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A new scheme has been developed to fabricate high-performance forward osmosis
(FO) membranes through the interfacial polymerization reaction on porous polymeric
supports. p-Phenylenediamine and 1,3,5-trimesoylchloride were adopted as the mono-
mers for the in-situ polycondensation reaction to form a thin aromatic polyamide
selective layer of 150 nm in thickness on the substrate surface, a lab-made polyether-
sulfone (PES)/sulfonated polysulfone (SPSf)-alloyed porous membrane with enhanced
hydrophilicity. Under FO tests, the FO membrane achieved a higher water flux of 69.8
LMH when against deionized water and 25.2 LMH when against a model 3.5 wt %
NaCl solution under 5.0 M NaCl as the draw solution in the pressure-retarded osmosis
mode. The PES/SPSf thin-film-composite (TFC)-FO membrane has a smaller structural
parameter S of 238 um than those reported data. The morphology and topology of
substrates and TFC-FO membranes have been studied by means of atomic force
microscopy and scanning electronic microscopy. © 2011 American Institute of Chemical
Engineers AIChE J, 58: 770-781, 2012
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Introduction

Nowadays, fresh water scarcity is perhaps the most serious
constraint to sustainable development, particularly in drought-
prone and environmentally polluted areas. To solve or allevi-
ate the global water scarcity problem, tremendous efforts
have been made to identify novel technologies for seawater
desalination and wastewater reclamation at reduced energy
consumptions.' Membrane-based separation processes have
advantages of avoiding thermally imposed efficiency limita-
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tions on heat consumption compared to thermal-based separa-
tion processes. There are distinguished different driving
forces to accomplish various membrane separations. For
example, the reverse osmosis (RO) polymeric membrane for
desalination uses high-hydraulic pressures as the driving
force. Recently, the forward (direct) osmosis (FO) process,
which uses osmotic pressures as the driving force, represents
an emerging membrane technology. The unique characteris-
tics of no or low-hydraulic pressure operation in FO processes
have attracted considerable attentions in various fields includ-
ing wastewater ‘[reatment,3’4 seawater desalination,s‘8 pharma-
ceutical and juice concentration,”'’ power generation,
and protein enrichment.'*
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In an FO process, the osmotic pressure gradient between
the concentrated draw solution and the saline feed supplies a
spontaneous driving force for water transport.'> The osmotic
pressures provided in FO can be significantly higher than
hydraulic pressures used in RO as the driving force, subse-
quently resulting in a higher theoretical water flux. More-
over, FO may offer the advantages of higher rejections to a
wide range of contaminants and lower membrane-fouling
propensities compared to traditional pressure-driven mem-
brane processes.“’16F19 However, a fundamental hurdle that
deters the successful implementation of this innovative pro-
cess is the lack of tailored membranes with the appropriate
separation performance.

Similar to the RO process, the FO process utilizes semi-
permeable membranes to induce separating water from dis-
solved solutes. To develop these polymeric semipermeable
membranes, mainly two different fabrication techniques have
been adopted: (1) asymmetric membranes made by the non-
solvent induced wet-phase inversion approach,”>** and (2)
thin-film-composite (TFC) membranes made by interfacial
polymerization (IP).?*"*® TFC membranes made of aromatic
polyamide (PA) have dominated RO membrane develop-
ment, as it was invented in 1970s.2°3 TFC membranes are
synthesized via the in situ IP reaction between two monomer
solutions; namely, an aqueous polyfunctional amine solution
and a polyfunctional acyl chloride dissolved in an apolar
organic solvent. Because of the solubility preference of
monomers in two different phases, immiscibility between the
organic and aqueous phases, and extremely rapid reaction,
the IP generally produces a defect-free ultrathin film on the
organic side near the interface. The intrinsic characteristics
of this polycondensation reaction are self-sealing and self-
terminating due to the growing resistance of the self-cultured
PA film because of polycondensation, thus, prohibiting any
further diffusion of amine.® Compared to the conventional
cellulose acetate-based asymmetric membranes, the TFC
membranes have superior advantages such as higher water
permeability, greater solute rejection, and nonbiodegradabil-
ity. The high-water flux of TFC-FO membranes can be
partially attributed to the high-hydrophilicity of aromatic
PAs, which consist of the carboxylic acid structure due to
the hydrolysis of the acyl chloride groups.*’—*

