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1. Introduction

Onion peel derived carbon nanoparticles
incorporated polysulfone membranes: enhanced
dye removal from watery

Aman Sharma, ©2° Soumi Datta, @€ R. K. Sanjana,® B. M. Pooja,”
Suryasarathi Bose &€ and Gurumurthy Hegde @ *2°

The ongoing discharge of hazardous dyes from industrial processes has intensified global water pollution,
posing serious threats to aquatic ecosystems and human health. Addressing this challenge, our study
explores the potential of bio-based carbon nanomaterials (CNM), synthesized from onion peel biowaste
and designated as ON11, as effective agents in dye removal. These CNMs were incorporated into
a mixed matrix membrane (MMM), using polysulfone (PSU) as the membrane substrate, to enhance dye
adsorption. The CNM synthesis was achieved through a simple, eco-friendly process. We examined their
impact on adsorption efficiency by introducing ON11 nanoparticles at varying concentrations into the
PSU membrane (ON11@PSU). This CNM-embedded membrane structure offers a solution to challenges
associated with the large-scale application of nanomaterials, particularly by minimizing leaching into
water and improving durability. The ON11 and ON11@PSU membranes were characterized using various
techniques, including SEM, Raman spectroscopy, XRD, optical profilometer, and FTIR, to confirm their
behavior, morphology, and structural integrity. The surface area of ON11 was 423.26 m? g%, with BJH
average pore diameter of 4.5 nm and BET pore volume of 0.26 cm® g~!. ON11 nanoparticles were
adsorptive in nature, and their utility in membrane adsorption is explored. The influence of parameters,
including contact time, dye concentration, membrane thickness, pH, and adsorbent dosage, was
systematically evaluated to optimize the dye adsorption efficiency of the ON11@PSU membrane pad. It
was observed that the thickness of the 60 um membrane (S, = 2.170 um and Sq = 2.75 um) showed
higher removal efficiency for all the selected dyes than the other thicknesses at the native pH itself. The
MMM demonstrated its effectiveness as an adsorbent membrane, achieving maximum removal
efficiencies of approximately 98% for MG dye, 92% for RhB dye, and 67% for MB dye. The negative zeta
potential of adsorptive membranes enabled the electrostatic attraction of positively charged dyes,
enhancing adsorption capacity. The findings contribute to developing sustainable and effective
membrane utility as adsorbents, opening avenues for the effective use of agricultural waste products in
environmental remediation applications.

the ecological environment and biological survival, resulting in
a significant potable water deficit. In view of this, the global
freshwater demand will be 40% higher than supply by 2030.* The

In recent years, the increasing global demand for textiles, phar-
maceuticals, and various industrial processes has led to an
alarming increase in the discharge of synthetic dyes into aquatic
ecosystems. Water pollution caused by low utilization efficiency
and uncontrollable discharge of organic dyes has greatly harmed
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enduring presence of these dyes presents a major environmental
hazard, underscoring the pressing need for sustainable and
efficient wastewater treatment methods.> Dyes like methylene
blue (MB), malachite green (MG), and rhodamine B (RhB) pose
a significant threat to the environment, humans, and aquatic
organisms.> Methylene blue is a cationic dye whose toxicity
renders it hazardous to human health above a specific concen-
tration.** Long-term exposure to it may result in nausea, vomit-
ing, anemia, and high blood pressure.® Malachite green is
a cationic, crystalline dye that is soluble in water and is highly
utilized in the industrial and manufacturing sectors that produce
silk, paint and pigment, food, textile dying, leather, paper, etc. It
is carcinogenic, teratogenic, mutagenic, and persistent in nature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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When ingested through water by humans, it damages the heart,
kidneys, and organs.”® On the other hand, RhB is a red alkaline
xanthene dye used extensively in food, paints, inks, fabrics, and
pens because of its non-biodegradability, water solubility, and
stability. Wastewater contaminates surface water, causing health
and environmental problems such as respiratory, skin, and eye
irritation, nervous system damage, and carcinogenic impacts.®*

Wastewater-containing dyes have been treated using a wide
range of physical, chemical, and biological techniques, such as
membrane filtration, adsorption, biosorption, coagulation/
flocculation, advanced oxidation, photocatalytic degradation,
phytoremediation, electrolytic treatment.®**> Although these
techniques have their own advantages and limitations.
Adsorption, in contrast, has emerged as an alternative pollution
detoxification method due to its low cost, effectiveness,
sustainability, and convenience of use.”® Despite advances in
particle adsorbents, their large-scale application for dye
removal meets obstacles such as difficult separation and
recovery, adsorbent loss, and issues with high-pressure drop
and poor flow rate in packed-bed procedures.” The separation
process based on extraction requires a significant amount of
solvents to remove organic contaminants. Membrane proce-
dures provide an alternative to traditional separation
approaches for overcoming this issue."® Adsorptive membranes
with adsorptive qualities have emerged, and research is being
performed to increase dye rejection at low production and
operational costs. Incorporating adsorbents into a polymer
matrix of a substrate enhances dye rejection by capturing dye
molecules through hydrogen bonding and electrostatic inter-
actions, effectively preventing their passage through the
membrane." Incorporating particulate adsorbents into sepa-
ration membranes successfully solves the disadvantages of
classical adsorbents. Classical adsorbents, such as powders or
granules, often face limitations such as low reusability due to
challenges in recovery and reuse, inefficient mass transfer
caused by agglomeration or poor dispersibility in water, and
high energy and cost requirements for post-adsorption separa-
tion processes like filtration or centrifugation. Incorporating
particulate adsorbents, such as the Allium cepa peel-derived
CNM in our study, into separation membranes successfully
addresses these issues. The thin membrane walls (micron size)
minimize packed bed height, increasing flow rates and mini-
mizing pressure drops while removing the need for further
adsorbent separation and recovery.**

