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The tailoring of the physico-chemical properties of thin film composite (TFC) membranes is essential to augment
their separation performances. Maintaining a good balance between water productivity and rejection is one of
the important criteria for efficient water treatment. This work reports a nanomaterial-enabled templating
strategy used for the construction of a TFC substrate layer. Beta ferric oxy-hydroxides (B-FeOOH) nanorods were
used as a pore forming template for polysulfone (PSf) substrate. The templating strategy using p-FeOOH nano-
rods increased the porosity and pore space connectivity of the PSf substrate, hence facilitating the formation of
homogenous and defect-free polyamide selective layers through interfacial polymerization (IP) on top of the PSf
substrate. The best membrane, a-TFC 2 which was fabricated using etched PSf substrate preloaded with 1 wt%
B-FeOOH exhibited an increase in water permeance by 3-fold compared to the neat TFC membrane while
maintaining NaCl rejection of 97.5%. Furthermore, the templating strategy endowed the membrane with better
72 h operational stability, where the water permeance and selectivity were not much deteriorated compared to
that of neat membrane. This study demonstrates the feasibility of using substrate templating technique to
finetune the porosity and surface pore properties for an optimized IP reaction and hence, enhancing the desa-
lination performance.

desalination membranes.
High water permeance should be achieved without the expense of

1. Introduction

Water desalination is an essential part of our toolkit in tackling the
increasing demand for fresh water. Advancement in pressure-driven
membrane separation processes i.e. reverse osmosis (RO) and nano-
filtration (NF) provide a beneficial impact on the water shortage crises
on account of their potential in offering sustainable and adequate water
supply [1-3]. In view of the status quo of current commercial RO
desalination, a burgeoning research interest has been dedicated to the
design and optimization of membranes and also energy recovery systems
to promote RO as a truly sustainable and cost-effective desalination
technology. A fundamental understanding of membrane structur-
e—performance relationships is important to design high-performance

* Corresponding author.

selectivity. However, maintaining high permselectivity remains a chal-
lenge in RO operation [4,5]. The typically used RO thin film composite
membrane (TFC) membrane consists of a polyamide (PA) thin film se-
lective layer with an underneath porous and mechanically strong sub-
strate layer. The former determines the separation performance of the
membrane while the latter acts as a support. The unique structure of TFC
minimizes the membrane resistance to water permeation upon filtration.
Fine-tuning the properties of the PA layer is a well-attended research
topic in this realm. The optimization of PA layer has been touted as a key
implementation to maximize membrane water-salt permselectivity
[6-8]. Despite the continuous efforts and progresses made in optimizing
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Fig. 1. Synthesis route of f-FeOOH nanorods.

TFC membrane, studies on the substrate layer are also essential as the
findings can provide insights into the properties of substrate as a factor
affecting the formation of PA layer. While it has been commonly
considered that substrate is merely a support that provides mechanical
support for the deposition of the ultrathin PA layer, it has been evi-
denced that the physio-chemical properties of the substrate i.e., pore
characteristics, porosity, roughness, and hydrophilicity are of significant
importance in developing an ideal TFC membrane [9].

Recent years have witnessed the interest in investigating the effects
of the changes in substrate properties and chemistry on the structural
and separation performance of PA TFC membranes [5,10,11]. Peng et al.
evidenced that the desalination performance of PA TFC membrane is
governed by the surface porosity and pore size of substate [10]. Sub-
strate with smaller pore sizes is favorable in preventing PA intrusion into
its polymeric matrix thus facilitating the formation of a thin selective
layer with a higher water permeance [10,12]. However, despite the
efforts made, no consensus has been reached among the studies. Con-
tradictory result and interpretation have been reported where the sub-
strate with large pore size was witnessed to exhibit higher
permselectivity and good mechanical durability despite its extremely
porous structure [13]. It has also been observed that a highly permeable
TFC membrane could only be fabricated with substrate that was domi-
nated with the large pores and high hydrophobicity [14]. Although lit-
eratures revealed that morphological and porosity of the substrate
surface control the thickness and nodular structure of selective layer to
some extent, more comprehensive studies are still desired to accurately
disclose the effect of substrate properties on the selective layers so that
the properties of the entire membrane can be tailored in more mean-
ingful ways.

In term of TFC substrate modification, most of the efforts reported so
far are mainly focused on the embedding nanomaterials as nanofillers to
alter the substrate properties [2,15-17]. With the growing concerns on
the potential leaching of nanomaterials during the membrane operation,
other membrane structure tailoring strategies are desired.
Template-assisted method has been proposed to manipulate membrane
separation performance using nanomaterials as a template, allowing
pore formation and channels upon their removal by simple acid etching
and cleaning [18]. The templating of ultrafiltration PSf membrane using
CaCOj3 nanoparticles improved pore connectivity which in turn resulted
in a highly porous membrane [19]. The water permeance was improved
about 80%, with the highest value of 353 Lm2h ™! bar!, compared to
the neat membrane. Likewise, MOFs templating agent was found to
optimize the microstructure of polyacrylonitrile (PAN) substrate for
ultrafiltration. Significantly enhanced water permeance was achieved
due to the increase in transfer coefficient of membrane, while the
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membrane selectivity remain unchanged [20].