The desired FO membranes should have characteristics of
high-water permeability, low-solute permeability, and pos-
sess an ultrathin active layer supported by a relatively thin
and fully porous hydrophilic substrate for minimizing the
effect of internal concentration polarization (ICP). Because
the IP reaction is fast and self-limiting, the resultant hydro-
philic PA active layer is ultrathin, developing at the interface
between two immiscible solutions of the organic and the
aqueous phases. Although TFC membranes developed
through IP are applicable to be used as FO membranes,*” the
fabrication schemes via IP to design RO and FO membranes
may be quite different. The major differences between RO
and FO membranes are their requirements for the membrane
support. In the fabrication of RO membranes, one major
consideration is the mechanical robustness of the porous sup-
port layer to withstand high-pressures of up to 60—100 bar,
whereas FO is generally conducted under low or no pres-
sures. As a result, the support layer for RO membranes is
usually thick, hydrophobic and has a relatively low-porosity
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to withstand high-transmembrane pressures. The commer-
cially available TFC RO membranes are fabricated through
IP over a hydrophobic polysulfone (PSf) porous substrate
supported by a nonwoven fabric. The thick hydrophobic
support layer designed for RO may not be desirable for the
FO application. When using conventional RO membranes in
FO processes, a much lower water flux is obtained in the
forward osmosis mode (referred as FO where the porous
support layer is against the draw solution) compared to the
pressure-retarded osmosis mode (referred as PRO where the
dense active layer against the draw solution). This phenom-
enon is attributed to the occurrence of adverse ICP within
the porous support layer. This ICP is different from the
external concentration polarization (ECP) encountered in the
pressure driven membrane processes.”' ¢ It results in a
sharp concentration gradient formed within the porous sup-
port layer. Moreover, the most serious fact is that the ICP
within the membrane porous support cannot be eliminated
by enhancing the cross-flow velocity and turbulence along
the membrane surface. In addition, because FO membranes
must contact two feed fluids simultaneously, which is differ-
ent from RO processes (where only the active layer contacts
the feed solution under pressure), the substrate physicochem-
ical properties (hydrophilicity, porosity, pore size, pore-size
distribution, and substructure resistance) play much more im-
portant roles on the resultant membrane performance. During
the FO process, water transport through the semipermeable
membrane is based on the solution-diffusion mechanism,
while water and solutes in the feed and draw solutions
diffuse within the porous support layer. Therefore, a highly
porous support with enhanced hydrophilicity and thin thick-
ness may facilitate the transport of water and solute and,
thus, decrease ICP and membrane fouling.

In addition, the physicochemical properties of substrates
play key factors in determining the formation, morphology,
and performance of TFC-FO membranes. They affect the
rate and the amount of phenylenediamine (PDA) diffusion to
the reaction interface, thus, controlling the breadth of the
reaction interface, the extent of IP reaction, and the PA layer
thickness formed inside the pores. A hydrophilicity enhanced
substrate may improve the binding between the PA layer and
the substrate. However, hydrophilic substrates made from the
addition of polyethylene glycol (PEG) and polyvinylpyrroli-
done (PVP) into PSf appear to produce less permeable TFC
RO membranes compared to hydrophobic PSf substrates,
which is due to more PA formed inside the pores.40 In addi-
tion, the water-soluble additives may swell and get washed
away from the membrane matrix during long-time opera-
tions, which will influence the membrane stability. Introduc-
ing an amount of sulfonated polymer into the membrane ma-
trix may adjust the hydrophilicity of the substrate and main-
tain the membrane long-term stability.

In this work, two kinds of membrane substrates, a com-
mercial proprietary PVDF membrane and a lab-made polye-
thersulfone (PES)/sulfonated polysulfone (SPSf) porous
membrane were used as the substrates for the fabrication of
TFC-FO membranes via the IP reaction between p-phenyl-
enediamine (PPDA) and trimesoyl chloride (TMC), as shown
in Fig. 1. Seldom have studies been conducted on this mono-
mer pair in TFC-FO membrane fabrication, and no one has
used them for fabricating TFC-FO membranes. Different
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Figure 1. Scheme of IP reaction to form thin-film-composite PA membrane.

from previous approaches using low-molecular weight PEG
and PVP,** a water insolvable but relatively hydrophilic
SPSf was blended with PES to enhance the substrate wett-
ability and long-term stability. For comparison, an asymmet-
ric PES substrate was synthesized to fabricate PES TFC-FO
membranes via the IP reaction under the same conditions.
The effects of TFC-FO membrane structure on water and
salt transports were investigated for water reuse and seawater
desalination in FO processes. The transport intrinsic parame-
ters of resultant TFC-FO membranes were determined
through the hydraulic pressure-driven RO tests under low-
pressures. It is believed that the fundamental study of mem-
brane substrate and its effects on membrane formation and
FO performance may elucidate important features of the IP
reaction for the fabrication and optimization of TFC-FO
membranes.