Different materials, like Fe;O,/sulfonated graphene oxide
(SGO),** arginine arginine-modified montmorillonite,” poly-
vinylpyrrolidone (PVP)-SiO,,' etc., have been utilized to date in
membranes for dye adsorption. Almost all parts of plant wastes
could be used as adsorbents because they contain -COOH, -OH,
or phenolic groups that could provide several types of bindings
(e.g. charge interaction, hydrogen bonding, or hydrophobic
interaction).’” Although there is no report to date on utilizing
biomass-derived carbon nanospheres (CNS) into membranes
for dye adsorption. Biomass-derived CNSs are mesoporous and
have a spherical shape, making them a suitable candidate for
dye degradation applications. CNSs have emerged as intriguing
candidates for enhanced environmental remediation
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techniques due to their unique physicochemical features and
abundance of surface functionalities.’®* Also, the use of
biowaste-derived nanomaterials helps to realize -circular
economy objectives as they allow the transformation of waste
streams into high-added-value materials.*

The current study investigates a novel technique to address
dye removal issues using carbon nanospheres generated from
onion peels and embedding them in polysulfone (PSU)
membranes. The PSU polymer was utilized for this study due to
its excellent thermal and chemical stability, high mechanical
strength, and ease of processing, which make it suitable for
wastewater treatment applications. Additionally, PSU is cost-
effective and widely available, offering an optimal balance of
performance and scalability compared to higher-performance
polymers. These factors align well with the objectives of our
study and the practical feasibility of scaling up the developed
membranes. Onion peels, an agricultural waste product, have
received attention for their high carbon content and distinctive
structural characteristics. Carbon nanospheres are derived from
onion peels through a sustainable and cost-effective synthesis
process, presenting a green, eco-friendly alternative for envi-
ronmental applications.” By integrating onion peel-derived
carbon nanospheres into membranes, the adsorption param-
eter for the removal of synthetic dyes in wastewater is evaluated.
Membrane-based technologies are flexible and can be synthe-
sized on a large scale for water treatment purposes, and such
treatment is efficient and has a low environmental impact.”
This work examines the combination of carbon nanospheres
and membranes to increase dye adsorption, assist in the sepa-
ration, and enable the breakdown of difficult dye molecules. It
is envisaged that the present study will provide useful infor-
mation on the advancement of wastewater treatment systems in
an eco-friendly and sustainable manner to reduce the adverse
impact of synthetic dyes on the environment.

2. Experimental section

2.1. Materials and reagents

The raw material precursor-Allium cepa (Onion) peels was
collected from southern India (Karnataka) to synthesize CNM.
The dried peels were ground to a fine powder using a Bajaj Rex
mixer grinder. The tube furnace from NoPo Technologies was
used for the pyrolysis process. Methylene blue (MB), malachite
green (MG), and rhodamine b (RhB) dyes were procured from
Sigma-Aldrich. Sodium hydroxide (NaOH) from CDH and
hydrochloric acid (HCI) were procured from Thomas Baker. N-
Methyl-2-pyrrolidone (NMP) was used as a solvent from Finar
Pvt. Ltd. For the recyclability test, ethanol was used as a solvent.
Polysulfone (PSU) was used as a membrane polymer procured
from Sigma-Aldrich. Millipore water from Milli-Q, Progard®
TS2 was used for all the studies.

2.2.

pad)
2.2.1. Synthesis of carbon nanomaterial (CNM). Allium

cepa-derived CNMs were synthesized using the one-pot pyrolysis

Synthesis of matrix mixed membrane pad (ON11@PSU-
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technique by our group.”” The onion peels obtained were
cleaned manually to remove debris, rinsed with distilled water,
dried in the open air, and then sunlight dried. The waste water
after washing was collected and reused for gardening to main-
tain sustainability. The dry onion peels were ground and finely
powdered. Next, the powder was run through a sieve with pores
about 75 pm in size and pyrolyzed at 1100 °C under a nitrogen
atmosphere with a heating rate of 10 °C min~'. The yield ob-
tained was approximately 35% from this process. During
pyrolysis, the different components of the precursor were
degraded at various temperatures in the inert atmosphere.
Moisture and water content were eliminated at ~105 °C from
the biowaste. Volatile compounds like CO,, CH,, and CO were
released with the decomposition of hemicellulose at 220-315 °©
C. Cellulose degraded at a further temperature of 315-400 °C,
and lignin degraded slowly in a wider range from ambient to
900 °C.”* The carbon-rich residue that is well-defined, spherical,
and porous in nature occurs at high temperatures. The
temperature was then elevated to 1100 °C for complete pyrol-
ysis, and then the synthesized nanoparticle was washed with
1 M HCI, followed by distilled water, and dried. Hereafter
labeled as ON11 in the manuscript.

2.2.2. Preparation of carbon nanomaterial-infused
membrane-pad (ON11@PSU-pad). ON11@PSU-pad
membranes with different weight percentages of CNS were
prepared using the Nonsolvent-Induced Phase Inversion (NIPS)
method. The desired amount of CNS was added to 16 mL of
NMP and sonicated for 30 min to achieve uniform dispersion of
CNMs, followed by stirring (constant speed and temperature).
The amount of ON11 nanoparticles is tabulated in wt% in Table
1. When the temperature reached ~60 °C, around 4 g of PSU
was slowly added to the above solution and stirred overnight.*
The viscous solution was cast onto a glass plate with the Doctor
Blade using different casting thicknesses of 120 pm, 90 pm, 60
pm, and 30 um. After that, the glass plate was submerged in
a distilled water coagulation bath to create a composite
membrane sheet. The membranes were immersed in a water
bath for 24 h, air-dried, and used. For subsequent experiments,
the membranes were shaped into standard spherical-sized
tokens. The graphical representation of the preparation
method is described in Scheme 1.

