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An amphiphilic graft copolymer, consisting of a polysulfone (PSf) main chain and poly(n-isopropylacrylamide)
(PNIPM) grafts, was synthesized via a combination of atom transfer radical polymerization and click chemis-
try. The copolymer’s structure characteristics (PNIPM length and content) substantially impacts membrane
morphology and performance, and were optimized firstly. The resulting copolymer PSf-g-PNIPM with the best
characteristics was used as an additive in the fabrication of PSf porous substrates by phase inversion. The effect of
the graft copolymer on the physicochemical characteristics and performance of PSf substrate was thoroughly
studied. The pure water permeability displays a temperature dependency for PSf substrates with 20 wt% PSf-g-
PNIPM, with the maximum above the LCST of the PNIPM side chains. Thin film composite membranes formed on
these substrates via interfacial polymerization show a significantly improved water flux during forward osmosis
operation. The morphology and performance of the PSf-g-PNIPM modified substrate can be further tuned by the

casting medium temperature. Membranes formed below the LCST show higher porosity and water flux.

1. Introduction

Freshwater shortage is a serious challenge that worsens by climate
change, increasing population and urbanization [1]. Hence, advanced
technologies are required to overcome this issue. Recently, forward
osmosis (FO) as an energy-efficient membrane technology has received
increased attention [2,3]. FO uses natural osmotic pressure to drive the
separation process, which leads to lower membrane fouling, equipment
cost, and energy consumption than conventional pressure driven
membrane process [4-8]. However, internal concentration polarization
(ICP) is still a critical challenge for FO processes [9,10]. ICP mostly
happens within the substrate of thin film composite (TFC) membranes
and lowers the overall FO membrane performance via reducing the local
osmotic pressure difference across the membrane [6]. The intensity of
ICP can be estimated by the structural parameter, S (pm), which is
defined as:
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Where ¢, 1, and | represent the porosity, tortuosity, and thickness of the
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substrate. A smaller S parameter directs lower ICP effects [11,12]. To
lower the S parameter, the ideal substrate should have high porosity,
minimal tortuosity, and a low thickness [13]. Huge research efforts have
been devoted to reducing ICP and its destructive effects on the FO
process, including embedding nanomaterials to enhance water transport
and blending hydrophilic polymers to produce a highly hydrophilic and
porous structure [14-17]. These modified substrates make TFC mem-
branes more permeable. Using these strategies, different substrates for
TFC membranes have been fabricated from hydrophilic polymers such
as polyacrylic acid/polyethersulfone (PES) [18], sulfonated poly-
sulphone (SPSf)/polyvinyl chloride (PVC) [5], polyvinyl benzimidazo-
le/PVC [19], or inorganic nanomaterials such as layered double
hydroxide/PSf [20], halloysite nanotube/PSf [21] and zeolite/PES [22].
Some reported membrane formulations still face challenges due to the
incompatibility between the hydrophilic materials and the hydrophobic
support layer polymers [23]. This issue can be solve using amphiphilic
graft copolymers, which possess both hydrophilic and hydrophobic
segments. The hydrophilic segments present the desired hydrophilicity,
while the hydrophobic segments improve the support layer’s compati-
bility and stability [23-25].

The current work aims to prepare a hydrophilic and porous substrate
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Abbreviations

AFM Atomic force microscopy
ATR-FTIR Attenuated total reflectance Fourier transform infrared

ATRP Atom transfer radical polymerization
CPSf Chloromethylated polysulfone

DI Deionized

DP Degree of polymerization

DS Draw solution

FO Forward osmosis

FS Feed solution

ICP Internal concentration polymerization
1P Interfacial polymerization

LCST Lower critical solution temperature

MPD m-phenylenediamine
NaCl sodium chloride
NMP N-methyl pyrrolidone

PA Polyamide

NIPM n-isopropylacrylamide

NIPS Non-solvent-induced phase separation
n-ST Non-solvent temperature

PBiB Propargyl 2-bromoisobutyrate

PDETA N,N,N’,N’,N”-pentamethyl diethylene triamine
PES Polyethersulfone
PSf Polysulfone