The feasibility of using layered double hydroxides (LDHs) as tem-
plating agent has been proposed as a concentration polarization control
strategy for TFC FO membranes [21]. A highly porous with well
interconnected-pore substrate was generated, thereby boosted the FO
performance. Yan et al. incorporated silica nanoparticles into TFC RO
membrane [22]. The filtration experiments indicated that the templat-
ing strategy improved substrate surface porosity and so the pure water
flux and salt rejection. However, substrate templating for TFC RO
membrane has scarcely been reported as the existing studies largely
focused on generating nanovoids inside the PA layer or disrupting the
PA network to tune the structural properties [4,5,22]. Compared to
spherical zero-dimensional nanoparticles, one-dimensional nanorods
possess porous structures that highly interconnected to facilitate water
flow channel [23]. Additionally, nanorods can be synthesized via
various routes with tailorable morphological and structural properties
applications [24,25]. This study adopted -FeOOH nanorods as a novel
templating agent for TFC RO membrane substrate modification. On
account of the unique features of one-dimensional }-FeOOH templating
agent, the porosity and pore space connectivity of the substrate could be
improved to facilitate the formation PA selective layer, which in turn
contributes to the improvement in water permeance and salt rejection.

2. Experimental
2.1. Materials

Ferric (III) chloride hexahydrate (FeCls-6H,0) and urea from Sigma-
Aldrich were used for the synthesis of f-FeOOH nanorods. Udels P-3500
PSf pellets (Solvay), polyvinylpyrrolidone (PVP, K30) pore former and
1-methyl-2-pyrrolidinone (NMP, 99.5%) solvent used for membrane
substrate fabrication were purchased from Acros Organic. M-Phenyl-
enediamine (MPD, 99%) and 1,3,5-benzenetricarbonyl trichloride
(TMC, 98%) from Acros Organic and n-hexane (C¢Hg, 49%) from Merck
were used for performing the interfacial polymerization (IP). Sodium
chloride (NaCl, 99.5%, Sigma-Aldrich) was used to prepare salt solu-
tions. RO water utilized in membrane performance tests was obtained
from Milli-Q ultrapure water system (Millipore, Billerica, MA).

2.2. Synthesis of f-FeOOH nanorods

$-FeOOH nanorods was hydrothermally synthesized [24]. About 2.7
g of ferric chloride (FeCl3-6H20) and 1.2 g urea was dissolved in 160 mL
of DI water. The mixture was constantly stirred to form a homogenous
orange solution. Then, the solution was placed into Teflon-lined stain-
less-steel autoclave, covered, and tighten. The autoclave was then
heated up to 120 °C at a rate of 1.5 °C min~! for 7 h. After cooled down,
the obtained brownish-orange precipitation was thoroughly washed
with RO water to eliminate the residual Cl~ followed by vacuum
filtration to obtain the product. Finally, the product was dried overnight
in a vacuum drying oven at 40 °C. The schematic diagram of the syn-
thetic route of p-FeOOH nanorods is shown in Fig. 1.

2.3. Fabrication of porous support layer

The dope solution with formulation of PSf: PVP: NMP in the ratio of
17:1:82 wt% was prepared under vigorous stirring for 8 h at room
temperature. A homogenous and bubble-free dope solution was ob-
tained after 12 h of constant stirring and deaeration. Using a glass rod,
the dope was uniformly cast on a flat glass plate. To complete phase
inversion process, the plate was immediately immersed in a water bath
for several minutes. The membrane obtained was then soaked in DI
water overnight to ensure residual solvent was removed.

Templated substrates were prepared by adding different amounts of
B-FeOOH to NMP solvent and subjected to ultrasonication for 30 min to
reduce agglomeration. PSf pellets and PVP were added to the mixture
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Table 1
Denotation and composition of as-fabricated membranes.
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No. Substrate TFC membrane PSf PVP (wt.%) NMP (wt.%) FeOOH (wt.%) Immersion in HCl
Layer (wt.%)

1 PSt TFC 17 1 82.0 - -

2 a-PSf a-TFC 17 1 82.0 - 48 h

3 PSf 1 TFC p1 17 1 81.75 0.50 -

4 a-PSf p1 a-TFC p1 17 1 81.75 0.50 48 h

5 PSf p2 TFCp2 17 1 81.0 1.00 -

6 a-PSf p2 a-TFC B2 17 1 80.0 1.00 48 h

7 PSf $3 TFCP3 17 1 81.5 2.00 -

8 a-PSf p3 a-TFC B3 17 1 81.5 2.00 48 h

and the substrate was fabricated through phase inversion technique as
described above. The composite substrates were subsequently etched by
1 M HCI solution for 48 h to remove p-FeOOH and form porous spaces
within the substrate matrix. Prior to PA layer formation, the substrates
were rinsed with DI water to remove the remaining HCl solution.

2.4. Deposition of polyamide selective layer

Reaction of IP was conducted to form a thin PA layer on the PSf
substrate. The MPD-impregnated substrate was first prepared by soaking
PSf membranes in 2% aqueous MPD solution for 5 min. To complete the
IP reaction, excess MPD solution was drained off until no water was
observed. 0.1 wt% TMC/hexane solution was coated within 1 min to
allow condensation reaction and formation of thin film. Afterwards, the
resultant membrane was oven-cured at 60 °C for 3 min and thoroughly
rinsed with DI-water. Eventually, the fresh membranes were stored in DI
water before testing. Table 1 summarizes the composition and denota-
tion of the membranes fabricated in this study.