Experimental
Materials and PES/SPSf substrate fabrication

PPDA (>99%) and 1,3,5-benzenetricarbonyl trichloride
(TMC, 98%) purchased from Sigma-Aldrich, were used as
received. A commercial hydrophilic DURAPORE polyvinyli-
dene fluoride (PVDF) filter with a pore size of 0.1 um was
used as the substrate (Millipore). The hydrophilic PVDF
membrane was probably made by grafting hydroxyalkyl
acrylate or methacrylate monomers upon a porous PVDF
membrane so that the resultant membrane has a hydrophilic
surface and inner pore walls.*” PES [15.4% (w/v)] (Radel A,
Solvay) and 2.2% (w/v) SPSf [lab-made with the ion-
exchange capacities of 0.65 mEq g~ '] were dissolved in N-
methyl-2-pyrrolidone (NMP, >99.5%, Merck, Germany)
with 12.4 wt % diethylene glycol (DG, AR grade, Merck,
Germany) to form the casting solution. The PES/SPSf-
alloyed substrate was prepared by the Loeb-Sourirajan wet-
phase inversion method. The casting solution was cast on a
flat glass plate, followed by immersing it into a mixture of
NMP/water (50/50 wt %) to form a porous substrate with a
thickness of 60-100 pum. After being peeled off from the
glass plate, the resultant membrane was rinsed with tap
water for 6 h to remove the residual solvents. The selective
top skin layer was formed during the phase inversion. An
asymmetric PES substrate was synthesized from the dope of
PES/NMP/DG 17.5/70.1/12.4 wt % according to the same
procedure. Heptane (99%) and sodium chloride (NaCl,
99.5%) were purchased from Merck, Germany. The deion-
ized (DI) water used in experiments was produced by a
Milli-Q unit (Millipore) with a resistivity of 18 MQ cm.
PVP (Acros Organics, NJ) with different molecular weights
was used to measure the pore size of membrane substrates
through the solute transport method.
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Formation of TFC polyamide membranes

The TFC-FO PA membranes were fabricated by first
immersing the PVDF, PES, or PES/SPSf membrane sub-
strates in an aqueous 2.0% (w/v) PPDA solution for 120 s.
Note that only one side of substrates was in contact with the
PPDA solution. After extracting from the solution, excess
PPDA drops were removed from the support surface by tis-
sue paper followed by blowing with air. Then a solution of
0.15% (w/v) TMC in heptane was poured on the surface of
the PPDA-soaked membrane substrate for 30 s, which leads
to the formation of an ultrathin PA film over the substrate.
The resultant composite membrane was washed with ethanol
to remove organic solvent residues and dried in air at 25°C
for 30 min and then thoroughly washed with DI water to
remove residual PPDA, and stored in DI water for further
characterization. There was no thermal treatment or curing
on the resultant composite membrane to prevent the mem-
brane from dehydration, which may result in air bubbles
trapped inside the membrane support layer.

Morphology and topology of substrates and TFC
polyamide membranes

The membrane morphology was observed by a field emis-
sion scanning electronic microscope (FESEM, JEOL JSM-
6700). The dry membrane samples (dried by a freeze dryer,
ModulyoD, Thermo Electron Corporation) were fractured in
liquid nitrogen. The membrane surface topology was exam-
ined using a Nanoscope IIla atomic force microscope (AFM)
from Digital Instruments. Small samples of the dried mem-
branes (~0.5 sz) were glued on a metal substrate. For each
membrane sample, an area of 2 X 2 ,um2 or5 x5 ,um2 was
scanned at a rate of 1 Hz using the tapping mode. Various
roughness parameters such as the mean roughness (R,), root
mean-square Z values (R,,s), and maximum vertical distance
between the highest and lowest data points (R ,,,) were used
to quantify the surface topology of membranes, which were
determined from the averages of at least 10 sections of three
samples.

Pore size and pore-size distribution of PES/SPSf
membrane substrates

The pore size and pore-size distribution of PES and PES/
SPSf membrane substrates were characterized by solute
rejection experiments.*®*’ Generally, the solute rejections
against PVPs with different molecular weights were tested
under a hydraulic pressure of 5.0 bar. The solute diameter dj
is related to the molecular weight (My) as described in the
following equation:

March 2012 Vol. 58, No. 3 AIChE Journal



Table 1. Substrate Properties of PVDF Filter, PES, and PES/SPSf Substrates

Water Geometric
Membrane Permeability, Mean Pore MWCO Standard
Substrates A (L m 2 h7! bar ) Size, d,, (nm) (kDa) Deviation, o, Porosity, ¢, Contact angle, °
PVDF filter 2542.4 100* - - 0.895 Immediate wetting
PES substrate 4114 12.8 211.6 1.65 0.815 78.5 + 1.8
PES/SPSf substrate 505.2 15.9 150.2 1.16 0.833 735+ 1.9

*From Millipore supplier.
d, = 1.68 x 1072 % Mf:,‘593 ) 1000 ppm NaCl based on conductivity measurements of the

When the solute rejection R is plotted versus ds on log-
normal probability paper, a straight line is yielded, and the
mean effective pore size d, in diameter is determined at R,
= 50%, and the geometric standard deviation o, is found as
the ratio of d; at R = 84.13% and 50.0%. Then, the pore-
size distribution of the membrane can be obtained. The com-
parison between different substrates was listed in Table 1.