PVC Polyvinyl chloride
PWP Pure water permeability

RO Reverse osmosis

SEM Scan electron microscopy
TEFC Thin-film composite

TGA Thermogravimetric analysis

THF Tetrahydrofuran
TMC 1,3,5-trimesoyl chloride
WCA Water contact angle

for TFC-FO membranes using an amphiphilic copolymer additive strat-
egy. Given that graft copolymers with a large excluded volume should
segregate more easily than a block or random copolymer [26], we chose
polysulfone-graft-poly(n-isopropylacrylamide) (PSf-g-PNIPM) as an
amphiphilic graft copolymer to modify PSf substrates. This graft
copolymer was synthesized by atom transfer radical polymerization
(ATRP) of NIPAM monomer using an alkyne functionalized propargyl
2-bromoisobutyrate (PBiB) initiator. The alkyne terminated PNIPM was
grafted on the azide-functionalized PSf polymer backbone by click re-
action. PSf was chosen as the main polymer due to its miscibility and
compatibility with the substrate base polymer, which should increase
the final substrate’s stability. PNIPM was also used as a graft because the
stretching/coiling conformation changes of PNIPM chains around their
lower critical solution temperature (LCST, ~32 °C) providing additional
control of the membrane morphology following phase inversion. The
sublayer was fabricated by non-solvent-induced phase separation (NIPS)
of PSf/PSf-g-NIPAM solution blends. Interfacial polymerization (IP) was
performed on top of these supports to form a thin polyamide (PA) layer.
The effect of the PSf/PSf-g-NIPAM mass ratio on the hydrophilicity,
porosity and separation performance of the resulting TFC-FO mem-
branes was investigated.

2. Experimental
2.1. Materials

Chloromethylated PSf (CPSf) and PSf-N3 were synthesized by
chloromethylation and following azide functionalization of PSf (Ultra-
son S6010, BASF), based on Ref. [27]. N-methyl-2-pyrrolidone (Merck,
NMP, 98%) was used as PSf and graft copolymers solvent. N-Iso-
propylacrylamide (Sigma  Aldrich, NIPM, 98%), N,N,N’,N’,
N”-pentamethyl diethylene triamine (Merck, PMDETA, 98%), copper (I)
chloride (Sigma Aldrich, 99%), tetrahydrofuran (Merck, THF, 99%),
diethyl ether (Merck, 99%), and 2-propanol (Merck, 99%) were used for
the synthesis of PNIPM via ATRP reaction. PBiB as alkyne functionalized
ATRP initiator was synthesized similarly to our previously reported
works [27]. NaCl (Iran Mineral Salt Company) was used as draw agent in
FO and feed solution in RO tests. IP reaction was done using trimesoyl
chloride (Merck, TMC, 98%) and m-phenylenediamine (Merck, MPD, >
99%) monomers.

2.2. Synthesis of alkyne-terminated PNIPM homopolymer (alkynyl-
PNIPM)

The typical synthesis of PNIPM homopolymer capped with an alkyne

group was performed as follows. To a 25 mL round bottom flask, NIPM
(2 g, 18 mmol), PMDETA (0.03 g, 0.18 mmol) and PBiB (0.04 g, 0.18
mmol) were dissolved in 12 mL of 2-propanol. Under a nitrogen atmo-
sphere, CuCl (0.009 g, 0.09 mmol) was added and the mixture was
stirred for a specific time (8, 12, 16 h) at 80 °C. The reaction was then
diluted with THF and the mixture was passed through an alumina col-
umn to remove the catalyst. After most of the THF was removed using
rotary evaporation, the residual was precipitated in an excess of diethyl
ether. The precipitate was isolated by filtration and dried under a vac-
uum. The as-synthesized polymers were denoted as PNIPM-8, PNIPM-
12, PNIPM-16 based on the ATRP reaction time. The degree of poly-
merization (DP) was obtained by H NMR analysis, and the results are
shown in Table 1.

2.3. Synthesis of the PSf-g-PNIPM graft copolymers

Graft copolymers with different side-chain lengths and graft ratios
were synthesized via the click reaction method described in another
research [23,27]. The characteristics of synthesized graft copolymers is
summarized in Table 1. The as-synthesized graft copolymers were
denoted as PSf—g—PNIPM§ (t represent the ATRP reaction time and x
represent the PSf/PNIPM ratio).

