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ABSTRACT

Polysulfone (PSf) has been applied to thin-film composite (TFC) membranes for water treatment
and desalination due to its good physicochemical resistance and high affinity for polyamide. In this
study, the effect of the PSf support layer synthesis conditions on TFC membrane performance was
investigated in order to optimize membrane performance for forward osmosis (FO) process. Scanning
electron microscopy, pure water permeability, molecular weight cut-off, and lab-scale FO tests were
conducted. The polymer concentration and casting thickness of PSf support layer were critical for
determining membrane structure, selectivity, and permeability. The results indicated that TFC FO
membrane with PSf support layer fabricated by 15 wt% PSf polymer concentration and 100 um casting
thickness showed the best performance for FO process. The results of this study could contribute to the
development of a commercial TFC FO membrane for water treatment and desalination applications.
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1. Introduction

During the last decade, forward osmosis (FO) has
received academic and industrial attention for desalination
as well as for water treatment, food and drug industry, and
energy applications [1,2]. Key advantages of FO include
its reversible fouling characteristic and no hydraulic pres-
sure requirement. The development of draw solute such as
ammonia—carbon dioxide for FO process and the invention
of cellulose triacetate FO membrane have stimulated aca-
demic and industrial interest in the FO process [3,4]. Much
research has been conducted to establish field applications
of FO [1,2,5]. However, despite vigorous efforts, huddles will
remain for establishing a stand-alone FO process.

* Corresponding author.
*These authors equally contributed to this work.

The key challenges in the FO process for the real field
application are (1) development of draw solutes that allows
high osmotic pressure and easy recovery with low energy
consumption and (2) fabrication of FO membranes that
shows excellent permeability and selectivity [6]. The import-
ant draw solute characteristics include osmotic pressure,
water solubility, viscosity, toxicity, and diffusivity; therefore,
various inorganic compounds [7-9] and organic compounds
[10-14] have been studied. Different technical methods, such
as heating, air stripping, distillation, and other membrane
processes, have also been tried for draw solute regeneration
[9,15-17].

Another important aspect of FO process is the devel-
opment of highly efficient membranes. In 2000s, cellulose
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acetate-based polymers, which were widely used for asym-
metric membrane fabrication, based on the traditional
asymmetric membrane developed by Loeb and Sourirajan
has been focused for FO applications [18]. The use of low
acetylation cellulose acetate allowed membranes with more
hydrophilic nature, while high acetylation imparted a high
degree of crystallinity under heating [19]. This polymer was
therefore appropriate for use in osmotically driven mem-
branes. A wetting process decreased the internal concen-
tration polarization (ICP) and increased the water flux [20].
Although cellulose acetate-based membranes have been
widely used for FO application studies, it still has some chal-
lenges to overcome such as lower water flux, limited range
to pH tolerability (pH 4-8), and concentration polarization
effect.

To overcome these issues, recently thin-film compos-
ite (TFC) membranes have been actively studied for FO
processes [21]. Generally, polysulfone (PSf) and poly-
ethersulfone with an aryl-5O,-aryl group have been uti-
lized as porous support layers to fabricate the TFC FO
membranes. These polymers showed good thermal oxida-
tive resistance and chemical resistance to hydrolysis and
industrial solvents. Their amorphous structure imparted
a hydrophilic nature, which enhanced the transport of
water molecules while simultaneously increasing the ICP
in the osmotic process [18]. Polyamide (PA) has been used
as a selective dense layer in TFC membranes since the
introduction of the interfacial polymerization (IP) con-
cept [22]. This IP phenomenon takes place between two
reacting monomers (two immiscible phases) at the inter-
face of PSf porous support [23]. The most commonly used
monomer combination for FO applications is trimesoyl
chloride (TMC) as an acid chloride and m-phenylenedi-
amine (MPD) as an amine due to its the excellent water
flux and salt rejection.

Despite vigorous academic efforts, FO membranes
have not reached the real field application level yet, which
implies that better membrane performance is still desired.
Recent studies have shown that the permeability—selectivity
trade-off correlation is a critical consideration and that per-
meability enhancement was especially required to max-
imize membrane performance [24,25]. These researchers
suggested that a highly permeable support layer had a great
potential to enhance membrane performance and that addi-
tional studies were required for the support layer synthesis
optimization.