Membrane porosity &

To measure the membrane porosity, wet membranes were
extracted from the water bath followed by careful and quick
removal of excess water on the surface by tissue paper. The
wet membranes were then weighed (m;, g), freeze dried
overnight, and reweighed (m,, g). The water content is, thus,
calculated as m; — m,, and the dry weight of the membrane
is my. As the densities of both water (p,, 1.00 g cm ™),
PVDF (p,, 1.77 g cm ) and PES (pp, 137 g cm73) are
known from suppliers, the overall porosity ¢ (%) of mem-
brane is then obtained as follows:

g m=—m)lpy 6, )

(ml - mz)/pw + mz/pp

Water contact angle of membrane substrates
and TFC-FO membranes

For the evaluation of membrane hydrophilicity, contact
angles of freeze-dried PES, PES/SPSf membrane substrates,
and TFC-FO membranes were measured by a Contact Angle
Geniometer (Rame Hart) using Milli-Q DI water as the
probe liquid at 22 4+ 0.5°C. To minimize the experimental
error, the contact angle was randomly measured at six differ-
ent locations for each sample, and the average was reported.

Mass transport characteristics of TFC-FO membranes

The water permeability and salt permeability of TFC-FO
membranes were determined by testing the membranes under
the RO mode. The filtration apparatus used is a stainless
steel dead-end stirred cell resting on a magnetic stir plate.
The feed chamber was pressurized by nitrogen gas. The
filtration cell has a capacity of 0.350 L and effective mem-
brane area of 19.5 cm”. All tests are conducted at room-tem-
perature (25°C). The water permeability coefficient (A) was
obtained from the pure water permeation flux under the
applied transmembrane pressures of O ~ 5.0 bar. The salt
rejection (Rs) was determined using a feed water containing

AIChE Journal March 2012 Vol. 58, No. 3

Published on behalf of the AIChE

permeate and feed. The salt permeability coefficient (B),
which is the intrinsic property of a membrane to retain salt,
was determined based on the solution-diffusion theory:“’so’51

1 —R; B

R,  A(AP—An) )

where AP and An are the pressure difference and osmotic
pressure difference across the membrane, respectively.

Water flux through forward osmosis tests

FO experiments were conducted on a lab-scale crossflow
filtration unit, as shown in Fig. 2. The crossflow permeation
cell was a plate-and-frame design with a rectangular channel
(8.0 cm in length, 2.0 cm in width, and 0.28 cm in height)
on each side of the membrane. There is no spacer in the
flow channels. The flow velocities of solutions during the
FO testing were kept at 0.26 L min~' (corresponding to a
linear velocity of 8.3 cm s~ ') for both the feed and draw
solutions, which flowed cocurrently along the membrane.
The temperatures of the feed and draw solutions were

Flow: meter

Flat sheat
membrane module

Data acquisition

balance

Figure 2. Schematic diagram of the lab-scale FO set-
up (co-current flowing of feed and draw solu-
tions).

[Color Figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. Morphology of (a) PVDF substrate and (b) PVDF TFC-FO membrane via IP.

Bottom surface Top surface

Figure 4. Morphology of the PES/SPSf-alloyed membrane substrate.
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D. Bottom surface C. Top surface
Figure 5. Morphology of the PES/SPSf TFC-FO membrane.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. AFM of (a) PES/SPSf substrate and (b) PES/SPSf TFC-FO membrane.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 2. Surface Roughness of PES/SPSF Substrate and
PES/SPSf TFC-FO Membrane

Membranes R, (nm) R, (nm) R pax (nm)
PES/SPSf substrate  5.19 (£0.45)  7.04 (+0.56) 71.2 (£7.8)
PES/SPSf TFC-FO  44.1 (+3.9) 54.4 (£4.7) 366.2 (£23.5)

Note: R,, mean roughness; R, root mean square of Z values; R.x, maxi-
mum vertical distance between the highest and lowest data points. The values
in the brackets are standard deviation.

maintained at 22 + 0.5°C. NaCl solutions with different con-
centrations were prepared and used as the draw solutions. DI
water and concentrated NaCl solutions were used as the feed
solutions.

During FO tests, the dilution of the draw solution was
ignored, because the ratio of water permeation flux to the
volume of the draw solution was less than 2%. The mem-
branes were tested in two different operation modes. In the
PRO mode, the membrane selective layer formed during the
IP reaction was against the draw solution while in the FO
mode, the draw solution was in contact with the porous sup-
port layer. Each experiment was conducted for 30 min and
repeated three times.

The water permeation flux (/y, L m~2 h™!, abbreviated as
LMH) is calculated from the volume change of the feed or
draw solution,

Jy = “

where AV (L) is the volume of water that has permeated across
the membrane in a predetermined time Ar (h) during the FO
process and S, is the effective membrane surface area (m?).