2.5. Characterizations

The characterizations of both nanomaterials and membranes were
performed to investigate the changes in their physico-chemical proper-
ties i.e., surface elemental composition and chemical structure, surface,
and cross-section morphologies, as well as surface wettability and sur-
face charge. Phase crystallinity of the as-synthesized -FeOOH nanorods
was analyzed using X-ray radiation diffraction (XRD, Rigaku) using Cu
Ko radiation operated at 40 kV and 30 mA, respectively. The nanorods
powder was loaded onto the sample holder and the diffraction pattern
was scanned at 20 angle range from 4° to 80°. To capture the detailed
morphology of the nanorods, a high voltage 200 kV transmission elec-
tron microscope (TEM, HT 770, Hitachi, Japan) was employed. The
functional groups of p-FeOOH nanorods were determined by Fourier
transform infrared (FTIR) spectroscope with attenuated total reflectance
(ATR, Thermo Nicolet Avatar 360). Meanwhile, field emission scanning
electric microscope (FESEM, Hitachi SU8020) was used for the deter-
mination of morphology and topography of membrane. The membrane
samples were coated with platinum prior to the scanning. Energy-
dispersive X-ray (EDX) spectroscope was used to analyze the
elemental composition of the as-fabricated membrane before and after
modification. Also, their chemical compositions were further assessed
using X-ray photoelectron spectroscope (XPS, AXIS Supra) with a
monochromatic Al-Ka radiation (hv = 1486.6 eV). Casa XPS software
was used to analyze the data. The atomic ratio (r) of oxygen over ni-
trogen (O/N) obtained was then used to compute their crosslinking
degree (CD) based on Eq. (1) [5]:

_4-=2r
a r

CD x 100% (€D)]

The surface roughness and wettability of membranes were examined
using atomic force microscope (AFM, SII Nano Technology SPA 300 HV)
and contact angle goniometer (OCA 15 Pro, Dataphysics), respectively.
The contact angle measurements were taken 1 s after the droplet in

contact with the membrane surface.

Based on the SEM images, further analysis was carried out using
Image-J software to determine the surface porosity and pore structure of
PSf substrate [26]. Notably, throughout the analysis the contrast and
threshold levels of all images were kept constant. Three replicate images
were analyzed, and the average value was reported. The surface porosity
€ (%) was calculated from Eq. (2).

ezgi x 100% 2)

m

where S, (nm?) is the total area of pores and Sp, (nm?) is the area of
substrate surface in the same surface image.

The total porosity (e;) of the substrate was determined gravimetri-
cally by weighing the membrane sample with known area and thickness.
The average of 3 replicates was obtained by using Eq. (3).
o= (VW) [ py) @

\%4
where w,, is the total weight of membrane after wetting with DI water
while wy is the weight of dry membrane, pyqr is the density of water,
and V is the total volume of membranes.

2.6. TFC membrane performance testing

Membrane performance encompasses water permeance and salt
rejection were tested using a lab-scale dead-end stirred filtration system
(Sterlitech Corp (Kent, WA). The membrane sample with 0.00146 m?
effective area (A,) was compacted by filtration of RO water at 16 bar
feed pressure for 30 min. After stabilization for another 30 min at 15 bar
(6P), the water permeated rate (Q in L h D through the cell was
measured and the water permeance of the selective layers was quanti-
fied by the water permeance coefficient (A, L m2h?bar 1) as calculated
from Eq. (4):

0
A,AP

Water permeance, A (L m=2 h! bar’l) = 4

Using the same membrane, the selectivity was determined by
filtering 2000 ppm NaCl solution. Accordingly, the feed solution con-
ductivity (C) and permeate solution (C,) was measured using conduc-
tivity meter (Model 4520, Jenway). The calculation of NaCl rejection
was made based on Eq. () as the conductivity was linearly correlated to
the NaCl concentration. In addition, based on solution-diffusion theory,
salt permeability, B (L m2h) was calculated using Eq. (5). Az indicates
the osmotic pressure difference between the permeate and the feed so-
lutions while (6P in bar) is transmembrane pressure. The average value
was reported based on the triplicates of each membrane.

C,

Salt rejection, R (%) = <1 _F> x 100% (5)
f

1-R

Salt permeability, B (L m? h’l> =A (AP — Anr) (6)
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Fig. 2. (a) FTIR spectra, (b) XRD pattern, (c) TEM images captured at x 300 k (inset is the corresponding electron diffraction (SAED) patterns) of the as-synthesized

B-FeOOH nanorods and (d) the dispersibility of 3-FeOOH in NMP solvent.

Another essential characteristic for practical application is the sta-
bility of membrane under long term filtration. A prolonged 72 h cross-
flow filtration was conducted to assess the stability of the modified
membranes prepared in this study. The filtration system equipped with
permeation cell (CF042P, Sterlitech Corp., USA) of 0.00442 m? effective
area, water pump and flow meter was used. After compaction and sta-
bilization, the water permeance of membrane was recorded every 30
min at 15 bar for up to 72 h. Thereafter, the feed was replaced with 10 L
of 2000 mg L! NaCl aqueous solution and the membrane NaCl rejection
was recorded every 30 min. Both water permeance as well as NaCl
rejection recorded at every 30 min was dividing with respective initial
value to obtained normalized values.

3. Results and discussion
3.1. Characterization of f-FeOOH nanorods

FTIR spectrum shown in Fig. 2a provides information about func-
tional groups presents in the nanorods. The adsorption peak at 3468
cm ™! is associated to the OH stretching vibrations of physically absorbed
water or structural OH groups present on the surface plane of 3-FeOOH
nanorods [27]. Meanwhile, the peak at 1384 cm~! is ascribed to the
deforming of OH groups. The characteristic Fe-O bending and stretching
vibrations of p-FeOOH are indicated by the appearance of peaks at 694
and 474 cm™, respectively. Additionally, the peak at 815 cm™! can be
associated to the Fe-O-OH bending vibrations [27].