This study examined the effect of the structure of the
TFC membrane support layer on the FO performance. PSf
was selected as the support layer membrane material, and
the PSf concentration for the polymer dope solution and
the casting thickness for the PSf dope solution film were
selected as the main fabrication factors for preparation of a
permeability-enhanced support layer. The main objectives
of this study were: (1) to fabricate PSf support layers using
different PSf concentrations for the polymer dope solution,
(2) to evaluate the permeability of these PSf support layers,
(3) to fabricate TFC membranes using different PSf support
layers prepared by different casting thicknesses with fixed
PSf concentrations, and (4) to evaluate the FO performance
of these TFC membranes to determine the roles of these fab-
rication factors.

2. Experimental
2.1. Materials and chemicals

PSf (MW = 52,000 Da, BASF, Germany), 1-methyl-2-
pyrrolidine (NMP; anhydrous, 99%, Samchun, Korea), and
polyvinylpyrrolidone (PVP; K-30, Kanto Chemical Co.,
Japan) were purchased for the synthesis of the PSf support
layers. TMC (98%, Sigma-Aldrich, USA), MPD (Flakes 99%,
Sigma-Aldrich), and Isol-C (SK Chemical, Korea) were used
for formation of the PA selective layers. Polyethylene gly-
col (PEG; MW = 8, 20, 35, 100, 200, 300, 400, 600, 900, and
1,000 kDa, Sigma-Aldrich) was used for molecular weight
cut-off (MWCO) tests of the PSf support layers. Sodium
chloride (NaCl, 99%, Samchun) was used as a draw solute in
the FO operation. All aqueous solutions for the experiments
were prepared using deionized (DI) water from a DI water
purification system (RiOs™ Essential, Millipore, USA) that
produced with a resistivity of 18.2 mQ cm. A film applicator
(YBA-5, Yoshimitsu, Japan) was purchased for casting the PSf
support layers.

2.2. Polysulfone support layer synthesis

The PSf support layers were synthesized by a phase inver-
sion method. The PSf polymer and PVP were dissolved in
the NMP solvent for 12 h with gentle stirring. Different ratios
of PSf to total polymer solution were used to investigate the
effect of polymer concentration on membrane permeabil-
ity (Table 1). The polymer solution was placed in a vacuum
oven (OV-11, Jeio Tech, Korea) overnight at room tempera-
ture to remove air bubbles. That solution was then cast with
a film applicator with 100, 150, and 200 pm thickness onto
woven polyethylene terephthalate (PET) fabric positioned on
a glass plate (Fig. 1). The resulting casted PSf support layer
was placed into a coagulation bath for 30 min, using DI water
as the non-solvent. The synthesized PSf support layer was
rinsed with DI water and stored in DI water until lab-scale
testing or PA selective layer formation.

2.3. PA selective layer formation

The PA selective layer on the PSf support layer was
formed by an IP method. The synthesized PSf support layer
was mounted in a bespoke acrylic frame and 100 mL of 3 wt%
aqueous MPD solution was poured onto the surface of the PSf
support layer and left for 2 min. The residual MPD solution
was then removed with a rubber roller. The MPD-saturated
PSf support layer was then immersed in 0.15 wt% TMC solu-
tion in Isol-C for 1 min (Fig. 1). The membrane was cured in

Table 1
The chemical composition of the PSf polymer solutions used to
fabricate PSf support layers

Membrane ID  PSf (w/w %) NMP (w/w %) PVP (w/w %)

PSf 13 13 85 2
PSf 15 15 83 2
PSf 18 18 80 2

PSf, polysulfone; NMP, 1-methyl-2-pyrrolidine;
PVP, polyvinylpyrrolidone.
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an oven at 60°C for 10 min and then stored in DI water until
lab-scale test.

2.4. Membrane characterization and lab-scale test

The surface and cross-sectional morphologies of the PSf
support layers and the TFC membranes were observed by
field emission scanning electron microscope (Mira 3, Tescan,
Czech Republic). The actual membrane thickness was deter-
mined from scanning electron microscopic (SEM) images.

