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Abstract

A melamine-based covalent organic framework (COF) nanomaterial, Schiff base network-1 (SNW-1), was
incorporated into the polyamide layer of a novel thin film nanocomposite (TFN) pressure retarded osmosis (PRO)
membrane. The deposition of SNW-1 was made on an open mesh fabric-reinforced polyamide-imide (PAI) support
substrate through interfacial polymerization (IP). SNW-1 loading influence on the water permeability and osmotic
power density during PRO operation was investigated. The porous and highly hydrophilic SNW-1 nanomaterial
facilitated the flow of water molecules across the membranes, while maintaining satisfactory salt rejection ability
of the polyamide selective layer. The membranes exhibited significantly enhanced surface hydrophilicity, water
permeability, and power density. The mode of incorporation of SNW-1 during IP was also investigated and it was
observed that the secondary amine groups of SNW-1 react with the carbonyl groups of 1,3,5-benzenetricarbonyl
trichloride, the acyl halide precursor in polyamide formation; thus, SNW-1 was incorporated through the amine
precursor, 1,3-phenylenediamine. Testing with 1.0 M NacCl as the draw solution, the TFN membrane with a loading
of 0.02 wt% SNW-1 exhibited the highest water flux of 42.5 Lm?h™! and power density of 12.1 Wm?, while
withstanding hydraulic pressure over 24 bar. This study suggests that COF-incorporation can be a promising
method in PRO membrane fabrication to improve both osmotic performance and energy harvesting capability for

the PRO process.

Keywords

Membrane; Pressure Retarded Osmosis; Thin Film Nanocomposite; Covalent Organic Framework; SNW-1



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

1. Introduction

Population, industrialization, and economy have all seen exponential growth, leading to a worldwide concern
regarding environmental sustainability and climate change. The demand for clean water and renewable energy is
therefore rising exponentially [1-5]. Desalination and wastewater reuse play significant roles in meeting the
continuously increasing fresh water demand. However, current technologies such as thermal desalination and
reverse osmosis (RO) are considered to be energy-intensive, thus not sustainable, despite recent efforts to
significantly reduce energy consumption [6]. Thus, a desalination process which is less energy-intensive, less costly,
and more environment-friendly needs to be developed. Aside from the high level of interest in fresh water
production through seawater desalination and wastewater reuse, as a result of the alarming rate of fossil fuel
depletion, there is also a significant surge in interest in non-conventional renewable energy, which include solar,
geothermal, wind, and biomass [7-11].

Osmosis occurs through a semipermeable membrane, wherein water is transported from the less concentrated
region (feed solution, FS) to the region with higher solute concentration (draw solution, DS) [12]. The membrane
should be able to allow only water to pass through and retain most solute molecules or ions in each solution.
Osmotic pressure (1) between the two solutions is the main driving force of osmosis. This natural phenomenon
has been engineered to apply for a number of applications, including desalination, wastewater treatment, and
osmotic power harnessing. The advantages of osmosis as a desalination technique are its low-energy requirement
(as the process works using natural driving force), low cost, and low fouling propensity [13-15], unlike RO process
which has to operate at high hydraulic energy.

Besides desalination, osmosis has also been engineered for generating osmotic power using the chemical
potential difference by pressure retarded osmosis (PRO) [16-19]. The osmotic energy is generated due to the
continuous pure water transport across the membrane thereby expanding the volume of the DS and when this
happens in a closed restricted DS chamber, it can generate energy in the form of hydraulic pressure [16, 20-23].
The increased DS volumetric flow with high pressure can be used to run a hydro-turbine and this mechanical
energy can be converted into electrical energy using a generator [7].

Power density is one of the most important parameter in determination of osmotic power generation viability by

PRO process. When the available driving force (concentration differences) is fixed, membranes properties play a
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significant role in the power density. Membranes with high power density are therefore more suitable for osmotic
power generation; however, despite PRO process being a potential renewable energy process, the technology is yet
to be fully commercialized.

