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Abstract

In this study, new outer-selective hollow fiber (OSHF) thin film nanocomposite (TFN)
forward osmosis (FO) membranes incorporated with amine-rich Schiff-based network (SNW-
1) nanoparticles (NPs), a type of covalent organic frameworks (COFs), were developed by
vacuum-assisted interfacial polymerization (VAIP). The SNW-1 NPs possess hydrophilic
nature and porous internal structures, which are desirable for producing highly permeable and
efficient FO membranes. SNW-1 NPs were conformally packed across the outer surface of the
HF substrate by vacuum pressure applied during the VAIP process leading to defect-free
coatings. Furthermore, covalent bonding between secondary amine (NH2") groups across the
SNW-1 network and remanent carboxylic groups present from the monomer used for the
interfacial polymerization step supported the adhesion of SNW-1 NPs to the native poly(amide)
layer present across the TFN membrane surface. As a result, SNW-1 loading at 0.001 wt. %
exhibited the best FO performance with enhanced water flux more than 23% of the pristine one
(31.5 L m? h't) and relatively low specific reverse solute flux (SRSF, Js/Jw) at 0.18 g L using
1 M NaCl and DI water in series of TFN composite membranes. The optimum loading at 0.001
wt% was much lower than those in other home-made TFN membranes (normally above 0.05
wt. %) due to the minimum loss of SNW-1 in the VAIP. Also, the TFN membrane offered
excellent FO operation stability tested for 72 h. Such novel approach is promising to optimize

FO processes for desalination and water treatment in the future.

Keywords: Covalent organic frameworks; Forward osmosis; Outer-selective hollow fiber;

Schiff-based network; Thin-film nanocomposite
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1 Introduction

FO membrane processes have been recently vitalized for low-energy desalination [1-4],
wastewater treatment [5-7], food processing [8] and energy harvesting [9, 10]. Unlike pressure-
driven membrane processes for water treatment such as microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO) filtration, the driving force of FO processes
is naturally produced by the osmotic pressure between high saline water and low saline feed
water contained with impurities across a semi-permeable membrane. Since there is no
requirement for applied hydraulic pressure under FO operation, advantages of the FO processes
for water treatment and desalination include lower energy consumption and less fouling
potential than conventional RO processes. In addition, various FO hybrid applications have
been investigated such as FO-RO hybrid process for low-energy desalination, osmotic
membrane bioreactor (OMBR) with aerobic or anaerobic digestions for wastewater treatment,

fertilizer-drawn FO (FDFO) processes for fertilizer irrigation in agricultural area [2, 11-13].

Although FO represents an emerging eco-friendly membrane technology for desalination
or other water treatment processes, there are existing obstacles to optimize and demonstrate
large-scale FO applications. One major challenge is related to identifying the suitable draw
solution for energy- and cost-effective regeneration [14-17]. The second challenge is related to
the design of the membrane materials requiring to be further tune to match FO requirements.
FO membranes should be highly permeable to water, strictly ion selective, mechanically stable
and provide anti-fouling performance to enhance the membrane durability and cost-
effectiveness of the process [18-20]. Based on these requirements, recently developed and
commercial FO membranes were mainly developed as thin-film composite (TFC) membranes,
which consist of a thin polyamide (PA) active layer, a porous membrane substrate and backing
fabric. The main advantage of TFC membranes is that each layer may be individually

customized to improve membrane performance. Performance during FO process relies on both
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the mitigation of internal concentration polarization (ICP) and the control of water transport
across the surface and free volume of the TFC membranes respectively [21-23]. Although the
selective outer layer plays an important role over the operation, the development of highly
permeable and ion selective TFC FO membranes with higher water and solute permeabilities

is challenging the trade-off between water flux and reverse solute diffusion [23-26].