A lab-scale cross-flow membrane test unit was used for
the pure water permeability test and MWCO test. For these
tests, the temperature in the unit was maintained at 25°C
with an open heating bath circulator (CW-20G, Jeio Tech).
The test unit used a gear type pump (Hydra-Cell Pump,
Wanner Engineering Inc.,, USA) and the effective mem-
brane area was 3.90 cm?. The transmembrane pressure was
increased up to 8 bar and cross-flow rate was kept constant
at 1,000 mL/min. For the MWCO test, a PEG rejection rate of
the PSf support layer was measured in the lab-scale mem-
brane operation. The feed solution was 100 ppm PEG of the
desired molecular weight and the transmembrane pressure
was maintained at 1 bar. The concentration of PEG solution
was analyzed with a total organic carbon analyzer (TOC-L,
Dong-il Shimadzu, Korea). All membrane samples were sta-
bilized for 1 h with DI water at a transmembrane pressure
of 15 bar.
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The lab-scale cross-flow FO membrane test unit was
used for water flux and reverse solute flux (RSF) measure-
ments. 1 M NaCl aqueous solution was used as the draw
solution and DI water was used as the feed solution. The
temperatures of the draw and the feed solutions were con-
trolled at 25°C with a heating bath circulator (CW-20G, Lab
Companion, Korea). The solutions were circulated using a
gear pump (EW-74013-45, Cole-Parmer Instrument, USA)
with a 1,000 mL/min cross-flow rate and the effective mem-
brane area was 3.90 cm? The water permeation flux was
obtained by calculating in which the permeated volume rate
divided by the effective membrane area:

) V.-V

Jyo(L/m*h, LMH) = W

where ] is the water permeated flux, V., is the initial volume
of the feed solution, V, is the final volume of the feed solution
after operation time ¢, and A is the effective membrane area.
The RSF is obtained by calculating the NaCl concentration
of the feed solution from its electrical conductivity measure-
ments obtained with a conductivity meter (CON 11 Economy
Meter, Oakton Eutech Instruments, Malaysia) using the
following equation:

J;(g/mol -h,gMH) = CFA - tc

n
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Fig. 1. Conceptual images for the synthesis of polysulfone (PSf) support layers with different polymer concentrations and casting
thicknesses for preparation of thin-film composite (TFC) membranes.
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where |, is the RSF, ¢, is the initial NaCl concentration of
the feed solution, c, is the final NaCl concentration of the
feed solution after operation time f, and A  is the effective
membrane area. Membrane selectivity was obtained to eval-
uate the membrane permselectivity by calculating the RSF
divided by the water permeated flux.

I

Selectivity(g/L) = ]
w

3. Results and discussion
3.1. Effect of polymer concentration

The support layers with concentrations of 13-18 wt% of
polymer (PSf), denoted as PSf 13, PSf 15, and PSf 18, were
prepared to investigate the effect of polymer concentration
on the structure and performance of PSf support layers. Fig. 2
shows SEM cross-sectional and surface images of the PSf sup-
port layers with the given PSf concentrations. All PSf support
layers exhibited asymmetric and surface-porous structures.
The PSf 13 had more open pores and a higher porosity when
compared with PSf 15 and PSf 18. Increases in the PSf concen-
tration of the support layer resulted in a denser top surface
and fewer and smaller open pores, as shown in Figs. 2(a)—(c).

The cross-sectional views of the PSf support layers
revealed that they all had an asymmetric finger-like mor-
phology with a dense top structure, which increased with
increases in the polymer concentration in the casting solu-
tion. Penetration of the polymeric layer structure through
the woven fabric was observed in the PSf 13, as shown in
Fig. 2(d). For all polymer concentrations PSf supports exhib-
ited conventional asymmetric morphology that is comprised
of finger-like structure except PSf 18 which partially shows

SEM HV: 20.0 KV
SEM MAG: 500 kx
View field: 5.09 pm

WO: 4.52 mm
Det: InBeam
P3F13%_80kx

SEM HV: 20.0 KV
SEM MAG: 50.0 kx
View field: 5.09 pm

WD: 4.04 mm
Det: InBeam
PSF18%_B0kx

Lt

SEM HV: 20.0 KV
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View fleld: §08 pm
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a sponge-like structure. A finger-like macrovoid was clearly
observed in Figs. 2(d) and (e) for low polymer concentra-
tion (i.e., PSf 13 and PSf 15) throughout the support span,
while at high polymer concentration (i.e., PSf 18) smaller
macrovoids was observed in Fig. 2(f). These changes can be
associated with viscosity of polymer solutions. It is accepted
that, viscosity of polymer solution has significant impact on
morphology of support. As with increase in polymer concen-
tration increase in viscosity and it extraordinarily reduced
the exchange rate of solvent and non-solvent all along precip-
itation process. At higher dope concentration, result in higher
polymer concentration at reaction interface and consequently
growth of less porous structure as well as sponge-like mor-
phology was observed in Fig. 2(f) [26-28].