Membrane properties such as permeability, selectivity, hydrophilicity and their robustness to fouling are some
of the most important parameters for the power density of the membrane. Traditional polymeric membranes for
osmotic processes are often limited since both water permeability and solute selectivity cannot be simultaneously
improved, thus finding an optimal membrane fabrication method and membrane configuration still presents a
challenge. Furthermore, membrane fabrication methods should also be environmentally-friendly and cost-effective.
Recently, the synthesis of ideally thin, mechanically strong, highly water-permeable, and selective thin film
composite (TFC) membranes for PRO process has been reported [24-27]. A number of studies have shown that
improvement of the TFC membranes can significantly achieve higher water flux than the first generation of
commercially-available membranes, the Hydration Technologies Inc.’s symmetric cellulose acetate membranes [28,
29].

TFC are composite membranes with a thick porous polymer substrate with a thin film of salt rejecting active
layer made of polyamide. The membrane substrate for TFC PRO membranes are typically prepared first, followed
by the in situ selective layer formation on the membrane substrate surface. Porous membrane substrate is normally
casted on the nonwoven fabric by non-solvent-induced phase separation (NIPS) while the thin polyamide selective
layer is formed by interfacial polymerization (IP) method [30]. A major factor that limits performance of PRO and
any other engineered osmotic processes is the concentration polarization affects in the membrane. During PRO
process, the support and selective layers of the membrane face the FS and DS, respectively. This is known as the
PRO mode, or AL-DS membrane orientation, during which concentrative internal concentration polarization (ICP)
may occur within the substrate. The osmotic driving force and resulting in significantly reduced water flux and
power density [31]. Thicker membranes are associated with higher structural parameter and more severe ICP and
therefore, the TFC PRO membranes must be designed to be of high porosity, strength, and minimum thickness.

One of the new approaches of fabricating osmotic membranes in order to enhance both permeability and
selectivity is to incorporate nanomaterial as fillers into the membranes. Mixed matrix membranes (MMMSs) consist
typically of organic polymer bulk phase and the homogeneously dispersed inorganic particle phase [32-34]. These
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MMMs have shown highly enhanced porosity, water permeability and selectivity compared to traditional polymer
membranes. The filler nanoparticles affect the morphology, hydrophilicity and thus performance of the membrane.
In conventional MMMs, porous inorganic materials are generally incorporated into the polymeric dope solution
prior to membrane fabrication. Ideally, the addition of a small fraction of inorganic fillers may lead to a significant
increase in overall water permeability and selectivity. TFN membranes, on the other hand, are prepared by
incorporating the nanoparticles on the active polyamide layer instead of the substrate [35, 36]. Incorporation of
nanomaterials into PRO membranes to form either MMMs or TFN membranes has shown enhancement in its
porosity and hydrophilicity, leading to higher water flux and osmotic power during PRO process. Among the
hydrophilic nanomaterials reported in literature are graphene oxide [37-40], zeolite [41], carbon nanotubes [42,
43], titanium dioxide [44, 45], and silica [46].

Recently, a new type of nanomaterial called porous coordination polymer (PCP) has been synthesized and used
in the fabrication of membranes for various applications, such as gas separation, gas adsorption, ion exchange, drug
delivery, catalysis, and liquid separation [33, 47-49]. Covalent organic frameworks (COF) and metal organic
frameworks (MOF) are three-dimensional PCPs, which are currently receiving growing interest in the
aforementioned research areas [50].

While MOF are comprised of metal ions and organic ligands forming a porous framework structure, COF are
nano-sized diversified framework structured PCPs composed of light elements (C, H, N, O, and B) [51] in organic
functional groups linked by covalent bonds, whose exceptional porosity, high surface area, and thermal stability
make them highly advantageous compared to most inorganic nanomaterials for incorporation in membranes.
Synthesis of COF, therefore, is a widely practical and promising field, especially now that there is an immense need
for new materials that can be used for a wide variety of applications [47].

