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Abstract

Dye pollution has a major adverse effect on ecosystems and human health since it comprises complex pollutants containing
dyestuff and chemicals. During the last period, some promising solutions to remove dyes from textile wastewater have come
through separation technologies that are based on membranes. However, limitations have been identified with polymeric
membranes due to their non-biodegradability and environmental impact. Chitosan-based membranes are getting more
attention mainly because they are biocompatible, sustainable, and can be tailored for specific applications. Chitosan (CS) is a
sustainable and biodegradable membrane material. In this study, a flat-membrane sheet of neat chitosan (CS) was fabricated
using a solvent-casting process on nonwoven support (polyester) to prepare a multilayer composite nanofiltration membrane.
The composite CS membrane was investigated by scanning electron microscope (SEM), contact angle measurements, atomic
force microscopy (AFM), and mechanical testing. The characterization results showed improvements in surface roughness,
hydrophilicity, tensile strength, and overall surface structure. By utilizing the multilayer technique during membrane
fabrication, the membrane surface was transformed from a rough texture with large pore radii to a smooth surface featuring a
refined pore structure. Furthermore, it exhibited a high rejection efficiency of 100 % for anionic direct blue 78 dye with
permeation flux 9.3 Lmh* and excellent antifouling performance for a 600 min filtration test. These results showed that the
CS nanofiltration membrane has a promising application for hazardous contaminants removal from textile dyeing effluent.
Keywords: Chitosan; Nanofiltration; Dye removal; Textile wastewater.

1. Introduction

Textile wastewater is considered as one of the most
significant environmental challenges since it is hard
to degrade naturally containing various pollutants
such as complex dyes, heavy metals, and chemical
additives [1, 2]. Textile discharges contain a complex
mixture of dyes, heavy metals, and organic
compounds, which have long been recognized as
severely detrimental to both the quality of water
bodies and drinking water. [3]. The complications
associated with dyes in textile wastewater are
attributed to their non-biodegradable properties. Dyes
resist treatment by standard technologies, impart
color to receiving rivers, and may inevitably cause
toxicity. Furthermore, on a global scale, the volume
of textile wastewater continues to increase. It is

estimated that the textile industry uses approximately
3 x 10° m? of water daily to manufacture 20 tons of
textiles [4]. Textile wastewater can be acidic or
alkaline depending on the dyeing process, making it
more difficult to treat. Textile effluents may cause

cancer and mutations in humans. Therefore,
separating dyes from textile effluent requires
appropriate treatment methods [5].

Amongst dye removal technologies, nanofiltration
(NF) is now recognized as an efficient membrane-
based method for dye removal from wastewater due
to its selective separation characteristics at the
nanoscale scale [6], [7], [8]. Because of its enhanced
permeate flux, wide retention ranges from 100 to
1000 Da, and inexpensive preliminary investment in
the middle ground between reverse osmosis (RO) and
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ultrafiltration (UF), nanofiltration (NF) has attracted
attention from both academia and industry [9], [10],
[11]. Biopolymers have recently gained importance
for membrane applications due to their superior
sustainability, low cost, toxicity-free, excellent film-
fabrication ability, and ease of accessibility [12].
One of the main biopolymers used in the fabrication
of membranes for textile wastewater treatment
applications is chitosan (CS). Due to its remarkable
capacity for film formation, potent hydrophilicity,
non-toxicity, enhanced antibacterial activity, and
distinct biodegradability attributes [13], [14]. The
reactive amino and hydroxyl groups of chitosan give
it multifunctional properties. Additionally, these
functional groups support the hydrophilic properties
of CS, which enhance sorption and high-water
diffusion [15], [16]. Among its drawbacks are low
porosity, limited mechanical strength, and weaker
stability. By adding specific fillers, such as SiO,,
TiO,, graphene oxide, and polyethylene glycol, the
properties of the CS membrane are enhanced for
wastewater treatment [17], [18], [19].

Polymeric nanofiltration membranes, encompassing
polysulfone  (PSF), polyamide (PA), and
polyvinylidene fluoride (PVDF) materials, have been
extensively researched and employed in many uses.
These membranes have adjustable surface
characteristics, strong mechanical strength, and
chemical stability. Nevertheless, they frequently have
drawbacks such as poor fouling resistance,
hydrophobicity, lack of biocompatibility, and
restricted selectivity for particular solutes [20]. On
the other hand, chitosan-based nanofiltration
membranes have attracted a lot of interest because of
their special qualities, which include ease of
functionalization, affordability, biocompatibility, and
environmental sustainability. Furthermore, chitosan
may have several drawbacks, including pH sensitivity
and poor mechanical stability. Chitosan-based
membranes can be enhanced for a variety of
applications, providing long-term and economically
viable water treatment solutions, by overcoming
these  challenges through suitable  material
modifications, surface treatments, and operational
considerations [21].

