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a b s t r a c t
The performance evaluation of forward osmosis (FO) nanofibers based membranes against 
model solutions and real seawater were investigated. The desalination of seawater performed 
using 2 M NaCl as a draw solution. Performance data showed that when real seawater used as a 
feed solution, the newly fabricated FO membrane has a water flux of 15.1 and 49.4 LMH in both  
co-current FO and co-current pressure retard mode (PRO) respectively. Two different model solu-
tions (NaCl and MgSO4), have a salt concentration equal to that of the real seawater sample, were 
prepared to characterize the performance of the fabricated membrane against them under the same 
operating conditions. The flux obtained in 1.1% model NaCl in FO mode was 8 LMH, whereas in 
PRO mode was 54 LMH and 10.3 LMH in FO mode, whereas 45.6 LMH in PRO mode for model 1.1% 
MgSO4 solution using 2 M NaCl solution as a draw solution. The structural parameter (S-value) of 
the sulfonated polysulfone (sPSf) thin-film-composite membrane is estimated to be 125 µm, which 
is considered one of the smallest values ever reported in the literature. In this manuscript, the per-
formance study of thin-film composite (TFC-FO) nanofiber flat-sheet membrane on sPSf substrate 
is proven that fabricated membranes are perfectly meet the high rejection ratios whether strong 
enough to sustain high flux and durability through the operation.

Keywords:  Forward osmosis; Desalination; Thin-film-composite membrane; Sulfonated polysulfone; 
Electrospining

1. Introduction

Reliance on water desalination as an efficient innova-
tive technology getting more popular day by day to face 
freshwater scarcity, particularly in arid and semi-arid areas, 
where climatological factors assisted by the increase of 

population growth, urbanization, and water contamination 
[1]. Nowadays, membrane separation is the most widely 
recognized technology in the field of desalination. Reverse 
osmosis (RO) is the first membrane separation process 
introduced on the industrial scale for seawater desalination.
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Most commercial RO membranes are polymeric based 
thin film composite (TFC) membranes, configured in spi-
ral-wound, hollow fiber, and tubular modules, compost-
ing of an ultra-thin separating film (normally polyamide) 
on the top of the porous support layer (polysulfone) which 
cast upon a non-woven polyester material. Normally, the 
synthesis of an ultra-thin separating layer can be obtained 
by interfacial polycondensation between poly/mono-
meric amines and poly/monomeric functional acid halide 
[2]. Even though the main task of the substrate is provid-
ing mechanical support strength for the separation layer 
against applying hydraulic pressure, proper fabrication 
techniques and material selection are a condition to form 
a substrate with a smooth surface, suitable for separation 
layer formation [3,4]. The conventional TFC membrane has 
a hydrophobic sponge-like polysulfone substrate [5].

Recently, forward osmosis (FO) technology gained 
popularity as a low energy alternative in the application of 
desalination [6], concentration [7], dewatering [8], power 
production [9] and many other fields. The best performance 
commercially available FO membrane is also an asymmetric 
TFC-FO membrane. Fundamentally, the FO process [10] uses 
the advantages of induced water diffusion across a semi- 
permeable membrane (Fig. 1). Water diffusion takes place 
spontaneously from a low concentration to a high concen-
tration solution. The semi-permeable membrane performs 
as a barrier that allows water to pass on the other hand 
rejects salts and other elements.

One may be wondering, why we cannot vitally use RO 
membranes in the FO systems? While in the RO process, 
water flux is driven by applying hydraulic pressure against 
the osmotic pressure gradient, in the forward osmosis, 

water movement can occur from low concentration (the feed 
side) to high concentration (the draw side) in the virtue 
of the osmotic pressure gradient. Accordingly, unlike the 
RO membrane structure that needs to be thick enough to 
deal with prolonged exposure to applied pressure, the FO 
membrane should be as thin as possible to facilitate diffu-
sion [11]. Bearing in mind that the circulation of two solutions 
on both sides of the FO membrane could create high salt 
polarization, the design of the FO membrane substrate could 
differ from that of RO membranes. A thinner and higher 
hydrophilic support layer is desirable in FO processes to 
enhance water flux, limit the internal concentration polar-
ization effect and control propensity to fouling [11].