New strategies to alter the intrinsic transport properties of FO membranes for enhancing
membrane performance were investigated [27-29]. Several studies demonstrated the
modification of membrane substrate or PA active layer by incorporating various hydrophilic
nanomaterials such as graphene oxide and silica [30-33]. Representative hydrophilic
nanofillers including carbon-based nanomaterials such as functionalized graphene, graphene
oxide [34-37], functionalized carbon nanotubes [38, 39] and carbon quantum dots [40, 41],
inorganic nanomaterials such as silica, zeolite and halloysite nanotubes [42, 43], and metal-
based nanoparticles (NPs) like Ag and TiO2 [29] have been considered as nanofillers to
incorporate into a membrane substrate for mixed matrix membranes or into a PA selective layer

for thin-film nanocomposite (TFN) FO membranes [24].

In addition, various kinds of framework-based materials such as metal-organic
frameworks (MOFs), covalent-organic frameworks (COFs) and zeolitic imidazolate
frameworks (ZIFs) has been investigated as a new category of nanofillers for developing
nanocomposite membranes [23, 31, 44, 45]. COFs especially possess highly microporous
structures, tuneable chemical functionalities and an ability for selective grafting with various
chemistries due to the organic linkers on the building blocks [23, 31, 44]. These unique
characteristics of COFs may contribute to customize the physicochemical properties of
polymeric membranes to be highly water permeable due to their porous structures and
hydrophilicity. Our previous study presented that the flat-sheet TFN membranes incorporated

with amine-rich Schiff-based network-1 (SNW-1) COFs into PA layer were recently developed
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for FO applications [46]. That study mentioned that the porous SNW-1 NPs inside PA layer
produced more pathways for water transport from its porous morphology, higher hydrophilicity
from high density of amine-based functional groups and better compatibility with a thin PA
layer due to covalent bonding with the acyl chloride in interfacial polymerization (IP)
processes. As a novel nanofiller, COFs including SNW-1 may be used to fabricate a highly
permeable polymeric membrane, when the COFs are located inside a thin PA layer by their

own characteristics.

In our previous studies, successful development of outer-selective hollow fiber (OSHF)
TFC membranes for FO applications was reported, exhibiting specific advantages for FO
applications [47-49]. Furthermore, COF SNW-1 porous NPs were effectively used to produce
high-permeable TFN FO membranes from literature [46]. To the best of our knowledge, we
for the first time aim to successfully develop outstanding OSHF TFN membranes using the
SNW-1 NPs for enhancing water permeability with stable integrity of the PA/SNW-1
composite layer. A new hypothesis of conceptual methodologies and expected formation
mechanisms incorporating SNW-1 into the PA active layer of OSHF TFN membranes was
proposed. Then, the OSHF TFN membranes were subsequently designed and fabricated,
following the proposed hypothesis. We finally evaluated the performance of nascent OSHF
TFN membranes using lab-scale tests on key FO performance parameters and membrane

stability over long-term experiments.
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2 Materials and methods

2.1 Materials and chemicals

For preparing HF membrane substrates, poly(ethersulfone) powder (PES, Veradel®
3000P, Solvay) with the molecular weight at 63,000 g/mol and 1-methyl-2-pyrrolidone (NMP,
Merck) as a solvent of PES were used. As an additive for altering pore formation, poly(ethylene
glycol) 400 (PEG400, Sigma-Aldrich) at 5 wt. % was mixed into the polymer solution. For
conducting interfacial polymerization to form a PA layer on the membrane substrate, amine-
based 1, 2-phenylenediamine (MPD, 99%, Sigma-Aldrich) aqueous solution and chlorine-
based trimesoyl chloride (TMC, 98%, Sigma-Aldrich) in organic solution was used. For long-
term storage of HF membranes, membrane substrates were immersed into the glycerol-based
aqueous solution (50/50 wt. %) for 24 h and subsequently dried in air in order to reserve surface
and internal morphology of HF membrane substrates. As a nanofiller for TFN membranes,
home-made COF as denoted as SNW-1 was synthesized with Melamine (99%, Macllin
Reagent), terephthalaldehyde (98%, Macllin Reagent) and dimethyl sulfoxide (DMSO,
analytical grade, Sinopharm Chemical Reagent) as key materials for its synthesis and
dichloromethane, tetrahydrofuran (THF) and acetone manufactured by Sinopharm Chemical
Reagent for the post-treatment of SNW-1. For FO performance tests, Deionized water with the
resistivity at 18 MQ/cm (Milli-Q, Millipore) and sodium chloride (Chem Supply) were

employed as FS and draw solution, respectively.