In this study, TFN PRO membranes were fabricated by incorporating lab-scale synthesized COF on the
polyamide selective layer. The permeability, power density, porosity, and selectivity of the TFN membranes were
evaluated in comparison to the conventional TFC membrane, as a function of COF loading rate. To the best of the
authors’ knowledge, no previous COF-incorporated TFN membranes have been prepared specifically for PRO

application.
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2. Materials and methods
2.1. Materials

Polyamide-imide (PAI, Torlon® 4000T-MV, Solvay, Republic of Korea) was used as the polymer material.
Tetrahydrofuran (THF, 99.9%, anhydrous, Sigma-Aldrich, Australia) and N,N-dimethylformamide (DMF, 99.8%,
anhydrous, Sigma-Aldrich, Australia) were used as the solvents for the polymer. Melamine (Sigma-Aldrich, USA),
terephthalaldehyde (TA, Sigma-Aldrich, USA), dimethylsulfoxide (DMSO, Sigma-Aldrich, USA), THF, and
methanol (MeOH, Sigma-Aldrich, USA) were utilized for nanomaterial synthesis. The following are the precursors
for the selective polyamide layer: 1,3-phenylenediamine (m-phenylenediamine, MPD, 99%, Sigma-Aldrich,
Australia) and 1,3,5-benzenetricarbonyl trichloride (trimesoyl chloride, TMC, 98%, Sigma-Aldrich, Australia).
Heptane (99.9%, anhydrous, Merck, Australia) was used as the organic solvent for TMC and sodium chloride (NaCl,
Chem-Supply, Australia) was used to evaluate PRO membrane performance. A 63 pm-thick polyester (PET,

PETEX®, Sefar Pty Ltd, Australia) open mesh fabric was used as the support of the membrane substrate.

2.2. Schiff-based synthesis of SNW-1

The synthesis of the covalent organic framework SNW-1 was adapted and modified from previous studies [52,
53]. 6.26 g (49.7 mmol) melamine was solubilized in a mixture containing 10 g (74.6 mmol) g TA and 230 mL
DMSO. The solution was degassed with argon and continuously heated at 180°C and stirred vigorously for 72 h
under nitrogen atmosphere, at which formation of precipitates was observed. The solution was cooled down to
room temperature and the precipitate was collected via vacuum filtration; after which it was washed with DMF and
THF in succession, and finally purified using Soxhlet extraction with MeOH and THF. The yield SNW-1 precipitate
was dried under vacuum conditions and temperature of 120°C for 24 h.

SNW-1 is an N-rich melamine-based COF nanoparticle which can be dispersed homogeneously in water and
most organic solvents. It is a triazine-based framework, which is typically characterized by lower crystallinity and
higher chemical and thermal stability [51]. Synthesized from melamine, composed of three exocylic primary amine
functional groups, and TA, an industrial aldehyde, this particular nanomaterial has a number of amino groups which
can provide reactivity, as well as hydrophilicity. The SNW-1 synthesized in this study exhibits a three-dimensional

framework, with a particle size of 35-50 nm and major pore size of 5 A, which is larger than the molecular size of
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water (3 A), but smaller than the typical seawater solute NaCl (5.64 A). Covalent C-N bonds present in the
monomeric products of TA and melamine link the monomers together to form the framework structure of SNW-1.
This nanomaterial has BET and Langmuir specific surface area values of 725 and 965 m’g’!, respectively, and a

total pore volume of 2.556 cm®g’!, due to a high degree of cross linking.

2.3. PRO membrane substrate casting

The PAI membrane substrates was first prepared by conventional NIPS. A 15 wt% PAI solution was prepared
with DMF and THF (6:4 weight ratio) as solvents. The solution was stirred at 300-500 rpm at 60°C for 24 h. The
solution was degassed and brought to room temperature prior to casting. The solution was poured onto the open
mesh PET fabric attached on a glass plate and, using a casting machine (Elcometer 4340, Elcometer (Asia) Pte Ltd,
Singapore), was spread into a film. The nascent membrane substrate was afterwards immersed in a water
coagulation bath at 23-25°C to allow complete phase inversion, and afterwards stored in deionized (DI) water

overnight to ensure complete removal of organic solvents.