2.4. Preparation of the porous membrane substrates

The membrane substrates were prepared using the NIPS technique.
Typically, PSf and PSf-g-PNIPM (15 wt%) were dissolved in the NMP
(85 wt%) by stirring at 50 °C for 8 h and then degassed at room tem-
perature. The PSf/PSf-g-PNIPM solution was then poured onto a clean
glass plate and spread using a film applicator with a gate height of 100
pm. The glass plate was immediately immersed into the non-solvent (DI
water) coagulation bath to initiate phase separation. The fabricated
substrates were then kept in DI water to remove the residual solvent
while water was changed daily. The compositions of substrates are
tabulated in Table 2.

Table 1
Characteristics of synthesized PSf-g-PNIPM.

Graft copolymer DP of PNIPM PNIPM content (wt.%)
PSf-g-PNIPM}? 52 50
PSf-g-PNIPM3? 52 33
PSf-g-PNIPM32 52 25
PSf-g-PNIPM}? 52 20
PSf-g-PNIPM$ 28 25
PSf-g-PNIPM3® 72 25
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Table 2
Composition of fabricated substrates and resulting TFCs.

Substrate PSf-g-PNIPM type Total polymer (15 wt%) Resultant TFC
PSf-g-PNIPM PSf
M.0 - - 100 TFC-M.O
M.n5 PSf-g-PNIPM3? 5 95 TFC-M.n5
M.n10 PSf-g-PNIPM3? 10 90 TFC-M.n10
M.n15 PSf-g-PNIPM32 15 85 TFC-M.n15
M.n20 PSf-g-PNIPM3? 20 80 TFC-M.n20
M.n25 PSf-g-PNIPM3? 25 75 TFC-M.n25
M.s20 PSf-g-PNIPM$ 20 80 TFC-M.s20
M.120 PSf-g-PNIPM1® 20 80 TFC-M.120
M.d20 PSf-g-PNIPM}? 20 80 TFC-M.d20

2.5. Preparation of thin-film composite membranes

TFC membranes with different sublayers were fabricated by IP re-
action between TMC-organic and MPD-aqueous solutions at the top of
the porous membrane substrates. In brief, 2.0 wt% MPD aqueous solu-
tion was soaked into the PSf/PSf-PNIPM substrate for 120 s. Then the
excess monomer solution was removed using an air knife. To initiate
polymerization, the TMC-organic solution (0.1 wt% in n-hexane) was
gently poured on the MPD saturated surface and removed after 90 s.
Next, the membranes were thermally cured in an oven at 60 °C for 1 min.
Finally, they were rinsed thoroughly with water and stored in DI water.

2.6. Characterization of copolymer, substrate and composite membranes

Thermogravimetric analysis (TGA, Q5000IR TA instrument, USA)
and 'H NMR spectrometry (Bruker Co., Germany 500 MHz) were used to
record the copolymers’ thermogram and 'H NMR spectra, respectively.
The functional groups of the synthesized polymers and prepared mem-
branes were further examined by ATR-FTIR (Bruker, Equinox 55). The
surface wettability and roughness of the membranes were investigated
by contact angle analysis (Dataphysics, OCA 15 plus) and atomic force
microscopy (AFM, ENTEGRA AFMNT- MDT), respectively. Membrane
cross-section, bottom and top surface morphology were characterized by
SEM (Tescan, VEGA). The porosity (¢) of the support layers was
measured based on the weights of imbibed water in the pores of sub-
strates by equation (1).

(mi —m) /pw 1

E=
(my —ma)/py +ma/pp

where m; and my represent the wet and dry mass of the support layer,
respectively, and py, and p, are the density of water and polymer,
respectively.

The pure water permeability (PWP, LMHbar 1) of the support layers
was measured in a cross-flow filtration setup based on the volume of
permeate (V) over the test time (At). The effective membrane area (Ay,)
and operating pressure (P) were 4.9 cm? and 2 bar, respectively.

Vv
P = ar< P 2

The mean pore size (ryy,) of the support layers was calculated based on
the porosity and PWP data according to the Gerout-Elford-Ferry equa-
tion [28]:

- (2.9 — 1.75¢) x 8Quz 3)
e XA, XAP

where z, p and Q represent the membrane thickness (pm), water vis-
cosity (Pa.s) and water flow (mBS’l), respectively.

The intrinsic separation properties of the membrane were examined
in a dead-end RO cell. Salt rejection (Rs) and water permeability (A)
were measured at 5 bar (AP) with 1000 ppm NaCl (C¢) in DI water as
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feed solution. The salt permeability coefficient (B) was calculated ac-
cording to equation (6). All the tests were carried out using a membrane
with a surface area of 3.1 cm? (Ap) at 25 °C.