Where there is no big difference in the separation 
layer properties in both the RO and FO asymmetric com-
posite membranes which would be characterized by high 
pure water permeability coefficient (A value) and low salt 
permeability coefficient (B value), the membrane structural 
parameter (denoted as S), which consider supporting layer 
property, should be as small as in the FO membranes to 
overcome the effect of internal concentration polarization 
that responsible for the sound decline of water flux in the 
osmotically driven membranes.

Park et al. [12] conducted a sensitivity analysis using the 
LH-OAT method to determine the effects of operational and 
membrane parameters on the performance of the FO process. 
Among the selected model parameters (which compromise 
A, B, diffusion coefficient D, S, average inlet velocity of 
the feed solution channel, and average inlet velocity of the 
draw solution channel), S and A values of the membrane are 
noticed to have the most influential parameters. FO process 
performance can be enhanced by an increase of A-value and a 

Fig. 1. Schematic diagram of a typical forward osmosis process, modified from [10].
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decrease of S-value. These results imply that the modification 
of intrinsic membrane parameters (A and S) plays a more 
decisive role than the optimization of operating conditions.

McCutcheon and Elimelech [13] assumed that the 
hydrophobicity of the membrane support layer significantly 
limits water flux due to insufficient wetting that aggra-
vates internal concentration polarization and obstructs 
water continuity. They suggested that besides the structural 
redesign of the FO membrane support layer, increasing its 
hydrophilicity would improve the performance through 
elevating mass transfer within the membrane. On the other 
hand, Widjojo et al. [14] found that the structural param-
eter (S) decreases with an increase in the sulfonated poly-
mer ratio in membrane substrates. It is inferred that a 
lower internal concentration polarization (ICP) effect can 
be obtained when the TFC-FO membrane substrates enjoy 
higher hydrophilicity or porous nature for FO applications.

Recently, a new design concept was introduced to 
FO-TFC membranes that utilized electrospun nanofiber mate 
as a substrate for the ultrathin separation layer. This substrate 
with scaffold structure has a high porosity, interconnected 
pore structure, and low structural parameter.

TFC membranes supported by an electrospun nanofi-
ber substrate have been employed in the forward osmosis 
process. Electrospun nanofiber fabricated originally from 
hydrophilic polymer shown a high swelling degree that 
negatively affected fiber strength and membrane integ-
rity. To avoid this problem, non-swelling hydrophobic 
polymers such as polysulfone (PSf) and polyvinylidene 
fluoride (PVDF) were modified to be surfacially hydro-
philic and fully wettable [15]. In this study, PSf was chemi-
cally modified via sulfonation to gain better hydrophilicity. 

The PSf selected due to its ease of availability, low cost, 
thermal, mechanical and chemical stability.

Commonly, in many studies, assessment of the potential 
use of certain FO membranes for seawater desalination car-
ried out using distilled water as a feed solution to determine 
pure water permeability and the other intrinsic properties. 
But, the application against real seawater or more concen-
trated solution the membrane reveals severe underperfor-
mance. Wang et al. [16] proven that the water flux decreases 
when deionized water (DIO) water in the feed side is replaced 
by concentrated solutions and referred that to the reduc-
tion of the osmotic pressure gradient. Rather, a reduction 
in the overall osmotic pressure difference can be increased 
as the concentration in the feed and draw solutions on both 
membrane sides increased. This reduction can be experi-
enced in both FO and pressure retard mode (PRO) modes, 
but could be more pronounced in the FO mode, because, 
in the FO configuration, the water permeating through the 
porous support layer dilutes the draw solution (DS) inside 
the support (named dilutive ICP/dilutive internal concen-
tration polarization) and concentrate the feed on the dense 
rejection layer). Conversely, in the case of PRO mode, the 
solutes inside the support are concentrated (named concen-
trative ICP/concentrative internal concentration polarization) 
and that on the dense rejection are diluted [named dilutive 
external concentration polarization (ECP)/dilutive external 
concentration polarization] as the water permeates through 
the membrane in the PRO configuration (Fig. 2) [11,17].