2.4. Interfacial polymerization and SNW-1 incorporation

The selective polyamide layer was formed on one side of the PAI substrate through IP. Due to its stability both
in aqueous and organic phases, various loading rates (from 0.01 to 0.1 wt%) of the SNW-1 were dispersed in both
DI water and heptane, to prepare SNW-1-incorporated aqueous MPD and organic TMC solutions, respectively.
Before soaking the membrane in both solution, solvents remaining on the surface were removed using air knife.
The membrane substrates were first soaked in 2 wt% MPD aqueous solution for 2 min and then in 1.5 wt% TMC
solution in heptane solution for 1 min. The excess TMC solution was drained and the membranes were dried in air
for 3 min and oven-dried at 90°C for another 3 min. The prepared membranes were placed in DI water until tested.

The mode of incorporation of SNW-1 was first tested wherein a loading of 0.01 wt% of SNW-1 was used to
prepare MPD and TMC solutions. The fabricated TFN membranes were denoted according to the COF-
incorporation medium, i.e. TFN-M and TFN-T, for MPD and TMC, respectively. Upon comparing the morphology,

characteristics, and performance of both membranes, the mode of incorporation at which a better performance was
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observed was further used for the succeeding experiments, wherein the SNW-1 loading was increased from 0.01

wt% to 0.02, 0.05, and 0.10 wt%. A control TFC membrane was prepared without nanomaterial incorporation.

2.5. Membrane characterization

The membrane morphology and surface chemistry were characterized using a field emission scanning electron
microscope (FE-SEM) [54] and Fourier transform infrared (FTIR) spectroscopy [55]. X-ray photoelectron
spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher Scientific, USA) was used to determine surface elemental
composition. Surface roughness were analyzed by atomic force microscopy (AFM) using a scanning probe
microscope (Dimension 3100, Bruker, Germany) operated on tapping mode (scanning area of 5 pm x 5 pm).
Hydrophilicity was determined through contact angle measurements via an optical tensiometer (Attension Theta
Lite 100, Biolin Scientific, Republic of Korea) with a built-in image processing software. Membrane thickness,

water uptake ability, and porosity were measured similarly with a previous study [54].

2.6. Determination of membrane intrinsic transport properties and osmotic performance

The intrinsic membrane properties such as pure water permeability (PWP, A, L m? h™! bar!), solute permeability
coefficient (B), and structure parameter (S) of the tested PRO membranes were determined by conducting reverse
osmosis (RO) test by applying hydraulic pressure of 10 bar over an effective membrane area of 19.5 cm?, similar
to a previous study by the authors [55]. Osmotic performance was tested using a bench-scale PRO system (Cheon

Ha Heavy Industries Co. Ltd., Republic of Korea) similar to a previous study [23].

3. Results and Discussion

3.1. SNW-1 covalent organic framework material
FE-SEM was used to determine the size and characterize the synthesized SNW-1. Fig. 1 shows that the SNW-
1 particles are spherical in shape, and each particle has a size of approximately 35-50 nm, making it possible to be

incorporated in both the membrane substrate and polyamide selective layers, which are approximately 150 pm and



1

2

10

11

12

13

14

15

16

17

18

150 nm thick, respectively. The small size of the particles also allows it to be easily dispersed homogeneously in a

solution.

Fig. 1 FE-SEM image of the synthesized SNW-1 covalent organic framework nanoparticles

3.2. Mode of incorporation of SNW-1

One of the aims of this study is to determine the best way to incorporate the SNW-1 nanoparticles into the
polyamide layer. The nanoparticles can be introduced onto the membrane selective layer through either one of the
polyamide precursors. The MPD precursor is introduced onto the membrane surface through an aqueous solution,
while TMC is dissolved in an organic solvent (i.e., heptane). SNW-1 both have hydrophilic (-NH) and hydrophobic
groups (C=0 and aromatic groups), that it is neither fully soluble in water nor in organic solvents, in fact it is stable
in both and exhibited good dispersion.

The polyamide selective layer is formed from the reaction between the amine functional groups of MPD with
the carbonyl carbon of acyl halide TMC [56]. Amines act as the nucleophile due to the presence of the lone electron
pair on N, thus a nucleophilic attack on the carbonyl carbon occurs. The double bonds between C and O break, and
the O atoms obtain a partially-negative charge, while N becomes partially positive due to the presence of four bonds
on it. A proton is then transferred between N and O. The lone pair on the oxygen then forms the carbonyl C=0

bond.
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Fig. 2 The change in solution color of benzene-1,3,5-tricarbonyl chloride and SNW-1 after 60 min, indicating a

reaction between the two substances.

