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ARTICLE INFO ABSTRACT

Editor: V Tarabara The advancement in the development of nanofillers for thin-film nanocomposite (TFN) membranes, particularly
those derived from eco-friendly sources, has gained increasing recognition. This is largely due to their potential
to markedly improve both permeation and selectivity. However, the investigation of biochar (BC), a by-product
of biomass pyrolysis, as a distinctive nanofiller remains limited. This study investigates the incorporation of
porous iron/zinc (Fe/Zn) modified biochar (MBC) into a polyamide active layer for the purpose of fabricating
TFN membranes on a polyethersulfone (PES) substrate via interfacial polymerisation (IP). Imaging confirmed the
formation of metal nanoparticles dispersed uniformly throughout the porous BC substrate. Further crystallinity
and surface analysis suggest strong interactions between metal and BC substrate, with a surface area of 117.99
m?/g and high nanofiller pore volume of 7.72 cm®/g. The effects of incorporating MBC into both the membrane
substrate and polyamide (PA) layers on the physicochemical properties, permeation, and rejection of salts and
dye were examined. Scanning Electron Microscopy (SEM) imaging has shown that the incorporation of MBC in
both the substrate and PA layer results in the seamless formation of a finger-like structure spanning both layers.
This incorporation also causes a minor increase in the surface roughness of the PA layer. Fourier transform Infra-
Red (FT-IR) spectroscopy shows an enhancement in hydrophilic functional groups (-OH and —-COOH) on the
membrane surface, as evidenced by the reduced contact angle value of 55°. Permeation and rejection testing
indicate that M5, where MBC was incorporated in both substrate and thin film structure, was the best performing
membrane, with water permeance from the feeds of water, MO, MgSO4 and NacCl solutions of 46.55 + 0.08,
44.49 + 0.28, 37.43 + 0.36, and 21.55 + 0.03 Lm?h'bar™?, respectively. Rejection of MO, MgSO, and NaCl
were recorded to be 99.53 £ 0.02, 99.25 £ 0.09 and 46.99 + 0.69 %. This study provides a compelling
perspective on the application of green-derived BC as a nanofiller in the fabrication of TFN membranes for
desalination, resulting in enhanced water product quality.
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1. Introduction water scarcity, and the recovery of potable water from non-freshwater

sources like seawater or brackish water has been seen as a feasible

The need for clean water has surpassed its availability, with
approximately 25 % of the world’s population living in regions experi-
encing varying degrees of water stress. [1]. This situation is expected to
deteriorate in the coming decades due to factors such as a rapid increase
in demand, ongoing population growth, and climate change [2,3].
Desalination is recognised as a vital solution for addressing the global
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and sustainable solution [3,4]. Meanwhile, there is an urgent need for
cost-effective, energy-efficient, and low-carbon technologies to reclaim
such water. As a result, membrane technology is able to attracted sig-
nificant research interest due to advantages such as the high separating
selectivity, permeability, low operational cost, and modular designs for
a wide range of applications [5-7]. While there are two types of common
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membranes for water treatment, namely polymeric (organic) and
ceramic membranes, the latter tends to be more expensive despite of-
fering superior mechanical and chemical durability. Therefore, poly-
meric membranes, especially thin film composite (TFC) membranes
offering both high water permeation and selectivity, have been devel-
oped and are receiving continuously increasing research interest.

Over the years, a range of modification techniques have been utilized
by researchers to enhance the permeability and selectivity of TFC
membranes. These methods encompass the incorporation of hydrophilic
materials, plasma treatment, blending with functional nanomaterials,
UV irradiation, and more [8-10]. Among these techniques, the
employment of functional nanofillers has shown considerable potential.
This is attributed to several advantages including a simple modification
process, superior performance, cost efficiency, and easy reproducibility.
Various forms of nanomaterials, such as metals (titania, copper, silver)
[11,12], non-metals (graphene oxide, carbon nanotubes) [13,14], and
composites (graphene-titania, carbon-nanotube-silver, metal-carbon
dots) [15,16], have been integrated into TFC membranes to enhance
separation performance. Meanwhile, certain inherent characteristics are
sought before these nanofillers are incorporated into the membranes.
These characteristics encompass hydrophilic functional groups, a sub-
stantial surface area, porous structures to aid water transport, and a
charged nature to enhance ion repulsion. [17]. When incorporated into
the polymeric membranes via processes like interfacial polymerisation
(IP), these inherent characteristics serve to enhance permeation and
selectivity of the membranes during wastewater treatment [18]. Zhao
et al. [19] utilised the IP process to integrate UiO-66-NH; nanoparticles
into the thin film membrane. The goal was to enhance the membrane
selectivity at a molecular level, which subsequently enhanced the
permeation and rejection capabilities of the membrane for different salts
found in brackish water. Similarly, Konsowa et al. [20] utilised titanium
dioxide (TiO3) nanoparticles to prepare a TFC membrane for forward
osmosis (FO) application. The use of 0.5 wt% of the nanoparticle
significantly increased the porosity and hydrophilicity of the membrane,
resulting in a twofold improvement in permeation and separation.