2.3. Materials characterization techniques

The morphology of ON11 and ON11@PSU membranes was
analyzed using Scanning Electron Microscopy (Apreo 2S Ther-
moscientific and Zeiss). The surface functionalities were
analyzed using the Fourier Transform Infrared Spectroscopy

Table 1 Composition of membranes in weight percentage
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(FTIR) technique using Shimadzu IRSpirit. Raman spectra were
analysed using a Renishaw inVia Raman microscope for infor-
mation about the crystalline structure. Using a MiniFlex 600
from Rigaku Corporation, X-ray diffraction (XRD) patterns are
used to assess the crystallinity of material. Brunauer-Emmett-
Teller (BET) method was used to estimate surface area and pore
size distribution using BELSORP MINI X, Japan at 77K N,
adsorption. An optical profilometer was used to calculate the
surface roughness and topology of the ON11@PSU-pad
membranes. The zeta potential of the ON11 was analyzed by
Malvern Zetasiezer ZEN3600 Particle Analyzer. The absorbance
of the dye concentration was noted using a UV-visible spectro-
photometer (Ocean Optics).

2.4. Dye adsorption experiments

The membranes were cut into standard-sized tokens to check
the dye removal efficiency. One parameter was modified to
assess the impact of other factors, including membrane thick-
ness (30-120 pm), adsorbent dosage (0.024-0.073 wt%), contact
period (10-70 min), and dye concentration (2.5-7.5 ppm). The
rest of the parameters were considered constant. The effects of
contact time, pH, membrane thickness, dye concentration, and
nanoparticle dosage on dye adsorption were studied in detail.
The studies were carried out in three trials, and the average
error percentage is shown. Furthermore, the optimized
parameters from the previous stage were used to study the effect
of another parameter. The experiment was carried out in
a beaker with a constant stirring rate, keeping the token
membrane at the bottom. The physicochemical characteristics
of the selected dyes is mentioned in Table 2. The absorbance
before and after the contact time is checked using a UV-vis
spectrophotometer, and the removal efficiency is calculated
using eqn (1).

C=G g0 (1)

Removal efficiency(%) = C

Co and C. are the dye concentrations under initial and equi-
librium conditions.

Pseudo-first and pseudo-second order kinetic studies were
performed and these models were fitted using linear square
fitting in the Origin Pro 9.0 64-bit software.

3. Results and discussion

3.1. Physiochemical characterization of ON11 and
ON11@PSU

3.1.1. FESEM analysis. SEM analysis reveals the surface
and cross-section morphology of the membrane, as depicted in

CNS dosage in membrane (mg) PSU (wt%) NMP (wt%) ON11 (wt%) Refer as

— 19.53 80.46 — PSU

5 19.53 80.45 0.024 ON11-5@PSU
10 19.52 80.43 0.048 ON11-10@PSU
15 19.51 80.41 0.073 ON11-15@PSU
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| Casting
‘solution i

Phase Inversion, NIPS

Photography of ON11@PSU membrane pad

Scheme 1 A graphical description of the carbon nanomaterial (ON11) production process, followed by the development of a mixed matrix
membrane (ON11@PSU-pad) employing the nonsolvent-induced phase separation (NIPS) technique.

Fig. 1. The ON11 nanoparticles showed around 70% carbon
using EDS, confirming the formation of carbon nanospheres, as
illustrated in Fig. 1a. The unmodified PSU membrane exhibits
evident asymmetry and porosity with a denser skin layer on the
surface, accompanied by finger-like macrovoids,” as seen in
Fig. 1e. The interfacial region has a estimated height of around
10.65 um (refer to ESI Fig S1} for magnified interfacial SEM
image). The structural characterization presented in this study

Table 2 Physicochemical characteristics of MB, MG, and RhB dyes

demonstrates the unique elements of the membrane, thus
acceding to the understanding of its composition and archi-
tecture. Fig. 1c and d of the surface morphology of the ON11-
10@PSU-pad is shown before and after dye adsorption, indi-
cating that the dye molecules are adsorbed in clusters on the
surface.

3.1.2. FTIR assessment. The functional groups present in

the biomass precursor, synthesized nanoparticles, and

Malachite green (MG) Rhodamine B (RhB)

Parameter Methylene blue (MB)
Chemical formula C16H15CIN3S

Molar mass 319.85 g mol "
Types of ion Cationic

Maximum wavelength (Aax) ~665 nm

Chemical structure

© 2025 The Author(s). Published by the Royal Society of Chemistry

Cy3H,5CIN, Cy5H3:CIN,O;
364.91 ¢ mol ™! 479.02 g mol ™"
Cationic Cationic

~617 nm ~554 nm

RSC Adv, 2025, 15, 7786-7798 | 7789
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300 nm

Fig. 1 SEM images of the (a) ON1l nanoparticles, (b) surface
morphology of pristine PSU, (c) ON11-10@PSU-pad, (d) ON11-
10@PSU-pad after dye adsorption, (e) the cross-section of the PSU
membrane.

membrane are analyzed by FTIR spectroscopy. Fig. 2a repre-
sents the functionalities present in the precursor and ON11
CNS. Before pyrolysis, the broadband at 3260 cm™ " represents
the O-H stretching vibrations caused by the water molecules in
the precursor. The band at 2906 cm™' is due to the C-H
stretching vibrations. The C-H vibrations due to the presence of
aromatic compounds are attributed to 2078 and 1907 cm ™ *. The
strong bands at 1604 and 1004 cm ™" represent C=C stretching
and bending vibrations caused by carboxylic acid and alkene,
respectively.