SNW-1 is known to contain secondary amine (-NH) groups, which are also able to react with acyl halides to
form amides. Upon dispersion of the COF nanoparticles, a similar nucleophilic substitution reaction between amine
and carbonyl groups occurs and forms amide, albeit slowly. The dispersion solution of SNW-1 and TMC in heptane
was initially clear; however, the solution turned milky gray as time passed (shown in Fig. 2). This is most likely
due to the formation of amide from the reaction of SNW-1 and TMC.

To confirm the formation of amide, FTIR analysis was conducted on a membrane substrate wherein only the
TMC solution with SNW-1 was contacted with the surface (sans MPD). The IR spectrum was then compared with
that of a TFC membrane, whose polyamide is formed from the reaction of MPD and TMC, and as shown in Fig. 3,
both exhibited similar peaks at 3185-3271 cm™!, 1395-1440 cm’!, and 1610 c¢cm’, which all correspond to the
presence of amide [57]. This confirms that the reaction of TMC and SNW-1 is highly similar to the polyamide

polymerization reaction which occurs during IP.
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Fig. 3 FTIR spectra of (a) TFC polyamide and (b) product formed after the reaction of SNW-1 and benzene-1,3,5-

tricarbonyl chloride.

While the SNW-1 COF nanomaterial is stable in both aqueous and organic phases, its reaction with TMC makes
it not suitable to be incorporated through TMC during polyamide selective layer formation. The reaction between
TMC and SNW-1 is similar to that of the polymerization reaction during IP, due to SNW-1’s secondary amine

groups. Nucleophilic substitution of amine occurs at the carbonyl carbon of TMC, leading to the formation of amide
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groups. Mixing TMC and SNW-1 together will then effectively react in solution, decreasing the integrity of the
TMC solution prior to formation of polyamide during IP. Therefore, MPD was chosen as the mode of incorporation

of SNW-1 in PRO TFN membrane preparation.

3.3. TFC and TFN membrane characterization
The surface chemical composition of the TFC and TFN membranes were characterized using FTIR spectroscopy;
the spectra of the membrane surfaces are shown in Fig. 4. The TFC membrane showed absorption peaks at 3271

cm’!, 1440 cm™ and 1610 cm’!, which are indicative of the carbonyl group of an amide functional group, showing
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that polyamide formation via IP was successful. The peaks around 1440 cm™ and 1610 cm™ are likewise visible in
the spectra of these membranes; however, the peak at 3271 cm™ was not visible in the TFN membrane spectra,
which show that the intensity of the hydroxyl group peak decreased upon incorporation of SNW-1. This can be
attributed to the electrostatic interactions that occurred between the polyamide precursors and the COF
nanoparticles [58]. Additional peaks at 1475 cm™ and 1550 cm!, which are characteristic of the triazine group of

SNW-1 [52], indicating that SNW-1 is incorporated into the polyamide layer.
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Fig. 4 FTIR spectra of the TFC and TFN membranes.

Aside from determination of the functional groups present in the membrane surfaces using FTIR spectroscopy,
elemental analysis of membrane surface was also performed using XPS. XPS spectra of the TFC and TFN
membranes are shown in Fig. 5a. To provide a simpler comparison, the TFN membranes with the lowest and highest
SNW-1 loadings were chosen as the representative samples for XPS analysis. Chemical composition values of

carbon, nitrogen, and oxygen, were shown in
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Table 1. The XPS results indicate that nitrogen content further increased with the presence of the SNW-1 COF
nanoparticles, with TFN-0.1 having the highest % N (14.04 %), confirming the successful incorporation of SNW-
1 in the polyamide selective layer. Fig. 5 also shows the resolved N1s peak of the TFN membrane. The TFN
membrane exhibits peaks at 396.18 and 402.48 eV binding energies, corresponding to C-N-C and H-N-C=0, which
both correspond to the groups found in polyamide. A peak at 399.78 eV, that corresponds to C=N-C present in the

triazine structure of SNW-1 [52], is also found, indicating the presence of SNW-1 in the TFN membrane.