2.2 Preparation of hollow fiber membrane substrates

The spinning parameters to fabricate the HF membrane substrates for preparing OSHF
TFC membranes were optimized in our previous study [48]. The dry-jet wet spinneret machine

was used to cast HF membrane substrates. Dried PES powder was dissolved in NMP solution
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at 16.5 wt. % with an additive of PEG400 at 5 wt. % for 12 h using the temperature-controlled
magnetic stirrer (AREC, VELP Scientifica). The prepared dope solution was pre-filtered by
fabric mesh to remove undesirable impurities and bubbles. After that, the prepared dope
solution was placed in the syringe pump (Model 500D, Teledyne ISCO) and left overnight to
degas. In the membrane casting, the specific spinning parameters were confirmed and tabulated
in Table S1 as what we optimized to prepare HF membrane substrates for subsequent
polyamide (PA) active layer deposition via the VAIP method in our previous study [48].
Prepared HF membrane substrates were stored in DI water for 2 days to remove solvents
occupied in polymeric layers fully, and then immersed in glycerin-based aqueous solution for

12 h and dried in the atmosphere for their long-term preservation.

As aforementioned, for installing laboratory-scale membrane modules, two fibers of
membrane substrates in the length of 13.5 cm were prepared and carefully spaced inside
customized acryl module for subsequent FO performance tests. Each edge of membrane fibers
in the modules were capped by potting with a general epoxy resin with retaining their bore

holes at each side. The effective surface area was estimated at 6.5 cm? per each module.

2.3 Preparation of OSHF TFN membranes using SNW-1

As the main nanofiller, the COF NPs denoted as SNW-1 was synthesized by using the
solvothermal method as described elsewhere [46, 50]. For preparing OSHF TFN membranes,
our modified vacuum-assisted interfacial polymerization (VAIP) was applied with amine-
based MPD aqueous solution and chlorine-based TMC organic solution. The detailed
methodological procedure of the modified VAIP for OSHF TFC membranes was described in
detail in our paper [51]. To prepare these solutions, the SNW-1 powder was suspended in DI

water and sonicated by the laboratory-scale sonicator for over 6 h. The loading of SNW-1 in
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DI water was varied in the range of 0 to 20 mg L™, and then the MPD flake at 2 wt. % and SDS
powder at 0.2 wt. % were added and mixed into the SNW-1 spiked DI water by a magnetic
stirrer under room atmosphere. After the VAIP process, the prepared OSHF TFN membrane
was washed by DI water several times and subsequently stored in DI water at 4 °C for its future
testing. In this study, the SNW-1 loading was varied from 0 to 0.002 wt.%, and the prepared

OSHF TFN membranes were denoted as S# according to SNW-1 loading as shown in Table 1.

Table 1 Chemical compositions of the VAIP process for OSHF membrane samples.

Chemical composition in solvent
TFN
membranes MPD/SDS in water TMC in n-Hexane SNW-1 loading
(wt. %) (wt. %) (wt. %)
S0 0
S3 0.0003
S5 2/0.2 0.15 0.0005
S10 0.0010
S15 0.0015

2.4 Characterization of OSHF TFN membranes with SNW-1

For observing surface and internal morphologies of membrane samples, the field
emission scanning electron microscope (FESEM, Carl Zeiss AG) was mainly used with an
accelerating voltage of 5-10 kV. Before conducting the SEM analysis, the specimens were
placed on the aluminium stubs, and then they were fully dried by N2> compressed gas.
Subsequently, the samples were coated with a 10-nm gold-palladium (Au-Pd) layer with a
metal sputtering machine (EM ACEG600, Leica). In addition, for characterizing chemical

changes of membrane samples, a fourier transform infrared spectroscopy (FTIR, Affinity-1,
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Shimadzu) was used under the signal range of 800 to 2000 cm™ (Signal resolution at 1 cm™
and minimum 16 scans). The surface topography was analyzed by the atomic force microscopy
(AFM, Park XE-7, Park Systems) under the atmosphere tapping and scanning at 5 to 5 um, and
the image software was used to determine the mean roughness of the samples. Moreover, the
membrane’s hydrophilicity was confirmed by using the sessile-drop optical subsystem (Theta

Lite 100, Biolin Scientific) including its image-analysis program.