When DI water was used as the feed, the reverse salt flux
(i.e., salt reverse diffusion) from the draw solution to the
feed was calculated by measuring the salt concentration in
the feed solution at the end of each experiment. The salt
concentration in the feed was determined by conductivity
measurement based on a calibration curve for the salt solu-
tion. Then, the reverse salt flux, /s in g m2h! (abbreviated

\N“ ) PES/SFPSI
WW— T — T

&

g

9

[

3

b=

g 1585.7can’!

5 N-H

E e : ) TFC-FO

R ITAY ' ey 8 o B LLL=_
LTI {
1074.5cm! II | 1670.4cm! 2353.7cm?! 3430¢m’!
50, c=0 S0, N-H

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber, m!
Figure 7. FTIR spectra of PES/SPSf substrate and TFC-

FO membranes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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as gMH), can be obtained by considering the increase in the
feed salt content as follows:

J = A(CWY) 3

SmAt
where C, and V, are the salt concentration and the volume of
the feed at the end of FO tests, respectively.
The water flux in FO processes can be modeled by the
following equations.''*! For PRO mode (selective layer
against the draw solution):

1 Anpy —Jy +B
Jy=—Ihh————— —— 6
Km  Ampy+ B ©®

For FO mode (selective layer against the feed):

1 Anpp + B
In

J = — _—
Y Knm Angm+Jy+B

@)

where 7p), and 7mg,, refer to the osmotic pressures in the
respective bulk draw solution and feed, np,,, and 7g,, are the
corresponding osmotic pressures on membrane surfaces in the
draw and feed solutions after considering the ECP effect,*>4°
and K, is the solute resistivity for diffusion within the porous
layer given by Eq. 8, involving salt diffusivity D, membrane
structural parameter S, membrane turtuosity 7, membrane
thickness /, and membrane porosity &:

Kn=—= (8)

Results and Discussion

Morphology and topology of membrane substrates and
TFC-FO membranes

From Fig. 3, the hydrophilic PVDF substrate has an
almost symmetric structure although the pore size on the top
surface is smaller than that on the bottom surface. The

0.20
E & PES substrate
e 015 4
E —&- PES/SPSfsubstrate
&
B 010
=
£
=
= 005
2
2
=
0.00

0 10 20 30 40 50

Pore radius, d; [nm]

Figure 8. Pore-size distribution of PES and PES/SPSf
membrane substrates.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 3. Transport Properties and Structure Parameters of PVDF-TFC and PES/SPSf -TFC FO Membranes

Water Permeability,
A[Lm ?h " bar!

Salt Permeability*,

Membranes (ms ' Pa )] B[Lm?h'ms "] K% (sm™ ) S (m)
PVDF TFC 0.82 (2.28 x 107'% 0.19 (5.28 x 107% 227 x 10° 329 x 1074
PES/SPSf TEC 0.77 (2.14 x 10713 0.11 (3.05 x 10°%) 1.86 x 10° 238 x 10°*

*1000 ppm NaCl as the feed solution in the RO test.
##2.0 M NaCl as the draw solution and DI water as feed in the FO mode.

overall porosity of this PVDF substrate is about 0.895, which
produces a very high pure water permeability of 2542.4
LMH bar'. After the IP reaction between PPDA and TMC
on the top surface, it is found that the top surface (contacting
with the aqueous PPDA solution) is not fully covered by the
PA layer although the surface becomes smoother. This may
be attributed to the fact that the pore on the top surface is
very big, which induces the IP reaction to take place inside
the membrane matrix. Because of the high-hydrophilicity of
this PVDF substrate, the aqueous PPDA solution may pene-
trate into the whole membrane and the IP reaction may even
happen on the bottom layer, which can be verified by the
decreased porosity in the bottom layer from scanning elec-
tronic microscopy images.

Fig. 4 shows the morphology of the lab-made PES/SPSf
substrate. It has an asymmetric membrane structure consist-
ing of a thin sponge-like top layer (1.2 + 0.1 um in thick-
ness), a porous middle layer full of finger-like macrovoids
(93,5 £ 7.5 pm in thickness) and a thin bottom layer
(~1.0 um in thickness). This structure is formed due to
the use of a mixed solvent/nonsolvent coagulant system
that facilitates the formation of a thin skin layer having
uniform pores and higher porosity. Very big pores inter-
connecting with finger-like macrovoids are observed on the
bottom surface that may mitigate ICP effects within the
porous substrate. Fig. 5 illustrates the top surface and
cross-section morphology after IP reaction. A thin active
PA layer with an average thickness of 150 nm is formed
in a ridge-and-valley morphology. This is the functional
dense-selective layer for separation. The bottom surface
exhibits little change of morphology, which verifies less IP
reaction happening.

