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Abstract
In this study, Schiff base network-1 (SNW-1) nanoparticles, which are covalent organic
frameworks (COFs), were used as fillers in the polyamide (PA) active layer to elevate the
performance of thin-film nanocomposite (TFN) forward osmosis (FO) membranes. The TFN
membranes were prepared by interfacial polymerization (IP) of m-phenylenediamine (MPD)
and trimesoyl chloride (TMC), and the SNW-1 nanoparticles were dispersed in the MPD
aqueous solution at various concentrations. The secondary amine groups of SNW-1
nanoparticles reacted with the acyl chloride groups of TMC during the IP reaction to form
strong covalent/amide bonds, which facilitated better interface integration of SNW-1
nanoparticles in the PA layer. Additionally, the incorporation of amine-rich SNW-1
nanoparticles into the TFN membranes improved their surface hydrophilicity, and the porous
structure of SNW-1 nanoparticles offered additional channels for transport of water
molecules. The TFN0.005 membrane with a SNW-1 nanoparticle loading of 0.005 wt.%
demonstrated a higher water flux than that of pristine TFC membrane in both AL-FS (12.0 vs.
9.3 Lm-2h-1) and AL-DS (25.2 vs. 19.4 Lm-2 h-1) orientations when they were tested with
deionized water and 0.5 M NaCl as feed and draw solution, respectively.

Keywords: forward osmosis (FO); interfacial polymerization (IP), covalent organic
frameworks (COFs); Schiff base network-1 (SNW-1); thin-film nanocomposite (TFN)
membrane.
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Abbreviations
AFM
AL-DS
AL-FS
COF
DI
DS
FO
FS
FTIR
ICP
IP
MPD
NMP
PA
PSf
SNW-1
TFC
TFN
TMC

Atomic force microscopy
Active layer oriented towards draw solution
Active layer oriented towards feed solution
Covalent organic framework
De-ionized water
Draw solution
Forward osmosis
Feed solution
Fourier transform infrared spectroscopy
Internal concentration polarization
Interfacial polymerization
1,2-phenylenediamine
1-methyl-2-pyrrolidone
Polyamide
Polysulfone
Schiff base network-1
Thin-film composite
Thin-film nanocomposite
Trimesoyl chloride

Nomenclature
A
Am

Pure water permeability coefficient (Lm-2h-1bar-1)
Effective area of membrane (m2)

B

Solute permeability coefficient (Lm-2h-1)

Cfeed.t

Solute concentration change in feed solution at time t (mg/L)
Reverse solute flux (gm-2h-1)
Water flux (Lm-2h-1)
Molar concentration (mol/L)
Mean value of membrane surface roughness
Maximum value of membrane surface roughness
Root mean square value of membrane surface roughness
Structural parameter (µm)
Specific reverse solute flux (g/L)
Time interval (s)
Feed solution volume (L)
Change in the feed solution volume at time t (L)

Js
Jw
M
Ra
Rmax
Rms
S
SRSF (Js/Jw)
t
Vfeed,t
Vfeed,t
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1. Introduction
Forward osmosis (FO) has achieved substantial consideration as a sustainable and energyefficient membrane separation technology. FO processes do not require high hydraulic
transmembrane pressure to operate like RO. They are instead operated by the osmotic
gradient existing across the semi-permeable membrane due to the concentration difference
between the low-concentrated feed solution (FS) and high-concentrated draw solution (DS)
[1]. Since FO requires low or no hydraulic pressure to operate, it has several advantages like
low fouling tendency, higher water recovery and possibly a lower operating cost compared to
pressure-driven processes like ultrafiltration, microfiltration, nanofiltration and RO [2]. Due
to these favorable characteristics, FO has been explored for several applications like
wastewater and industrial effluent treatment [3-5], fertilizer drawn forward osmosis (FDFO)
process [6], heavy metals removal and pharmaceutical product concentration [7, 8], food and
brine concentration [9, 10], membrane bioreactors [11, 12], energy production [13] and
desalination [14, 15].
Nonetheless, numerous factors make the large-scale application of FO difficult. These
challenges include, but are not restricted to, trade-off relationship between membrane flux
and selectivity, membrane fouling, and internal concentration polarization (ICP) that can
decline water flux by more than 80% by reducing the actual osmotic pressure [16]. Several
researchers have tried to address these issues by considering various types of draw solutions,
and most importantly by developing membranes [17, 18]. Hence, the synthesis of highperformance membranes has been an active topic of research in the FO field. Both polyamide
(PA) thin-film composite (TFC) and cellulose acetate/triacetate (CA/CTA) membranes,
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which are asymmetric in nature, have been extensively used for FO applications. However,
TFC membranes with polyamide (PA) active layer established better water permeability and
solute selectivity over extensive operational pH and temperature ranges, which led to their
further development via chemical or surface modification and nanomaterial incorporation [18,
19]. Polymeric TFC membranes comprise of a thin dense active layer on top of a porous
substrate, which is sometimes supported by a woven or nonwoven polyester mesh to improve
the membrane’s mechanical strength [20]. The substrate structure influences the degree of
ICP within the porous layer [21]; whereas, the active layer determines the membrane
selectivity .
Since the TFC membrane performance is reliant on both its substrate and active layer
properties, recent studies on TFC membranes mainly involved incorporation of nanomaterial
into the active layer and/or substrate to enhance the membrane’s transport properties,
structural characteristics, mechanical stability and chemical resistance [22]. Additionally,
nanomaterials were coated on the membrane surface to augment the hydrophilicity, surface
charge density and antifouling property of the membrane [23-25]. Several studies also
demonstrated that nanocomposite membranes were capable of surpassing the trade-off
relationship between membrane flux and selectivity [26, 27]. The performance of
nanocomposite FO membranes is substantially affected by the concentration of nanomaterials
and their physical and chemical properties. As such, the features of nanocomposite
membranes can be tailored depending on the characteristics of nanomaterial chosen. Some of
the inorganic nanomaterials that have been extensively used for FO membrane modification
include zeolite [28], silica [29, 30] and titanium oxide [31, 32]. Despite nanocomposite
membranes possessing several favorable properties, there are several problems associated
with them, such as poor nanomaterial dispersion in the solvent, particle aggregation in
polymer matrices, and particle instability in water causing nanoparticle loss. The above
4