2.5 FO performance of OSHF TFN membranes

The FO performance test was conducted to evaluate intrinsic FO performance of home-
made OSHF TFN membranes using the lab-scale FO unit described elsewhere [36, 48]. For
the test, HF membrane modules including a series of TFN FO membranes were prepared and
assembled into the FO test unit. The membrane orientation under the testing operation was AL-
FS (FO mode) which means that FS is facing to the active layer in the module. The driving
force of the FO operation was produced by the osmotic pressure between 1 M NaCl solution
as DS and deionized water as FS. The cross-flow velocity of feed and draw stream was 20.9
cm/sec and 10.4 cm/sec under co-current flow mode, respectively. Temperatures of both FS

and DS were stably controlled at 23 £ 0.5°C by using the temperature controller.

For the evaluation of FO performances, water flux (Jw), reverse salt flux (Js) and
specific reverse solute flux (SRSF, Js/Jw) of FO membranes were indirectly determined by the
change in mass and concentration of the FS, respectively. The detailed methods are described
in SI. Furthermore, the water flux and SRSF of OSHF membrane samples were determined as
a function of the concentration of draw solution from 0.5 to 2 M NaCl (0.5, 1, 1.5 and 2 M)
under the FO operation above in order to investigate the trend of FO performance according to

different osmotic pressure. With the trend of FO results, the water permeability (A), solute
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permeability coefficient (B) and intrinsic selectivity (B/A) of hollow fiber TFC membranes
were estimated by using the 4-stages model algorism developed by Tiraferri et al. [52] for
determining intrinsic transport property of the membrane samples. Some literature in FO
research applied this model estimation to determine A, B and S values and the estimated values
were subsequently compared to evaluate membrane’s intrinsic transport properties. Detailed

information about the model calculation is described elsewhere [36, 52].

The long-term operating test for 3 days was conducted to offer a more reliable and
practical evaluation of the membrane’s performance and stability. In this test, the best
membrane candidate in the FO performance test was selected to conduct the stability test. The
selected FO membrane was operated under the typical FO operation over 72 h, and the feed
and draw solution were refreshed every 12 h in order to minimize the osmotic dilution in the
FO process. The water flux and RSF of the membrane samples in the stability test were

continuously monitored.
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3 Results and discussion

3.1 Characterizations of SNW-1 NPs for fabricating OSHF TFN membranes

As the key nanofiller, the COF based SNW-1 NPs were used for preparing the OSHF
TFN membranes in this study. The produced SNW-1 NPs were observed as a uniform and
smooth spherical shape in the size range of 20-40 nm as presented in Fig. 1. The Brunauer-
Emmet-Teller (BET) surface area, Non-Localized Density Functional Theory (NL-DFT)
volume and mean pore size of the SNW-1 NPs were 500 m? g* and 0.14 cm® g* and 5.5 A,
respectively [46]. Another study also presented similar physical properties of their home-made
SNW-1 NPs with our one [44]. The SNW-1 NPs are made of melamine-based porous organic-
based frameworks, and Gao et al. and Akther et al. reported that the average internal pore size
of SNW-1 NPs was calculated at around 5 A [46, 53]. As shown in Fig. S1(a), for TFN
membranes with SNW-1, the porous internal structures of SNW-1 may provide sub-1 nm extra
water channels inside a dense PA layer [44, 46, 53]. In addition, small and smooth external
shape of SNW-1 NPs (Fig. S1(b)) may contribute to embedding the NPs into a thin PA layer
with less deterioration of the layer’s integrity. The SNW-1 NPs were well dispersed in DI water
due to the existence of the secondary amine group on the SNW-1’s surface. This is because
SNW-1 NPs possess strong affinity for water molecules presented in Fig. S1(c), which can be

a preferable property for developing TFN membranes [46].