—— PAI-TFC

0 - PAI-TFN-0.01
Is ——— PAI-TFN-0.1
/ N C=N-C
I \

_A

396 398 400 402

Binding energy (eV)

250 300 350 400 450 500 550
Binding energy (eV)

Fig. 5 XPS spectra of the TFC and TFN membranes.

Table 1 Chemical composition of the TFC and TFN membrane surfaces.

Membrane C (%) N (%) O (%) Others (%)

TFC 71.83 9.59 17.88 0.70
TFN-0.01  73.68 11.31 14.55 0.46
TFN-0.1 7272 14.04  12.70 0.54

The membrane surface and cross-section morphology were analyzed using FE-SEM, as shown in Fig. 6 and
Error! Reference source not found.. Polyamide, typically characterized by ridge and valley structures, was

formed on top of the PAI substrate, as seen from Fig. 6 [59]. This signifies that since the SNW-1 nanoparticles

13



10

11

12

13

14

are incorporated with the TMC solution, the particles remained mostly on the surface, and not embedded in the
polyamide layer. This change in morphology of the polyamide layers of the TFN membranes may play a major role
in modifying other properties of the membranes, i.e. porosity, roughness, hydrophilicity, water permeability, and
selectivity. The top and bottom surface, as well as cross-section, SEM images (Error! Reference source not

found.) show that the TFC and TFN membranes exhibit a mixture of sponge-like and finger-like porous structures.

Fig. 6 Surface morphologies of the (a) TFC, (b) TFN-0.01, (c) TFN-0.02, (d) TFN-0.05, (¢) TFN-0.01 PRO, (f)

substrate top surface, (g) substrate cross section, and (h) substrate bottom surface membranes, respectively,

taken through FE-SEM imaging. Contact angle measurements of each membrane were also included inset.

One of the direct effects of incorporation of SNW-1 on the polyamide layer is the enhanced surface
hydrophilicity and affinity to water. Furthermore, enhanced surface hydrophilicity is integral in the improvement

of water flux of PRO membranes [60]. To be able to evaluate surface hydrophilicity of the membranes, static water
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contact angle was measured. However, contact angle is not only a function of hydrophilicity, but also surface
smoothness [38], wherein smoother surfaces normally have lower contact angles. As seen from Fig. 6, the water
contact angle measurements at the membrane surface were observed to decrease slightly as the nanomaterial loading
increased. Polyamide has both hydrophobic carbonyl (C=0) and hydrophilic N-H groups, making the TFC
membrane selective layer exhibit properties of both. Upon incorporation of SNW-1, the amine groups of SNW-1
further react with TMC and form amide groups, resulting the membranes to exhibit low hydration energy and have
more affinity with water. Incorporation of the porous and hydrophilic SNW-1 would have definitely improved the
overall hydrophilicity of the membranes; however, the contact angle differences were not significantly high. This
is because incorporation of the nanomaterials also resulted in increased surface roughness as most nanoparticles
are exposed to the surface of PA layer [61]. Overall, there were considerable improvements observed in
hydrophilicity in the membranes after the selective polyamide selective layer formation on the PAI substrate and
the subsequent incorporation of nanomaterials. The relative hydrophobicity and low surface energy of PAI caused
the high contact angle measurement observed for the substrate [54]. The observed increase in the surface
hydrophilicity after incorporation of SNW-1 is due to the presence of the secondary amine functional groups (-NH)
left unreacted with TMC [52].

Membrane surface roughness was characterized by AFM analysis. Fig. shows the three-dimensional AFM
images of the membrane surfaces for the TFC and TFN samples. The mean roughness (Ra, nm) and root mean
square ridge elevation (R, nm) are also presented. The R, and the Ris of 8.16 nm and 10.4 nm, respectively, were
observed for the TFC membrane. The R, values were seen to increase as the loading of the nanomaterial increased.
However, the Ris values did not follow the same trend and most likely these values were influenced by the size of
the nanoparticles embedded on the surface. It is also noteworthy that the TFN-T membranes exhibited higher
surface roughness than their TFN-M counterparts, as seen by the AFM images which show agglomeration of the

COF nanoparticles, hereby increasing the overall roughness.
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Fig. 7 Surface roughness of TFC and TFN membranes obtained by atomic force microscopy (AFM) analysis of

(@) TFC, (b) TEN-0.01, (c) TFN-0.02, (d) TFN-0.05, and (e) TFN-0.1 PRO membranes.