Carbon-based materials, such as graphene and carbon nanotubes,
form an important family of nanofillers. However, they typically require
specialised material processing techniques that involve the use of
chemicals and solvents. In contrast, biochar (BC), a bio-based material
produced as a by-product of biomass pyrolysis in the generation of
biogas and biofuel, has been underutilised. The current application of BC
is primarily focused on soil remediation in the agricultural sector [21].
Nevertheless, BC exhibits several characteristics that make it suitable as
a nanofiller in polymeric membranes, including a highly porous
network, the presence of hydrophilic functional groups, and a high
surface area. Zhang et al [22] integrated ball-milled BC into a TFN (thin
film nanocomposite) membrane for the purpose of separating tetracyclic
antibiotics from wastewater. The authors hypothesised that the ultrafine
size of BC, along with its high porosity, facilitated the uniform disper-
sion of the nanofiller throughout the TFN matrix, thereby improving
water transport capabilities. Furthermore, the integration of bimetal
nanoparticles into the porous network of BC would enhance the mem-
brane’s water transport capability by creating a greater number of water
transport channels throughout the membrane [23]. Additionally, the
inclusion of Fe and Zn into the membrane has consistently demonstrated
a positive effect on the membrane’s hydrophilicity, enhanced the
membrane’s antifouling capabilities, and improved the adsorption of
pollutants present in various wastewater streams. [24,25].

As a result, BC, derived from the pyrolysis of wheat straw (WS), has
been functionalised with the bi-metal of Fe-Zn in this study to produce a
modified biochar (MBC). The MBC was then used as the nanofiller and
incorporated into both the selective layer and the porous poly-
ethersulfone (PES) substrate of a TFN nanofiltration membrane. The
objective is to enhance the permeation and selectivity of water separa-
tion from various sources, including seawater and textile industry
wastewater. The MBC was characterised using scanning electron
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microscopy (SEM), transmission electron microscopy (TEM), X-ray
Diffraction (XRD), and surface area analysis. Subsequently, the prepared
TFN membranes were examined using different characterisation tech-
niques, including SEM, electron dispersion spectroscopy (EDS), Fourier
transform infrared spectroscopy (FT-IR), water contact angle, and
atomic force microscopy (AFM). To comprehend the effects of the MBC
on the separation performance of the prepared TFN membranes, tests for
pure water permeation, salt rejection, and dye rejection were conducted.
This work is expected to provide meaningful insight into the use of
greener materials, such as BC, as sustainable nanofillers to enhance the
separation performance of state-of-the-art polymeric membranes.

2. Methodology
2.1. Reagents and chemicals

PES was utilised to prepare the membrane support layer (Sigma
Aldrich, MW 58 K). Piperazine (PIP, 99 %), 1,3,5-benzenetricarbonyl
trichloride (TMC, 98 %), n-hexane (97 %), n-methyl-2-pyrrolidone
(NMP, 99 %), polyvinylidene pyrrolidone (PVP) K360 (99 %), methy-
lene orange (MO), sodium chloride (NaCl, 99 %) and magnesium sul-
phate (MgSO4, 99 %) were all procured from Sigma Aldrich. All the
reagents employed in this study were used without any alterations. They
were dissolved in MilliQ ultrapure water for usage, unless stated
otherwise.

2.2. Preparation and characterisation of the MBC filler

WS pellets (7 mm OD and approximately 12 mm long) were used as
raw feedstock for the preparation of BC. The WS pellets were manu-
factured without using any binder. The as-received biomass was directly
pyrolyzed (500 °C, N, atmosphere, 120 min) without any preliminary
milling step. The BC collected was then cooled to room temperature
(23 °C), rinsed with ultrapure water, dried at 80 °C, and ground using an
agate mortar before being sieved using a 300-mesh filter.

The BC was subsequently modified by metallic nanoparticles, spe-
cifically iron (Fe) and zinc (Zn). A straightforward co-precipitation
technique, which has been detailed elsewhere, was employed for this
purpose [26]. In a typical process, 25 mL of aqueous 0.4 M Fe
(NO3)3-9H,0 and 25 mL of aqueous 0.2 M and Zn(NO3),-6H20 were
prepared separately before being mixed in a beaker of 100 mL in vol-
ume. The molar ratio between Fe and Zn was kept at 2:1 [27]. This was
followed by the addition of 1.5 g of the BC, keeping the total metal
component in each MBC at 0.6 M. The pH of the solution was maintained
at 12 through dropwise additions of 6 M NaOH. The mixture was then
heated to 80 °C and maintained at this temperature for 1 h at a constant
stirring rate of 250 rpm. The mixture was then cooled to room tem-
perature. The precipitate formed was collected and rinsed with ultra-
pure water to remove residual ions, prior to be dried at 100 °C for 24 h
and grounded into powder using a pestle and mortar. The final samples
were calcined at 500 °C for 2 h at a ramping rate of 5 °C/min under a
nitrogen (N3) atmosphere. Characterisations such as morphology,
dispersion, functional group, crystallinity, surface area, and surface
charge were carried out via transmission electron microscopy (TEM, HT
7700, Hitachi), energy-dispersive x-ray spectroscopy (EDS, Oxford In-
struments 400), Fourier transform-infrared spectroscopy (FT-IR,
Thermo Scientific Nicolet iS50 Spectrometer), x-ray diffraction (XRD,
Bruker D8 Advance), Brunnaur-Emmett-Teller (BET, Quantachrome
Nova 4000e) analysis, nanofiller dispersion stability test, and zeta po-
tential (Malvern Zetasizer Nano ZSP).

2.3. Fabrication of the PES membrane substrate
The PES membrane substrates were fabricated via a non-solvent

induced phase inversion process, details of which can be found else-
where [13]. For the preparation of the unmodified substrate membrane
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(neat PES membrane), a homogeneous polymer casting solution was
formed by dissolving 1 wt% of PVP K30 and subsequently 20 wt% PES in
NMP. The solution was stirred at 50 °C for 24 h until it became uniform.
For the preparation of a mixed matrix membrane (MMM) substrate
layer, 1 wt% of MBC was first added into the NMP, sonicated for 60 min,
before subsequently adding both 1 wt% of PVP K30 and 20 wt% PES,
and stirred under the same conditions until a homogeneous polymer
solution was obtained. The prepared solutions were first allowed to cool
down to room temperature, and subsequently placed into an ultra-
sonicator for 60 min to remove any trapped air bubbles (degassing).
After degassing was completed, the solution was poured onto a glass
plate and the membranes were cast using a glass rod. After the casting
process, the glass plate, which held the cast polymer film, was immersed
in ultrapure water to induce phase inversion. This was done after a lapse
of 15 s. The membranes, once prepared, were immersed for a duration of
24 h. The water was replaced every 12 h to facilitate the completion of
the solvent removal process. Following this, the membranes were stored
in DI water until they were needed for further use or processing.