Several investigations have examined the potential of
chitosan membranes for nanofiltration applications,
particularly in the treatment of textile wastewater
[22], [23], [24]. It was reported that the prepared CS
membranes having an appropriate thickness and
enhanced mechanical properties have significant
permeate flux and removal percentages of up to 99%
for six types of common dyes in textile effluent and
permeation flux up to 2.17 Lm-2h-1 [15]. Long-term
study of dye separation shows greater stability of the
CS membrane. However further studies are required
to improve the filtration performance of CS
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membranes by increasing the permeation flux with
high rejection rates and low power consumption.

In this study, a neat CS nanofiltration membrane with
multi-casting layers was fabricated by a film-casting
strategy, the polyester microfiltration membrane was
used as a support layer for enhancing the tensile
strength. The filtration performance of the fabricated
membrane was investigated to examine its ability to
reject anionic dyes under differing initial
concentrations.  Furthermore, the  composite
membrane properties were investigated in detail
through several characterization analysis. Then, the
filtration performance of the fabricated membrane in
single-component dye solutions was additionally
examined to reveal the stability and feasible filtration
mechanisms.

This study directly supports several Sustainable
Development Goals (SDGs). Removing pollutants
from textile effluent improves water quality and
sanitation, which aligns with the SDG 6 aims.
Furthermore, it contributes to SDG 9 by encouraging
innovation and sustainable infrastructure in the textile
sector. SDG 12 focuses on reducing the
environmental impact of the textile industry through
responsible use and production practices. Possible
goals and indicators include improving water quality,
decreasing pollution, and reducing hazardous waste
generation. [4], [25], [26].

2. Materials and methods

Materials

Research reagents such as chitosan (CS > 85%
deacetylated) were purchased from Titan Biotech
Limited Co. (Delhi, India), and polyethylene glycol
(PEG) 380-420 was purchased from Oxford Lab Fine
Chem. LLP Co. (Maharashtra, India), sodium
hydroxide (NaOH, 99%), and glacial acetic acid
(GAA, 99%) were received from Piochem
Laboratory Chemicals Co. (Giza, Egypt). The
nonwoven support layer (polyester) was purchased
from Holykem company, China. The deionized water
with conductivity < 2 puS/cm using a reverse osmosis
(RO) system. The dye used in this study was direct
blue 78 (DB78), which has a relative molecular mass
of 1059.95 g/mol, and a solubility of up to 10 g/L at
25 °C [27]. The chemical structure of DB78 dye is
shown in Fig. 1.

SO,Na

SO,Na

Fig. 1. Chemical structure of direct blue 78 dye.
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Fabrication of flat sheet chitosan membrane
The neat CS membrane was fabricated using a
multilayer casting technique as illustrated in Fig. 2.
The casting solution was spread onto a nonwoven
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Fig. 2. Graphic illustrate the preparation procedures of CS-based NF membrane.

Concisely, the dried CS (5 g — 5 wt. %), PEG-400 (3
g — 3 wt. %), and 2 wt. % diluted acetic acid solution
(92 mL) was added to a 150 mL flask. Furthermore,
the components were thoroughly dissolved using
magnetic stirring at 55 °C for 4 hours to prepare a
homogeneous 5 wt.% chitosan casting solution. The
solution was further cooled for 24 hours to reach
room temperature for deaeration. Subsequently, a
membrane thickness of 150 um was chosen for the
casting process. A stainless-steel plate was positioned
horizontally, and the nonwoven support layer
(polyester) was placed on the plate. The chitosan
(CS) casting solution was poured onto the nonwoven
support layer, and the CS wet membrane was then
evaporated at 30 °C for 2 hours until the mass
remained constant over time, ensuring complete
solvent removal. The fabricated chitosan (CS)
membrane was labeled as 150-1N, where N denotes
the number of layers formed by repeating the casting
procedure from 1 to 4 times. To neutralize the acetic
acid, the dried membrane was immersed in a 0.5 M
NaOH aqueous solution at 25 °C for 24 hours. After
removing it from the stainless-steel plate, the CS
membrane was washed with deionized (DI) water
until reaching a pH of approximately 7.
Characterization of CS Membrane

A TESCAN MIRA field-emission scanning electron
microscope (FE-SEM) was used to examine the
surface morphology and average thickness of the
tested membrane. Before surface analysis, the
samples were dried and coated with a 10 nm
gold/palladium alloy using a Quorum small sputter
coater (SC7620).