After pyrolysis, the band at 2980 cm™
hydroxyl group present. The stretching vibrations at 2335 cm™
are caused by ambient CO, adsorbed on the nanoparticles.*®
Alkyne and allene (C=C==C) groups are represented by the 2101
and 1970 cm ' bands, respectively. The band at 1440 cm™*
represents the methylene (C-H) group attached to the synthe-
sized carbon nanospheres. The decrease in intensity is attrib-
uted to the degradation of the precursor during pyrolysis.>”

! corresponds to the

1

a
After pyrolsis mvm
2680 201 170 After MG adsorption
2hs 1033
Before pyrolysis 1440,

After MB adsorption

m%ﬂvﬂ_"‘fr

PSU pn’stinememnrane” U‘{W' W V"W

300 3000 2400 1800 1200 600 2560 2000 {800 1000 500
Wavenumber cm-1) Wavenumber (cm™1)

% Transmission (a. u.)

% Transmittance (a. u.)

Fig. 2 FTIR analysis of (a) ON11 CNS before and after pyrolysis, (b)
ON11-10@PSU-pad before and after adsorption of respective dyes.
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In the FTIR spectrum of the ON11@PSU membrane, as
depicted in Fig. 2b, the peak at 1239 cm™" is attributed to the
stretching vibration of the C-O-C groups. The skeletal vibra-
tions of aromatic hydrocarbons are associated with the peaks at
1484 and 1576 cm ', while the symmetric and asymmetric
stretching of sulfone groups are associated with the peaks at
1153 and 1325 cm~'. The peak at 560 cm ' corresponds to
a strong halogen bond (Cl7), and the peak at 1107 cm™ " to
medium C-N stretching.”®

3.1.3. XRD and Raman analysis. XRD gives the crystallo-
graphic structure of the sample. From the XRD pattern (Fig. 3a),
a broad peak around 26 ~24° and a sharp peak at 26 ~29°
corresponding to doo, show interlayer spacing of graphitic
carbon, which is also attributed to silicon impurities present in
the synthesized ON11 nanoparticles. Another peak at 26 ~43°
shows in-plane diffraction corresponding to d;oo, Which is
characteristic of the carbon nanospheres. The smaller shoulder
peaks around 26 ~47° can be visualized. Overall, the pattern
suggests that the nanoparticles synthesized are semi-crystalline
and partially amorphous in nature.

The XRD pattern of ON11-10@PSU membrane before and
after dye adsorption is shown in Fig. 3b. The decrease in the
peak intensity is observed after the dye adsorption, without any
other significant changes in the pattern. The outcome implies
that the dye-adsorbed carbon nanospheres might not induce
the bulk phase shifts.* It suggests that the membrane is
amorphous. Additionally, the Raman spectrum (Fig. 3c) reveals
the presence of a D-band, indicating structural defects and
disorder within ON11, while the presence of a G-band confirms
the sp>-hybridized carbon network characteristic of its graphitic
structure. The intensity ratio of these bands was measured at
0.84, with the G-band observed at 1598 cm™* and the D band at
1349 cm™ '

3.1.4. Optical profilometry analysis. The surface topog-
raphy images of ON111-10@PSU-pads were analyzed by the
Optical Profilometer. Fig. 4a-d are the membranes with various
thicknesses (30, 60, 90, and 120 pm), suggesting the irregularity
on the surface of membranes (refer to ESI Fig. S2 for 2D optical
profilometry images of the respective thickness). In Fig. 4a, the
surface is relatively flatter compared to others. Fig. 4b indicates
that the 60 pm membrane has more surface roughness than the
thinner (30 pm) membrane. Surface roughness increases
effective surface area, creating more active places for dye
molecules to interact. The peaks and valleys are anticipated to
enhance the number of contact points between the membrane
and the dye solution, enhancing adsorption capacity. Fig. 4d
shows a similar surface to Fig. 4c but with smoother parts
alternating with rough patches. The surface could result from
membrane thickness, where nanosphere dispersion becomes
uniform, possibly due to sedimentation or aggregation at
increasing thicknesses. However, if the thickness of the
membrane is less, it is better for adsorption, but the very thin
membrane would also be delicate, leading to less stability.
Thereby, the 60 pm membrane is selected for further studies.

Using an optical profilometer, surface roughness can be
calculated, which is the average roughness (S,) that is defined as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD analysis of (a) ON11, (b) ON11-10@PSU-pad before and after dye adsorption, and (c) Raman spectra of ON11.

the average height of all measured locations in the measure-
ment.*> Eqn (2) contains the formula for calculating it.
s.= 4| iz @)
A
where, S, = average surface, A = total area and Z(x,y) is the
height of each point (x,y). The data indicates that the 60 um
ON11-10@PSU membrane pad exhibits the highest surface
roughness (S,) value at 2.170 um, suggesting a more textured
surface compared to other pads. Increased surface roughness,
characterized by deeper valleys and higher peaks, enhances the
likelihood of dye molecules staying in contact with the
membrane for extended periods, facilitating greater adsorption.
The S, values for the 30 pm, 90 um, and 120 pm membranes
were recorded at 0.717, 0.606, and 0.770 pum, respectively—
significantly lower than the 60 pm membrane. Additionally, the
root mean square roughness (Sy) values for these membranes
were 0.911 pm, 2.75 um, 0.783 pm, and 0.964 um, respectively.
The peak-to-valley height (Sp,,) was highest for the 60 pm
membrane, measuring 34.11 um.