AV
J*Am x At X AP &
R, = (17&> x 100 (6]
G
1—R, B
- (6)

R, AP —An)

The osmosis performance of the modified membranes was measured
using a bench-scale FO setup. The measurements used DI water as feed
solution, 1 M NaCl as draw solution, and a crossflow velocity of 0.34 m/s
for both feed and draw solutions. The water flux (J,y, LMH) and reverse
salt flux (Js, gMH) were calculated by measuring the volume of permeate
water (AV) and mass of permeated salt (Am) over a specific test time
(At) and membrane surface area (A;,) based on equations (7) and (8).
The water amount and conductivity change were monitored using a
balance and conductivity meter, respectively.

_av

J, = 7
AnAt 2
Am
Is T AAf ®

The structure parameter S for each substrate was calculated ac-
cording to equation (9):
D, Anmp +B

S§=—1

A F P 9
7, " Amy + 1, + B ®

where np and np are the osmotic pressure at the feed and draw side, and
Dy is the solute diffusion coefficient.

3. Results and discussion

The effect of graft copolymer parameters on membrane perfor-
mance. The length and content of the PNIPM in graft copolymer are
important parameters controlling the morphology and performance of
the modified substrates. Based on this fact, we synthesized graft co-
polymers with three of different graft lengths and four of different graft
ratios (characterization results with details are provided in Supporting
information). Then, we examined the effect of PSf-g-PNIPM copolymer
composition on the characteristics and performance of substrates and
resultant TFC membranes to find the optimal graft copolymer. Fig. 1
shows the water and reverse salt fluxes of the control and modified TFC
membranes. Overall, the modified TFC-FO membranes with a PSf/PSf-g-
PNIPM substrate have better performance than TFC membrane with a
pristine PSf substrate. The water flux increased from 20.8 for TFC-s20 to
28.4 LMH for TFC-n20, which is accompanied by an increase in DP of
PNIPM from 28 to 52. However, a further rise in DP (72) led to a decline
in water flux of TFC-M.120 to 21.6 LMH. Moreover, the water flux
significantly decreases with the decrease in graft content from 25 to 20
wt% in the PSf-g-PNIPM copolymer.

To relate the copolymer structure parameters to the FO performance,
the physicochemical characteristics and morphology of the modified
sublayer were studied and compared with control PSf. The data sum-
marized in Table 3 reveal that all modified sublayers have a slightly
higher porosity but significantly enhanced PWP, suggesting larger pore
diameters than those of the control PSf sublayer. These improvements in
modified sublayer characteristics are believed to be due to the pore-
forming ability of amphiphilic graft copolymers [24,29]. The graft
copolymer type further influences the performance. It could be easily
found that all of these characteristics decreased as the graft ratio
decreased from 25 wt% in M.n20 to 20 wt% in M.d20. The major reason
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Fig. 1. FO performance of TFC membranes with different substrates.

Table 3
The effect of copolymer structure parameter on characteristics of modified
substrates.

Membrane Substrate
Porosity (%) WCA (%) PWP (LMH/bar) Pore size (nm)
M.0 77.3 +£1.2 80.1 £1.7 79.7 £ 11.9 13.7
M.s20 79.5 +1.1 68.2 + 0.8 287 +£9.8 24.1
M.n20 84.1 £0.2 69.3 +1.3 345.3 + 14.6 26.9
M.120 82.1 +£0.8 70.5+ 1.4 304 +£13.2 25.4
M.d20 78.8 £ 0.7 73.1 +£0.9 215 +11.3 22.2

for these phenomenon’s could be attributed to the low hydrophilic side
chain content in copolymer structure. The reduced water flux in the
TFC-M.d20 membrane can be attributed to the low porosity and hy-
drophilicity in its sublayer, which increases the S parameter and thus
enhances ICP. The porosity and surface pore diameter increase with rise
in DP of PNIPM from 28 in M.s20 to 52 in M.n20. Therefore, the
improved porosity in the M.n20 sublayer are responsible for enhanced
water flux in the TFC-M.n20 membrane. However, a further increase in
DP of PNIPM cannot enhance the porosity. In addition, the higher hy-
drophilicity of modified membranes may be affected the
performance-enhancing of the TFC-FO membrane.