Atomic force microscopy (AFM) was used to
measure the pristine membrane's surface roughness
(Nanosurf FlexAFM). Experiments were conducted
in dynamic tapping mode with a notional resonance
frequency of 190 kHz and a 7 nm tip. Data on height
were gathered throughout a 225 um? sample region.
An optical tensiometer was used to measure the
tested membrane's water contact angles. The dried
membrane samples were covered with a 5 pulL droplet
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of DI water. Four random spots on each sample were
used for the measurements, which were carried out at
25 °C.

The mechanical strengths of the unaltered, altered,
and tested membrane were examined using a
Zwick/Roell Z010 material testing apparatus. The
membrane was cut into strips measuring 2.5 cm by 7
cm and tested until failure. Tensile parameters were
determined according to I1SO 527-1 standards.

Filtration Performance of CS Membrane

A lab-scale model depicted in Fig. 3 was used to
study the filtration performance of the prepared neat
CS membrane. The CS membrane cell was designed
specifically to examine a flat membrane with an
effective 13.85 cm? filtration area. With a maximum
flow rate of 1.5 L/min, a pressure diaphragm pump
powered the feed solution. Before the test, clean
water was used to repressurize the membrane for 40
minutes at a transmembrane pressure of 8 bar, or until
the water flux achieved a constant value.

Next, the feed solution was replaced with a single-
component synthetic dye solution at two different
concentrations: 25 mg/L and 75 mg/L. The water flux
(Lm?h™") was calculated using eq. 1.

Vp

]W - AXt x AP (1)

where Vp, at a differential pressure of AP (8 bar), is
the volume of the permeate solution at test time t (h).
The effective membrane area (m?) for permeability is
denoted by (A). Each filtration test took one hour to
complete and was conducted at least three times. In
the filtering performance test, UV-vis spectroscopy
(LaMotte Smart Spectrophotometer, V3 2000-01-
MN, USA) was used to assess the concentration of
solute that passed from the feed solution into the
permeation stream. This was done at the maximum
absorption wavelength of 602 nm for the DB78 dye

Using the set concentration of solutions as a basis,
the standard calibration curve was used to determine
the actual solute concentration in the feed solution.
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Eq. 2 was used to determine the CS membranes'
rejection rate to DB78 dye throughout the NF

procedure.

R () =[=2]x100 (@

where C; (mg/L) and C, (mg/L) are the
concentrations of feed and permeate solutions,
respectively.

RESULTS AND DISCUSSION
Filtration performance of CS membrane
The neat CS nanofiltration membranes were evaluated by
conducting dye rejection, permeation flux, and antifouling
experiments. For DB78 dye rejection, it was observed that
the percentage of dye rejection increased with the number
of casting layers, reaching an optimum at three casting
layers. However, adding more layers beyond this number of
I —1

Feedline

layers did not significantly improve dye removal. As shown
in Fig. 4, the membranes fabricated with 1, 2, 3, and 4
casting layers exhibited varying removal percentages of
75%, 93%, 100%, and 100%, respectively, for a feed
concentration of 25 mg/L. This improvement in removal
efficiency can be attributed to a decrease in pore size with
increasing the number of casting layers. With increasing
the number of casting layers, the rate of solvent evaporation
decreases due to the heat isolation effect caused by the
previously formed layers. Furthermore, additional layers
can be introducing specific functional groups or surface
modifications that enhanced the membrane's affinity for
dye molecules. These functional groups can facilitate
chemical interactions such as adsorption, ion exchange, or
complexation, leading to improved dye capture and higher
removal percentages.