It is found that, with an increase in feed concentra-
tion, the water flux difference between PRO and FO modes 
becomes less gradually, mainly because of the ICP that strug-
gle water transport within the porous substrate layer [16,19].

a b

Fig. 2. Schematic diagrams of external and internal concentration polarization developed (a) in PRO operating mode, and (b) in FO 
operating mode (adapted from [18]).
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In this study, in addition to the real seawater sample, 
two different synthetic solutions (NaCl and MgSO4), with 
a salt concentration equal to that of the real seawater one, 
were prepared to characterize the performance of the 
fabricated membrane under the same operating conditions.

2. Experimental setup

2.1. Materials and methods

The materials and methods associated with the 
membrane fabrication and the experiments carried out in 
this work are described in further detail in our previous work 
[20] but it will be briefly explained in Fig. 3.

The dope formulations are sulfonated polysulfone 
(sPSf)/dimethylacetamide with a weight ratio of 30/70. NaCl 
and MgSO4 were utilized to prepare the model seawater. 
The material used for the fabrication of support and 
dense separation layers, in addition to its amount and the 
source companies are listed in Table 1.

Membrane fabrication and characterization were done 
following the same procedure used by the teamwork 
that described elsewhere [20].

2.2. Forward osmosis set up

A lab-scale closed-loop FO setup was used (Fig. 4) to 
evaluate the fabricated membrane performance against 
osmotic water flux, salt permeability, and salt rejection. 
The operating conditions of the FO setup in both feed 
solutions that is, active layer-feed solution and active 
layer-draw solution modes are illustrated in Table 2.

The water flux, JW, was calculated by dividing the 
collected volume within a certain time period by the mem-
brane area. Reverse salt flux, JS, is also calculated by divid-
ing the NaCl mass flow rate by the membrane area using 
Eq. (1) [19,21]:

CF (VF0 – JWAwt) = JSAmt (1)

where CF is the NaCl concentration in the feed, VF0 is the 
initial volume of the feed solution, JW is the measured water 
flux, Am is the membrane area, and t is time.

Evaluation of the membrane potential for seawater desali-
nation was accomplished using synthetic solutions and real 
seawater. The seawater sample (15.77 ms/cm) was taken from 
the Bosphorus bay in February and was used as a feed solu-
tion against the 2 M NaCl draw solution. For further charac-
terization, two synthetic NaCl and MgSO4 solutions with the 
same concentration of the real seawater sample (15.77 ms/
cm). The FO performance tests were evaluated from data 
collected over a 3 h period after running the experiment for 
15 min to bring water flux and circulation for a stable state.

Attenuated total reflection–Fourier-transform infrared 
(ATR-FTIR) spectroscopy (PerkinElmer Spectrum 100 FTIR 
Spectrometer, United States of America) was utilized to 
check the successful for mation of a TFC layer onto sPSf 
nanofiber support.

Pure water permeance, A, was measured using standard 
RO test methodology at three different low-pressure points, 
while solute permeability coefficient, B, was calculated by 
utilizing the water flux and salt rejection data addressed in 
Eq. (2) [22]:

B A P J
R RW= − × = × −( ) −



















   ∆ ∆ π

1 11 1  (2)

where B is the solute permeability (LMH), R is the rejection, 
A is the water permeance of the membrane (LMH bar−1), 
ΔP is the transmembrane hydrostatic pressure (bar), and 
Δπ is the transmembrane osmotic pressure (bar).

The salt rejection rate (R, %) was calculated from 
Eq. (3).

Fig. 3. Schematic diagrams membrane fabrication steps in our previous work [20].
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where m, L, and M are mole NaCl transferred to feed, water 
removed, and molarity of draw solution, respectively.

3. Results and discussion

3.1. Intrinsic separation properties and performance parameters 
(osmotic water flux, salt permeability, and salt rejection)

The performance of FO membranes is routinely quanti-
fied by three parameters which are (1) water flux, JW (LMH), 
(2) reverse salt flux, JS (gMH), and (3) salt rejection rate (%). 