From the two- and three-dimensional AFM images in
Fig. 6, it can be observed that the surface roughness has a
sharp increase after the IP reaction on the top surface of the
PES/SPSf substrate. The surface roughness parameters which
are expressed in terms of the mean roughness (R,), the root
mean square of the Z value (R.) and the mean difference
between the highest peaks and lowest valleys (Rp.x) are
given in Table 2. The mean-square surface roughness (Rs)
changes from 7.04 to 54.4 nm.

Characterization of PES, PES/SPSf substrates
and TFC-FO membranes

Fig. 7 shows FTIR spectra of the PES/SPSf-alloyed mem-
brane and the PES/SPSf TFC-FO membrane. It is noted that
the characteristic peaks of the symmetric stretching vibration
at 2353.7 cm™' and the asymmetric stretching vibration at
1074.5 cm™' appear for the sulfonic acid group. The wide
peak at 3400-3500 cm ' indicates the stretching vibration of
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the hydrogenation N—H band of TFC-FO membranes. Peaks
at 1585.7 cm ' are the stretching vibration of carbonyl
(N—H, amide II peak). Peaks at 1670.4 cm ™! indicate the
stretching vibration of carbonyl (C=0, amide I peak).’* The
PA —CO—NH— structure formed from an IP reaction
between PDA and TMC has a crosslinked portion and linear
moiety (Fig. 1). The crosslinked PA portion has free carbox-
ylic acid groups from the hydrolysis of unreacted acid chlo-
ride groups, which can enhance the hydrophilicity of TFC-
FO membranes and improve water permeability.’®*’~> The
performance and efficiency of the FO membrane primarily
depend on the nature of the selective layer composed of the
partially cross-linked aromatic PA.

Blending SPSf into the PES substrate has several effects.
It enhances the substrate hydrophilicity by lowering the con-
tact angle of PES from 78.6° to 73.5° with the addition of
2.2 wt % SPSf into the PES/SPSf-alloyed substrate. The
hydrophilic SPSf can alter the phase inversion path, modify
the substrate structure, and result in a thin dense top layer
and a porous support layer. The overall porosity of this PES/
SPSf substrate is about 0.833. The PES/SPSf substrate has a
pure water permeability of 505.2 LMH bar™ ' and a mean
pore size in diameter of 15.9 nm, which is consistent with
FESEM images of the top surface as shown in Fig. 4. Its
molecular weight cut-off is about 150.2 kDa. Compared with
the hydrophilic PVDF substrate, the PES/SPSf substrate
has a smaller pore size and surface porosity, subsequently
lower water permeability. The fabricated asymmetric PES
substrate has a smaller mean pore size of 12.8 nm in diame-
ter but a wide pore-size distribution, as shown Fig. 8. As a
result, the PES substrate has a lower water permeability of
411.4 LMH bar™".

Water permeability coefficient and salt permeability
coefficient

Table 3 summarizes the membrane separation properties,
i.e., water permeability coefficient A and salt permeability
coefficient B, of these TFC-FO membranes under pressure.
The pure water permeability of the PVDF TFC-FO mem-
brane is slightly higher than that of the PES/SPSf TFC-FO

Table 4. Salt Rejections of PES/SPSf TFC Membranes
Under Pressures

Salt* Salt Rejection (%) Pressure (bar)
NaCl 93.5 5.0
NaCl 96.5 10.0
MgCl, 96.6 5.0
MgSO, 97.8 5.0

#1000 ppm salt as the feed solution in the RO test.
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Figure 9. Water permeation flux and reverse salt flux through PVDF TFC membrane against NaCl concentration in

draw solution.

Experimental conditions; crossflow velocity and temperature of both feed and draw solutions of 8.3 cm s~ ' and 22 + 0.5 °C, respectively.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

membrane (i.e., 0.82 vs. 0.77 LMH barfl), but the former
has a higher NaCl salt permeability than the latter (0.19 vs.
0.11 LMH). In addition, the TFC membrane shows higher
rejections against divalent ions (MgCl,, MgSQO,) and lower
rejection against monovalent ions (NaCl), as listed in Table
4. The salt rejection increases with an increase in transmem-
brane pressure. The structural parameters of PES/SPSf and
TFC-FO membranes are determined by fitting the experi-
mental data of Figs. 9 and 10 into Eq. 7, respectively, and
their values are lower than reported data,”®?’ indicating a
lower ICP effect in the support layer.