3.4. Membrane intrinsic transport properties

PWP, as shown in Table 2, increased with SNW-1 loading, regardless whether COF material was introduced
through MPD or TMC. This is highly consistent with the enhanced surface hydrophilicity observed earlier.
Incorporation of a porous and highly-hydrophilic material, such as SNW-1, facilitates passage of water molecules
through the composite membrane. Furthermore, similar to other TFN membranes in which nanoparticles are
incorporated through the polyamide layer, the interface between the nanoparticles and the polymer also provides
additional passageway for water to pass through [52, 62]. As expected, the high porosity of the nanoparticles does
not only allow the passage of water molecules, but solute particle passage as well. This resulted in a significant

increase in B (solute permeability coefficient) of the TFN membranes as compared to the TFC. Furthermore,

16



enhancement of membrane hydrophilicity brought about by SNW-1 incorporation significantly decreased the

structural parameter S [37, 38, 54, 63].

Table 2 Intrinsic transport properties of the TFC and COF-incorporated TFN membranes.

Membrane AL m?2h'bar!) B(@Lm?h') B/A(bar) R (%) S (um)
TFC 1.72 0.45 0.26 96.3 430
TFN-0.01 2.71 0.82 0.30 95.7 340
TFN-0.02 3.23 1.20 0.38 94.7 280
TFN-0.05 3.72 1.59 043 94.0 240
TFN-0.1 3.87 1.83 0.47 93.4 240
Toray PRO TFC 1.23 0.39 0.32 96.2 410

In comparison with the commercial PRO TFC membrane from Toray Chemicals, all the membranes prepared
in this study showed better PWP. However, the commercial membrane exhibited better selectivity compared to the

TFN membranes due to SNW-1, which did not just improve water permeability, but also reverse salt permeability.
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3.5. PRO membrane performance

The PRO performance of the TFC and TFN membranes were evaluated by water flux (Jw), specific reverse salt

flux (J#/Jw), and power density, all of which are shown in Fig. and Fig. . The tests were performed using DI water

and 1.0 M NaCl as feed and draw, respectively.
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As indicated by the PWP coefficients, water flux of the membranes improved significantly upon
incorporation of the SNW-1 nanoparticles. Increasing the loading of SNW-1 allows the creation of more
water-selective channels. This shows that enhancement of the membrane hydrophilicity would lead to
enhanced membrane wetting and water transport [64]. This confirms that hydrophilicity plays a
significant role in the enhancing the water flux and PRO membrane performance. Furthermore, SNW-
1 has an ability to adsorb water molecules due to the H-bonding occurring between SNW-1°s -NH
functional groups and O-H of water. The enhanced hydrophilicity and selectivity of SNW-1 towards
water molecule further enhance water continuity and transfer of water molecules across the membrane.

As mentioned earlier, the pores of SNW-1 have a major pore size of 5 A, which is significantly
larger than the size of the water molecule (3A), thus it can easily allow water to pass through.
Incorporation of SNW-1 in the dense polyamide layer simply provides free channels for water to pass
through despite the dense property of polyamide. Furthermore, not only does the internal core of SNW-
1 provide nanochannels for water transport, but also the gap between the interface of the nanomaterial
and the polyamide allowed water transport to occur [65]. The enhanced fractional free volume due to
the porous nanomaterials increases the membrane permeability. Although this can also undermine the
membrane selectivity however, the size of the pores and the molecules, as well as the selectivity of
SNW-1 towards water, take part in limiting reverse salt diffusion through the membranes [58]. The
sieving property of the nanomaterial also comes into play, such that once water molecules have
penetrated through the micro-sized pores of the COF material, no other molecule is able to penetrate
further. Had the nanomaterial loading been increased further, aggregation of the particles may occur,
which can lead to decreased permeability, due to blockage.