These parameters mainly rely on the intrinsic transport 
properties of the membrane TFC layer (represented by the 
water permeability coefficient A and salt permeability coef-
ficient B) and substrate structure (represented by structural 
parameter-S-value), and to a fewer extent on other factors.

Detailed information about the TFC layer intrinsic prop-
erties and performance parameters of the newly fabricated 
membrane are shown in Table 3. The intrinsic water permea-
bility coefficient (A) was tested under three different hydrau-
lic pressures ranging from 0.3–1.0 bar (4.35–14.5 psi) by a 
dead-end Sterlitech (United States of America) cell under 
constant stirring, while the salt permeability coefficient (B), 
salt rejection rate, pure water flux, and reverse salt flux were 
determined/calculated by FO setup in the FO co-current 
mode using 1.0 M NaCl as a DS and DIO as an feed water. 

Table 1
Chemical materials and amounts that used for the fabrication of newly developed membrane and it is source companies

Material Symbol Amount/100 mL For Source/comp.

Polysulfone PSf 30 g Substrate dope Solvay, Belgium
Dimethylacetamide DMAc 70 mL Substrate dope Akkim, Turkey
m-phenylene diamine MPD 2 g MPD solution Merck, Germany
Triethylamine TEA 2.75 mL MPD solution Merck, Germany
(+)-10-camphorsulfonic acid CSA 2 g MPD solution Sigma-Aldrich, United States of America
Sodium dodecyl sulfate SDS 0.1 g MPD solution Sigma-Aldrich, United States of America
1,3,5-benzenetricarbonyl trichloride TMC 0.1 g TMC solution Sigma-Aldrich, United States of America
Hexane anhydrous, 95% – 100 mL TMC solution Sigma-Aldrich, United States of America
Sodium chloride NaCl 2 M DS Merck, Germany

15.7 ms/cm Synthetic 
seawater

Magnesium sulfate MgSO4 15.7 ms/cm Synthetic 
seawater

Merck , Germany

Fig. 4. Schematic diagram of the lab-scale FO setup. (1) Circulating pump; (2) flow meter; (3) flow meter; (4) FO membrane; (5) flow 
chamber of the FO test unit (membrane cell); (6) draw the solution reservoir; (7) magnetic stirrer; (8) electrical conductivity meter; 
(9) feed solution container; (10) weighing balance; (11) computer.
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All tests were performed three times in order to elimi-
nate experimental errors. In this membrane, the TFC layer 
revealed a very high A value of 4.97 (LMH bar–1) and a low B 
value of 0.287 (LMH) which results in a high JW/JS ratio of 26.3. 
A larger A/B ratio indicates a better filtration performance 
and a lesser solute loss per unit of water produced is lower.

3.2. Estimation of structural parameters

In most of the studies, membrane research groups used 
the S parameter to evaluate the membrane’s eligibility in 
FO processes. The S parameter is related to the substrate’s 
thickness (t), porosity (ε), and tortuosity (τ) (S = τ × t/ε) [13]. 
The smaller the S-value, the better the diffusion of the sol-
utes inside the porous substrate, and the more limited the 
ICP effect on membrane performance become. To forward 
the performance of the FO membrane, scientists should tar-
get the TFC-FO membrane with a substrate S-value of less 
than 300 µm. Recently developed lab-made nanofiber-based 
TFC-FO membranes showed interesting low S parameter 
values Table 4.

In this study, ForwardOsmosisTech’s S-value calculator 
was used to estimate the new fabricated membrane S-value 
(Eq. (4)) [23]. The calculator is based on the following S-value 
equation for the FO membrane operating in FO mode.

S D
J

B A

B J AW

D B

W F M

= ×
+ ×∏

+ + ×∏( )










( )
ln ,

,

 (4)

where D is the diffusion coefficient for the NaCl draw solu-
tion used for JW determination. ∏D,B is the osmotic pressure 
of the bulk draw solution. ∏F,M is the osmotic pressure of 
the feed solution close to the membrane surface. The values 
of A, B, JW, aforementioned in the table above fed to online 
calculators, as well as water temperature (298 K) and molar-
ity of draw solution used during JW determination (1 M). 
The newly developed membrane has S-values of 125 µm. 