Water flux through the TFC-FO membranes

Fig. 9 shows the water fluxes of TFC-FO membranes
derived from the PVDF substrate using concentrated NaCl
solutions as draw solutions and DI water as the feed
solution. The water flux increases with an increase in draw
solution concentration because a larger effective osmotic

75
9
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2 e
o
é ] L
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Draw solution concentration, M (NaCl)

pressure provides a greater driving force. Water fluxes of
50.0 LMH and 32.4 LMH for PRO and FO modes, respec-
tively, are achieved under 5.0 M NaCl as the draw solution.
The water flux in the PRO mode is much higher than that in
the FO mode, which is attributed to the serious ICP within
the porous layer. However, the water flux versus salt concen-
tration deviates from linearity due to the decreased effective
driving force, especially at higher salt concentrations. The
reduction in the effective driving force may be resulted from
two factors, i.e., severer dilutive ECP within the boundary
layer at the membrane surface and ICP within the support
layer due to the salt leakage from the draw solution to the
feed. The reverse salt fluxes observed under PRO and FO
modes also increase with increasing draw solution concentra-
tion, and reach 23.2 and 16.7 gMH, respectively, under 5.0
M NaCl as the draw solution.

Fig. 10 shows the water flux of the TFC-FO membrane
derived from the PES/SPSf substrate. The water flux exhibits
the same trend as the PVDF TFC-FO membrane but with a
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Figure 10. Water permeation flux and reverse salt flux through PES/SPSf TFC-FO membrane against NaCl concen-

tration in draw solution.

Experimental conditions: Feed: DI water; crossflow velocity and temperature of both feed and draw solutions of 8.3 cm s~ ' and 22 =+
0.5 °C, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Effect of feed NaCl concentration on water
permeation flux through the PES/SPSf TFC-
FO membrane.

Experimental conditions: draw solution: 2.0 M NaCl;
crossflow velocity and temperature of both feed and draw
solutions of 8.3 cm s~' and 22 + 0.5 °C. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

much higher water permeability and lower salt permeability.
Water fluxes of 47.5 and 69.8 LMH are achieved under the
PRO mode using 2.0 and 5.0 M NaCl as the draw solution,
respectively. In addition, the water flux difference between
PRO and FO modes become larger compared to that of the
PVDF TFC-FO membrane. This may be attributed to the
totally different substrate structures. The PVDF substrate has
an almost symmetric structure but the PES/SPSF substrate
has an asymmetric structure. Moreover, because the selective
layer of the PVDF TFC-FO membrane is located underneath
the surface as indicated in Fig. 4, the extra ICP occurs in the
porous surface layer above the selective layer of the PVDF
TFC-FO membrane at the draw solution side. On the other
hand, the selective layer of the PES/SPSf TFC-FO mem-
brane is located on the top surface, which can mitigate the
ICP effect in the PRO mode although cannot eliminate the
ICP effect due to the salt leakage. As a result, PVDF TFC
membrane has a higher Km value than PES/SPSf TFC mem-
brane. In the FO mode, the water flux levels off after NaCl

+ PRO Feed: 3.5 wt% NaCl

4 FO

50

30

Water flux, LMH

20

0 1 2 3 -

Draw solution concentration, M (NaCl)

Figure 12. Water permeation flux against NaCl concen-
tration in draw solution.

Experimental conditions: Feed: 3.5 wt % NaCl; crossflow
velocity and temperature of both feed and draw solutions
of 83 cm s ' and 22 4 0.5 °C, respectively. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

draw solution increases to 2.5 M. The ICP within the porous
bottom layer is the main reason for the less increase in water
flux at higher concentrations of draw solution. The reverse
salt flux in the FO mode is much less than that in the PRO
mode and shows no increment after 2.5 M NaCl as the draw
solution due to the increased salt diffusion resistance within
the porous support layer. The water flux of PES/SPSf TFC-
FO membrane is over three orders of magnitude higher than
the reverse salt flux for the corresponding draw solution
used in the FO process.

The TFC-FO membrane fabricated from the control PES
substrate has lower water fluxes of 32.8 and 21.3 LMH, but
higher salt leakages of 44.7 and 36.5 gMH in the PRO and
FO modes, respectively, under 2.0 M NaCl as the draw
solution. The higher salt leakages may be due to the wide
pore-size distribution of the PES substrate where larger pores
cannot be completely covered by the PA layer. In addition,
nonuniform dispersion of PPDA solution on the less hydro-
philic PES substrate surface with a wide pore-size distribu-
tion and many larger pores may be another reason to
produce defects on the subsequent TFC-FO membrane.

Table 5. Comparison of FO Membrane Performance

Reverse Salt

Water Flux (PRO/FO) Flux (PRO/FO) Draw
Membranes Lm>2hh (g m2hh Solution Feed References
PES/SPSt TFC FO 24.1/13.0 4.5/3.6 0.5 M NaCl DI water This work
PES/SPSf TFC FO 47.5/26.0 12.4/8.3 2.0 M NaCl DI water This work
PES/SPSf TFC FO 12.7/11.8 - 2.0 M NaCl 3.5 wt % NaCl This work
#B-FO hollow fiber 32.2/13.5 3.5/1.8 0.5 M NaCl DI water 26
#B-FO hollow fiber 46.0/22.5 4.4/2.5 2.0 M NaCl DI water 26
TFC FO flat sheet 18.0 (FO) - 1.5 M NaCl DI water 27
#C-FO hollow fiber 42.6/18.5 4.0/1.5 0.5 M NaCl DI water 28
#C-FO hollow fiber 68.0/29.5 5.8/2.6 2.0 M NaCl DI water 28
#C-FO hollow fiber 12.4/12.4 - 2.0 M NaCl 3.5 wt % NaCl 28
HTI flat sheet membrane 18.6 (PRO) - 0.5 M NaCl DI water 43
HTI flat sheet membrane 13.0 (FO) 10.5 2.0 M NaCl DI water 54
HTT flat sheet membrane 11.2 (PRO) - 2.0 M NaCl 3.5 wt % NaCl 44