The morphology of the modified substrates was also characterized by
SEM images (Fig. 2). As can be seen there is no distinct difference in
cross section and top surface morphology with DP of PNIPM. However,
PNIPM content has a notable influence on the substrate cross-section
morphology. Compared to the M.n20, a short finger-like morphology
was observed for the M.d20, which might be largely contributed to the
low content of hydrophilic side chain, although there is no clear change
in the top surface in comparison to the M.n20.

One point that should be noted is that all modified membranes
exhibited better selectivity than the TFC membrane (Fig. 1). As shown in
Fig. 2, the uniform PA thin film formed onto such modified sublayers
could explain enhanced selectivity. It is reasonable to conclude that
support layer and PA thin film characteristics could improve by
amphiphilic graft copolymer additive strategy. Therefore, both the
length and content of side chains can affect the TFC membrane perfor-
mance in FO process. Based on both support layer characteristics and FO
performance, it seems PNIPM with DP of 52 and content of 25 wt% is
appropriate for the sublayer modification in the following studies.

Characteristics and performances of the sublayers. The modified
sublayers were extensively characterized to study the copolymer

blending effect on the sublayer properties and performance. The pres-
ence of graft copolymer in the sublayers matrix was proved using ATR-
FTIR. Fig. 3 presents the ATR-FTIR spectra of both control and modified
sublayers. The modified sublayers exhibited two new peaks at 1650 and
1550 cm ™. These peaks, which are not present in the spectrum of the
control PSf sublayer, are due to the —CO-NH stretching vibration of
PNIPM [30].

Table 4 summarizes some properties of the modified sublayers with
various PSf-g-PNIPM content. The modified sublayer’s hydrophilicity
was measured based on WCA analysis. The M.n25 presents a reduced
WCA of 64.1° compared to 80.1° for the PSf control membrane. This
improvement likely results from the presence of hydrophilic PNIPM at
the membrane surface. The copolymer blending increased the porosity
of the modified sublayers to 84.1% for M.n20, which is significantly
higher than the control membrane porosity (77.3%). Also, the sublayers’
mean pore size, an important feature in controlling the PA layer
morphology, increased to 26.3 nm upon blending with 20 wt% of the
copolymer. This value was considerably larger than the corresponding
value of 13.7 nm for the control PSf sublayer. Such observations are
consistent with previous reports, where the hydrophilic additive in-
creases the substrate porosity and surface pore size [5,14,31]. The
improved mean surface pore size and porosity of the prepared substrate
have been attributed to increasing the hydrophilicity of casting solution
with a slower exchange rate between solvent and non-solvent [32].

The effect of graft copolymer addition on the PWP of modified sub-
strates was also investigated using a cross-flow UF setup. The control PSf
substrate, due to its lower hydrophilicity, surface pore size and porosity,
shows the lowest PWP of 79.7 LMH/bar. The PWP of copolymer blended
substrates considerably improved up to 345.3 LMH/bar for M.n20. This
enhancement should come from the enhanced hydrophilicity and the
reduced resistance due to their large surface pore size and high porosity.
The slight decline in the PWP of M-n25 is probably resulting from the
denser substrate surface with slightly lower porosity.

Generally, the pore surface composition and pore size distribution of
the sublayer significantly control the permeation through the mem-
brane. Temperature dependent PWP of M.0 and M.n20 membranes were
measured using DI water at different temperatures, as PNIMP is known
for its temperature dependent conformation. Giving Hagen-Poiseuolle’s
law, the viscosity, and consequently the water permeability through the
porous membrane are dependent on permeate temperature [33]. The
measured water permeability was corrected for this to eliminate the
effect of water viscosity on PWP [34,35].

The control M.0, shows only a slight change as the temperature rises.
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Table 4
Characteristics of sublayers with different loading of the graft copolymer.
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Substarte WCA (°) Porosity (%) PWP (LMH/bar) Pore size (nm)
M.0 80.1 +1.7 77.3+1.2 79.7 £ 11.9 13.7
M.n5 782+ 1.1 80.5+ 1.2 133.4 + 14.6 171
M.n10 75.9 £ 0.7 81.3 + 0.6 203.5 +£13.1 21.2
M.n15 72.4+1.2 825+ 1.3 286.1 + 20.2 24.8
M.n20 69.3 £ 1.3 84.1 £ 0.2 345.3 £ 14.6 26.9
M.n25 64.1 +1.7 80.8 + 1.4 326.8 +13.9 26.1