In typical IP processes for preparing TFN membranes, hydrophilic nanofillers are
normally blended with the MPD solution, and the mixed MPD solution is initially immersed
on a membrane substrate. After allowing for specific time for absorbing the solution into
surface pores, excess MPD solution on the surface is generally removed by nitrogen flushing
or rubber roller. At that time, it is expected that excess nanofillers across the membrane surface

may be removed so that the effective nanofillers loading may be accurately performed. The

11
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expected phenomenon is illustrated in Fig. 1. Unlike the general IP process, the excess MPD
solution on the surface of a HF substrate is removed by suction to inside the HF substrate at
the specific vacuum pressure in the VAIP process. At the same time, loosely settled SNW-1
NPs across the surface can be strongly accumulated by the vacuum pressure onto the bottom
as illustrated in Fig. 1 (a) so that most SNW-1 NPs could be placed on the surface with less
particle loss. Subsequently, the stacked SNW-1 NPs on the surface and MPD solution inside
the pores would be reacted with the organic TMC solution, and at the same time the deposited
SNW-1 NPs would be properly embedded into the PA layer. For supporting the hypothesis, we
found that optimum concentrations of nanofillers in other related studies were mainly over 0.05
wt. % under the general IP, which is over 50 times more than the optimum SNW-1 loading
(0.001 wt. %) under the VAIP in this study [33]. Thus, employing VAIP technique can
contribute towards reducing the production cost of TFN FO membranes by minimizing
nanoparticle loss during the fabrication process. Furthermore, as presented in Fig. 1 (c), the
secondary amine groups surrounding the SNW-1 may react with the acyl chloride groups in
TMC solution under the IP process, and the strong covalent bonds would be subsequently
formed between SNW-1 and TMC solution [44]. The formed amide-based thin layer on the
SNW-1 may positively affect the integrity of the PA composite layer with minimizing the voids
or defects from SNW-1. It thus hypothesizes that the SNW-1 NPs might be properly
incorporated into a thin PA layer in the VAIP based on the physic-chemical expectations

presented in Fig. 1.
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(a) General interfacial polymerization for TFN membranes
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(c) Chemical bonding of SNW-1 and TMC
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Figure 1 Comparison of expected phenomena about positioning SNW-1 inside PA layer under
(a) general 1P, and (b) the VAIP process, and expected chemical reaction with secondary amine
groups in SNW-1 and acyl chloride groups in the TMC solution through the amide-based

covalent bonding.
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3.2 Characterizations of OSHF TFN membranes with SNW-1 NPs

Fig. 2 presents the surface images of the membrane substrates soaked with the MPD
solution (denoted as SOs) and MPD/SNW-1 (denoted as S3s, S5s, S10s and S15s) blended
solution after conducting the vacuum suction in the VAIP. SOs presented that there is no
particulate on the surface of the MPD-soaked membrane substrate as expected. However, Fig.
3 shows that NPs clusters are visible across the surfaces of the MPD/SNW-1 soaked substrates.
When the NPs’ loadings are increased from S35 to S15s, the number and size of the NPs clusters
are proportionally increased due to NPs’ aggregation. As shown in high magnified SEM images
in Fig. 2, the NPs clusters were made of SNW-1 NPs in the size at around 40 nm which is
similar with that presented in Fig. 2 (b). Although sub-50 nm SNW-1 particles were not
distributed as a single-particle across the surface with the evidence of their aggregation,
bunches of partially aggregated SNW-1 NPs were appropriately accumulated and distributed
onto the surface prior to reacting with the TMC solution. However, S15s presented an
aggregated NPs’ dump at the size over 5 um because of exceed loading of SNW-1 NPs, and
this may subsequently deteriorate integrity of a PA layer. Although the SNW-1 bunches might
be properly settled on the surface under the condition, the concentration of SNW-1 NPs may
sensitively affect the quality of the PA composite layer. Therefore, it is necessary to optimize

the dosing ratio of SNW-1 for fabricating suitable TFN membranes.
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Figure 2 Surface images of MPD- (S0s) and (b) MPD/SNW-1 (S3s, S5s, S10s and S155) soaked

membrane substrates after conducting the vacuum suction in the VAIP process, and high-

magnified image of aggregated SNW-1 NPs in S15s.