problems can be addressed by adding organic porous coordination polymers (PCPs), such as
covalent organic frameworks (COFs), to membranes because they are porous, hydrophilic
and compatible in the polymer phase.
COFs are two or three-dimensional crystalline organic nanoporous solids with extended
structures of functional groups that are linked by strong covalent bonds [33]. COFs have been
studied as membrane fillers for several applications like gas separation, adsorption and
storage [34], photoconduction [35], nanofiltration [36] and catalysis [37] due to their
favorable characteristics like thermal stability, porosity, polymer-phase compatibility and low
density [33]. Additionally, the structure of COFs can be customized to achieve the desired
pore structure and pore size to provide passageways for solvent molecules. Moreover, the
presence of organic linkers in COFs make them compatible with organic polymers when
compared to inorganic nanomaterials; thereby, minimizing the formation of non-selective
voids between COFs and polymer matrix in composite membranes [38]. Furthermore, the
high water stability and chemical stability of COFs facilitate the synthesis of highly stable
membranes. Therefore, COF-incorporated nanocomposite membranes have the potential for
application in FO separation processes.
In this work, amine-rich melamine-based COF nanoparticles called SNW-1 were
incorporated as fillers in the PA layer of thin-film nanocomposite (TFN) membranes through
the interfacial polymerization (IP) of m-phenylenediamine (MPD) and trimesoyl chloride
(TMC) monomers on polysulfone (PSf) substrates to enhance the FO membrane performance.
The SNW-1 nanoparticle structure is shown in Figure 1. The SNW-1 nanoparticles were
chosen as membrane fillers as they possess several favorable properties: porous structure can
provide more channels for transport of water molecules, small spherical size reduces defects
in PA layer, secondary amine-groups improve membrane hydrophilicity, good dispersion and
stability in both organic and aqueous phase. The secondary amine groups (-NH) of SNW-1
5

nanoparticles react with the acyl chloride groups (-COCl) of TMC during the IP reaction and
form strong covalent bonds to provide structurally stable TFN membranes. The effect of
varying the concentrations of SNW-1 nanoparticles on the membrane morphology, roughness,
hydrophilicity, intrinsic transport traits, and FO performance was investigated. This work is
the first to consider the influence of melamine-based SNW-1 nanoparticles fillers on the
performance of TFN FO membranes to the best of our knowledge.

Figure 1: The structure of the amine-rich SNW-1 covalent organic framework.

2. Materials and methods
2.1. Materials
Melamine, terephthalaldehyde (99%, Sigma-Aldrich), acetone (99.8%, Merck), dimethyl
sulfoxide (DMSO, 99.9%, Sigma-Aldrich), dichloromethane (DCM, 99.99%, VWR) and
tetrahydrofuran (THF, 99%, VWR) were purchased and used without further purifications for
the synthesis of SNW-1 nanoparticles. Polysulfone pellets (PSf, Udel® P-3500, Solvay) were
used for fabricating microporous polymer membrane substrates and were dried at 50°C for 24
hours before preparing polymer dope solutions using 1-methyl-2pyrrolidone (NMP, ≥99.5%,
Merck) as the polymer solvent. The precursors used for the formation of the PA layer
included trimesoyl chloride (98%, Sigma-Aldrich), m-phenylenediamine flakes (99%, Sigma6