3.2. Application of ON11@PSU-pad in organic pollutant
adsorption

3.2.1. Adsorptive behavior of different compositions of
ON11@PSU. The adsorption experiments were conducted using
varying doses of standalone ON11 nanoparticles, a membrane
composed solely of PSU, and mixed matrix membranes (MMM)
incorporated with ON11 nanoparticles. The results, presented
in Fig. 5a, show that increasing the ON11 dosage significantly
enhanced dye removal efficiency in a shorter time. At an
adsorbent dosage of 0.5 g L™ (ON11-5), approximately 97.5%
dye removal was achieved within 5 minutes. At 1 g L' (ON11-
10) ON11 dosage, the removal efficiency reached nearly 99.8%
in less than 20 seconds, demonstrating the superior perfor-
mance of ON11 as an adsorbent in dye removal applications.
The high adsorption efficiency of ON11 is attributed to its
abundant active sites,**** whereas the PSU membrane alone was
ineffective in adsorbing dye molecules. When incorporated into
the MMM, ON11 significantly improved dye removal, specifi-
cally for MG dye. The pristine PSU membrane showed only 20%
removal after 60 minutes, while the ON11@PSU membrane
achieved more than 91% removal in the same time frame. These

Fig. 4 Optical Profilometry 3D-image of ON11-10@PSU pad at different thickness (a) 30 um, (b) 60 um, (c) 90 um, and (d) 120 um.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5
ON11-10@PSU-pad; (c) recyclability test using MG dye.

(a) Comparison of different dosages of ON11 as adsorbent itself and in membranes; (b) contact time studies of cationic dye removal with

Table 3 Comparative data for removal of cationic dyes using different MMMs

Dye Polymer Carbon type Method Removal efficiency (%) Time (min) Ref.

RhB PSU + PVP (DMF solvent) CNS synthesized hydrothermally Ultrafiltration 81.5 — 35

CR PSU (DMF solvent) 30% activated carbon Ultrafiltration 99.5 360 36

RhB PSU Aluminium and gallium hybrid Ultrafiltration 80 — 37

MB PSU Activated carbon spheres (resorcinol and — 99.9 — 38
formaldehyde)

RhB Polydopamine (hexane solvent) Silk nanofibrils-MOF composite Adsorption 99.5 — 39

MB PSU (NMP solvent) CNS from biowaste synthesized via Adsorption 67 60 This work

MG pyrolysis 98

RhB 92

findings highlight the enhanced dye adsorption performance of
the MMM, making it suitable for large-scale applications.
Additionally, embedding the nanoparticles into membranes
addresses the challenge of nanoparticle recovery after dye
adsorption, as it simplifies the process. In subsequent experi-
ments, ON11-10@PSU membranes were further tested to eval-
uate their performance under different conditions. Table 3
shows comparative dye removal with other MMM from recent
literature.

3.2.2. Effect of contact time and number of ON11-10@PSU-
pads on adsorption. To assess the equilibrium time and
determine how rapidly the pollutant is adsorbing on the
adsorbed surface, contact time analysis is crucial for adsorption
studies. In light of this, the study investigated contact times
between 10 and 70 minutes under ideal circumstances (dye
concentration: 5 ppm, volume: 10 mL, at room temperature ~28
=+ 2). Fig. 5b shows that the proportion of dye removal increased
with extended contact durations and stabilized after 60
minutes. It can be observed that the removal efficiency of dye
increases with an increase in time. After a specific time frame, it
remains constant or decreases as it reaches saturation. This is
due to the maximum adsorption at the active sites of the
membrane and saturation of the binding sites.**** As more ions
are adsorbed into the membrane matrix, steric hindrance
increases and active sites decrease.”” In this study, the
maximum dye removal efficiency was observed at 60 minutes of
contact time, with equilibrium reached for all the dyes with one
layer of ON11-10@PSU-pad. The removal efficiencies were ~48

7792 | RSC Adv, 2025, 15, 7786-7798

+ 8% for MB, ~91 + 3% for MG, and ~76 + 4% for RhB (all dyes
with 5 ppm concentration). Additional experiments were con-
ducted using two and three layers of ON11-10@PSU-pads for
MB dye removal to assess their variation of removal efficiency.
The results showed that, under the same experimental condi-
tions, the removal efficiencies were ~74.7% and ~80.9%,
respectively for MB dye. These findings indicate that adding
more layers of ON11@PSU increases the contact area for
adsorption, thereby improving dye removal. This affirms that
the adsorption process is highly efficient and dependent on the
availability of adsorptive sites for the dye molecules. Multiple
layers of membranes would exhibit higher adsorption capac-
ities in a shorter time duration, making them more effective for
large-scale applications.

3.2.3. Effect of ON11@PSU-pad thickness study. The
removal efficiency of the ON11@PSU-pad was evaluated at four
different thicknesses for MB, MG, and RhB dyes. For MB, the
removal efficiencies were 30 um = 40 + 8% < 60 pum = 47 + 8% >
90 pm = 30 £ 7% > 120 pm = 36 £ 6%. This data suggests that
the removal of MB dye is greater with thinner membranes (30
pm and 60 um). Higher removal efficiency at low thicknesses
might be due to improved diffusion of dye molecules through
thinner membranes, which leads to better interaction with
nanoparticles followed by the active membrane sites. For
a thicker membrane pad, molecular structure of MB may cause
it to interact differently with the membrane material, affecting
adsorption efficiency*® (refer to ESI Fig. S3t for thickness vari-
ation of membranes of respective dyes removal and Fig. S4t for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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real membrane images dor adsorption of the selected dyes). In
comparison, the removal efficiencies for MG were higher, i.e., 78
=+ 8%, 91 £ 3%, 56 + 5%, and 74 £ 4% for the corresponding
thicknesses recorded, indicating that dye removal was best
around a membrane thickness casting of 60 um (Fig. 6a). The
removal efficiency of RhB was stable at around 70 4+ 5%, 77 +
4%, 48 £+ 9%, and 70 £+ 5% for increasing thickness, respec-
tively. Across all dyes, the thickness of 60 um ON11-10@PSU-
pad demonstrated the best performance, possibly due to an
appropriate surface area, thickness, and availability of the active
regions for adsorption. In thicker membranes (120 pm), there
may be a trapping or re-adsorption effect in which dye mole-
cules enter the ON11@PSU pad and cannot quickly exit,
increasing the observed adsorption. The phenomenon is less
noticeable at 90 um due to insufficient interconnected pore
networks. However, it may become prominent in 120 pm
wherein the membrane topology increases retention or re-
adsorption in deeper layers.**** Based on these results, the 60
um membrane was chosen for further studies due to its favor-
able topography and surface roughness characteristics.