Fig. 3 presents morphological images of the PA selective layers of all series of FO
membranes. In these images, SO membrane presented typical ridge-and-valley morphologies
of the PA layer what many groups have reported [36, 54, 55]. With the addition of SNW-1 into
a PA layer, S3 and S5 membranes demonstrate almost similar PA structures with that of neat
TFC membrane (S0). The S10 and S15 membranes, on the other hand, showed bulged spots
across the surface of the PA layers, but the other sides presented quite flat and smooth surface
morphology. It means that the PA/SNW-1 composite layer might be aggregated by the higher
SNW-1 NPs’ loading in the VAIP, since SNW-1 NPs in MPD solution might interfere the
chemical reaction with the MPD and TMC solution in IP process [56, 57]. Furthermore, the
high-magnified SEM image of S15 in Fig. 3 (b) showed a lot of spherically bulged spots on
the PA structure indicated by the yellow arrows compared to that of SO (Fig. 3 (a)), which

might be an evidence of the NPs incorporation or chemical interference. Therefore, it is
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noteworthy to mention that excess NPs loading is able to cause deforming typical PA’s ridge-

and-valley structures, which may subsequently deteriorate membrane’s selectivity.

100.Am 100qm

(b)

Figure 3 Morphological SEM images (x3,000) of the PA selective layer of TFC (S0) and TFN
(S3, 5, 10, and 15) membrane samples (a), and high-magnification images (x50,000) of

particle-free SO (Left) and S15 with observing SNW-1 NPs (Right) inside the PA layer (b).

Using the AFM analysis, the 3D images and mean roughness (Ra) of the surfaces of
selected OSHF TFN membranes (SO, S10 and S15) were produced as shown in Fig. 4(a). For

particle-free SO membrane, the ridge-valley-structure was shown in 3D image, and its Ra was

16
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107.2 nm. In comparison of AFM results, it confirmed that the TFC membrane possesses the
smoothest active surface, and Ra values of the TFN membranes were proportionally varied
from 107.2 nm of SO to 135.6 nm of S15 with an increase of SNW-1 loading. Higher roughness
from the increase of SNW-1 loading may beneficially contribute to increasing membrane’s
surface area, however, it is required to optimize nanofiller’s loading not to damage the thin PA
layer by the incorporated fillers. Hydrophilicity of membrane’s active layer was examined to
investigate the water affinity of the PA composite layer incorporated with SNW-1 NPs. As

shown in Fig. 4 (b), the contact angle values of SNW-1 incorporated membranes (S3, 5, 10 and

15) below 60° were lower than that of pristine one (S0) at 73.8°, since SNW-1 NPs possess

hydrophilic amine-rich groups on their surface. However, with an increase of SNW-1 loading,

the contact angles were slightly increased from 51° to 56°, although loading of the hydrophilic

SNW-1 NPs was increased. As shown in Fig. 3 and Fig. 4 (a), the rough morphology on the
surface of the SNW-1 composite PA layer might result from the protrusion of SNW-1 NPs,
and it may cause to increase contact angle of water droplets because of trapped air pockets in
rough valleys [37, 58]. Therefore, in the increase of SNW-1 loading into a PA layer, the
composite PA layer would be altered to be rougher and hydrophilic due to its morphological
structure and chemical functionality which may be beneficial for enhancing membrane’s water

permeability [46].
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Figure 4 AFM images and average roughness of selected membrane samples according to
SNW-1loading (a), and comparison of the contact angle of OSHF TFC and TFN membranes

using SNW-1 nanoparticles (b).