This favorable small value reflects high solute diffusivity inside 
the substrate matrix and a restricted effect of ICP phenomena.

3.3. Evaluation of FO membrane performance

3.3.1. Performance of FO membrane using real seawater as a 
feed solution

To examine the potential use of the newly developed 
membrane for seawater desalination, a water sample 
(15.77 ms/cm) taken from the Bosphorus Bay/Istanbul was 
used as a feed solution against the 2 M NaCl draw solu-
tion. The seawater sample was subjected to microfiltration 
before use to avoid any potential effect of the suspended 
material on the membrane performance. Water flux was 
measured in co-current cross-flow for both RO and PRO 
mode. Flux data logged for 3 h and the average value is 
taken to express mean water flux. As seen in Table 5, the 
newly developed membrane shows a higher water flux of 
15.11 and 49.44 LMH under both FO and PRO modes respec-
tively. When seawater is used as a feed solution in place of 
DIO, water fluxes decrease in both PRO and FO modes due 
to the reduction of the overall osmotic pressure difference 
between the feed and the draw solution.

Even though the modeling studies assume that transport 
phenomena inside the porous substrates with sponge and 
finger-like structures have a linear relationship between the 
osmotic pressure and salt concentration, particularly in the 
dilute solutions, this relation is no longer valid in the case 
of concentrated solutions due to its salt gradient within the 
substrate matrix. Unlike previously mentioned membranes 
substrate structures, this membrane with scaffold substrate 
showed a convenient proportionality between water flux 
and draw solution concentration during the FO operation 
when both sides of the membrane have a high concentration 
as seen from Fig. 5.

Reduction of initial water flux (25 LMH in co-current 
PRO and 89 LMH in co-current PRO) related mainly to the 
decline of draw solution concentration. This decrease of 

Table 2
FO setup operation conditions used to characterize the membrane in both FO and PRO modes

Circulation rate on FS Circulation rate on DS Initial FS 
volume

Initial DS 
volume

Effective 
membrane area

Temperature

FO mode 600 rpm = 16.12 cm/s 280 rpm = 7.86 cm/s 1.5 L 0.5 L 0.0058 m2 Room temperature
PRO mode 280 rpm = 7.86 cm/s 600 rpm = 16.12 cm/s 1 L 0.8 L 0.0058 m2 Room temperature

Table 3
Transport properties and structure parameters of the fabricated sPSf-TFC membrane

Membrane Water flux, 
JW (FO) 
(LMH)

Reverse salt 
flux, JS (FO) 
(gMH)

JS/JW 
(g/L)

JW/JS 
(L/g)

Rejection 
(%)

Water per*, A 
(LMH bar–1)

Salt per**, 
B (LMH)

(A/B) FO 
(bar−1)

Draw 
solution

TFC-FO flat-sheet 
membrane on sPSf

65.7 2.5 0.038 26.3 99.54 4.97 0.287 17.31 1.0 M NaCl

*1,000 ppm NaCl as the feed solution in the RO test;
**1.0 M NaCl as the draw solution and deionized water as feed in the FO mode.
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draw solution concentration refers essentially to the effect of 
water permeation from the feed side to the draw side and to a 
lesser extent for the reverse salt flux in the opposite direction.

Wang et al. [16] refer the water flux difference between 
PRO and FO modes to the decreased of effective driving 
force which could be resulted from severer dilutive ECP 
within the boundary layer at the membrane surface and/or 
ICP within the substrate layer due to the salt leakage from 
the draw solution to the feed. In this study, the water flux 
in the FO mode is high enough to exclude that the ICP has a 
crucial role in the effective driving force reduction. For this 
reason, the big difference in water flux between FO and PRO 

is most likely because of the dilutive ECP at the surface of the 
separation layer.

Looking at Table 6, the water flux ratio between PRO 
and FO (named water flux ratioPRO/FO) decreased from 4.82 
to 3.28 as the distilled water was replaced by seawater in 
the feed side. The reduction of the water flux ratioPRO/FO 
refers generally to concentration polarization, but the water 
flux ratioPRO/FO in the case of seawater still high enough. 
This again suggests that ICP has a limited effect on this 
membrane water flux as a result of its low substrate S-value.