The MWCO test was conducted using different PEGs
to investigate the surface pore sizes of the PSf support lay-
ers followed by solute rejection measurement [29,30]. Fig. 3
shows the PEG rejections and surface pore sizes for the PSf
support layer membranes with different polymer concentra-
tions. The surface pore size was obtained with a previously
described calculation [31]. The MWCO and surface pore size
became smaller as the PSf concentration in the casting solu-
tion increased. The PSf 13 membrane showed a maximum
MWCO and pore size, whereas the PSf 18 membrane showed
a minimum MWCO and pore size (MWCO: 558.8 kDa
(PSf 13), 291.2 kDa (PSf 15), and 34 kDa (PSf 18); pore size:
13.64 nm (PSf 13), 10.98 nm (PSf 15), and 5.37 nm (PSf 18)).
As discussed above, a lower polymer concentration created
more open pores on the surface, which resulted in increased
in the MWCO as shown in Fig. 3.

Fig. 4 shows the pure water permeabilities of the PSf
support layers with different polymer concentrations. The
permeability was measured in a range of transmembrane
pressures from 0.2 to 10 bar. PSf 15 showed the highest water
flux (109.48 LMH/bar), PSf 13 showed a moderate water flux

WO: 4.82 mm

SEM HV: 200 KV
SEM MAG: 50.0 kx
View fieid: 5.09 pm

Det: InBeam
PSF18% 80kx

WO 1322mm |
Det: In-Beam SE 100 ym
PSF 18_500x

SEM HV: 200 KV
SEM MAG: 500 x
View field: 508 pm

Fig. 2. Scanning electron microscopy (SEM) images of the surfaces (a)—(c) and cross-sections (d)—(f) of PSf support layers with differ-
ent PSf concentrations: 13 wt% (a) and (d), 15 wt% (b) and (e), and 18 wt% (c) and (f).
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Fig. 3. Polyethylene glycol (PEG) rejections for PSf support layers
with PSf 13 wt%, PSf 15 wt%, and PSf 18 wt% polymer concen-
tration. Bottom inset shows molecular weight cut-offs (MWCOs)
and surface pore sizes of the PSf support layers.
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Fig. 4. Pure water permeability (PWP) for PSf support layers
with PSf 13%, PSf 15%, and PSf 18% polymer concentration.

(87.274 LMH/bar), and PSf 18 showed the lowest water flux
(71.216 LMH/bar). In general, a low polymer concentration
induced high water permeability for the asymmetric poly-
meric membrane due to the presence of more open pores.
Despite the larger surface pore size for the PSf 13, the water
permeation was higher for the PSf 15 than for the PSf 13. The
SEM images for the PSf support layers showed that the PSf
13 polymer matrix was permeated through the PET fabric
due to its low viscosity. The PSf polymer blocked the macro
spaces in the PET fabric, thereby hindering water permeation
and causing a lower pure water flux for the PSf 13 than for
the PSf 15. Based on this effect of PSf concentration, PSf 15
was utilized for subsequent TFC FO membrane fabrication
because of its characteristics and performance.

3.2. Effect of casting thickness

In the previous section, polymer concentration was con-
firmed to determine the porous structure of the PSf support
layer. The membrane thickness also affected the water per-
meation flux in the FO mode [1,2], therefore, this was also
carefully investigated in this study. In this section, the effect
of casting thickness on membrane structure and performance

in the FO mode was investigated. The PSf concentration of
the polymer solution was fixed at 15 wt% and the solution
was casted with different casting thickness of 100, 150, and
200 um. All the PSf solutions were cast on the PET woven
fabric. The PA selective layer was then formed on the PSf
support layer surface. Fig. 5 shows the cross-sectional and
surface images for the TFC membranes with different casting
thicknesses. An asymmetric porous structure was observed
for all the membranes, as shown in Figs. 5(a)—(c). The actual
thicknesses of PSf support layers are shown in Fig. 6. As
the casting thickness increased, the TFC membrane became
thicker, which would be expected to decrease the water per-
meability (actual thickness: 62 um with a 100 um casting
thickness, 101 pm with a 150 um casting thickness, 130 um
with a 200 pm casting thickness).