On the contrary, the PWP of the M.n20 sublayer rises from 345.3 to
431.5 LMH/bar, with temperature increasing from 25 to 40 °C. This
temperature-dependent water permeability is typical of a PNIPM brush-
coated porous membrane. With an LCST of ~32 °C, PNIPM is stretched
at lower temperatures leading to pore size decline, reducing the water
permeability of the membrane [36]. At 40 °C, the PNIPM side chains
shrink and present a more hydrophobic surface on the pore and mem-
brane. Consequently, the mean pore size and the water permeability
through the sublayer are raised [37]. This behavior is schematically
depicted in Fig. 4a. To investigate the reversibility and stability of the
copolymer blended sublayer during separation process, the temperature
dependent PWP of the modified sublayer is measured at 25 °C and 40 °C
(Fig. 4b). During five cycles of the PWP test, the M.n20 sublayer shows a
reversible flux change at 25 and 40 °C.

The prepared sublayer morphologies were studied using SEM images
to evaluate the sublayers’ structure after the blending with the copol-
ymer. As shown in Fig. 5, all sublayers have typical asymmetric mor-
phologies with a denser top-layer and a porous sub-layer. Upon blending
PSf-g-PNIPM copolymer into the sublayer matrix, some variations occur
on the modified sublayers’ cross-section morphology. The control PSf
has a partial sponge-like structure, while the modified sublayers possess
a full finger-like morphology. With increasing mass ratio of graft
copolymer from O to 20 wt%, the finger-like pores become more
apparent and interconnected with each other. The change in sublayer
morphology is mainly due to the presence of graft copolymer in the
polymer dope solution, which leads to a decreased exchange rate be-
tween solvent and non-solvent during phase inversion [31]. The
increased affinity of the PNIPM containing blend to water compared to
control PSf leads to a slower exchange rate, which results in larger
finger-like morphology [38].

The top and bottom surface morphologies of the sublayers after the
copolymer blending are shown in Fig. 6. The number of pores and
overall porosity of the bottom surface rise with increasing PSf-g-PNIPM
content from O to 20 wt%. The variation in morphology could be
attributed to the following factors: (1) the affinity of the glass plate to
the casting solution and (2) the time between the onset of gelation and

film floating [39]. In general, a bottom surface with large pores and
porosity could facilitate the water and salt diffusion into the sublayer to
reduce the ICP effect. A smooth and defect-free top surface was observed
for all substrates, unlike the bottom surfaces. This morphology is suit-
able for the formation of a defect-free PA thin film via IP procedure.

Characteristics and performances of the TFC membranes. A
dense and selective PA thin film on top of the porous sublayer is
fundamentally key to obtain a high water flux and selectivity as to
prevent draw agent losses in FO processes. To explore the effect of graft
copolymer content on the PA thin film morphology, SEM analysis was
performed and shown in Fig. 7. According to the top surface images, a
ridge-and-valley morphology as the typical IP reaction morphology
between MPD and TMC was found for all TFC membranes. The incor-
poration of graft copolymer into the sublayer matrix regardless of its
concentration, lead to some changes in the PA layer morphology. The
ridge structure’s size and numbers in the modified membranes increase
with the graft copolymer weight ratio. The PA film thickness was also
evaluated using cross-section SEM images. Based on these images,
thicker PA layers were observed as the PSf-g-PNIPM blend ratio
increased. Hoek’s conceptual model of the PA thin film formation
mechanism may explain the thickness and roughness of the PA thin films
formed on the modified sublayers [40]. Based on this model, the IP
process starts growing by diffusion of MPD molecules from the saturated
sublayer pores to the organic side. Therefore, the IP reaction mostly
occurs on the organic side. The substrate’s hydrophilicity and pore size
play a vital role in the diffusion of MPD, and, consequently, the PA thin
film’s overall characteristics. The large pores of the modified sublayer
facilitate MPD diffusion, resulting in a more rough and thick PA thin film
[27]. The neat PSf sublayer with smaller pores supports the formation of
a thin and smooth PA layer [41].

AFM was conducted to confirm the surface morphology differences.
Fig. 8 shows the AFM images and mean roughness (R,) of the different
composite membranes. The roughness trend from the neat TFC mem-
brane to the TFC-n25 membrane is supports the visual observation from
SEM.