2.4. Fabrication and characterisation of the PA separating layer

A polyamide (PA) separating layer was formed on the surface of the
porous PES substrate, with or without the MBC, through an IP process
using PIP and TMC. In a typical process, an aqueous solution of PIP (2 w/
v%) was applied to the PES substrate surface and left for 2 min. The
excess solution was then removed using a rubber roller and dried in the
oven for 20 s. Subsequently, a TMC solution (0.1 w/v%), dissolved in n-
hexane, was applied to the same surface, and left for 20 s before the
excess solution was removed. The TFC and TFN membranes obtained
were then placed in an oven at 80 °C for 10 min to complete the IP
process, before being stored in ultrapure water. For membranes with
MBC embedded on the thin film, the MBC was dispersed in the TMC
solution (0.1 w/v%). TMC incorporated with MBC were sonicated for 30
min before being used before TFN preparation. Fig. 1 provides a
graphical overview of the IP process.

In this study, we investigated the impact of incorporating MBC into
different structures of the membrane, specifically the selective PA layer
and the substrate (PES). We prepared five distinct membranes: M1
(without PA layer or MBC), M2 (without MBC), M3 (MBC in PA layer),
M4 (MBC in substrate), and M5 (MBC in both substrate and PA layer). A
summary of the membranes prepared in this study can be found in
Table 1.

The membranes prepared in this study were analysed for their
characteristics, including the surface morphology, cross-section
morphology, surface roughness, porosity, water contact angle, surface

Polyethersu
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film nanocomposite (TFN) dried in oven

to complete IP process before rinsing,
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-
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Substrate clamped on
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Table 1
Summary of the membranes prepared in this work.

Membranes Denomination Presence of nanofiller MBC loading (wt.
%)
Neat M1 None 0
Neat-TFC M2 None 0
Neat-TFN M3 Selective PA layer 0.1
MMM-TFC M4 Substrate PES layer 1
MMM-TFN M5 Substrate and selective PA 1and 0.1
layer

functional groups, and thermal stability. The apparent porosity of the
membranes was calculated using Eq (1) [28,29]:

wo - wil
="

v x 100% (€]

where ¢ is the apparent membrane porosity, W0 and W1 is the weight of
wet and dry membrane in grams, respectively, and V is the membrane

volume in cm®.

2.5. Batch filtration tests

A batch filtration test of the membranes prepared in this study was
conducted using a dead-end filtration unit (Sterlitech, U.S.A). Briefly,
250 mL of ultrapure water was loaded into the testing cell and a Ny
pressure of 6 bar was applied to compact the membranes for 60 min. The
effective membrane area was 14.6 cm? The batch filtration test was
carried out at a constant pressure of 5 bar. The volume of effluent was
measured using a measuring cylinder and recorded every 10 min. The
membrane permeability was calculated using Equation (2):

Vin

-_m 2
J A-At-AP 2

where J is the permeability of the prepared membrane (LMHB, Lm2h"
1bar‘l), V. is the volume of permeate (L), A is the effective membrane
area (mz), At is the filtration time (h) and AP is the pressure used to drive
the filtration process (bar). In this study, the separation performances of
the prepared membranes were investigated using feed solutions of 10
ppm of MO, 1000 ppm of MgSO4, and 1000 ppm of NaCl. Filtration
performance of the feed solution was evaluated after conducting ultra-
pure water filtration tests. This was done to ensure that the membranes
were properly compacted prior to any filtration studies. 10 mL of
permeate were collected at known intervals to investigate the solution of
permeate. The concentration of the permeate solutions was evaluated
using multiple instruments, including a Mettler-Toledo FiveEasy

Piperazine (PIP, 2 wt%
monomer)

QF\E

Organic Trimesoyl Dried in OVGJI for
chloride (TMC, 0.1 wiv%) 208 at80°C

- -

7

Dried in oven for 320

minutes at 80°C

Fig. 1. Graphical overview of the IP process for preparing the thin film membranes.
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Benchtop F20 pH/mv conductivity meter (for MgSO. and NaCl) and a
Thermo Fisher Evolution 220 UV-Vis Spectrophotometer (for MO). The
rejection rate of various feed solutions was calculated based on Equation
(3) [301:

G -G

R= P x 100% 3
f

where R is the rejection rate (%), Cr and C, (mg/L) are the concentration
of the feed solution and the permeate solution at given time,
respectively.

2.6. Cyclic test of the membranes

The stability of the membrane was assessed by monitoring its
permeation and rejection performance for all the solutions tested in this
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study over four cycles. The membrane which exhibits the best perfor-
mance in permeation and rejection based on the section 2.5 (M5) was
selected for this test. Once a batch filtration (2 h) was completed, the
membrane was cleaned with 1 M of HCl, followed by 1 M of NaOH, and
finally with ultrapure water to remove any deposited foulants or residual
molecules. All cleaning processes were carried out for 10 min at 25 °C
under ultrasonication to gently remove the organic foulants attached
onto the membrane surface. The membrane was then reinstalled into the
testing module using a fresh batch of feed solution (10 ppm MO, 1000
ppm MgS04, 1000 ppm NaCl).