Generally, a thin membrane allowed high water perme-
ability. However, when the PSf support layer was too thin,
the PSf support layer might not have fully covered the stand-
ing PET fiber strands, which would hinder IP and reduce the
membrane selectivity. The PA layer for all TFC membranes
was formed on the surface of PSf support layers with a ridge-
and-valley structure as shown in Figs. 5(d)—-(i), which indi-
cated that the aqueous MPD solution was well positioned on
top of the PSf support layer and PA layer was well formed
on the top.

3.3. Forward osmosis membrane performance

The TFC membranes with different casting thicknesses
of PSf support layers were operated in a lab-scale FO unit to
evaluate the membrane performance. The active layers of the
membranes were faced to the feed solution (the active lay-
er-feed solution) using a 1 M NaCl draw solution and DI water
feed solution. The water flux, RSF, and membrane selectivity
are shown in Fig. 7. The water flux significantly decreased and
the RSF slightly decreased with increase in casting thickness:
the water flux — 15.073 LMH (100 pm), 9.150 LMH (150 pm),
and 6.604 LMH (200 um), while the RSF was 4.393 gMH
(100 pm), 3.083 gMH (150 um), and 2.908 gMH (200 um).
The membrane selectivity increased with increasing casting
thickness, with membrane selectivity of 0.3280 g/L (100 um),
0.3370 g/L (150 um), and 0.4403 g/L (200 pm). Therefore, the
synthetic TFC membrane showed a relatively greater increase
in permeability than in salt ion selectivity.

Since all the TFC membranes were fabricated using the
same materials and methods, the chemical properties of the
membranes, such as hydrophilicity and surface negativity,
were not changed. Therefore, the membrane performance
was governed by the physical properties of the support layer,
such as the membrane porosity and thickness. The effect of
the support layer physical properties on the ICP is especially
critical when investigating the correlation between the sup-
port layer structure and FO performance. The resistance to
solute diffusion within the membrane porous support layer
(K) was defined as:

tt

K=—
eD,

where t, T, ¢, and D, are the membrane thickness, tortu-
osity, porosity, and the diffusion coefficient of the solute,
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Fig. 5. Scanning electron microscopy (SEM) images of cross-sections and surfaces of thin-film composite (TFC) membranes with
different casting thickness: 100 um (a), (d), and (g); 150 pum (b), (e), and (h); and 200 pm (c), (f), and (i).
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Fig. 6. Actual thickness of thin-film composite (TFC) membranes
with different casting thicknesses of PSf support layers.

respectively [1]. As discussed above, the membrane porosity
was related to the polymer concentration, and the PSf 15 was
chosen as an optimized support layer membrane. In this TFC
membrane synthesis, the membrane thickness increased as
the casting thickness increased. This change in porosity and
thickness increased the value of K.
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Fig. 7. Forward osmosis (FO) performance under the active
layer-feed solution (AL-FS) mode for a thin-film composite
(TFC) membrane.

Previous studies developed a general governing equa-
tion that demonstrated an inverse correlation between the
water flux and the K wvalue [32,33]. Other recent studies
also reported that the ICP caused declines in the water flux
[15,33]. Therefore, the changing trends in the water flux and
RSF for the synthesized TFC membranes occurred due to the
ICP and the changes in the membrane thickness. Based on
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this study, TFC membrane prepared by PSf 15 as a support
layer with casting thickness of 100 um (actual thickness:
62 um) could be proposed as an optimized TFC membrane
for FO applications.

4. Conclusion

the

The effect of fabrication parameters was investigated for
performance of PSf support layers and TFC membranes

operated in the FO mode. The following conclusions can be
drawn based on the results of this study:

The PSf polymer concentration in the dope solution and
the casting thickness for the PSf support layer were critical
factors. These influenced the support layer structure and
the resulting membrane performance in the FO mode.

A 15 wt% concentration of PSf polymer and 100 pum cast-
ing thickness were determined as optimal for preparation
of a PSf support layer for TFC FO membrane fabrication.
The results of this study could be utilized for the
basic fabrication of a commercial TFC FO membrane.
However, other studies of critical fabrication factors are
also necessary.
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