The result of XRD pattern is presented in Fig. 2b. The presence of
(110), (200), (310), (400), (211), (301), (411), and (521) reflection
planes indicated the formation of tetragonal phase of f-FeOOH [24,28].
The sharp and intense diffraction peaks indicated the as synthesized
nanorods is well-crystallized. The structural and morphological features
of the nanorods were further investigated through TEM. As

demonstrated in Fig. 2c, the rod-like p-FeOOH exhibited homogeneous
size distribution with length and diameter of approximately 120 nm and
20 nm, respectively [24,28,29]. Previous studies have demonstrated
that substrate layer with approximately 20-30 nm pore diameter was
favorable to fabricate a TFC membranes with balanced permeance and
salt rejection [30,31]. Hence, it can be deduced that the well dispersed
B-FeOOH nanorods with that desired diameter can serve as an appro-
priate templating agent upon membrane fabrication. Inset of Fig. 2¢
shows the corresponding electron diffraction (SAED) pattern, indicating
the crystal facet of (221) planar with d-spacing of 2.53 [o\, which is in
accordance with the XRD results.

The prepared p-FeOOH nanorods were dispersed in NMP solvent (2
mg mL™!) under ultrasonication for 30 min. From Fig. 2d, p-FeOOH
nanorods shows a good dispersion in NMP solution with no sediment
observed after 24 h suggesting that suspension exhibited high stability.
The good interfacial interaction between $-FeOOH and NMP solvent is
desired to facilitate a good dispersion and the preparation of a homog-
enous PSf dope solution [32,33].

3.2. Characterization of thin film composite membrane

Fig. 3a schematically illustrates the simple fabrication routes of PA
TFC membrane using PSf substrate templated with §-FeOOH nanorods.
The p-FeOOH acts as a template to construct porous networks within the
PSf substrate upon its removal through acid etching. The crosslinked and
defect-free PA layer was expected to form on the substrate surface as a
result of interface reaction between two immiscible monomers i.e. MPD
aqueous and TMC organic phase during the IP [34]. The EDX mapping
shown in Fig. 3b confirmed the presence of Fe and O in the substrate
layer. Upon HCI etching, the characteristic peaks of Fe diminished,
implying that most -FeOOH nanorods have been thoroughly removed
from the substrate of a-TFC 1 and a-TFC p2. Low intensity of Fe peak
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Fig. 3. (a) Schematic illustration of the preparation of a PA TFC membrane with the substrate templated with p-FeOOH nanorods. (b) EDX mapping of membranes;
(c) Relative elemental breakdown with atomic ratio of O/N and crosslinking degree as determined by XPS.

a) PSf

b) PSFB1

Before etching

After etching

¢) PSf B2

d) PSf B3

S

g) a-PSf 2

Fig. 4. Top view SEM images of substrate before and after etching. Insets are the adjusted contrast of the micrographs.

was however observed. This might also attribute to the improper rinse of
membrane after the etching process, leaving some Fe residues on the
surface. The presence of N element, which is the major composition of
PA layer, suggested the interfacial crosslinking has been established
between the aqueous and organic monomers [35].

To further determine the chemical state and atomic composition i.e.,

Cls, N1s and O1s of the PA layer, high-resolution XPS surface analysis
was performed. Since the penetration depth for XPS is of less than 10
nm, no Fe element was detected from the spectra. Fig. 3c presents the
XPS results in terms of elemental breakdown with ratio of O/N and CD of
the PA layer. Lower O/N corresponds to more cross-linked PA [5]. The
CD increased with the incorporation of 3-FeOOH, from 40.6% of the neat
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Table 2
Surface textural analysis of substrates templated with -FeOOH.

Substrate Pore density Surface porosity Total porosity
(pores/pm?) 0 (%)
PSf 11.5 13.6 57.2
a-PSf 13.0 15.2 65.6
PSf p1 15.5 15.0 65.8
a-PSf p1 19.0 25.2 81.3
PSf p2 23.3 17.7 66.4
a-PSf p2 24.5 26.5 84.1
PSf g3 8.9 14.9 68.8
a-PSf p3 32.2 23.3 89.2
TS
B Before etching
W 725 2 _After elching
70
< < e82
.
=0 68.5
= @ = 1
8 65+ 5 645 o
2 .
8 =}
=] 633 L
k=) W 622
[
60+ ® 503
55 T T T T
PSf PSfG1 PSfB2 PSf B3
Membranes

Fig. 5. Water contact angle of p-FeOOH incorporated substrates before and
after acid etching.

TFC to 100% of TFC p1 and 117.0% of TFC B2, suggested the formation
of well-crosslinked PA layer atop of membranes. After acid etching,
a-TFC 1 and a-TFC 2 showed a lower O/N ratio with CD increased by
more than 50% in relative to neat TFC membranes. The formation of
denser PA layer was due to the enhanced and uniform amine diffusion,
which facilitated a strong interaction between substrate and PA layer

After etching
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[2]. Denser PA layer could better hinder the transport of the salt across
RO membrane, thereby rendering high salt retention.