3.2.4. Effect of dye initial concentration on adsorption
performance using ON11@PSU-pad. The concentration of the
three dyes stated above was adjusted, and their removal
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efficiency was calculated at a contact period of 60 minutes. The
dye removal efficiency of the membrane depends on the
number of sorptive sites available on it.*® As the concentration
of the dye increases, more and more dye molecules occupy these
sites. The dye removal efficiency of the membrane decreases as
the concentration increases due to the saturation of the sorp-
tion sites in the membrane.*” As seen in Fig. 6b, removal effi-
ciency for 2.5 ppm concentration of MB dye was 67 £+ 5%,
whereas after doubling the concentration, it decreased to 48 +
8%, and on a further 7.5 ppm dye concentration, it was 43 & 3%.
Similarly, the trend was observed in the other two dyes. For MG,
removal efficiency decreased from 98 + 3% to 78 £ 3% on
increasing the dye concentration from 2.5 ppm to 7.5 ppm. For
RhB, removal efficiency decreased from 92 + 3% to 66 + 4% on
increasing the dye concentration from 2.5 ppm to 7.5 ppm. In
other words, raising the concentration of the dye by a particular
level raises the number of unoccupied sites of the adsorption
that attract the dyes.*® At higher initial dye concentrations, the
total number of accessible adsorption sites is limited, poten-
tially reducing the percentage of dye removed. The rise at higher
concentrations could be related to increased driving force*>*
(refer to ESI Fig. S51 for contact time study with dye initial
concentration).
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Fig. 6 Effect of (@) membrane thickness, (b) dye concentration, (c) ON11 dosage in membrane, (d) pH of dye solution for dye removal with

ON11@PSU-pad.
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3.2.5. Effect of ON11 dose study on ON11@PSU-pad. The
amount of adsorbent used determines the rate at which
contaminants are removed from aqueous solutions.* It is
observed that an increase in the amount of nanoparticle dosage
will increase the dye removal efficiency, but high doses of the
nanoparticle will increase the aggregation, which will decrease
the surface area and the sorptive sites, hence decreasing the dye
removal efficiency.”> However, molecular structure/weight of
dye, surface charge, and adsorption behavior are vital in
adsorbent-adsorbate interaction. Fig. 6¢c shows the dye removal
efficiency for different doses of nanoparticles in the membrane
as calculated in Table 1. For MB, MG, and RhB, the removal
efficiency for ON11-5@PSU-pad was around 37 £ 10%, 89 + 4%,
and 63 £ 5%, respectively, whereas, for ON11-15@PSU-pad, it
was 63 + 10%, 91 + 3%, and 78 £ 5%, respectively, for the
selected dyes. For, ON11-10@PSU-pad, the removal efficiency
was noted at 48 + 8%, 91 &+ 3%, and 76 + 4%, respectively (refer
to ESI Fig. S61 for ON11 dosage on dye removal study with
respect to time on ON11-5@PSU, ON11-10@PSU, and ON11-
15@PSU-pad membranes).

The membrane adsorption of dyes may be mediated by
chemical bonding or interactions, such as electrostatic forces or
hydrogen bonding, which make it less susceptible to the surface
area offered by ON11 nanoparticles. As observed from the data
above, the higher ON11 dosage shows a high removal efficiency
of the dye as it provides more absorption sites.>**° This trend is
consistent with findings from adsorption experiments, where
increasing adsorbent dosage results in a bigger surface area and
more active sites for dye molecules to attach.””

3.2.6. Effect of dye solution pH on adsorption. pH of the
dye solution is an important factor®® that can affect dye removal
by bringing a change in the surface charges. Usually, at low pH,
the removal efficiency of anionic dye increases, and at high pH,
the removal efficiency of cationic dye increases.” In general,
acidic pHs are not suitable for the adsorption of cationic dyes as
lower removal efficiency was noted at pH 3 for MB, MG, and RhB
of 17 + 3, 36 £ 3, and 47 £ 3%, respectively. It was discovered
that decreasing pH reduced dye removal effectiveness because
dye molecules competed with H' for accessible active sites at
lower pH levels.®® In Fig. 6d, the removal efficiency at contact
time is demonstrated for the three selected dyes at different pH
conditions. MB and RhB showed higher removal efficiency of 68
=+ 3% and 74 + 4%, respectively, at basic pH. The study found
that increasing the initial pH improves the efficacy of MB and
RhB dye adsorption, with the highest removal efficiency ach-
ieved around pH 11, which agrees with many researchers.**
Meanwhile, the highest removal efficiency of 91 + 3% was
observed for MG dye adsorption at a native pH 6, as indicated in
other research as well.” MG dye becomes colorless at high pH
due to the interaction between the cationic MG and the hydroxyl
ions in the aqueous solution®®* (refer to Fig. S71 for pH study in
different dyes concerning time with ON11-10@PSU membrane).