Pressure gauge

T

A 4

Synthetic
was tewater tank

=

Diaphragm pump
(pressure Up to 8 bar)

-~

Rejection line

Permeate line

By-pass valve

><

Cell

Membrane

Flow meter
(Up to 1.5 L/min)

O

-~

Permeate tank

Fig. 3. Schematic drawing for applied treatment process

For permeation flux, it was noted that the relationship
between permeation flux and the number of casting layers
can vary. Initially, adding more layers may enhance the
barrier properties of the membrane, leading to a
decrease in permeation flux. However, beyond a
certain point (3 casting layers), additional layers did
not show a remarkable effect on permeation flux as
shown in Fig. 4. The membranes fabricated with 1, 2,
3, and 4 casting layers showed varying flux values of
28.3, 14.2, 7.1, and 6.8 Lm™h"', respectively, for a
feed concentration of 25 mg/L.
|Dye feed concentration 25 mg/L‘

30

===

This phenomenon can be related to the increase in the
overall thickness of the CS membrane due to the
increase in the number of casing layers. A thicker
membrane offered a longer path for molecules to
travel through, leading to a higher probability of
interaction with the membrane material and therefore
a decreased permeation flux. Furthermore, each
casting layer added more polymer material to the
membrane. Higher polymer concentration can lead to
stronger intermolecular interactions and tighter
packing of polymer chains, resulting in a denser
membrane structure with reduced permeability.

Fouling is a significant concern in textile wastewater

109 ; treatment, leading to reduced permeability, increased
LR R 3~ energy consumption, membrane deterioration, and
Soo ] hR —&—Rejection (%) [, & productivity loss. As shown in Fig. 5, a continuous 6
£ - % - Pearmeation % h nanofiltration test was applied with a dye feed
Z1o o N - concentration of 25 mg/L under transmembrane
Tl o £ Ppressure 8 bar to investigate the durability of the neat
o T * £  CSnanofiltration membrane.
70 5
1 2 3 4

Number of casting layers

Fig. 4. The effect on number of casing layers on
both dye rejection and permeation flux.
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Fig. 5. Stability of CS membrane (3 casting
layers) for DB78 dyes removal in a test duration 6
h

The permeation flow was found to be sharply reduced
in the early stages, possibly due to dye absorption on
the membrane surface, which led to the formation of
a dye cake layer and an increase in osmotic pressure
[28, 29]. However, a steady permeation flux of
approximately 4.5 L-m™2-h™! could be sustained after
the 6-hour test.
Surface morphology of CS membrane

Surface analysis has a critical role in determining the
membrane characteristics. The surface morphology of

the CS membrane was investigated as shown in Fig.
6. It was observed that the CS membrane obtained by
applying 1 casting layer has a rough surface with
a large pore size surface which negatively affected
the dye removal performance as observed in Fig.
6(a). After applying a multi-layer technique during
membrane fabrication, the membrane surface has a
superior transformation. As illustrated in Fig. 6(b), it
was converted into a smooth surface with an
enhanced pore structure having a small radius. This
change in membrane surface morphology was
successful in achieving high removal performance for
dyes. Smooth-surface membranes can exhibit high
performance in applications where high throughput is
critical, such as water treatment or industrial
processes. The obtained surface morphology is
attributed to the reduction in solvent evaporation rate
resulting from the multilayer coating technique used
in the fabrication process. With each increase in the
number of casting layers, the previously formed
layers act as insulating barriers for liquid
evaporation.

Fig. 6. SEM analysis: (a) CS membrane surface morphology, (b) Cross-section thickness measurements.

This heat isolation increased with an increase in
casting layers, thereby reducing the rate of solvent
evaporation and resulting in a smooth surface
morphology. When the solvent evaporates rapidly;
the membrane material contracts, resulting in surface
irregularities such as wrinkling or crumpling. These
variations in surface texture adversely affect
important properties such as surface area, roughness,
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and porosity. During the filtration process, the thick
selective skin layer depicted in Fig. 6(c) acted as a
barrier for DB78 dye removal. Moreover, the inner
multilayers created pathways for water molecule
transport.  Ultimately, the adjusted morphology
supported high permeation flux, excellent separation
efficiency, and antifouling performance for textile
wastewater treatment [10].
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Surface roughness of CS membrane

To investigate the CS membrane surface roughness,
the AFM analysis was conducted as shown in Fig. 7.
It was observed that the neat CS membrane displayed
a low surface roughness (R,= 13.06 nm and Ry= 15.4
nm) with heightened rigid-valley structure.