3. Results & discussions
3.1. Characterisations of MBC

In this study, the BC used was ground and sieved through a 300-mesh

Element Weight (%)
O 20.94
Fe 32.21

Zn 46.85

100.00

Fig. 2. Characterisations of the prepared MBC, featuring (a) TEM imaging magnified at 500 K highlighting the crystalline structure of the metal particle on the BC
surface (highlighted in red), (b) SEM image of MBC with deposited nanomaterial (highlighted in blue) on surface magnified at 1.8 K, (c), XRD spectra of BC and MBC
(d) EDS mapping highlighting the presence of Fe (red) and Zn (green) and (e) EDS spectra of the MBC prepared (inset: atomic weight of O, Fe, and Zn). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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filter, before being modified with Fe and Zn nanoparticles using the co-
precipitation method.

Fig. 2 (a) illustrates a detailed structural characteristic of the nano-
sized metal nanoparticles deposited on the surface of BC, which are as
small as less than 20 nm in diameter. Further imaging using SEM, as
shown in Fig. 2 (b), unveils the presence of agglomerated particles on
the BC, indicating the successful deposition of Fe and Zn nanoparticles
on the bio-based substrate. The co-precipitation method is facile syn-
thesis technique which facilitates in the development of stable com-
posite materials, such as the deposition of Fe and Zn nanoparticles on
such bio-based substrates, as evidenced here. The interaction of the
metal nanoparticles with the BC was convincingly demonstrated
through XRD analysis shown in Fig. 2 (c). Peaks at 29.83° (100), 35.22°
(311), 39.90° (110), 53.18° (110), 59.59° (102), and 62.25° (200)
(440) collectively confirm the formation of both Fe and Zn on the sur-
face of BC (JCPDS Card No. 65-3111). Moreover, the reduction of the
peak at 20 = 23.00°, representing the amorphous BC, implies an
enhancement in the crystallinity of the BC itself. This has been corrob-
orated in other studies that the use of a potent alkali agent (such as
NaOH used in this work) can augment the crystallinity of BC, remove
impurities, and enhance overall level of crystallinity [31,32]. The dis-
tribution of the metal nanoparticles on the surface of the BC is presented
in Fig. 2 (d), where the EDS mapping reveals the deposition of both Fe
and Zn nanoparticles with slight agglomerations. EDS spectral analysis
(Fig. 2 (e)) indicates the presence of more Fe than Zn, at a ratio of 2:2.49.
Despite employing a more concentrated solution for Fe at 0.4 M
compared to Zn at 0.2 M during the co-precipitation process, the higher
electronegativity of Zn relative to Fe can lead to a more precipitation of
Zn compared to Fe. As a result, the precipitation process favoured Zn
over Fe [33].

In order to comprehend the impact of metal modification on BC,
particularly in terms of its interaction with water and solvent, a
dispersion stability test was conducted. 0.1 w/v% of samples were added
into the designated solution and sonicated for 30 min before dispersion
stability test was initiated. Fig. 3 compares the dispersion stability of BC
and MBC in water and NMP while Fig. 4 illuustrates that.

Our findings indicate that MBC disperses well in both water and
NMP. While MBC maintains its dispersion stability after 60 min, BC
forms a layer and settles at the bottom of the test vial, as highlighted by
the red markings in Fig. 3 (a) and (b). Both water and NMP are polar
solvents, and MBC takes longer to settle compared to BC. The modifi-
cation of BC with metal nanoparticles, including Fe and Zn, is crucial as
it alters the surface characteristics of BC, making it more hydrophilic
compared to hydrophobic BC. Hydrophobic BC experiences stronger van
der Waals forces, leading to the formation of larger flocs and eventual
settling, as observed in Fig. 3 (a) and (b) [34]. The metal nanoparticles
on the surface of MBC allows better interaction with polar water and
NMP and reduce the tendency of agglomeration between MBC
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Fig. 4. Schematic illustration of incorporating Fe-Zn nanoparticles throughout
the pore network of BC.

nanoparticles. Previous literature supports this observation, where hy-
drophilic nanoparticles (MBC) exhibit better dispersion within polar
solvents such as NMP compared to hydrophobic nanomaterials (BC)
[35]. The dispersion stability exhibited by MBC is an important facet in
membrane preparation, as agglomeration could lead to formation of
defects, leading to poor rejection performance [36]. Furthermore, good
dispersion of nanofiller can lead to the formation of conformal mem-
branes. Table 2 compares specific surface area (SSA), pore size, pore
volume, and surface charge between BC and MBC.

The prepared MBC shows a significant increase in both the SSA and
pore volume compared to BC, with the surface area expanding by
approximately 2.5 times (117.99 m?/g) and the pore volume increasing
by around 2 times (7.72 cm®/g). Meanwhile, there is a slight reduction
in the pore size of the prepared MBC compared to BC. Several factors
may contribute to these changes in physical properties. Firstly, the use of
a potent alkali substance (6 M NaOH) in the co-precipitation process has
played a significant role in exfoliating the surface and pores of the BC by
removing volatile residues from the pyrolysis process [37]. Previous
reports have suggested that using strong corrosive agents, such as alkali
or acid, as a pre-treatment of BC before further modification can yield
similar results [38]. In this case, the corrosive agent served as both an
exfoliating agent and a precipitating agent for the metal nanoparticles,
leading to the increase in overall pore volume the BC [39]. Meanwhile,

Table 2
Comparison of specific surface area (SSA), pore size, pore volume, and surface
charge between BC and MBC.