3.2.1. Surface properties of substrate layer

The surface morphologies of the neat and nanocomposite substrate
are shown in Fig. 4 In contrast to the surface of neat substrate (PSf), the
nanocomposite substrate before etching (PSf p1, PSf 2 and PSf p3)
showed the presence of f-FeOOH on the substrate surface. These parti-
cles were almost completely removed upon the acid etching. The rod-
like structure cannot be clearly seen from the top surface due to the
embedment of p-FeOOH within the polymer matrix. However, better
magnification image of PSf 3 substrate in Fig. S1, verified the random
distribution of nanorods in the polymer matrix. Data from image anal-
ysis was also used to plot surface pore size distribution (PSD) (Fig. S2).
The mean pore size of membranes after f-FeOOH addition increased
from 0.26 pm to 0.33 pm. After nanorod templating, the a-TFC mem-
branes exhibited well-defined pores with regular shape.

The pore density and surface porosity of the substrates are tabulated
in Table 2. For the p-FeOOH-embedded substrates, the surface porosity
and pore density increased with the increasing p-FeOOH content but
decreased for PSf p3 with the loading of 2.0 wt %. On the other hand, the
total porosity increased steadily with the increasing p-FeOOH content.
The observation suggested that f-FeOOH played a role as hydrophilic
additives in which its presence has accelerated the rate exchange be-
tween solvent and non-solvent during phase inversion, thus favouring
the formation of porous structure with voids. However, the excessive
loading of p-FeOOH (PSf p3) increased the casting solution viscosity
which in turn slowed down the exchange rate and subsequently reduced
the surface porosity and pore density porosity [36].

The porosity and pore density of the substrates were significantly
improved upon acid etching. This suggested that the removal of the
templating agent from the substrate has created the templated micro-
pores. Whilst their surface porosity and total porosity followed the trend
similar to that of unetched substrates, the pore density steadily increased
from 13 pores/pm? for a-PSf to 32.2/pm? for a-PSf p3. The trend sug-
gested that templating strategy using p-FeOOH left many voids behind
substrate pores, hence effectively improved pore within the substrate. In
particular, pore density showed an improvement as high as ~60% by a-
PSf B3 compared to that of a-PSf. The surface porosity of a-PSf p2 is
26.5%, followed by a slight reduction for a-PSf p3 (23.3%) but higher
than that of neat. In this combination, the desired pore density can

(¢) TFC B2 (d) TFC B3

Fig. 6. FESEM ( x 20 k) of various polyamide formed on the TFC membranes.
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Fig. 7. (a) AFM micrographs of the PA layer prepared over different substrates; (b) Water contact angles of the resultant TFC membranes.

preserve high surface porosity that is beneficial for promoting IP reac-
tion [10]. Furthermore, such modification develops a highly porous
structure where the total porosity enhanced significantly as observed on
a-PSf Bl (57.2-81.3%), a-PSf p2 (57.2-84.1%), and a-PSf f3
(57.2-89.2%). By considering the textural properties, a-PSf p2 with 1 wt
% p-FeOOH templating agent could be considered as the best substrate
as the substrate characterized by high surface porosity and pore number
density is beneficial to promote water passage and rejection during
membrane filtration [36]. During the interfacial polymerization of
monomers to form PA layer, the desired porous structure promotes
significant diffusivity of amine monomers toward the reaction zone.
Besides, the newly formed surface pores interconnected with those in
the sublayer is beneficial to create new channels that can allow water

molecules to slide through membrane. Interestingly, compared to other
pore templating agents e.g., silica [30,36], LDHs [21], and zinc oxides
[23] with the same loading, one-dimensional B-FeOOH in nanorods
structure demonstrated better textural properties, i.e. higher substrate
porosity and pore space connectivity. It could be inferred that the ge-
ometry of nanostructured templating agent plays a role in altering
microstructure of the substrate layer.

Contact angle is influenced by both surface chemical composition e.
g., hydrophobic/hydrophilic functional groups as well as surface to-
pology and roughness [21]. Referring to Fig. 5, the average water con-
tact angle of neat TFC and a-TFC substrates were 72.6° and 68.2°,
respectively. In line with literatures, with the incorporation of f-FeOOH
templating agent, the contact angle value decreased to 65.3°, 62.2° and
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Fig. 8. Cross sectional features illustrating morphologies of the substrate (inset is enlarged interconnected pores) and the average thickness PA selective layer before

and after etching.

60.3° for TFC 1, TFC p3 and TFC 3, respectively, suggesting that
B-FeOOH has rendered greater wettability (hydrophilic) to the mem-
brane on account of the oxygen-rich functional groups [7,37]. Hydro-
philic p-FeOOH reduced the interfacial energy between membrane
surface and water, hence creating a better water-membrane interaction
[38,39]. Given that the surface hydrophilicity of the acid etched sub-
strate showed little discernible differences with the neat substrate, it can
be deduced that most of the $-FeOOH have been successfully removed.

3.2.2. Structural and surface properties of TFC membrane

The modification of TFC substrate layer should be accomplished
without significantly sacrifices the selectivity of the PA layer. To
investigate the impact of p-FeOOH templating on the formation of the
PA, surface morphology of the TFC membranes were captured and
shown in Fig. 6. The surface morphology of all the TFC membranes
exhibited a similar structure that typically characterized as ridge-and-
valley structure. It appeared as typical dense nodules at the base and
leaf-like structure extending to the upper part of the selective layer [2,
40]. Such features were originated from the interfacial degassing of CO5
that are encapsulated between the PA layer and the substrate layer [5,6].
Nevertheless, the hydrophilicity and porosity of the PSf substrate has
considerably increased the migration speed of MPD monomer to react
with TMC during IP [41]. More heat was generated during the IP reac-
tion and disrupted the interfacial stability, thereby creating a broadened
leaf-like structure as observed in TFC f1 and TFC $2 [10]. On the con-
trary, the PA layer of neat TFC and TFC 3 exhibited smoother surface
with less visible ridge-and valley structures, as observed in the high-
lighted yellow region of Fig. 6 (a, d, e, and h). During the IP, surface with
lower pore density adsorbed less MPD which led to the uneven distri-
bution of MPD [12]. Consequently, the PA formed was characterized by
lower crosslinking degree and smoother texture.