Aldrich) and n-hexane (98.5%, Merck). Deionized water (DI, Milli-Q®, Merck) and sodium
chloride (NaCl, Chem Supply) were utilized as FS and DS for the FO tests, respectively.
2.2. Synthesis of SNW-1
A solvothermal method, which has been described elsewhere, was used to synthesize the
SNW-1 nanoparticles [39]. Briefly, 1.00 g terephthalaldehyde and 0.63 g melamine were
dispersed in DMSO (31 mL) and transferred to a condenser tube fitted Schlenk flask. The
mixer was continuously mixed and heated to 180°C in an inert environment of nitrogen for 3
days. The suspension was cooled to ambient temperature. SNW-1 nanoparticles were then
isolated from the suspension by filtering using a Buchner funnel. The SNW-1 residue was
finally rinsed using surplus THF, acetone and DCM. Lastly, the extracted SNW-1
nanoparticles were left to dry in a vacuum oven at 120 °C for 1 day.
2.3. Preparation of polysulfone membrane substrates
Polymer dope was made by dissolving 15 wt.% PSf pellets in 85 wt.% NMP under
continuous stirring at 500 rpm at 60°C for 1 day to achieve a well-mixed solution. The
polymer dope was pre-filtered using PET mesh and left to degas at 34°C for 1 day. The dope
solution was then applied on the glass plate by means of a motorized film applicator
(Elcometer 4340) and setting the casting knife height at 120 µm under ambient laboratory
conditions. The cast PSf polymer film was then instantaneously submerged into a water bath
at ambient temperature for 30 min to complete the phase inversion process. Coagulated PSf
substrates were then rinsed and placed in DI water for 1 day to eradicate the remaining
solvents.
2.4. Fabrication of TFC and TFN membranes
The PA layers were assembled on the PSf substrates by IP. Firstly, an air knife was employed
to eliminate any remaining water from the substrates. Then the substrates were saturated with
4.0 wt.% aqueous MPD solution for 2.5 min. Surplus amine solution was eliminated from the
7

substrate surfaces using a nitrogen knife. Next, the amine-impregnated substrates were
dipped into the organic phase (0.1 wt.% TMC in n-hexane) for 1 min for the PA layer
formation. The reacted membranes were then cured for 20 min in the air at ambient
temperature. The fabricated membranes were finally washed with DI water to eliminate any
surplus monomers. The membranes were then stored in DI water at 4°C for at least one day
before conducting the FO tests.
The TFN membranes with SNW-1 nanoparticle fillers were made in a similar fashion to TFC
membranes, but different loadings of SNW-1 nanoparticles (0.005, 0.01, 0.02 and 0.04 wt.%)
were incorporated into the MPD solution. SNW-1 nanoparticles were uniformly dispersed in
DI water by sonicating for 4 h followed by the addition of MPD into the SNW-1 particle
dispersion, which was stirred at room temperature for 20 min. The subsequent MPD/SNW-1
saturated substrates were reacted with the TMC solution to initiate the IP process. The
resultant PA layers had the SNW-1 nanoparticles embedded inside them. The prepared TFN
membranes were represented as TFN0.005, TFN0.01, TFN0.02 and TFN0.04 based on the
loading of SNW-1 nanoparticles.
2.5. Characterization of SNW-1 nanoparticles, TFC and TFN membranes
The top surface (PA layer) and cross-sectional morphologies of the membranes were
analyzed with a scanning electron microscope (SEM, Zeiss Supra 55VP), which was operated
at 5-10 kV. Pre-wetted membrane segments were ruptured in liquid nitrogen for the
membrane cross-section study. The membrane samples were sputter coated with 12 nm thick
Au/Pd prior to SEM analysis.
The surface roughness and morphology of the FO membranes were studied using atomic
force microscopy (AFM, Dimension 3100, Bruker) equipped with a scanning probe
microscope in tapping mode.

