
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 5

:3
8:

16
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Development of
aComposites and Advanced Materials Cent

Manufacturing, Craneld University, Bedfor

orisawayi@craneld.ac.uk; ao.orisawayi@o

S.S.Rahatekar@craneld.ac.uk
bDepartment of Mechanical Engineering,

Technology Olusegun Agagu University of

Okitipupa, Nigeria

Cite this: RSC Adv., 2024, 14, 8502

Received 7th January 2024
Accepted 7th March 2024

DOI: 10.1039/d4ra00162a

rsc.li/rsc-advances

8502 | RSC Adv., 2024, 14, 8502–85
hybrid electrospun alginate-
pulverized moringa composites

Abimbola Oluwatayo Orisawayi, *ab Krzysztof Koziol,a Shuai Hao,a Shivam Tiwaria

and Sameer S. Rahatekar*ab

The consideration of biopolymers with natural products offers promising and effective materials with

intrinsic and extrinsic properties that are utilized in several applications. Electrospinning is a method

known for its unique and efficient performance in developing polymer-based nanofibers with tunable

and diverse properties presented as good surface area, morphology, porosity, and fiber diameters during

fabrication. In this work, we have developed an electrospun sodium alginate (SA) incorporated with

pulverized Moringa oleifera seed powder (PMO) as a potential natural biosorbent material for water

treatment applications. The developed fibers when observed using a scanning electron microscope

(SEM), presented pure sodium alginate with smooth fiber (SAF) characteristics of an average diameter of

about 515.09 nm (±114.33). Addition of pulverized Moringa oleifera at 0.5%, 2%, 4%, 6%, and 8% (w/w)

reduces the fiber diameter to an average of about 240 nm with a few spindle-like pulverized Moringa

oleifera particles beads of 300 nm (±77.97) 0.5% particle size and 110 nm (±32.19) with the clear

observation of rougher spindle-like pulverized Moringa oleifera particle beads of 680 nm (±131.77) at 8%

of alginate/Moringa oleifera fiber (AMF). The results from the rheology presented characteristic shear-

thinning or pseudoplastic behaviour with a decline in viscosity, with characteristic behaviour as the shear

rate increases, indicative of an ideal polymer solution suitable for the spinning process. Fourier transform

infrared spectroscopy (FT-IR) shows the presence of amine and amide functional groups are prevalent

on the alginate-impregnated moringa with water stability nanofibers and thermogravimetric analysis

(TGA) with change in degradation properties in a clear indication and successful incorporation of the

Moringa oleifera in the electrospun fiber. The key findings from this study position nanofibers as

sustainable composites fiber for potential applications in water treatment, especifically heavy metal

adsorption.
1. Introduction

The novelty and improvement in polymer science, engineering,
and materials chemistry have made the progress of polymeric
nanobers through the electrospinning process an interesting
and suitably sustainable method in the membrane fabrication
eld for researchers. It presents an excellent means of
producing a unique three-dimensional network using minimal
solvent to improve material properties and applications.1 Such
properties involve high surface area, and mechanical proper-
ties, well-structured membrane porosity, excellent electrical
conductivity, variable pore size, and thermal properties.2,3

Furthermore, polymer nanobers with sizes ranging from
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Science and Technology, (OAUSTECH),
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various microns to millimicrons have been used to encapsulate
natural cues, such as antibiotics, antitumor agents, proteins,
natural and sustainable products, and growth factors for several
applications, water treatment, including energy, and
healthcare.4

Electrospinning is a unique advanced engineering method
for developing micro or nano-structured products using poly-
mer solutions that can be stretched into bers.5,6 By utilizing
electrostatic force to generate a brous covering of several
membrane layers.7 The use of multi-uid electrospinning has
also been an advanced engineering technique with an enhanced
potential to create innovative functional micro and nano-
materials.8 It is suitable for a combination of varied materials to
form complex inner-structured structures with special surface
characteristics of components, and compositions.8 The setup
consists of a very high-voltage source by the application of
positive and negative charged connections, well-regulated
pumps, a spinneret for loading the polymer solution, and
a known collector with either a rotary or stationary plate9,10

Findings have shown that the nature of the membrane
© 2024 The Author(s). Published by the Royal Society of Chemistry
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developed can be inuenced by the type of collector plate used
during the process. For example, membranes formed on
motionless stationary assembling collector plates sometimes
develop a permeable random porous structure, while those
developed on the normal rotary wet or dry collector plates may
usually exhibit a well-organized 3-dimensional (3-D)
architecture.11–15 Studies conducted by Topuz et al. on a super
oleophilic oil-adsorbing type of membranes used for porous
and nonporous uorinated polyimides were also used for the
rapid remediation of oil spills and the membrane was also
hydrophobic, showcasing high oil adsorption capacities for
adsorbing various oils.16

Other studies using electrospinning in water studies were in
the development of membranes used in various separation
techniques, such as microltration, absorption, adsorption,
absorption, ultraltration, nanoltration, and techniques
involved in the reverse osmosis and forward osmosis
technologies.17–19 Further studies may include some medical
activities such as wound dressing, healing technology, and
pharmaceuticals industries such as drug deliveries20–22 and
studies on developing inltration and new material develop-
ment, energy storage and sound absorption, fuel cells, and
tissue engineering, among others23,24