Sample  Specific surface area Pore size Pore volume Zeta potential
(SSA, m*/g) (nm) (em®/g) (mV)

BC 41.07 3.09 3.73 -31.13

MBC 117.99 2.72 7.72 —45.10

(d)

| 0 min I 60 min l | 0 min I 60 min l | 0 min I 60 min | | 0 min I 60 min |

Fig. 3. Dispersion quality of 0.1 w/v% of BC and MBC at 0 min and 60 min (a) BC in ultrapure water, (b) BC in NMP, (c¢) MBC in ultrapure water and (d) MBC

in NMP.
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the precipitation of Fe and Zn nanoparticles contributed to the increased
surface area of the MBC, albeit slightly. Furthermore, metal nano-
particles can enhance the hydrophilicity and consequently improve the
wettability of the pores, which is synergistic in this work by benefiting
the water transport of the prepared membranes [40]. However, the
precipitation of metal nanoparticles can also block the pores of the BC,
resulting in a reduced pore size. The zeta potential analysis reveals that
the surface negativity has been amplified (from BC: —31.13 eV to MBC:
—45.10 eV) due to the incorporation of metal nanoparticles, agreeing
with previous research [41].

3.2. Rationales of using MBC for TFN membranes

Research has highlighted the drawbacks of carbon-based nanofillers,
especially concerning the stability of particles and dispersion within
polymer matrices. Noamani et al. [42] suggested that carbon nanotubes
(CNT) demonstrate limited compatibility with polymer structures due to
their lack of interaction with solvents like NMP and n-hexane. These
solvents are frequently used in the creation of polymeric membranes and
TFN. This weak adhesion of nanofillers leads to stress concentration at
the polymer-nanofiller interface, potentially causing the composite to
fail. However, this issue can be alleviated by modifying these nanofillers
with hydrophilic composites, such as metal nanoparticles [43]. The
introduction of metal composites can boost the dispersion of carbon
nanofillers like BC by enhancing their stability within solvents and
strengthening their interaction and compatibility with polymer
matrices. The stability of nanofillers within solvent systems is vital as it
reinforces the polymer matrix and improves the adhesion of TFN onto
the membrane substrate [44]. Furthermore, nanofillers can aid in
reducing voids and defects on membrane surfaces [45], which is ad-
vantageous for the permeation and selectivity of membranes.

The MBC developed in this study were naturally porous, boasting a
high surface area of 117.99 m?/g and a substantial pore volume of 7.72
em®/g. The deposition of Fe and Zn nanoparticles on the surface not only
increased its hydrophilicity but also improved the stability of the
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nanofiller in the solvent system during membrane fabrication. This
stability is essential for creating a conformal and defect-free membrane.
In the literature, other carbon-based materials such as carbon nano-
tubes, graphitic carbon nitride, and graphene are frequently used as
carbon-based fillers due to their similar characteristics (porosity, high
surface area, hydrophilicity) that enhance water transport through the
membrane [42,46]. While these materials require highly specialised
synthesis routes, BC is a by-product of biomass pyrolysis, making it a
more cost-effective and sustainable option for large scale fabrication of
high performance TFC membranes.

3.3. Characterisation of membranes

SEM imaging, as depicted in Fig. 5, provides a detailed perspective
on the structural changes observed because of MBC integration. Cross-
sectional images of the PES substrate, without MBC, reveal the pres-
ence of macro-voids and short, finger-like structures within the mem-
brane cross-section, as shown in Fig. 5 (a, b, c). The emergence of this
dense structure may be due to a delayed mixing-demixing process,
leading to the creation of a compact formation.

The incorporation of MBC, however, modified this pattern in relation
to the substrate (Fig. 5 d, e,). All membranes that included MBC
exhibited longer, more evenly dispersed finger-like structures across the
substrate. The addition of hydrophilic nanofillers like MBC has been
demonstrated to promote the development of a consistent finger-like
structure throughout the membrane matrix by stimulating water diffu-
sion into the polymer matrix during phase inversion [47]. When the
thickness of the PES substrate exceeds a certain critical value for
structural transition, macrovoids can develop, exhibiting a finger-like
configuration [47,48]. The existence of this finger-like structural
configuration, as compared to a sponge-like structure with nodular
formations, facilitates a seamless route for water to permeate through
the substrate.

In relation to the PA separating layer, incorporating MBC during the
IP process leads to the formation of a uniform skin layer. This layer

Fig. 5. Overall cross section SEM images of (a) M1, (b) M2, (c) M3, (d) M4, (e) M5 at 500x magnification, with (f) showing the selective layer of M5 which was

further magnified to 2200x.
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demonstrates a distinct uniformity between the PA layer and the sub-
strate, especially in the case of the membrane with bi-metal-
functionalised MBC (M5, Fig. 5, e, f). The SEM image of M5 (Fig. 5 e,
f) distinctly depicts the formation of small finger-like structures in the
PA separating layer. These structures progressively blend with the larger
finger-like and macrovoid structures of the substrate, suggesting a high
level of compatibility. The compatibility between the PA layer and
substrate layer is important for both membrane stability as well as its
permeation performance. Fig. 6 shows the AFM surface micrographs of
all the membranes prepared in this work.