8

The static water contact angles of the membrane surfaces were measured with an optical
tensiometer (Attension Theta Lite 100, Biolin Scientific) at room temperature to determine
membrane surface hydrophilicity. Contact angle measurements for each sample were made at
five random locations to obtain the mean value.
Fourier transform infrared spectroscopy (FTIR, Shimadzu MIRacle 10) was used to detect the
chemical compositions of the SNW-1 nanoparticles and the fabricated membranes, in
addition to assessing the chemical changes that occurred due to the reaction between TMC
and SNW-1 nanoparticles. FTIR spectra were recorded at room temperature (20 scans at 2
cm−1 resolution).
The nitrogen sorption isotherms of SNW-1 nanoparticles were obtained on a Quantachrome
Autosorbe-1 analyzer at 77 K. The samples were degassed for 24 h at 393 K before recording
the measurement. Brunauer-Emmet-Teller (BET), NL-DFT and t-plot methods were used to
calculate the SNW-1 nanoparticles surface area and micropore volume from the nitrogen gas
sorption isotherms. The BET surface area was calculated using the data points in the range of
P/P0 = 0.05-0.2. The pore size distribution of SNW-1 nanoparticles was measured by
applying the Horvath-Kawazoe (HK) method to the nitrogen sorption data obtained at 77 K.
2.6. Evaluation of membranes transport properties
The pure water permeability (A) and solute permeability (B) coefficients of the TFC (control)
and TFN membranes were determined using the protocol developed for FO membranes by
Tiraferri, et al. [40].
2.7. Assessment of membrane performance
A laboratory scale FO experimental system was utilized to investigate the performance of the
developed membranes. The FO cell comprised of two flow channels with an effective
membrane area of 15.4 cm2 (2.2 cm wide, 7.0 cm long and 0.3 cm deep). A gear pump (Cole
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Parmer) was employed to circulate the FS and DS on each channel co-currently at a
crossflow velocity of 12.6 cm/s (0.5 L/min). Both DS and FS were maintained at the ambient
temperature throughout the performance tests. DI water was used as the FS, while 0.5 M
NaCl was used as the DS. The membranes were tested in both AL-DS (active layer oriented
towards DS) and AL-FS (active layer oriented towards FS) orientations. The membrane water
flux (Jw, Lm-2h-1) was determined by recording the change in FS mass using a digital mass
balance (CAS, South Korea). Whereas, the reverse solute flux (Js, gm-2h-1) was obtained by
monitoring the change in FS conductivity using a portable conductivity meter (LAQUAact,
Horiba Scientific).
The membrane water flux was determined using Eq. 1, where ΔVfeed,t is the volume change in
FS during the performance test, ∆t is the duration of the performance test and Am is the
effective membrane surface area (m2).

(1)

The reverse solute flux was determined using Eq. 2, where ∆Cfeed,t and Vfeed,t are the changes
in the FS concentration and volume, respectively after a predetermined time, ∆t.

(2)

A better representation of membrane selectivity, compared to the reverse solute flux (Eq. 2),
is the specific reverse solute flux (SRSF, g/L) as it indicates the quantity of draw solute
moving into FS for every unit volume of water passing into DS [41]. The SRSF of the
membranes was determined using Eq. 3. A smaller SRSF implies greater membrane
selectivity in the FO process.

(3)

10

3. Results and discussion
3.1. Characterization of SNW-1
The size and morphology of SNW-1 nanoparticles were identified by SEM as shown in
Figure 2a. The SNW-1 nanoparticles were observed to be spherical in shape with the
diameter of each particle ranging between 20-40 nm. The small size of SNW-1 particles was
beneficial for obtaining a homogenous and stable dispersion is the MPD aqueous phase;
which further contributed towards the uniform distribution of SNW-1 nanoparticles in the PA
layer.
The synthesized SNW-1 nanoparticles were found to have a BET surface area and NL-DFT
micropore volume of 500 m2g-1 and 0.14 cm3g-1, respectively, showing a high crosslinking
degree in SNW-1 monomers. The calculation by the Horvath-Kawazoe (HK) method
revealed that the pore size of SNW-1 nanoparticles was approximately 5.5 Å (Figure 2b),
which may provide extra channels for the transport of water molecules.
(a)

(b)

100 nm

Figure 2: (a) SEM image of the SNW-1 nanoparticles. (b) Pore size distribution of SNW-1
nanoparticles obtained from the HK method.
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3.2. Formation of covalent bonds between SNW-1 nanoparticles and polyamide layer
The secondary amine groups (-NH) of SNW-1 nanoparticles can react with the acyl chloride
groups (-COCl) of TMC, which will result in the formation of strong and stable covalent
bonds between the SNW-1 nanoparticles and the PA layer (Figure S1) [42]. In order to
investigate the reaction between the SNW-1 nanoparticles and TMC, a certain amount of
SNW-1 nanoparticles were added to 0.1 wt.% TMC organic solution to form the reacted
compound called TMC/SNW-1. The FTIR spectra in Figure 3 shows the chemical
compositions of the pristine SNW-1 nanoparticles and the reacted TMC/SNW-1
nanoparticles. The FTIR spectrum of SNW-1 nanoparticles demonstrated the distinctive
peaks of triazine ring’s semicircle and quadrant stretching at 1465 and 1535 cm−1,
respectively; thus, indicating the successful synthesis of SNW-1 nanoparticles and presence
of triazine frameworks in their structure [39]. The peak representing triazine ring’s semicircle
stretching in TMC/SNW-1 shifted slightly to 1480 cm−1, but the peak for quadrant stretching
remained unchanged. Two additional peaks were observed on the TMC/SNW-1 FTIR
spectrum at 1610 cm−1 and 1690 cm−1, which are attributed to the aromatic amide band and
C=O stretching vibration of the formed tertiary amide group, respectively [43]. The FTIR
spectra confirm the occurrence of a chemical reaction between TMC and SNW-1
nanoparticles, where the SNW-1 nanoparticles will be able to covalently bond to the PA via
tertiary amide bonds to enhance membrane stability. A conceptual diagram depicting the
formation of a tertiary amide bond due to the reaction between TMC and SNW-1
nanoparticles is shown using a red circle in Figure 4.
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Figure 3: FTIR spectra representing the distinctive peaks of the SNW-1 and TMC/SNW-1
nanoparticles.