The reduced surface roughness was attributed to the
multiple casting layers applied during the membrane
fabrication process, which enhanced this effect. Each

subsequent layer helped to correct surface
imperfections or defects from the previous layer,
resulting in a smooth and defect-free surface and
minimizing membrane roughness. Multiple casting
layers enable better control over membrane thickness
and morphology. Depositing several thin layers
allowed for achieving a more uniform membrane
thickness and pore size distribution, thereby further
reducing surface roughness[30].

R.=13.05
nm

Fig. 7. AFM analysis for the neat CS membrane.

Mechanical testing of CS membrane

The mechanical stability of the neat CS membrane in
terms of stress-strain curve was investigated as
shown in Fig. 8. The CS nanofiltration membrane
possessed a typically superior mechanical stability
with an ultimate tensile strength equal to 55 MPa
(before filtration test) compared to 44 MPa for CS
membrane after 600 min filtration along with the
elongation at break of about 24.6 %. These findings
highlight the critical role of the nonwoven support
layer in enhancing the mechanical stability of the neat
CS membrane. A mechanically stable membrane can
endure the stresses and pressures encountered during
filtration processes without experiencing deformation
or breakage. This resilience ensures prolonged
operational life and diminishes the requirement for
frequent replacements, thereby reducing overall
maintenance costs [31].

60

Neat chitosan membrane (before filtration)

50 4 ——Chitosan membrane (after filtration)

Stress [MPa]
N w &
= =l <

-
=

e

0 ; 1'0 1'5 2'0 25
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Fig. 8. Stress-strain curves for the neat CS

membrane and nonwoven support layer.
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Wettability of CS flat sheet membrane

Contact angle measurements were conducted to
investigate the wettability of the CS nanofiltration
membrane, which plays a crucial role in membrane
characterization, as shown in Fig. 9. It was observed
that increasing the number of casting layers during
membrane fabrication enhanced the hydrophilicity of
the CS membrane. Specifically, increasing the
number of casting layers from 1 to 3 resulted in a
significant decrease in contact angle from 96.4° to
80.3° (less than 90°). These results indicate the
enhanced hydrophilicity of the fabricated CS
membrane. Furthermore, it enhanced the wetting
ability which led to better contact between the feed
solution and the membrane surface, resulting in
improved separation efficiency and higher flux rates.
Hydrophilic membranes typically have higher surface
energy compared to hydrophobic membranes. This
higher surface energy promotes interactions with
polar molecules and aqueous solvents, which can be
beneficial in applications such as membrane-based
separations, where specific interactions between the
membrane and target molecules are desired for
selective permeation [32].
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Fig. 9. Contact angle measurements for (a) the
neat CS membrane (1 casting layer) and (b) the
neat CS membrane (1 casting layer).

Several issues need to be addressed for the successful
application of the fabricated chitosan membranes on
an industrial scale such as; scalability of fabrication
processes, and scaling-up membrane fabrication
processes from laboratory to industrial scale. These
issues can present challenges related to maintaining
product quality, consistency, and cost-effectiveness.
Optimizing fabrication methods, equipment, and
workflow to ensure scalability while meeting
performance requirements is crucial. Material
sourcing and cost; large-scale production of chitosan
membranes requires a reliable supply of raw
materials at a reasonable cost. Ensuring consistent
quality and availability of chitosan from sustainable
sources is essential for sustainable industrial
production. Process efficiency and throughput;
industrial-scale membrane production must achieve
high throughput and efficiency to meet demand while
minimizing production costs. Optimizing process
parameters, equipment utilization, and production
workflows is necessary to enhance efficiency and
productivity.

3. CONCLUSION

The neat CS nanofiltration membranes are simply
fabricated using the film casting strategy, the
membranes with a significant anionic dye separation
performance, and high permeation flux have been
successfully fabricated. The effect of several casting
layers on CS membrane performance and
permeability was studied. On increasing the number
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of casting layers from 1 to 4, the dye rejection
percentage increased from 75% to 100% leading to
the resultant nanofiltration membrane with a high dye
rejection performance. The hydrophilic prepared CS
membrane with a 3-casting layer having a 30 pum
selective layer thickness, and average surface
roughness Ra= 13.06 nm. The ultimate tensile
strength of the CS membrane was decreased from 55
MPa to 44 MPa after a 600 min filtration test with a
reduction percentage of20 % which indicates
superior  mechanical  behavior.  This  study
demonstrates how easily and affordably neat CS
membranes can be fabricated using the recently
established multistep film coating process, which has
potential applications in the removal of anionic dyes
from textile effluent.
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