To further understand the influence of incorporating MBC into the
membrane matrix, AFM analysis was carried out. In comparison to M2,
M3, and M4, M5 exhibited a much higher surface roughness of 84.1 +
11.1 nm. The presence of MBC in both the substrate and PA layer led to
the formation of a more wrinkled surface region, which increases the
membrane surface roughness [13]. It is a surprise to observe that the
surface roughness value of M4 (MBC in substrate) is higher compared to
M3 (MBC in PA layer), as it is a normal notion to expect that the presence
of nanofillers on membrane surface should exhibit a higher surface
roughness compared to nanofillers in the substrate region encapsulated
with a PA layer [49]. This can be due to the differences in processing
parameter of both the substrate and PA layer. When the casted polymer
solution was immersed into a water bath, the hydrophilic properties
exhibited by the MBC may lead to its movement towards the membrane
surface, where phase inversion process happens. This may lead to a
prominent presence of MBC on the membrane surface. PA layers without
nanofillers are conformal, where they can produce thin layers with low
surface roughness [50]. PA layer was prepared via IP, where the solvents
were allowed to dry off in air, which could lead to the sedimentation of
nanofillers into the PA layer. Nevertheless, the increase in surface
roughness leads to the increment in surface area, which would be
beneficial as there would be a larger effective area for water transport
[51].

Fig. 7 showcases the Fourier Transform Infrared (FTIR) analysis of all
the membranes fabricated in this study, spanning a range of 500 to 4000
em~!. Each membrane exhibited characteristic peaks at 1578 cm
(attributed to C = C aromatic ring stretching) and 1240 cm ! (associated
with aryl-O-aryl C-O stretching), both of which are derived from the PES
substrate used in membrane preparation [52]. The primary PES

30.5+8.3nm
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characteristic band at 1486 cm ™! (corresponding to benzene ring and
C-C bond stretching) was also noticeable. The spectrum displayed an
enhanced intensity in the broad-range OH functional band from 3000 to
3750 cm ™! with the increased incorporation of MBC into the membrane
matrix (M5), in comparison to M1. This is a common observation,
particularly when hydrophilic nanofillers are added to the thin selective
film, as FTIR analysis is a surface-oriented analysis [53]. All membranes,
except for M1, demonstrated mild peaks at 1665 and 1734 cm ™}, which
are linked to the C-N stretching and C = O stretching vibrations,
respectively. These peaks are a result of the IP process employed during
the fabrication of the PA layer on the membrane surface. All the mem-
branes that incorporated MBC also showed a peak at 2800 cm !,
indicative of the aliphatic C-H bond prominent in BC.

Dynamic contact angle analysis was performed to examine the al-
terations in the hydrophilicity of the membrane surface after the inte-
gration of MBC. This analysis further substantiated the changes in
membrane surface hydrophilicity. As depicted in Fig. 8 (a), all mem-
branes that incorporated MBC demonstrated a lower contact angle value
relative to the unmodified PES membrane, signifying an enhancement in
surface hydrophilicity. M2 displayed a contact angle value around 55°, a
typical range in literature, attributed to the hydrophilic acyl groups
produced from the TMC used when fabricating the PA layer. Of all the
samples, M5 registered the lowest contact angle value, commencing at
42.88° and reducing to 40.51° after 90 s. The improved hydrophilicity
and wettability of M5 can be ascribed to the superior water affinity
properties of the integrated MBC [54]. M3 recorded a lower contact
angle value compared to M4 due to the placement of MBC within the
membrane structure. The presence of MBC on the PA layer has a greater
influence in membrane contact angle as compared to the MBC incor-
porated in the substrate layer [55]. However, M4 still exhibit a lower
contact angle as compared to M2 even though the MBC was added in the
PES substrate layer in the former while the latter does not have any MBC
added in both layers. Incorporation of hydrophilic nanofillers in the
substrate layer preceding the formation of PA layer can lead to improved
retention of amine monomers, allowing better cross-linking with TMC
and enhancing water attraction properties [56]. Furthermore, the hy-
droxyl and carboxylic acid functional groups present in MBC were
capable of attracting water molecules through the membrane, leading to
a greater surface hydrophilicity of the MBC-incorporated membranes

24.6 £5.1nm

84.1+11.1nm

Fig. 6. Membrane surface roughness analysis for a sample size of 10 um dimension for (a) M1, (b) M2, (c) M3, (d) M4 and (e) M5 (inset, Root Mean Square (RMS)

values of each membrane).
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compared to M2 [57]. The presence of hollow channels within the BC
could potentially aid in the conveyance of water molecules across the
membrane, functioning as nanochannels. In regard to the membrane
porosity, the addition of MBC in both the PES substrate and PA layer led
to M5 exhibiting the highest membrane porosity value of 75.2 %, while
M2 (no MBC) exhibited a porosity value of 66.3 %. The increase in
apparent porosity can be attributed to the increase in pore formation due
to the delayed demixing of dope solution due to the presence of hy-
drophilic MBC. Furthermore, the presence of MBC in the substrate layer
led to an alteration in the PES chain packing during non-solvent induced
phase inversion (NIPS) [54]. Additionally, the improved hydrophilic
nature of M5 compared to M2 would allow improved water retention
within the membrane matrix, leading to a higher membrane porosity
value for the former.

3.4. Separation performance of the membranes

The fabricated membranes underwent testing to evaluate their effi-
ciency in separating dye and salt, as shown in Fig. 9. The tests used feed
solutions with concentrations of 10 ppm for dye and 1000 ppm for salt,
respectively. The observations from Fig. 9 indicate that among all the
tested solutions, M5 demonstrated the highest level of water perme-
ation, whereas M1 and M2 exhibited the lowest permeation value. M5
showed a water permeance of 46.55 + 0.08, 44.49 + 0.28, 37.43 +
0.36, and 21.55 4 0.03 Lm>hbar ! for pure water, and solutions of
MO, MgS0y4, and NaCl, respectively. The enhanced permeation perfor-
mance of M5, in comparison to M1 as well as M2, can be ascribed to two
key factors: i) the incorporation of MBC in either substrate or PA layer
enhances the hydrophilicity of the membrane, and ii) the inclusion of
MBC creates additional pathways for water transport through both the
selective PA layer and the PES substrate layer, resulting in accelerated
permeation of water molecules across the membrane matrix. Moreover,
the development of a more consistent finger-like structure throughout
the membrane matrix, which is a result of the phase inversion process
during the fabrication of the MMM membrane, further aids in the
transport of water across the membrane matrix. The water permeation
of MgSO4 solution was higher for M2 to M5 compared to NaCl, while M1
exhibited a higher NaCl permeation compared to the former. This could
be the extremely poor rejection capabilities of M1, where the porous
substrate without a selective layer allowed the extremely small size of
NaCl to pass though easily, wihout impacting the permeation perfor-
mance. Comparing M3 and M4, it can be observed that the addition of
MBC in the substrate PES layer was more influencial in improving
membrane permeation values as compared to adding them into the se-
lective PA layer. This result is also supportedvwith the improved
membrane surface roughness as well as the water contact angle values
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exhibited by M5. The addition of MBC in the PA layer played a crucial
role in enhancing the selectivity of the membrane, as observed in
Fig. 10.