In both studies [16] and [32], a more pronounced leveling 
of the water flux ratioPRO/FO occurred with the replacement of 

Table 4
Structural parameter of recently developed lab-made nanofiber-based TFC-FO membranes

Substrate Modification route S (µm) Reference

PSf Sulfonation 125 This work
PAN Mesoporous silica nanoparticles 65 [24]
PAN Adding NaCl in coagulation bath 84.35 [25]
PVDF Surface modified/hydrophilization using polyvinyl alcohol 154 [26]
PAN – 168 [27]
PVDF Bentonite nanoclay 187.9 [28]
PVDF Surface modified/hydrophilization using interfacial polymerization 

of nylon 6,6
193 [15]

PAN Phase-inverted chitosan layer 203 [29]
PEI Functionalized carbon nanotubes 310 [30]
PSf/PAN – 340 [31]

Table 5
Co-current PRO and FO performance of FO membranes using real seawater as a feed solution

Mode JW (LMH) Feed solution Initial feed solution  
concentration

Time

Co-current FO 15.11 Seawater 2 M NaCl 3 h
Co-current PRO 49.44 Seawater 2 M NaCl 3 h

(a)
(b)

Fig. 5. Water flux of fabricated membranes at (a) co-current FO mode and (b) co-current PRO mode, using real seawater (15.77 ms/cm) 
and 2 M NaCl as a feed solution and draw the solution, respectively.
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distilled water by seawater as it decreased from 1.83 to 1.07 
and from 2.3 to 1.

3.3.2. Performance of FO membrane using synthetic solutions 
as feed water

Another sample was prepared from a new fabricated 
membrane to find the performance of the membrane using 
synthetic solutions. NaCl and MgSO4 feed solutions with a 
salinity of 15.77 ms/cm prepared in the laboratory to sim-
ulate the salinity of the seawater sample taken from the 

Bosphorus bay, Istanbul. The same operating conditions 
that were used to characterize membrane desalination 
performance against real seawater were applied. To get an 
insight into the effect of flux hydrodynamics, in addition 
to FO/PRO co-current flow configuration, the membrane 
performance characterized also against FO/PRO counter 
current. The results in Table 7 and Table 8 showed an obvi-
ous upswing in water flux when FO/PRO counter-current 
mode applied to compare to FO/PRO co-current mode.

No major variations in membrane efficiency have been 
found between the various forms of synthetic solutions 

Table 6
Comparison of FO membrane performance among this study membrane and other studies using deionized water and seawater 
(modified from [16])

Membranes Water flux 
(PRO/FO) (LMH)

Water flux 
(PRO/FO ratio)

Reverse salt flux 
(PRO/FO) (gMH)

Draw 
solution

Feed solution References

sPSf FO 313/65 4.81 1.0 M NaCl Deionized water This study
sPSf FO flat-sheet 49.44b/15.11a 3.3 2.0 M NaCl –1.1 wt.% NaCl This study
Polyethersulfone 
(PES)/sPSf FO flat-sheet

47.5/26.0 1.83 12.4/8.3 2.0 M NaCl Deionized water [16]

Polyethersulfone 
(PES)/sPSf FO flat-sheet

12.7/11.8 1.07 – 2.0 M NaCl 3.5 wt.% NaCl [16]

PES-co-sPSf FO flat-sheet 15/13.5 1.11 – 2.0 M NaCl 3.5 wt.% NaCl [14]
#C-FO hollow fiber 68.0/29.5 2.3 5.8/2.6 2.0 M NaCl Deionized water [32]
#C-FO hollow fiber 12.4/12.4 1 – 2.0 M NaCl 3.5 wt.% NaCl [32]
Hydration Technology 
Innovations LLC flat 
sheet membrane

13.0 (FO) – – 2.0 M NaCl Deionized water [19]

Hydration Technology 
Innovations LLC flat 
sheet membrane

11.2 (PRO) – – 2.0 M NaCl 3.5 wt.% NaCl [33]

adone at co-current FO; bdone at counter-current PRO.