*Forward osmosis experiment conducted at 20-25°C. PRO/FO in bracket: pressure-retarded osmosis mode/forward osmosis mode.
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Water flux against concentrated NaCl solutions as the
feed

Fig. 11 shows that the water flux decreases when replac-
ing DI water by concentrated NaCl solutions as the feed.
Interestingly, the water flux difference between PRO and FO
modes becomes less gradually with an increase in feed con-
centration. This demonstrates that the ICP within the porous
substrate layer in the feed or draw solution side becomes the
main resistance to water transport.54 When using the model
3.5 wt % NaCl solution as the feed, Fig. 12 shows the water
transport performance as a function of NaCl concentration in
draw solutions under different membrane orientations. Water
fluxes of 12.7 LMH (PRO mode) and 11.8 LMH (FO mode)
are obtained under 2.0 M NaCl as the draw solution, which
is similar to the reported TFC-FO membranes as listed in
Table 5. The water flux difference between PRO and FO
modes during seawater desalination is reduced compared to
that when DI water is used as the feed solution. This is due
to the reduction in overall osmotic pressure difference
because of the use of 3.5 wt % NaCl as the feed solution.
Moreover, because the concentration polarization, whether
internal or external, is a function of water permeation flux
and effective mass-transfer coefficient, the reduced water
flux will mitigate the concentration polarization, which
reduces the difference between PRO and FO modes under
the same draw solution.

Conclusions

We have developed high-flux TFC-FO membranes with
the aid of IP on a porous polymeric support with enhanced
hydrophilicity and tailored structure. PPDA and 1,3,5-trimes-
oylchloride are the monomers for the thin-film polyconden-
sation reaction to form a thin aromatic PA selective layer on
the substrate. Two kinds of substrates, a commercial proprie-
tary PVDF support with the nominal pore diameter of
100 nm and a lab-made PES/SPSf-alloyed porous membrane
with a mean pore size of 15.9 nm in diameter, are used to
investigate the effect of substrate structure on the perform-
ance of TFC-FO membranes. It is found that the IP reaction
cannot cover larger surface pores, which may result in a
lower water flux due to the ICP effect within the porous
layer. The formation of TFC-FO membrane on the hydrophi-
licly modified PES/SPSf substrate exhibits a high-water flux
in the FO process. It has a water flux of 69.8 LMH under
5.0 M NaCl as the draw solution and DI water as the feed in
the PRO mode. The water flux decreases to 25.2 LMH in
seawater desalination (i.e., 3.5 wt % NaCl solution) under
the same draw solution concentration. The TFC-FO PA
membrane can be fabricated on the PES/SPSf membrane
without post-treatments using thermal annealing to spare
extra cost and complicity. Further improving the substrate
substructure and IP reaction parameters may enhance the
water permeability and reduce the ICP effect within the po-
rous layer.
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Nomenclature

A = water permeability, L m 2 h™' bar™'

B = salt permeability, Lm > h '
C; = salt concentration, mol L!
dp = pore diameter, nm
dy = solute diameter, nm
D, = diffusion coefficient of salt in the membrane substrate, m?>
S
ECP = external concentration polarization
FO = forward osmosis
ICP = internal concentration polarization
IP = interfacial polymerization
Js = reverse salt flux, g m 2 h”!
J = water flux, L m2h!
k = water transport coefficient, m s
k, = mass-transfer coefficient, m g1
kp = mass-transfer coefficient, m st
K., = solute diffusion resistivity within the porous layer, s m~
| = thickness, m
m = membrane weight, g
MWCO = molecular weight cut-off, kDa
P = pressure, bar
PRO = pressure-retarded osmosis
R
S

1

= solute rejection
= membrane structural parameter, m
S, = effective membrane surface area, m>
TFC = thin-film-composite
At = operation time interval, h
AV = water permeation volume, L
volume of the feed at a time interval of Az, L
= porosity
= osmotic pressure, bar
material density, g cm >
= geometric standard deviation
= turtuosity

=
I

A Q9™ 3 o
Il

Subscripts

b = bulk solution

D = draw solution side

F = feed solution side

i = inside of the active layer within the porous support
m = membrane

s = solute
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