Fig. 10 displays the rejection data for MO, MgSO4, and NaCl for all
the membranes fabricated in this study. All membranes equipped with a
PA layer exhibited a rejection of over 95 % for MO and MgSO4, with
nearly 99 % rejection for MO. As expected, M1 demonstrated the
weakest rejection performance for all tested solutions. On the other
hand, M5 showed the most effective rejection performance for MO,
MgSO04, and NaCl, with rejection rates of 99.53 + 0.02 %, 99.25 + 0.09
%, and 46.99 + 0.69 %, respectively. The rejection mechanism for all
the fabricated membranes is associated with their small pore size. The
molecular weight cut-off (MWCO) of a polymeric membrane dictates its
capacity to separate salts based on molecular size [58]. The pore
structure of the membrane selectively permits water molecules to pass
through while hindering larger salt ions. This MWCO property ensures
efficient separation, thereby enhancing the membrane’s filtration per-
formance in desalination processes [59]. The presence of MBC in the
substrate layer plays an important role in the formation of defect free PA
layer. The improved hydrophilicity of the MBC enriched PES substrate
layer allows better retention of amine functional group (PIP), which in
turn allows the formation of conformal and ordered PA layer when
reacting with TMC during interfacial polymerisation [34,60]. In addi-
tion to this, the addition of nanomaterials into the PA layer increases its
intrinsic viscosity and density as compared to PA layers without nano-
materials [61]. These features in turn enhances the selectivity of the
membrane prepared. This can be observed with the slightly inhibited
NaCl selectivity of M4 compared to M5. While M4 has MBC incorporated
on the membrane PA layer, the NaCl selectivity is slightly lower
compared to M5. While the M5 membranes demonstrated effective
rejection of MgSO4 and MO, the rejection of NaCl was relatively low, at
46.99 + 0.69 %. This implies that the molecular weight cut-off of M5 is
situated between 120.37 g/mol (MgSO4) and 58.4 g/mol (NaCl).
Furthermore, Donnan’s exclusion mechanism significantly contributes
to polymeric membrane filtration by selectively excluding salt based on
their charge. The charged characteristic of the membrane and the
electrostatic repulsion between ions of similar charge inhibit the passage
of salts, thereby facilitating efficient rejection. This mechanism bolsters
the membrane’s selectivity in solute separation during the filtration
process. The elevated electronegativity of the prepared MBC, as indi-
cated in Table 2, may enhance the surface negativity of the fabricated
membrane. Consistent with the literature, the modification of mem-
brane surface charge is observed with the minor incorporation of
charged nanomaterials [62,63].
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Fig. 10. (a) Rejection data of MO (10 ppm) and (b) MgSO4 (1000 ppm) and NaCl (1000 ppm) for membranes M1-M5.
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3.5. Stability tests of the M5 membrane

The stability of TFN membranes plays a pivotal role in preserving
their performance across diverse applications, including water desali-
nation and wastewater treatment. Improved durability guarantees
steady and dependable operation over prolonged periods, consequently
minimizing maintenance expenses and environmental footprint. This
stability is also vital for attaining economic feasibility and promoting the
broad-scale implementation of cutting-edge membrane technologies. In
this context, the stability of the M5 membrane, in terms of rejection and
permeation, was evaluated through cyclic tests, as shown in Fig. 11.
Fig. 11 (a) illustrates a relatively steady rejection performance for MO,
MgSOg4, and NaCl. After the third filtration cycle, there is an observed
increase in the rejection of NaCl by approximately 1.5 %, which could
potentially be attributed to permanent fouling. Nevertheless, the rejec-
tion of MO maintained a consistent performance, while MgSO4 saw a
slight decrease in rejection efficiency at the conclusion of each cycle.
The rejection performance was reinstated following a mild cleaning of
the used membranes.

In terms of permeance, the permeation of the MO solution exhibited
a steady decrease, with an observed loss exceeding 10 % of the initial
permeation value from the first to the last cycle. It is known that dyes
can permanently bind to membranes, potentially resulting in pore
blockage that cannot be eliminated through mild washing [64]. On the
other hand, both MgSO4 and NaCl demonstrated more stable permeation
outcomes. Upon examining the permeation shift from cycle 3 to cycle 4
for NaCl, it was observed that the membrane could not regain its initial
permeance in comparison to the preceding cycles. This observation is
consistent with the noticeable increase in rejection results depicted in
Fig. 11 (a).