Separation Properties. TFC membranes with different mass ratios
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Fig. 5. SEM images of control and modified sublayers (a) M.0, (b) M.n5, (c¢) M.n10, (d) M.n15, (e) M.n20, and (f) M.n25.

Top surface

Fig. 6. Top and bottom surface SEM images of sublayers.
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Fig. 7. Top and cross-section SEM images of TFC membranes.

of PSf-g-PNIPM were further investigated in RO process. The results,
including A, B and R, are summarized in Table 5. A general increase in A
and B is observed when the graft copolymer blend ratio is raised in the
sublayer matrix. The increase in A may be due to the rougher PA thin
film with a larger surface area for water permeance [42]. The B value
increase follows an intrinsic permeability-selectivity trade-off in which
raising A comes with an even bigger B [43]. Moreover, the salt rejection
confirmed a uniform and defect-free structure with an equal or higher Ry
value compared to the control TFC membrane. The higher salt rejection
in the modified membranes may be caused by high adsorption and
uniform dispersion of the MPD solution on the hydrophilic
PSf/PSf-g-PNIPM sublayer. Therefore, there are too high available MPD
to react with TMC monomers, resulting in a uniform and selective PA
layer [44].

FO performance. Fig. 9 illustrates the water flux, reverse salt flux,
and selectivity for TFC membranes with different sublayers determined
in the FO mode using DI water and 1 M NaCl as feed and draw solution,
respectively. In general, both the dense PA thin-film and the porous
sublayer determine the water flux of TFC membranes in the FO process
[45]. Therefore, the variations of water flux in the modified TFC

membranes are consistent with the difference in their sublayer and PA
thin-film physicochemical characteristics, as shown in Figs. 5-7. In other
words, the higher water flux of the modified TFC membranes, as shown
in Fig. 9 may be ascribed to the following parameter: (1) a rougher PA
thin-film tends to improve the water flux by providing a large transport
area for water, (2) finger-like morphology tend to enhance the water flux
by increasing draw agent diffusion into the substrate pore and (3) the
proper rise of the sublayer hydrophilicity and porosity usually can
improve the water flux [6,46]. In addition, the reverse salt flux shows a
similar trend as that seen for the Rs parameter in RO. The PA thin-film
largely determines the reverse salt flux of the TFC membranes. The
lower reverse salt flux in the TFC membranes with modified sublayers
may be caused by the uniform dispersion of the MPD solution on the
hydrophilic PSf/PSf-g-PNIPM sublayers and consequently a more ho-
mogeneous PA thin film. The Jy/J,, ratio (selectivity) was measured to
evaluate the performance and efficiency of different TFC-FO mem-
branes. A high-performance FO membrane needs a low reverse salt flux
and high water flux (low Jg/Jyy ratio) [42,47]. With increasing mass ratio
of the graft copolymer in the sublayer, the resulting TFC membrane’s
selectivity significantly improved, with the lowest Js/J,, ratio of 0.07
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Fig. 8. 3D AFM images of different TFC membranes. Mean roughness values are indicated.

Table 5

RO performance of composite membrane.
Membrane A (LMH/bar) R (%) B (LMH) S (pm)
TFC-M.0 1.21 £ 0.11 94.31 + 0.31 0.34 £ 0.04 1915 + 137
TFC-M.n5 1.81 +£0.13 95.21 £ 0.30 0.45 £ 0.05 693 + 109
TFC-M.n10 2.11 £ 0.16 95.56 + 0.52 0.49 £ 0.07 546 + 77
TFC-M.n15 2.29 £+ 0.06 95.92 + 0.53 0.49 + 0.08 418 + 31
TFC-M.n20 2.71 £ 0.05 94.57 £ 0.35 0.78 £ 0.04 272 + 19
TFC-M.n25 2.66 + 0.11 94.37 £ 0.45 0.76 £ 0.05 305 + 15

g/L achieved for TFC-nM15.

To assess the ICP effect in substrates, the S parameter, a typical
metric of ICP, was calculated from the RO and FO data [48]. Due to their
suitable morphology and characteristics, the modified membranes
showed a lower S value than the control membrane. This means a lower
ICP for the TFC membranes with a porous sublayer. These findings
suggest that the PSf/PSf-g-PNIPM blend has great merit for use as the
sublayer of high-performance TFC-FO membranes.