The chemical analysis on the surface of the TFC and TFN membranes was conducted
using FT-IR in order to investigate the existence of SNW-1 NPs and chemical changes of
nanocomposite PA layer with SNW-1. Fig. 5 presents IR spectrums of TFC and TFN
membranes incorporated with SNW-1 NPs. The IR spectrums of the TFC membrane clearly
presented some representative peaks of a PES substrate at 1,150 cm™ for C-SO,-C stretch and

at 1,240 cm™ for C-O-C stretch and a thin PA layer between 1,505 and 1,540 cm™ for amide 11
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(C-N stretch), 1610 cm™ for the aromatic ring from the amide bonding and between 1,650 and

1,665 cm™ for amide 1 [46]. Therefore, these peaks were considered to validate the PA layer

of the OSHF TFC membranes. For TFN membranes with SNW-1, the intensity of the amide

II’s peak at 1540 cm™ was proportionally increased when the SNW-1 loading was increased

due to the increment of amide bonding from SNW-1. Furthermore, the specific peaks at 1,460

and 1,535 cm™ were distinguished in the TFN membranes with higher loading of SNW-1,

which is identified as triazine rings from SNW-1 [46]. In addition, the IR peaks at 1480 cm™

presented in only TFN membranes represent C-N vibration of the semicircle stretching of the

triazine ring from SNW-1. These IR results verify that the SNW-1 NPs were successfully

incorporated into the thin PA layer.
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3.3 FO performance of OSHF TFN membranes with SNW-1 NPs

The key FO performance of the TFC and TFN membranes were determined and
evaluated under the FO operation (AL-FS orientation) using the lab-scale FO unit. The water
flux and SRSF of series of the TFC (S0) and TFN (S3, 5, 10 and 15) membranes are shown in
Fig. 6. The neat TFC membrane (S0) exhibited the water flux at 25.5 L m? h™ and SRSF at
0.21 g LY. For TFN SNW-1 membranes, the water flux was gradually increased with no
sacrifice of the SRSF, when the particle loading was increased up to 0.001 wt%. At 0.001 wt.
%, S10 presented the highest water flux at 31.5 L m h'* (Improved 24% of the water flux of
S0) with the relatively low SRSF at 0.18 g L™ in series of TFN membranes. This result implies
that the SNW-1 particles inside PA layer may contribute to modifying intrinsic transport
property of the PA layer due to their unique characteristics such as porous frameworks
themselves and hydrophilic nature, which are preferable for enhancing water transport. In
addition, the SNW-1 might contribute to increase the free volume of the PA composite layer
due to the incompatibility with a PA polymeric structure. However, increasing the SNW-1
loading beyond the optimal value at 0.001 wt.% deteriorated the FO performance of the OSHF
TFN membranes. In particular, the water flux of S15 declined to 22.6 L m™ h%, and its SRSF
increased to 0.41 g L. The overloading of SNW-1 NPs inside a PA layer formed a defective
the PA layer, which reduced membrane selectivity. Consequently, the osmotic driving force
across the membrane decreased, which resulted in lower water flux. Therefore, it can be
established based on the FO performance that the optimal SNW-1 loading for preparing the

OSHF TFN membrane is 0.001 wt.%.”
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Figure 6 Comparison of key FO performances (water flux - Bar, and SRSF- Red dot) of OSHF

TFC (S0) and TFN membranes according to different SNW-1 loading from 0 to 0.015 wt.%.

The comparative profiles of water flux and SRSF of the particle-free OSHF TFC (SO0)
and the best OSHF TFN membrane (S10) as a function of NaCl concentration from 0.5t0 2 M
in a draw stream were determined in Fig. 7. The water fluxes of these membranes were
proportionally increased due to a constant increase of the osmotic pressure as their driving
force. However, the trends of SRSF results were stably maintained regardless of the difference
of the driving force, as the trade-off relationship between water permeability and ion selectivity
was retained even though the driving force was changed in FO operation. In the comparison,
all water fluxes of S10 in all range of DS concentrations were higher than those of SO due to
higher water permeability of S10 as expected. As a result, S10 exhibited the highest water flux

of 42.8 L m h'* with a stable SRSF at 0.22 g L™ using 2 M NaCl solution as DS.
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Figure 7 (a) water flux and (b) SRSF profiles of SO (TFC) and S10 (TFN) OSHF membranes

according to different concentration of DS from 0.5 to 2 M.