Upon acid etching, the leaf-like structures of PA become smaller due
to retarded IP reaction rate. The substrate with high pore density
resulted in the adherence of higher amount of amine onto the substrate
surface hence inhibiting the diffusion rate of MPD to react with TMC. As

a result, the leaf-like structure of PA shrunk compared to that of TFC.
Due to the improved amine distribution, an even PA layer was formed on
the substrate. An uneven and defective PA layer was observed for a-TFC
p3as the PA layer was formed over large substrate pores that have
resulted in loss of the confinement effect [10,42,43]. Large substrate
surface pores allowed more PA formed within the pores, hence reducing
the membrane permeance [10].

The effects of p-FeOOH-templating on the topology and surface
roughness of the PA layer of TFC membranes were further investigated.
The morphological and roughness characteristics of TFC and a-TFC
modified membranes are shown in Fig. 7a. The root mean square
roughness (Ry) was calculated from the height profile of each membrane
image. The Rq roughness of TFC (14.4 nm), TFC 1 (20.2 nm) and TFC 2
(23.5 nm). The upward trend suggests the increasing loading of
B-FeOOH led to high surface roughness. The observation is also in good
agreement with Cassie-Baxter model where the increased surface
roughness also led to more wettable surface of the TFC membranes
(Fig. 7b) [42,44]. With the presence of PA layer, all TFC membranes
showed lower water contact angle values, ranging from ~61° to ~43°.
The introduction of -COOH, -NH, and ~-CONH- via IP was responsible
for the enhanced membrane hydrophilicity [7]. The surface roughness
of TFC B3 decreased to 17.8 nm probably due to uneven, defective PA
layer, and hence smooth membrane surface observed [43]. In addition,
it was observed that after acid etching, the R, values slightly decreased
but an increasing trend was still observed with the increasing loading of
B-FeOOH. This suggests that a continuous PA layer has covered the
entire substrate surface. The increase in Rq can be associated to the in-
crease of effective area available for water transport which may
contribute to enhanced water permeation [10,30].

Fig. 8 presents the cross-sectional micrographs of the TFC mem-
branes. It is observed that the PA layer of TFC membrane (Fig. 8a)
features a relative flat surface (thickness about 0.3 pm) which suggests
that the PA layer penetrated the substrate pores. For TFC 1, the formed
PA layer exhibited a distinct ridge-and-valley structure with greater
height compared to others and beneficial to maximizing membrane
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selectivity [44]. A thicker PA layer, specifically the basal layer (indi-
cated by the dotted line) formed upon the addition of -FeOOH tem-
plating agent was ascribed to the increase of MPD-TMC reaction rate,
hence the PA layer tends to grow thicker on the nanocomposite mem-
brane [5,21,31]. With the increment of p-FeOOH loading, the thickness
of the PA layer increased steadily from 0.212 pm to 0.228 pm and 0.240
pm for TFC 1, TFC p1 and TFC p1, respectively. Upon the removal of the
templating agent, the decrease of the thickness of basal layer from

Table 3
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~0.212 pm for TFC 1 to ~0.202 pm for a-TFC 1 was due to the
thinning effect of the polymeric network resulted from the acid etching
[30]. Also, after acid etching, it can be postulated that the higher sub-
strate porosity led to thicker PA layer, from 0.211 pm for a-TFC to 0.220
pm for a-TFC 3. This suggests that substrate modification controlled the
release of amine monomers to react with organic monomer, where high
amine to acid chloride ratio promote crosslinking degree, thereby a
thicker and denser selective layer was formed. Among the modified TFC
membranes, the most thick and dense PA layer was observed for TFC (3,
that might be the primary barrier for water transport and deteriorate the
rejection. The variations of the PA morphology strongly implied that the
textural and morphological characteristics of the substrate can consid-
erably affect the PA layer formation [21,36].

The cross-sectional FESEM images (Fig. 8b, d, f, and h) also
confirmed that the substrate layers are characterized by finger-like pores
that can favorably provide preferential flow channels for water passage
[2]. Besides increasing the overall porosity, templating technique has
generated extra pores and better connectivity between finger-like pore
channels (see inset images Fig. 8c and g). The presence of macropores
and the creation of new channels in the substrate facilitated IP reaction
to create such dense and thin PA layer that is desired for high salt
rejection [21,23].

3.3. Desalination performances of TFC membranes

Evaluating the desalination performance of TFC membranes, the
water permeance and salt rejection achieved are depicted in Fig. 9.
Overall, similar trend was observed for membranes with etched sub-
strate and unetched substrate but the TFC membranes with etched
substrate achieved better water permeance in a range of 0.60-2.05 L
m~2h~! bar™! and decent NaCl rejections of 94-97%. It is therefore
suggested that before the acid etching, the wettability and surface
roughness of the substrate layer played a more dominant role on the
formation of the highly selective layer that warrant a satisfactory
desalination performance. The neat TFC membrane exhibited water
permeance of 0.517 L m~2h~! bar™! with NaCl rejection of 96.5%. Low
water permeance of neat TFC membrane might be attributed to the
thicker PA layer. The a-TFC membrane showed a marginal increment of
~14% in its permeance compared to that of neat TFC membrane in
response to the enhanced pore density and porosity of substrate.