Figure 4: Schematic representation of a tertiary amide bond formation between the SNW-1
nanoparticle and TMC. The secondary amine group of SNW-1 nanoparticle, the acyl chloride
group (-COCl) of TMC, and the formed tertiary amide group are shown in red circles.

3.3. Characteristics of the TFC and TFN FO membranes
The cross-section morphology of the substrate used for preparing TFC and TFN membranes
is shown in Figure S2 . The SEM image revealed that the substrate has both long finger-like
pores and macrovoids with a total thickness of nearly 58 µm.
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The membrane top surface and cross-sectional SEM images were used to investigate the
effect of the SNW-1 nanoparticles addition into the PA layer (Figure 5). All the membrane
surfaces demonstrated the characteristic ridge and valley structure of the PA layer resulting
from the reaction between MPD and TMC during the IP process (Figure 5a-e). The SEM
images of the TFN membranes revealed that the SNW-1 nanoparticles were uniformly
dispersed within the PA layer without any noticeable particle agglomeration (Figure 5b-e).
The coordination and formation of hydrogen bonds between the amine groups of SNW-1
nanoparticles and MPD allowed self-assembly and good distribution of SNW-1 nanoparticles
in the PA rejection layer [44]. In addition, the development of covalent bonds between the
PA layer and SNW-1 nanoparticles, as presented in Figure S1, facilitated good compatibility
between the SNW-1 nanoparticles and the PA layer.
Nonetheless, the surface of TFN membranes (Figure 5b-e) looked rougher than that of TFC
membrane (Figure 5a) due to the development of round lumps that increased with an
increment in the SNW-1 nanoparticle loading. Minimal spherical lumps were found on the
TFC membrane surface, and it was the smoothest in comparison to the other membranes. The
TFN0.04 membrane, on the other hand, demonstrated the highest density of these spherical
lumps (Figure 5d), suggesting that the SNW-1 nanoparticles hindered the diffusion of MPD
from the substrate into the TMC organic phase; therefore, slowing down the rate of reaction
between MPD and TMC. Unhindered IP reaction results in the formation of more leaf-like
structures as observed for the PA layer of the TFC membrane [45].
The formation of the PA layer on top of the substrates is clearly noticeable from the crosssectional SEM images of the TFC and TFN membranes (Figure 5f-j). The overall thickness
of the PA layer was found to decrease with an increment in the SNW-1 nanoparticle loading
(Figure 6). The reduced PA layer thickness and restricted growth of the ridge and valley
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structures in the presence of SNW-1 nanoparticles further proved that the SNW-1
nanoparticles inhibited the diffusion of MPD [46, 47].
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(a)

(f)

600 nm

200 nm

(g)

(b)

600 nm

200 nm

(c)

(h)

600 nm

200 nm

(d)

(i)

600 nm

200 nm

(e)

(j)

200 nm

600 nm
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Figure 5: Top surface and cross-sectional SEM images of (a, f) TFC, (b, g) TFN0.005, (c, h)
TFN0.01, (d, i) TFN0.02 and (e, j) TFN0.04 membranes.

PA layer thickness (nm)

400
350
300
250
200
150
100
TFC

TFN0.005

TFN0.01

TFN0.02

TFN0.04

Membrane

Figure 6: Average PA layer thickness of the TFC and SNW-1 nanoparticles-incorporated
TFN membranes.