Using the profiles in Fig.7, the intrinsic transport properties of the OSHF membranes
(SO and S10) were estimated by the FO model algorithm developed by Tiraferri and his
colleagues [52]. Table 2 presents calculated water permeability (A), solute permeability
coefficient (B), intrinsic selectivity (B/A) and structural parameter (S) of the OSHF TFC (S0)
and the best OSHF TFN (S10) membranes. The A value of S10 at 2.37 LT m?2h bar® was
higher than that of SO at 1.68 L* m2h™ bar. However, the intrinsic selectivity of S10 at 0.18
bar was almost similar with that of SO at 0.17 bar, which implies that the water permeability of
S10 was improved with retaining ion selectivity compared to those of SO. The S value of S10

was similar with that of SO due to the use of the same membrane substrates.
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Table 2 Intrinsic transport properties of selected OSHF TFN FO membranes (estimated by the

model calculation using the FO performance presented in Fig. 7)

A B B/A S
FO membranes
(Lm~2htbar?) (Lm2h1) (bar) (um)
SO (Pristine) 1.68 0.30 0.18 214
S10 (Best) 2.37 0.41 0.17 201

Most TFN membranes have been concerned about degrade of the PA selective layer over
the operation time due to delamination of NPs from the thin PA layer. The long-term
performance test of the best OSHF TFN membrane was thus conducted in order to further
investigate the membrane’s stability under FO operation. For TFN membranes, it is necessary
to clearly show the FO performance in long-term operation for evaluating the membrane’s
stability, due to the risk of releasing nanofillers from a PA composite layer under the crossflow
stream in FO operation, which may partially damage the PA active layer. Fig. 8 presents the
water flux of S10 in the long-term operation for 72 h. The S10 exhibited a remarkably stable
water flux for the period. This result shows that incorporated nanofillers (SNW-1) in S10 were
strongly linked with the PA matrix so that there is no concern about the deterioration of the FO
performance under a long-term operation. Therefore, the optimum membrane (S10) is able to

offer great potential for practical FO applications.
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Figure 8 Water flux of the best membrane candidate (S10) for 72 h in order to evaluate the
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driving force.
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4  Conclusions

One COF material, SNW-1 was successfully applied to the development of novel OSHF
TFN membranes for FO applications. In particular, the SNW-1 NPs were properly incorporated
into the PA layer under the VAIP process with performance of the TFN membranes
significantly improved with no detrimental issue of ion selectivity. The expected mechanisms
for incorporating the SNW-1 NPs into PA layer in our hypothesis were successfully
demonstrated based on the analysis and experimental results. The SNW-1 NPs were stacked
and accumulated on the outer surface of HF substrates with minimum loss of particles by the
vacuum pressure. Furthermore, the secondary amine groups in SNW-1 and acyl chloride
groups in the TMC solution might chemically react to form an amide layer via the covalent
bonding. These expected phenomena might strongly support to form a defect-free PA
nanocomposite layer with SNW-1. The SNW-1 loading was manipulated and optimized in the
extremely low range from 0 to 0.0015 wt.%, as such S10 sample (SNW-1 at 0.001 wt.%)
exhibited the best FO performance with the highest water flux at 31.5 L m h'* and reasonable
SRSF at 0.18 g L* in series of TFN membranes. The enhanced FO performance was attributed
to the unique nature of SNW-1 itself like highly porous framework morphology and amine-
based hydrophilic property, and good integrity of produced PA composite layer with no
sacrifice of ion selectivity. The optimum TFN membrane (S10) exhibited high water flux at
around 30 L m2h! and excellent stability of the FO performance with no decline of the water
flux in the long-term operation for 72 h. Through the long-term experiment, it is noteworthy to
mention that the optimum TFN membrane (S10) demonstrate the strong durability for its
commercial application. These findings prove that the optimum sample (S10) can be a
promising candidate to produce highly permeable FO performances for desalination and water

treatment.
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