The water flux of the membranes was observed to decrease as the applied hydraulic pressures
increased and it was a function of membrane compaction [66], as shown in Fig. 9. The compaction
caused an increased effective membrane area resulted from stretching and thinning of the membrane
polyamide selective layer [67]. The gradual decrease of water flux suddenly became a rapid increase at
a point when the membranes have already sustained enough irreversible defects and damage, this point
is known as the burst pressure. The highest J,, at AP=0 bar was observed for TFN-0.1 (43.5 L m?2h!),
incorporated with 0.1 wt% SNW-1, marking a significant improvement as compared to water flux of
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TFC (19.3 L m?h). Even addition of 0.01 wt% of the COF increased the water flux to 33.0 L m?h!
for TFN-0.01. It is, however, noticeable that the water flux did not follow a linear trend as SNW-1
loading increased, instead, a hyperbolic trend was observed. This is influenced by the membrane surface
roughness, which offsets the enhanced hydrophilicity of the membranes. Moreover, the water fluxes of
all TFN membranes with loading of at least 0.02 wt% SNW-1 are similar to each other. Thus, it can be
suggested that 0.02 wt% is the optimum SNW-1 loading for future studies.

On the other hand, Jy/J, of TFC-PRO membranes at AP=0 bar were observed to increase as both
SNW-1 loading and applied hydraulic pressure increase. These trends are consistent with the intrinsic
properties of those TFC membranes from A and B values presented in Table 2. The results indicate that
enhancement of hydrophilicity and porosity significantly enhanced both water and solute diffusivity.
As hydraulic pressure increases, the membranes are subject to being damaged, which would cause more
water and solute molecules to pass through.

The robustness of the membranes are evaluated by the burst pressure, or the pressure at which the
membranes sustain damage. At this pressure, water and solute simply pass through the membrane. It is
important to determine the burst pressure of membranes, especially for long-term PRO operation [68].
The membranes showed to have a burst pressure of 27 bar, except for TFN-0.05 and TFN-0.1, which
burst at 24 bar. It is suggested that in future studies involving SNW-1-incorporated TFN membranes,
pre-stabilization of the membranes at a pressure lower than the burst pressure must be performed prior
to PRO operation to enhance the PRO performance of the membranes [69]. Furthermore, these results
also indicate that higher loading of the SNW-1 nanomaterial can lead to instability of the membranes
when operated for PRO at higher pressures, and 0.02 wt% of SNW-1 is the optimal loading at which
the membranes can be operated at 27 bar. In the PRO process, a straightforward evaluation of membrane
performance can be correlated with the power density (W m?). From Fig. , the maximum power density
of 12.1 W m at the pressure of 20 bar was achieved with TFN-M2, much higher than that obtained

with the TFC membrane which was 4.28 W m™.
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Conclusions

Novel PET open mesh fabric-reinforced SNW-1 covalent organic frameworks (COF)-incorporated
thin film nanocomposite (TFN) pressure retarded osmosis (PRO) membranes were fabricated in this
study. The mode of incorporation of SNW-1 was also investigated using two different precursors of the
interfacial polymerization process. The following conclusions were drawn from this study:

1. Incorporation of the porous and hydrophilic nanomaterial resulted in significant enhancement of
the surface hydrophilicity and water flux of the TFN membranes, due to the hydrophilic
secondary amine functional groups of SNW-1;

2. The hydrophilicity and porosity of the nanomaterial facilitated the water transport across the
membranes, while maintaining satisfactory salt rejection ability;

3. SNW-1 cannot be incorporated through TMC due to the reaction between the two, which is highly
similar to that of polyamide formation;

4. Maximum pure water permeability was 3.87 Lm~h'bar"! for the membrane with 0.1 wt% SNW-
1 incorporated through the MPD solution;

5. 0.02 wt% was considered to be the optimum loading of the nanomaterial, beyond which the
loading affects the stability of the membrane at higher applied pressures; and

6. The highest water flux and power density for the membrane incorporated with 0.02 wt% SNW-
1 through MPD were 42.5 Lm?h™! and 12.1 Wm™ (at 20 bar), respectively.

These results indicate that the incorporation of a porous and hydrophilic COF nanomaterial such as

SNW-1 is a promising method to fabricate high performance TFN PRO membranes.
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