The chemical changes on the synthesized TFC and TFN membrane surfaces were examined
using FTIR. The spectra of the PSf substrate, TFC and TFN membranes are presented in
Figure 7. The bands at 1240 cm-1 (C–O–C stretch), 1149 cm-1 (C–SO2–C symmetric
stretching), 1293 cm-1 (S=O stretch), 1488 cm-1 (CH3–C–CH3 stretch) and 1410 cm-1 (C=C
aromatic ring stretch) characterize the distinct PSf substrate functional groups [48].
The FTIR spectrum of the TFC membrane demonstrated three additional peaks compared to
the PSf substrate. The peak at 1543 cm-1 shows the presence of amide II (C–N stretch), while
those at 1665 cm-1 and 1610 cm-1 denote amide I (C=O stretch) and aromatic ring breathing
of the formed amide bond, respectively; thus, validating the PA layer formation on the
substrate using the IP reaction [48].
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The peak at 1543 cm-1 (C–N stretch) was also present for the TFN membranes, and its
intensity increased with an increment in the SNW-1 nanoparticle loading as more amide
bonds formed when SNW-1 nanoparticles reacted with TMC. The TMC/SNW-1 reaction was
further validated from the occurrence of the peak at 1650 cm-1 (C=O stretching in tertiary
amides) for all TFN membranes. The increasing peak intensities at higher SNW-1
nanoparticles concentrations signified the formation of more tertiary amide bonds. The
formation of tertiary amide bonds take place only when SNW-1 nanoparticles react with
TMC as depicted in Figure 4; which explains the absence of the peak at 1650 cm-1 from the
FTIR spectrum of the TFC membrane. Additionally, all the TFN membranes demonstrated
peaks at 1460 and 1535 cm−1, which represent the triazine ring from the SNW-1
nanoparticles [39]. The TFN membranes also exhibited a peak at 1480 cm−1, which became
more prominent at higher SNW-1 nanoparticle loadings as shown by the red box and black
arrows in Figure 7. The peak at 1480 cm−1 represents the triazine ring’s semicircle stretching
in SNW-1 nanoparticles that reacted with TMC as discussed earlier. The presence of these
peaks confirmed the successful integration of SNW-1 nanoparticles into the selective layer
during the IP process.
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Figure 7: FTIR spectra representing the distinctive peaks of the TFC and TFN membranes.
The membrane surface roughness was examined using AFM. The three-dimensional AFM
images of the substrate, TFC and TFN membrane surfaces are illustrated in Figure 8. The
root mean square values (Rms), mean roughness (Ra) and maximum roughness (Rmax) are
presented in Table S1. The typical ridge and valley formations of PA are evidently noticeable
on the AFM images of the membranes (Figure 8), which confirm the PA layer formation on
the PSf substrate. The average membrane surface roughness increased with an increment in
SNW-1 nanoparticles loading. Since identical substrates were utilized for all the membranes,
the increase in membrane surface roughness can be ascribed to the existence of SNW-1
nanoparticles in the active layer. The TFC membrane exhibited the smoothest surface with a
Ra value of 27.9 nm; whereas, TFN0.04 has the roughest surface with a Ra value of 52.4 nm.
Higher surface roughness is associated with an increase in the specific surface area of the
membrane, which is beneficial for enhancing water transport across the membrane.
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Figure 8: AFM images of (a) PSf substrate, (b) TFC, (c) TFN0.005, (d) TFN0.01, (e)
TFN0.02 and (f) TFN0.04 membrane surfaces. The Ra values were measured in triplicates.

20

Membrane surface hydrophilicity is crucial for enhancing the flux across FO membranes. The
hydrophilicity of membranes was assessed by evaluating the water contact angles on the
membrane surface. The contact angles declined from 65.2° to 53.4° with an increase in the
loading of SNW-1 nanoparticles from 0 to 0.04 wt.%, which suggested that incorporation of
the hydrophilic amine-rich SNW-1 nanoparticles within the PA layer enhanced membrane
surface hydrophilicity (Figure 9); thus, improving the wettability and water permeability of
the TFN membranes. Additionally, the SNW-1 nanoparticles could have increased the pore
density on the PA layer by reducing its crosslinking degree, which allowed water droplets to
spread out on the PA layer easily. Moreover, the embedded SNW-1 nanoparticles in the TFN
membranes increased the surface roughness and reduced the thickness of their PA layers,
which allowed water molecules to permeate easily through the selective layers. Lastly, the
pores of the SNW-1 nanofillers could serve as extra channels for water molecules to penetrate
easily through the PA layer [30].

Contact angle (deg)

70.0
60.0
50.0
40.0
30.0
20.0
TFC

TFN0.005

TFN0.01

TFN0.02

TFN0.04

Membrane

Figure 9: Contact angle measurements for the TFC and TFN membranes.
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3.4. Performances of TFC FO membranes
The FO performance of the membranes in both the AL-FS and AL-DS orientations is
presented in Figure 10. The water fluxes of the TFN membranes under both the orientations
increased at higher SNW-1 nanoparticle loadings (Figure 10a) most probably because of
enriched hydrophilicity and increased PA selective layer’s free volume. The porous SNW-1
nanoparticles also likely offered more channels for water molecules to pass through; thereby,
further enhancing water flux. In addition, the reduced PA layer thickness and increased
surface roughness of TFN membranes enhanced the water flux of the TFN membranes by
lowering the transport resistance of water molecules across the PA layer [49].
The TFN0.04 membrane demonstrated the highest water flux of 15.4 Lm-2 h-1 (65% higher
compared to the TFC membrane with 9.3 Lm-2h-1 ) in the AL-FS configuration and 27.8 Lm2 -1