By comparison, TFC membranes fabricated from unetched substrates
demonstrated higher permeance and rejection than that of neat TFC
membrane but decreased in the order of TFC 1 > TFC p2 > TFC 3.
About two-fold increase in water permeance was observed for both TFC
B1 and TFC B2 in relative to neat TFC. The improvement can be attrib-
uted to the distribution of the hydrophilic §-FeOOH in the PSf matrix
which enhanced the membrane wettability and facilitated finger-like

The effects of substrate layer (before and after etching) on the PA layer properties and the desalination performance.

Increased hydrophilicity of substrate layer

Membrane Substrate hydrophilicity MPD diffusion PA thickness (nm) PA roughness (nm) PA O:N ratio Performance

A (Lm?h ! bar ) R (%)
TFC 61.1° - 0.310 14.4 1.49 0.517 96.5
TFC 1 l T 1 T l 1 (~61%) 1 (~1.3%)
TFC 2 1 1 1 1 1 1 (~60%) 1 (~2.0%)
TFC p3 ! ! ! 1 1 ! !
Increased surface porosity & pore density of substrate layer
Membrane Porosity (%) pore density (pores/pm2) MPD diffusion PA thickness (nm) PA roughness (nm) PA O:N ratio Performance

A@Lm>2h'bar)  R(%)

TFC 57.2 11.5 - 0.310 14.4 1.49 0.517 96.5
a-TFC 1 T l l 1 1 1 (~17%) !
a-TFC p1 T T 1 1 T l 1 (~68%) 1 (~1.1%)
a-TFC p2 1 T 1 1 T 1 1 (~74%) !
a-TFC p3 1 1 1 1 1 1 1 (~40%) 1 (~1.3%)

*(1 is increased, | is decreased and { is maintained in relative to TFC membrane).
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layers of porous water channels formation [2,45]. Also, the larger ridges
and valley presence at the surface would enhance water permeance by
increasing the effective contact area between water molecules and the
membrane surface [46]. The highest rejection of TFC 2 of 98.5% could
be correlated to its highest degree of crosslinking as indicated in Fig. 3c.
Deteriorated desalination performance was observed for TFC 3,
showing comparable water permeance and NaCl rejection as TFC. This
phenomenon was mainly due to the thick PA layer that increased the
water diffusion resistance hence obstructing the water permeance [12,
21]. Also, high loading of nanoparticles in the substrate of TFC $3 may
result in pore blockage hence reducing the permeable area [47]. The
relatively low rejection of TFC $3 membrane was mainly due to of the
defective PA layer.

As shown in Fig. 9a, water permeance of TFC membranes with etched
substrates was improved greatly due to the architecture of the substrate
porosity and pore structure [21,23,36]. The water permeance of a-TFC
membranes increased in the order of a-TFC < a-TFC p1 < a-TFC 3 and
a-TFC p2 attributable to the improved water diffusion across the mem-
brane of higher substrate porosity and pore connectivity. The inter-
connected pores created new channels to facilitate water transported
through the substrate [48]. Among the membranes fabricated in this
study, a-TFC p1 and a-TFC p2 outperformed the other membranes with
water permeance of 1.63 L m 2 h™! bar ! and 2.05 L m 2 h™! bar},
respectively without compromising their rejection (~97.0%). On the
other hand, an undesirable loss of water permeance and NaCl rejection
was observed for a-TFC p3, which was mainly resulted from the for-
mation of excessive macropores and porosity that impaired the integral
PA rejection layer during operation. The PA probably trapped into the
substrate pores, imparting additional resistance that hampered water
transport [5].

In this study, the performance comparison plot between TFC and a-
TFC membranes in terms of water permeance coefficient and inverse salt
permeability is presented in Fig. 9b. The plot indicates the trade-off
challenge experienced by membranes as they lay below the trade-off
line (calculation based on equation of 1/B = 136.35 A3 [44]). From
a permselectivity view, a-TFC p2 displays the best performance as it lies
relatively closer to the permselectivity tradeoff curve, where enhanced
water permeance at a constant and acceptable salt rejection was
observed. Mathematically, the membrane has better permselectivity
ratio (A/B) as represented by the higher A coefficient paired with higher
1/B, exhibiting minimal trade-off impact. The combination of ideal

10

substrate with the desired textural properties i.e., chemistry and pore
properties and optimal PA network of highly crosslinked and rigid layer
can synergistically improve the ability to transport water molecules
while selectively rejecting ions. Nevertheless, the selectivity of the
membranes must be improved further to attain >99% salt rejection
without compromising the permeance to ensure the commercial
attractiveness of the TFC RO membranes.

The findings from our studies emanated that trade-off between per-
meance and rejection can be coordinated by fine-tuning the substrate
while keeping the same fabrication conditions of the IP procedure.
Unlike membrane permeance, which has a strong dependency on sub-
strate porosity and wettability, the dependence of solute rejection on the
porosity was more disparate as shown by a-TFC p1, a-TFC $2 and a-TFC
p3. Table 3 summarizes the effect of substrate layer on the PA layer
properties and the desalination performance normalized to that of neat
TFC. By investigating two different substrates (with and without tem-
plating agent), it can be concluded the performance achieved by mem-
branes are related to the combination effect of all these aspects. Overall,
the features of substrate surface affected the formation of PA layer,
specifically the distribution of MPD in the substrate, the MPD diffusivity
from substrate to organic phase and consequently the reaction with
TMC.

