-2 membranes were 0.045 bar–1 in 
2.0 M NaCl draw solution. It was similar to the reverse 
salt flux mentioned. There was no significant change in the 
water flux compared to that of GO-HFs membranes, but the 
reverse salt flux performance was greatly improved. Table 4 
shows the results of the FO test in 2.0 M NaCl draw solution 
as A, B, and S values mentioned in experimental part 2.8. In 
the A value of the water flux coefficient, no significant dif-
ference was observed among the three samples. However, 
the difference was significantly observed in the B value of 
the reverse salt flux coefficient and S value of the struc-
tural parameter. The B value of GO-HF-1 membranes was 
the lowest and showed excellent reverse salt flux results. 
However, the S value was the highest because of the struc-
tural parameters S value which was described in Eqs. (5) 
and (6), as shown in 2.8 was affected by A and B values. In 
other words, the water flux and reverse salt flux results of 
the FO test was able to affect the S value. Although the water 
flux of GO-HF-1 membranes was similar to that of other 
samples, the S value calculations were very large compared 
to other samples because the reverse salt flux was very low 
compared to other samples. The high S value which was 
only numerical value growth didn’t mean that there was an 
actual structural disadvantage because the salt didn’t move 
well due to the PA channel [16,24]. As noted earlier in Figs. 
3d–f, the addition of GO did not result in structural or mate-
rial differences in support. Therefore, a very high S value, 
which was calculated by using results of A and B values, 
showed that the reverse salt flux of GO-HF-1 membranes 

was significantly improved at similar A values. The A, B, 
and S values results compared with other studies are sum-
marized in Table 4. From Table 4, the A values of GO-HF-1 
membranes were not much different, but the B values of 
the GO-HF-1 membranes were one-tenth smaller than the 
results of other studies. This indicated that GO-HF-1 mem-
branes, whose S value was 10 times larger than other sam-
ples, were the result of excellent reverse salt flux.

4. Conclusion

Until now, other studies have shown that the water flux 
increases when GO was applied to the membrane. However, 
in this study, we applied to GO only on the active layer of 
the HF membrane. Although the water flux was no notice-
able change the reverse salt flux was significantly reduced. 
This could happen by loading the appropriate amount of 
GO only on the active layer. The oxygen functional groups 
of GO allowed the selective reaction site of the interfacial 
polymerization of the PA. In addition, the part of GO in the 
absence of oxygen functional groups had hydrophobic prop-
erties, so the formed PA acted as a channel because the part 
of GO in the absence of oxygen functional groups blocked 
the penetration of water. As a result, the TFN membranes, 
which had no significant change in the water flux but greatly 
improved reverse salt flux was successfully applied to FO 
process membranes.
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