h

(43% higher compared to the TFC membrane with 19.4 Lm-2h-1) in the AL-DS

configuration with DI water FS and 0.5 M NaCl DS. The absence of ICP in the AL-DS mode
when DI water is used as FS resulted in higher water flux in AL-DS configuration than that in
the AL-FS configuration. Several earlier studies have established that dilutive ICP
considerably reduces the water flux in the AL-FS arrangement due to the decline in the actual
osmotic driving force at the interface of the membrane’s dense active layer [50].
The SRSF is the ratio of reverse solute flux to water flux, and it is an important factor for
assessing the FO performance with regards to its selectivity. A lower SRSF value is
preferable for FO membranes as it implies higher membrane selectivity. Figure 10b presents
the SRSF values of the TFC and TFN membranes in both AL-DS and AL-FS arrangements.
Integration of SNW-1 nanoparticles slightly reduced the SRSF for the TFN0.005 than that of
TFC membrane; whereas, the SRSF for TFN0.01 was observed similar to that of TFC
membrane. Despite TFN0.005 and TFN0.01 showing similar selectivity to the TFC
membranes, they have greater water fluxes than that of the TFC membrane (Figure 10a),
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which further supports the earlier statement that incorporation of SNW-1 nanoparticles
improved water flux across the membrane while maintaining membrane selectivity. The
water flux of TFN0.01 was marginally lower than that of TFN0.05 due to increased resistance
to water diffusion caused by the pore blocking effect of the SNW-1 nanoparticles at a loading
of 0.01 wt.%.
Nonetheless, increasing the SNW-1 nanoparticles loading beyond 0.01 wt.% significantly
increased SRSF as observed for the TFN0.02 and TFN0.04 membranes, and considerably
reduced their selectivity in both orientations. The SRSF for TFN0.02 was 0.58 g/L, which
further increased to 1.21 g/L for TFN0.04 in the AL-FS orientation and a similar trend was
detected for AL-DS orientation. The considerable increase in SRSF values of TFN0.02 and
TFN0.04 membranes compared to other membranes suggest that the amount of draw solute
diffusing from the DS to FS is relatively high and that the membranes have a looser dynamic
pore structure [51]. The reduction in membrane selectivity at higher loadings of SNW-1
nanoparticles could be ascribed to the impeded IP reaction between MPD and TMC due to
the interference of SNW-1 particles, which formed a non-uniform and less dense PA layer
with a reduced cross-linking degree and greater fractional free volume [52]. Therefore, it is
desirable to maintain SNW-1 particle loading below 0.01 wt.% for FO applications as
overloading of SNW-1 nanoparticles can produce defective TFN membranes with solute
passages [53]. Based on the FO performance, the TFN0.005 membrane can be considered to
be optimal among all the SNW-1 modified TFN membranes as it demonstrated a significant
improvement in FO water flux while maintaining the membrane selectivity.
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Figure 10: FO performance of the fabricated membranes in the AL-FS and AL-DS
configurations: (a) water flux and (b) SRSF (FS: DI water, DS 0.5M NaCl).

Figure 11a represents the FO water flux of TFC and TFN membranes while utilizing DI
water as FS and NaCl as DS at concentrations varying from 0.5 to 2 M under AL-FS
orientation. As expected, the water fluxes of the FO membranes augmented with an increase
in the DS concentration because of the higher osmotic driving force. The water flux of
TFN0.005 increased by about 63% (from 12.0 to 19.6 Lm-2 h-1) when 2 M NaCl was
employed as DS, instead of 0.5 M NaCl solution.
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The SRSF values of all the membranes, except TFN0.04, remained reasonably stable at all
DS concentrations. The SRSF of TFN0.04 increased slightly at higher DS concentrations
because overloading of the SNW-1 nanoparticles formed a non-uniform PA layer, which
created passages for the transport of solute molecules (Figure 11b).
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Figure 11: FO performance of the TFC and TFN membranes at varying NaCl DS
concentrations in the AL-FS configuration; (a) water flux and (b) SRSF (FS: DI water)

3.5. Membrane transport parameters
The transport parameters of the TFC and TFN FO membranes are summarized in Table 1.
The addition of SNW-1 nanoparticles in the selective layer increased the A and B values of
all the TFN membranes. For example, the TFN0.005 demonstrated about 97% improvement
in the pure water permeability compared to that of the TFC membrane due to the increased
membrane hydrophilicity resulting from the addition of SNW-1 nanoparticles as fillers.
Additionally, the porous structure of SNW-1 nanoparticles could have also offered more
passageway for the transportation of water molecules across the membrane. The trend in the
A values is in good conformity with the membrane water fluxes data presented in Figure 10a.
The B values of the SNW-1 nanoparticles-incorporated membranes also increased with the A
values owing to the reduced cross-linking degree and non-uniform formation of the PA layer.
For instance, TFN0.04 membrane showed the highest A value of 5.17 Lm-2 h-1bar-1 (almost
5.7 times more than that of TFC membrane), but at the cost of membrane selectivity that
resulted in its B value increasing 21 times more that of the TFC membrane.
The intrinsic selectivity ratio (B/A), which is a crucial FO parameter for membrane
selectivity, is also presented in Table 1. A lower B/A ratio usually indicates higher membrane
selectivity. The B/A ratio of the TFN0.005 and TFN0.01 membranes were marginally lower
than that of TFC membrane; thus, indicating the enhanced selectivity of the PA layer upon
the addition of SNW-1 nanoparticles in low concentrations. Despite TFN0.005 and TFN0.01
having similar B/A values, the A value of TFN0.01 was marginally lower than that of
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TFN0.005 because the permeation of water molecules through the membrane was impeded
by the saturation of SNW-1 nanoparticles in the PA layer at a loading of 0.01 wt.% [54].
However, the B/A ratio of modified membranes increased when the SNW-1 nanoparticle
loading was increased beyond 0.01 wt.% due to the defective PA layer formation. The
reduction in membrane selectivity for SNW-1 nanoparticle loading greater than 0.01 wt.% is
evident from the sudden increase in B/A values of TFN0.02 and TFN0.04. The highest B/A
ratio was observed for the TFN0.04 membrane (1.11 bar). The TFN0.005 can be considered
to be the most selective in comparison to other membranes as it demonstrated the lowest B/A
ratio of 0.26 bar among all the membranes. The B/A ratio of the TFN membranes show a
good agreement with the SRSF values as discussed earlier (Figure 10b).
Table 1: Transport properties of the prepared TFC and TFN FO membrane.
A