As schematically illustrated in Fig. 10, upon the removal of tem-
plating agent through acid etching, an optimized surface pore structures
i.e., the high surface porosity and pore number density of substrate have
favored the IP reaction and enhanced the PA layer formation. Other
factors such as the increase in surface hydrophilicity, surface roughness
and the inclusion of additional pathways in the membrane structure due
to high porosity and interconnected pores have concertedly contributed
to the enhancement in water permeance.

3.4. Assessment of membrane stability

To elucidate the long-term stability of the substrate modified mem-
brane, the best performing membrane in this work was further assessed
for its filtration performance for 72 h using a crossflow filtration system.
The changes in both water permeance and NaCl rejection as a function of
time are presented as normalized water permeance and normalized
rejection, respectively, as shown in Fig. 11. Relatively stable perfor-
mance was observed with time for a-TFC 2 with slight performance
decline in their water permeance whilst maintaining the normalized
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Fig. 11. Changes of membrane performance of a-TFC (2 and TFC over 72 h RO filtration.

value close to 1. The minor changes in normalized water permeance
with time were mainly due to membrane compression over long period
of filtration. On the other hand, the NaCl rejection ability of a-TFC p2
membrane falls in the range of 98.5%-97% and was maintained
throughout the filtration. An unstable performance has been observed
for TFC membrane. The normalized permeance was less than 0.5 after
38 h and the NaCl rejection reduced to only 92% at the end of experi-
ment. The significant membrane compaction has induced high resis-
tance for water diffusion. The better long-term performance of a-TFC p2
membrane indicated that the templating technique rendered desired
structural properties for both substrate and PA layer without jeopard-
izing the overall stability of the resultant TFC membrane. Despite the
creation of more porous substrate structures and thinner PA layer, the
membranes did not suffer from noticeable compaction under 72 h
duration and 15 bar operating pressure.

Mechanical stability of the optimized membrane, a-TFC f2 was
further analyzed. The tensile strength of the TFC membrane increased
from 6.3 MPa for TFC to 8.9 MPa for a-TFC p2. The modification also led
to a greater elasticity (elongation at break) 25.2% and 34.5% from a-TFC
2. Although a-TFC 2 membrane has higher porosity compared to neat
TFC membrane, it has an adequate mechanical stability i.e., high tensile
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strength and high elongation at break due to its regularly arranged
substrate layer structure (Fig. S3) [13]. The presence of stable macro-
voids at the top and bottom of substrate evenly support the pressure
exerted and hence, enhance its durability for long term usage thus
supporting the stability test performance (Fig. 11) [13]. As depicted in
Table 4, in terms of water permeance and long-term performance, a-TFC
B2 membrane was superior to TFC membranes reported in other studies.
The as-fabricated membrane can serve as an attractive candidate for
practical RO process based on its separation performance and high
mechanical stability.

4. Conclusion

In summary, key finding of this study deepens the understanding of
the influence of templating agent on the structural and textural prop-
erties of the substrate of TFC-RO membranes. The hydrophilicity,
porosity, and pore density of the p-FeOOH templated PSf substrate
altered the diffusion and reaction during the IP process and conse-
quently changed the PA layer features i.e., cross-linking degree, surface
roughness, and its thickness. Among the membranes fabricated in this
study, a-TFC p2 membrane showed the best combination of productivity
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Table 4
Performance comparisons of water permeance, NaCl rejection and separation
stability between a-TFC 2 membrane and other modified TFC membranes.

Membrane = Water NaCl Operating Separation Ref.
permeance, rejection condition stability
Cm2ht
bar 1)
TEC 0.52 96.5 NaCl: Duration: 72h  This
2000 ppm work
Pressure: Permeance: |
15 bar significantly
Rejection: 97-
92%
a-TFC p2 2.05 97.0 NaCl: Duration: 72h  This
2000 ppm work
Pressure: Permeance: |
15 bar slightly
Rejection:
97-99%
TFN-SiO, 0.99 96.8 NaCl: Duration: 24 h [49]
2000 ppm
Pressure: Permeance: |
15 bar slightly
Rejection:
96-98%
TFC-HPuS 1.62 99.0 NaCl: Duration: 24h  [13]
3500 ppm
Pressure: Permeance: |
55 bar slightly
Rejection:
96-98%
LbL-TNS 0.8 98.5 NaCl: Duration: 24 h [8]
TFC 2000 ppm
Pressure: Permeance: |
15 bar slightly
Rejection: 96-
94%
TFC LDH- 19.3 88.4 NaCl: Not reported [21]
HCl 2000 ppm
Pressure: 5
bar
TFC -PEI 6 97.2 NaCl: Not reported [44]
2000 ppm
Pressure:
15.5 bar
TFN/TiO4 1.57 96.5 NaCl: Not reported [50]
2000 ppm
Pressure:
15 bar

with highest water permeance of 2.05 L m~2h~! bar™! and promising
salt rejection of 97%. This was attributable to the increased porosity and
pore density of the substrate through -FeOOH templating that affords a
more permeable membrane with good rejection efficiency as the trans-
port pathway of water molecules were shorten through integral PA
network. The optimized TFC membrane demonstrated a good long-term
stability which is attractive for expanding their application spectrum.
This study provides a clear insight in tailoring TFC RO membranes to
suppress the water permeance and salt rejection trade-off. By consid-
ering the performance, synthesis process of $-FeOOH and the ease of
acid etching, the strategy developed in this study is feasible for the
fabrication of a scalable and more stable TFC membranes to target
different applications.
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