Temperature dependent morphology. Due to the thermores-
ponsive behavior of PSf-g-PNIPM, the non-solvent temperature (n-ST)
affects the phase inversion process of the sublayer. Before studying the
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Fig. 9. (a) water and reverse salt fluxes and (b) selectivity of different composite membranes in FO mode.

Reverse salt flux (gMH)

impact of the n-ST on the membranes’ characteristics and performance,
it is necessary to understand the phase inversion mechanism of the
amphiphilic graft copolymer. NMP is a good solvent for both the PNIPM
and PSf segments. Upon immersing the casted membrane in non-solvent,
the PSf segments associate hydrophobically and precipitate out from the
aqueous medium, while the hydrophilic PNIPM segments remain fully
stretched. The strong incompatibility of the PSf and PNIPM segments
induce the graft copolymer to experience phase inversion. Since the
water is a good solvent for the PNIPM segments, plenty of water is
trapped inside the hydrophilic PNIPM chains’ hydrodynamic volume.
After drying, the hydrophilic PNIPM segments shrink and coat the PSf
surfaces with hydrophilic grafts [49]. Any variation in the n-ST is likely
to change the hydrophilicity of PNIPM segments, which subsequently
changes the sublayers’ performance and final morphology.

With the increase in n-ST from 25 to 40 °C, as shown in Table 6, the
porosity of the resulted M.nh20 sublayer decreases from 84.1 to 81.8%.
The PWP decreases correspondingly from 345 to 285 LMH/bar. Besides,
the FO water flux of the TFC-M.nh20 is lower than the TFC-M.n20. It is
caused by the lower porosity and hydrophilicity of the M.nh20 sublayer
formed in non-solvent at high temperature. In comparison to the M.n20
sublayer, the M.nh20 sublayer has shorter macro voids lengths and
narrower sizes. Therefore, the M.nh20 sublayer has a larger S parameter,
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Table 6
Characteristics and performance of M.nh20 substrate and TFC-M.nh20 membrane.
Membrane Substrate Membrane TFC
Porosity (%) WCA (°) PWP (LMH/bar) Pore size (nm) Jw (LMH) Js (gMH)
M.nh20 81.8+ 0.4 71.9 £ 0.6 285.3 £ 11.4 24.6 TFC-M.h20 222+ 0.7 1.9 £ 0.18

Fig. 10. SEM images of M.nh20 sublayer and TFC-M.nh20 membrane.

resulting in a more severe ICP and a lower water flux in the TFC-M.nh20.
These results are consistent with the PNIPM side chains’ hydrophobic
association near and above the LCST at the water-solvent interface and
on the membrane surface. Based on the proposed mechanism for phase
inversion of amphiphilic graft copolymer, below the LCST the PNIPM
segments assume a hydrophilic state with a fully extended structure,
giving rise to larger pore sizes. Above the LCST, the PNIPM segments
assume a hydrophobic state with a collapsed structure, leading to a
decline in porosity and pore size of the resulting M.nh20 sublayer (see
Fig. 10). The proposed mechanism is also in-line with the fact that the
hydrophilicity of the M.n20 is higher than that of the M.nh20. This could
be attributed to the PNIPM segments’ migration to the membrane sur-
face during phase inversion, as PNIPM assumes a hydrophilic structure
at low temperatures.

4. Conclusion

In this research, a highly porous, hydrophilic, and water permeable
substrate was fabricated using PSf as the main membrane polymer and
PSf-g-PNIPM graft copolymer as the amphiphilic additive. The copol-
ymer was introduced into the sublayer matrix to improve the water flux
of the fabricated TFC-FO membrane and decrease its S parameter by
taking advantage of the morphology, low tortuosity, high porosity and
hydrophilicity of the modified sublayers. The PSf-g-PNIPM modified
support layer reveals temperature dependent permeability for aqueous
solutions. In addition, the temperature of the non-solvent during phase
inversion can be used to control the morphology and performance of the
support layer. In the FO process, the copolymer modified TFC mem-
branes presented a superior performance with a highest water flux of
28.4 LMH for the TFC-M.n20 membrane. The FO performance test shows
that the copolymer modified sublayer provided a smooth and hydro-
philic surface for IP reaction to form a defect-free and uniform PA thin
film with very high selectivity. This study’s results highlight the prom-
ising potential of PSf-g-PNIPM copolymer in the fabrication of ther-
moresponsive sublayers for TFC membranes and demonstrate valuable
guidance to optimize the permselectivity of PA thin films in the TFC-FO
membranes.
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