B

B/A

(Lm-2h-1 bar-1)

(Lm-2 h-1)

(bar)

TFC

0.90

0.27

0.30

TFN0.005

1.77

0.46

0.26

TFN0.01

1.47

0.42

0.29

TFN0.02

4.82

2.32

0.48

TFN0.04

5.17

5.73

1.11

Membranes

Table 2 compares the water flux and specific reverse salt flux of the membranes prepared in
this work with those reported in the literature at various FS and DS concentrations. It can be
observed that the FO performance of the membranes prepared in this study is acceptable and
requires a lower nanoparticle loading compared to those reported in the literature. Thus, COF
nanoparticles can be considered as potential fillers for developing high-performance FO
membranes.
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Table 2: Comparison between the performance of the FO membranes prepared in this work
and those reported in the literature (AL-FS orientation).
Feed

Draw

Jw

SRSF

solution

solution

[LMH]

[g/L]

N/A

DI water

0.5 M NaCl

9.33

0.31

This work

TFN0.005

0.005 wt.% SNW-1

DI water

0.5 M NaCl

12.0

0.29

This work

TFN-U2

0.1 wt.% UiO-66

DI water

1.0 M NaCl

20.7

0.21

[26]

TFN0.1

0.1 wt./v% zeolite

DI water

1.0 M NaCl

17.5

0.46

[28]

TFN0.05

0.05 wt./v% TiO2

2.0 M NaCl

20.0

0.45

[55]

TFN0.05

0.05 wt./v% NH2-TNT

0.5 M NaCl

17.82

0.12

[56]

HTI-NW

N/A

0.5 M NaCl

5.7

0.32

[56]

CTA-W

N/A

0.5 M NaCl

5.0

0.58

[57]

Membrane
TFC
(control)

Active layer filler

10 mM
NaCl
10 mM
NaCl
10 mM
NaCl
10 mM
NaCl

Reference

4. Conclusions
The TFN FO membranes were prepared by integrating SNW-1 nanoparticles in the PA layer
using the IP technique. The surface hydrophilicity of the TFN membranes improved with an
increment in SNW-1 nanoparticle loading due to the amine functional groups of SNW-1
nanoparticles. Moreover, the formation of strong amide bonds between the SNW-1
nanoparticles and PA layer improved the particle-membrane stability that is expected to
minimize particle loss. The improvement in water flux at higher SNW-loading is associated
with the increased membrane surface hydrophilicity, higher porosity, thinner PA layer and
higher specific membrane surface area. The SRSF of all the membranes remained reasonably
stable at all concentrations of draw solution (0.5 to 2 M NaCl solution), except for the
TFN0.04 membrane. The high SRSF of TFN0.02 and TFN0.04 can be associated with the
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formation of defective and loose PA layer caused by the hindered IP reaction of the MPD
with TMC. The TFN0.005 membrane was considered to be the optimal membrane
demonstrating a water flux and SRSF of 15.6 Lm-2h-1 and 0.31 g/L, respectively when tested
with DI water as FS and 1 M NaCl as DS in AL-FS configuration. These results suggest that
SNW-1 nanoparticles are potential fillers for fabricating TFN FO membranes for separation
applications.
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Highlights


Amine-rich SNW-1 nanoparticles embedded into PA layer of novel TFN membrane.



SNW-1 covalently bonded to the PA layer and improved membrane hydrophilicity.



The hydrogen bond between SNW-1 and MPD amine groups evenly dispersed SNW1 into PA layer.



The porous structure of SNW-1 improved the water flux through the modified
membranes.



The optimal membrane, TFN0.005, showed higher water flux than TFC membrane
while retaining selectivity.
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