3.3. Adsorption kinetic studies of ON11@PSU-pad

Adsorption kinetics assesses the rate at which an adsorbate is
absorbed over time at a given concentration, providing insights
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into the diffusion of the adsorbate into the pores and suggest-
ing a potential sorption mechanism.' The pseudo-first-order
(PFO) model, the linearized expression of the Lagergren
pseudo-first-order rate equation,® is represented as eqn (3):

Kit

log(g. — ;) = log . — 3303 (3)

In this equation, g. and ¢, represent the amounts of adsorbate
adsorbed at equilibrium and at time (¢), respectively, while k,
(min~") denotes the rate constant PFO model. The plots of
log(ge — q.) against time for the pseudo-first-order model for all
the selected dyes are presented in Fig. 7a. A significant
discrepancy was observed between the tabulated values in Table
4, indicating that the PFO kinetic model is inadequate for
describing the proposed adsorption behavior.

According to the pseudo-second-order (PSO) kinetic model,
the adsorption occurs at two surface sites.®® The linear fit model
of PSO kinetics can be given in eqn (4):

11 1 ; 4
q K * qe ®
where k, (g mg~" min™") is the rate constant of the PSO model.
The plot of ¢/q, vs. time is plotted in Fig. 7b. The results, as
indicated in Table 4 shows, with high correlation coefficient
values (R*> > 0.99 for all the selected dyes), confirm that the
experimental data aligned well with the PSO kinetic model
showcasing the dye adsorption behavior onto the ON11@PSU-
pad.

This kinetics indicates a heterogeneous adsorbent surface,
where different active sites have different affinities for the
adsorbate. This is based on the assumption that the rate-
limiting step could involve chemisorption, where valency
forces come into play by sharing or exchanging electrons
between the sorbent and sorbate.*
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Fig. 7 (a) Pseudo-first-order and (b) pseudo-second-order kinetics

for ON11-10@PSU-pad dye adsorption.

Table 4 Summary of kinetic model constants for MB, MG, and RhB
dye adsorption on ON11@PSU

Kinetic models MB MG RhB
PFO  k; (min™") 0.046 0.0467 0.0062
ge (mgg™ 65.831 61.384 28.383
R? 0.78 0.77 0.59
PSO  ky(gmg'min™') 2.8x107* 118 x 107" 4.05 x 107°
ge (mgg™ 20 063.6 19 889.53 3902.82
R? 0.99 0.99 0.99

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. Reusability of ON11@PSU-pad

The reusability of ON11@PSU-pad was evaluated using MG dye
over three cycles, as seen in Fig. 5c. For the recyclability test,
membranes were submerged in ethanol and stirred for 10-15
minutes or until the dye desorption occurred. This method
desorbed MG dye in ethanol, enabling the membrane to be
regenerated and recycled.*” The removal efficiency remained
consistent (~90%) across the cycles. However, the structural
integrity of the membrane diminished with subsequent reuse,
primarily due to disintegration caused by repeated washing
(refer to ESI Fig. S87 for recyclability test effect on structural
integrity of membrane pad).

3.4.1. Long-term stability of ON11@PSU-pad for dye
removal. Performance longevity tests were conducted toward
the ON11-10@PSU-pad for repeated dye removals, as stated in
the hereupon section, using repeated reusability tests. Never-
theless, some structural instabilities did occur that caused the
need for attention toward the membrane. Following a few runs,
there had been slight membrane deformation, basically owing
to physical strain from repeated washings as well as dexterity;
the delayed gradual disintegration - probably acting from
repetitive expansion as well as remission of the membrane
during the processes of dye adsorption-desorption - led to
a gradual degradation of their mechanical integrity. These
modifications may affect the performance of membranes in
long-term applications, as additional cycles may result in a loss
of efficiency. Despite this, the ON11@PSU-pad remains
a potential choice for dye removal applications because of its
ability to maintain high removal efficiency in the short term.
Further optimization of the membrane material or surface
alterations may improve its long-term stability.

The membrane pads can be utilized in modular treatment
systems, such as layered filter systems, allowing for easy
replacement and reusability. Our study demonstrated the
recyclability of ON11@PSU-pad across multiple cycles, high-
lighting its cost-effectiveness and sustainability for repeated
use. While this study is focused on cationic dyes, future func-
tionalization of the membrane or testing with mixed dye
systems could enable selective adsorption capabilities,
enhancing its use in diverse wastewater streams. Beyond dye
removal, the membranes could be tailored for selective
adsorption of other pollutants, including heavy metals, phar-
maceuticals, or pesticides, by modifying the carbon nano-
spheres or polymer matrix.

The PSU matrix used in ON11@PSU membranes is a non-
biodegradable polymer; however, the integration of bio-based
ON11 enhances the sustainability of the composite by
utilizing biowaste, thereby aligning with circular economy
principles. Using green solvents, natural additives, or bio-
sourced materials during membrane fabrication could
improve their eco-friendliness and biodegradability.®®*> While
PSU was selected for its superior mechanical strength, thermal
stability, and compatibility with ON11, future research will
focus on incorporating ON11 into biodegradable polymer
matrices. This approach aims to enhance the environmental
sustainability of the membranes without compromising their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance. Additionally, strategies for recycling or repur-
posing PSU-based membranes after their functional lifetime
could further mitigate environmental impact.