Table 7
Co-current PRO and FO performance of FO membranes using model seawater (NaCl) feed solution

Mode JW (LMH) over 3 h Feed solution Initial draw solution Time

Co-current FO 7.97 15.77 ms/cm NaCl synthetic solution 2 M NaCl 3 h
Counter current FO 21.65 15.77 ms/cm NaCl synthetic solution 2 M NaCl 3 h
Co-current PRO 53.8 15.77 ms/cm NaCl synthetic solution 2 M NaCl 3 h
Counter current PRO 92.40 15.77 ms/cm NaCl synthetic solution 2 M NaCl 3 h

Table 8
Co-current PRO and FO performance of FO membranes using model seawater (MgSO4) feed solution

Mode JW (LMH) over 3 h Feed solution Initial draw  
solution

Time

Co-current FO 10.37 15.77 ms/cm MgSO4 synthetic solution 2 M NaCl 3 h
Counter current FO 10.12 15.77 ms/cm MgSO4 synthetic solution 2 M NaCl 3 h
Co-current PRO 45.64 15.77 ms/cm MgSO4 synthetic solution 2 M NaCl 3 h
Counter current PRO – 15.77 ms/cm MgSO4 synthetic solution 2 M NaCl 3 h
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(NaCl and MgSO4) on the one side and the contrast between 
natural and synthetic solutions on the other. Han et al. [34] 
developed a TFC-FO membrane of sulfonated polyether 
ketone (SPEK) based substrate for desalination. The casted 
substrate comprising 50 wt.% SPEK. The membrane exhib-
ited a water flux of 50 LMH against DIO and 22 LMH against 
the 3.5 wt.% NaCl synthetic solution, respectively, when 
using 2 M NaCl as the DS measured under the PRO mode. 
While, in our case, the membrane showed a water flux of 
53.8 LMH against 15.77 ms/cm NaCl synthetic solution 
using 2 M NaCl as the DS measured under the PRO mode.

With this superior flux, especially in the counter cur-
rent PRO mode (92.40 MLH), it is worthwhile stating that 
membrane not only has a great potential in seawater desali-
nation but also it is promising for energy production via 
pressure- retarded osmosis technology.

4. Conclusion

The re-design and alteration of the support layer 
structure/material in the FO membranes, with a low S-value 
and high hydrophilicity, may play a crucial role in limiting 
the ICP effect. Furthermore, it can give more flexibility 
to manipulate the thickness of the skin separation layer 
to enhance the selectivity without highly compromise  
the flux.

In this study, the sPSf electro-spun nanofiber mat, with 
unique scaffold structure and hydrophilicity, is used for 
FO membrane substrate fabrication. The potential use of 
the fabricated membrane for the application of seawater 
desalination is investigated. The newly developed mem-
brane showed a high desalination throughput and a small 
structural parameter value. The membranes with high 
S-value would show a more leveled variance of the water 
flux ratioPRO/FO, which could be reached to the unity, as the 
feed solution changed from DIO to seawater. The results 
demonstrated that the membrane used in this study still 
has a significant flux ratioPRO/FO variance when applied for 
real seawater. In addition to the structural parameter, the 
water flux ratioPRO/FO variance between pure water flux and 
seawater flux could be considered another performance 
indicator of the FO membranes regarding the ICP effect.

The significant increase of the salinity in the feed side 
during the seawater experiment suggests that solution 
concentration, in general, could be a potential application of 
the membrane developed by this work.
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Symbols

A — Water permeability, m s−1 atm−1

B — Solute permeability, m s−1

JW — Water flux, LMH
JS — Reverse salt flux, gMH
S — Membrane structure parameter, m
JW/JS — Reverse flux selectivity

Subscripts

FO — Forward osmosis mode
PRO — Pressure retard mode
FS — Feed solution
DS — Draw solution
ICP — Internal concentration polarization
ECP — External concentration polarization
CFV — Cross flow velocity
SR — Salt rejection
TFC — Thin-film composite
RO — Reverse osmosis
sPSf — Sulfonated polysulfone
PAN — Polyacrylonitrile
PVDF — Polyvinylidene fluoride
PEI — Polyethylenimine
DIO — Deionized water
LMH — Liter per square meter hour
gMH — Gram per square meter hour
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