The integration of MBC into a TFN membrane offers a promising
strategy for enhancing water transport properties. BC, sourced from
sustainable biomass, functions as an eco-friendly porous substrate.
Metal nanoparticles, such as Fe and Zn, contribute to the increased hy-
drophilicity. This composite nanofiller augments the specific surface
area and pore volume, thus promoting efficient water transport. The
metal-functionalised BC serves as a facilitator, boosting water perme-
ation and augmenting membrane selectivity and stability. The hydro-
philicity of the metal nanoparticles amplifies their affinity for water
molecules via hydrogen bonding, thereby enhancing the membrane’s
water permeation performance [65]. The even distribution of MBC
throughout both the selective PA layer and PES substrate results in the
formation of unique hydrophilic nanochannels. These channels facilitate
quicker and smoother water flow, while simultaneously ensuring effi-
cient solute retention. Furthermore, the membrane displays a well-
structured design, with the presence of finger-like formations that
enhance water transport. Fig. 12 illustrates how the integration of MBC
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contributes to enhanced water transport while maintaining the rejection
of solutes. The inclusion of MBC forms a tortuous pathway across the
membrane matrix, providing additional routes for water to permeate
without undermining the efficacy of salt and dye separation. The
enhancement in the permeation and separation attributes of M5, when
amalgamated with the nanofiller, can be chiefly credited to the nano-
channels offered by the porous MBC and the amplified hydrophilicity, as
corroborated by contact angle and permeation results. This innovative
approach offers potential for driving advancements in the use of eco-
friendly BC in water treatment membrane technologies, thereby
enhancing efficiency and sustainability.

Despite the sustainable and low-carbon nature of BC, there has been
minimal research undertaken on its application as a nanofiller, or as a
component of a composite nanofiller, for membranes designed to
improve water separation performance. Table 3 offers a comparative
analysis of the performance of the M5 membrane prepared in our study,
in relation to other membranes reported in existing literature for the
separation of salt and organic pollutants.

The data compiled in Table 3 suggests that the performance of the
membranes prepared in this study is comparable, if not superior, to
those documented in the literature. While a unique aspect of this work is
the integration of metals (Fe and Zn) into the BC structure. BC is natu-
rally hydrophobic, which may limit its use as a nanofiller for water
separation, as the focus of most researchers is on hydrophilic materials.
However, with further processing and modification, BC produced from a
myriad of sources like wheat straw, sugarcane, miscanthus, pal oil fruits
and other commercial crops can be converted into an eco-friendly, hy-
drophilic nanofiller. This not only capitalizes on its porous structure to
boost water permeation but also underscores its potential as a sustain-
able material. While the rejection of NaCl does not rival that of top-
performing desalination membranes, M5 in this study serves as a
proof of concept that BC can be utilized as an environmentally friendly
and simple material in the quest for sustainable nanofillers for the cre-
ation of TFN membranes for organic pollutant removal and desalination
applications.

4. Conclusion

This study has delved into the promising potential of utilizing green-
derived materials, specifically BC, as distinctive nanofillers for advanced
TFN membranes. The incorporation of porous MBC into a PA separating
layer for TFN membrane fabrication has led to significant advance-
ments. Imaging techniques have verified the formation of metal nano-
particles, with mapping spectra indicating a well-dispersed distribution
across the porous BC substrate. Analyses of crystallinity and surface
properties have unveiled a robust interaction between the metal and BC
substrate, resulting in an expanded surface area and increased nanofiller
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Table 3
Comparative analysis of separation performance of BC-modified membranes.
Polymer (membrane BC source Nanofiller PWP PWP Salt rejection (%) Rejection Organic rejection (%) Ref.
type) (loading) (Lm?h Enhancement enhancement
'bar 1) (%) (%)
Polydiacetylenes Crayfish shell Ball milled BC 42.9 55.5 NA 30 91.10 (chlortetracycline, [22]
(PDA) (TEN) (MBC, 0.8 w/v 100 ppm), 81.8
%) (Ciprofloxacin, 100 ppm)
Cellulose acetate Tree bark Si0,@BC (0.6 227.00 NA NA NA Ethanol (100 ppm) [66]
(CA) (TFN) w/v%0
Polyvinylidene Wood waste Kevlar @BC 3.38 750 59.93 (NaCl, 15 95.41 (Reactive Blue 19 [68]
fluoride (PVDF) (10 wt%) 1000 ppm), 85.37 1000 ppm), 93.54 (Methyl
(MMM) (NayS04, 1000 blue, 1000 ppm)
ppm)
Polyvinyl chloride Rosmarinus RM/ZnO (15 55.00 NA 95.00 (SO34,160 47.9 NA [23]
(PVC) (MMM) officinalis leaves ~ wt%) ppm), 99.7 (POY
(RM) 160 ppm)
PES (TFN) ws BC-Fe/Zn (0.1 46.55 110 99.25 (MgSO04, 14 99.53 (MO, 10 pm) This
w/v%) 1000 ppm). 46.99 work

(NacCl, 000 ppm)

pore volume. The impacts of MBC integration in both the membrane
substrate and interface layers were comprehensively examined,
revealing a seamless finger-like structure across both layers, accompa-
nied by a minor increase in surface roughness on the separating layer.
Fourier transform Infra-Red (FT-IR) spectroscopy has exhibited
enhanced hydrophilic functional groups on the membrane surface, as
evidenced by a lower contact angle value. Permeation and rejection
testing have highlighted the superiority of M5, where MBC was incor-
porated in both substrate and separating layers. This membrane
demonstrated remarkable permeation values for water, MO, MgSO4, and
NaCl, affirming its effectiveness in desalination applications. The
rejection rates for MO, MgSO4, and NaCl further underscored the
membrane’s performance. Essentially, this work provides a compelling
attempt into the application of green-derived BC, underscoring its po-
tential for the development of TFN membranes for desalination, with an
emphasis on achieving high-quality water products. The findings offer
insights to the field, laying the groundwork for future advancements in
sustainable and efficient membrane technologies.
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