3.5. Dye adsorption mechanism on ON11@PSU-pad

The dye removal mechanism using the ON11@PSU-pad
membrane pad is mainly based on the adsorption phenom-
enon. The surface charge of the membrane and its pore surface
greatly depends on the adsorption performance.”®”* The zeta
potential of carbon nanomaterial (ON11) is around —19.6 mV
(refer to ESI Fig. S91), and the PSU membrane’ surface is about
—18 mV. The combined impact of these two significantly
improves the total ON11@PSU-pad membrane surface and pore
charge. SEM examination also shows that the nanomaterial is
effectively dispersed across the membrane and pore surfaces
(refer to ESI Fig. S107 for N, adsorption-desorption curve and
pore size distribution of ON11). The surface area, average pore
diameter, and pore volume calculated from BET were 423.26 m>
g ', 1.26 nm, and 0.26 cm® g, respectively. BJH pore diameter
was around 4.5 nm aligning with the mesoporous nature of the
ON11. Adsorption occurs when the dye comes into contact with
the negatively charged membrane surface, as the dye pollutant
used in this investigation is cationic (MB, MG, RhB). This
oppositely charged dye and membrane strengthened the elec-
trostatic attraction between these two, primarily facilitating the
adsorption procedure.”’* For MB, MG, and RhB, the dye
removal efficiency using the membrane pad is 67 £ 5%, 98 £
3%, and 92 + 3%, respectively, at 60 min contact time using 60
pm ON11-10@PSU-pad in native pH for 2.5 ppm concentration.

A graphical representation is described in Fig. 8 to better
understand the possible dye adsorption mechanism using the
ON11@PSU membrane pad. In addition to electrostatic inter-
actions, the dye adsorption mechanism involves hydrogen
bonding, van der Waals forces, and m-m stacking interac-
tions™*" between the dye molecules and membrane surface.
The selectivity of the prepared ON11@PSU pads towards
different dyes depends on factors like pore size distribution and
molecular sieving effect, polymer filler interaction and trans-
port pathways, adsorption-dominated separation, and molec-
ular interactions. The high surface area of the ON11 with
oxygen-containing functional groups causes m-7 interactions,
enabling strong adsorption with dye molecules. This, in turn,
enhances the retention of cationic dyes due to the electrostatic
attraction with negatively charged ON11 and ON11@PSU
membranes. The interfacial voids are created in the PSU
membrane due to the dispersion of porous fillers, which visu-
alizes improved permeability with controlled pore connectivity.
The pore structure of the ON11 CNS incorporated into the PSU
membrane plays a crucial role in dye adsorption. BET analysis
revealed a mesoporous framework ranging from 2 to 10 nm
(refer to ESI Fig. S10bt), which is well-suited for the molecular
dimensions of MG (~1.8 nm), RhB (~1.5-1.7 nm), and MB
(~1.43 nm). These mesopores facilitate efficient dye diffusion
and adsorption, while micropores may enhance surface inter-
actions. The high removal efficiency of MG and RhB indicates
stronger -7 stacking and electrostatic attractions, whereas MB
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Fig. 8 Plausible adsorption mechanism of organic dyes onto ON11@PSU-pad.

likely exhibits weaker adsorption and faster diffusion, possibly
due to its lower hydrophobic affinity. All of the mechanisms
involved in the adsorption process confirmed the efficient
adsorption of dye using ON11@PSU-pad from water as soon as
it became immersed in the polluted water. Additionally, this
membrane-based adsorption process has several advantages
over solely using nanomaterials for adsorption. Nanomaterials
have certain drawbacks, such as the difficulty of removing spent
nanomaterials after water treatment, despite the fact that it is
effective. However, the incorporation of nanomaterials into the
membrane to create a MMM helps to hold the nanomaterial
without compromising its adsorption effectiveness by providing
a large surface area for contact with dye, and removal is also
simple and feasible for reusability after treatment (see reus-
ability study). These benefits prompted us to create a membrane
pad that would more effectively and hassle-free adsorb the water
contaminant.

4. Conclusion and future
perspectives

In this study, we have developed a bio-based, onion peel-derived
nanomaterial ON11-incorporated mixed matrix membrane
(ON11@PSU) that demonstrates high efficacy in adsorbing
cationic dyes like MB, MG, and RhB. This composite membrane
proves to be a promising candidate for wastewater treatment.
Incorporating Allium cepa-derived carbon nanospheres signifi-
cantly enhanced the adsorption efficiency, with optimal dye
removal achieved at a membrane thickness of 60 um. The dye
removal efficiency was evaluated by varying membrane thick-
ness, layer of membrane pad, dye concentration, ON11 dosage,
contact time, and solution pH. The 60 pm membranes exhibited
enhanced adsorption, with maximum removal efficiencies of 67
=+ 5% for MB, 98 £ 3% for MG, and 92 + 3% for RhB at 2.5 ppm

7796 | RSC Adv, 2025, 15, 7786-7798

dye concentrations. By increasing the number of membrane
pads, the removal efficiency also increases as surface area
increases. Kinetic studies suggest that the adsorption process
follows a pseudo-second-order model, indicating a chemisorp-
tion-driven mechanism. The membrane maintained strong
performance through several reuse cycles, though further
material refinement is needed to improve its structural stability
for long-term applications.

The limitations of this study include the diminished struc-
tural stability of ON11@PSU after repeated use as the physical
wear resistance of the membrane needs improvement to
enhance durability for long-term applications. Challenges in
scaling up production using eco-friendly methods and the use
of a non-biodegradable polymer matrix is required for future
material optimization. Future work can focus on stability
enhancement and expanding its application in mixed system of
dyes and strengthening the membranes for long term applica-
tions. Furthermore, our future research will lead to the scaling
up of membrane production utilizing environmentally friendly,
cost-effective processes for real-world applications. This work
aligns with circular economy concepts and provides a prom-
ising direction for sustainable water treatment technologies
using bio-waste.
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