In recent decades, mostly articial polymers have been
extensively used in the development of nanober inventions.
However, the challenges with these uses are biodegradation and
requiring poisonous or toxic solvents to form the solutions
during production leading to environmental issues such as
contamination affecting water bodies and aquatic life and its
environments. Studies have also revealed that the use of pho-
tocatalysts for water decontamination can be expensive and
may develop secondary pollution to aquatic life.25–28 Therefore,
there is a need to consider novel, bio-based, affordable, envi-
ronmentally friendly, and sustainable non-toxic polymeric
membrane composites.29

Alginates are some of the most recognized naturally occur-
ring, biodegradable polysaccharides consisting of anionic
polymers extracted from seaweed. It has attracted signicant
interest from researchers due to its distinctive properties, such
as low toxicity, biocompatibility, availability, and gelation
induced by the addition of divalent cations such as Calcium ion
(Ca2+). These properties make alginate suitable for water treat-
ments specically in heavy metals removal, coagulation, and
antibacterials.30,31 Alginate is water-soluble and characterized by
its linear copolymer composition of b-D-mannuronic acid,
referred to as M-blocks, and is also identied by a-L-guluronic
acid, known as G-blocks, with monomers typically linked by b-
(1–4) glycosidic bonds.32 Current reports suggest that most
naturally occurring polymers including alginate are known for
their difficulty in electrospinning from their aqueous solutions
due to their high viscosity, and form gels in aqueous solutions
due to hydrogen bonding.33,34 To address this challenge,
synthetic polymers such as polylactic acid (PLA), polyvinyl
alcohol (PVA), and polyethylene oxide (PEO) which are water-
soluble, are oen employed to enhance the electrospinning
process.32,35,36
© 2024 The Author(s). Published by the Royal Society of Chemistry
Several works have been done on the electrospinning of
alginate for various applications and have been proven
successful. Among these works, studies on the use of essential
oils produced from oregano oils blended with specic types of
medium molecular alginate to develop an antimicrobial elec-
trospun composite for wound healing applications.37 Addi-
tionally, some studies have developed biobased nonwoven mats
containing protein extracts and baicalein extracted from
Chinese herbs, for wound healing applications.38 Alginate was
also combined with soybean protein nanobers potentially to
be used for biomedical applications.39

Moringa oleifera plant is a medium-sized plant thriving
globally and adapts in many tropical in most tropical and
subtropical regions, but studies described its origin to be traced
back to Afghanistan, Bangladesh, India, and Pakistan. The seed
has several applications for pharmaceutical and Traditional
purposes such as a cure for wounds and healing, pains, kidney
cleansing, liver diseases, heart failure disease, cancer treat-
ment, and ulcer inammation.40 Moringa oleifera is also
a source of food nutrition, and cosmetics industries, with many
other applications and unique properties.41–43

Studies have been considering the potential of bending the
moringa seed powder and pyrolyzing the seed husk for water
treatment applications, most especially in developing countries,
because of its availability, many communities explore the
prospect of using it for the treatment of water from different
sources form rivers, waterways, and streams.44 Moringa oleifera
seeds were reported to have proven to treat water as a coagulant
due to positively charged, water-soluble proteins prevalent in
the seeds, which bind with most negatively charged water
sediments (silt, clay, bacteria, toxins, etc.),45 There are also
indications of antimicrobial agents and heavy metals removal.
Treatments with Moringa solution remove about 90 to 99.9% of
the impurities in the water reported.46,47

The current work uses an electrospinning technique to
develop alginate-pulverized Moringa oleifera-based electrospun
nanobers. The concentration of the Moringa oleifera is varied
and the developed bers are characterized to analyse the effect
of moringa on the electrospun ber mats and its potential
application in water-treatment applications.
2. Experimental methods and
materials
2.1 Materials and methods

Sodium Alginate SA from Brown algae, viscosity 5.0–40.0 cps c=
1%, was obtained from Sigma-Aldrich, poly(ethylene oxide)
(PEO) M.W. 1 000 000 powder was purchased from Thermo
Fisher Scientic, Alfa Aesar (USA), calcium chloride (CaCl2)
(anhydrous, granular, #7.0 mm, $93.0%, d: 2.15 g cm−3,
Sigma-Aldrich, China), andMoringa oleifera seed was purchased
from an African Market (Locally Sourced).
2.2 Preparation of PEO/alginate solution

The SA (8 wt%) and PEO (4 wt%) were dissolved separately in
deionized water for 24 hours to ensure complete dissolution.
RSC Adv., 2024, 14, 8502–8512 | 8503
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Fig. 1 Schematic preparation of fabrication of SA loaded with PMO through electrospinning process.
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The SA and PEO aqueous solutions were then mixed at 80 : 20
ratios and stirred for an additional 4 hours to ensure homoge-
neity at room temperature before the electrospinning
experiment.

2.3 Extraction methods of the PMO

The Moringa oleifera seed used in this study were sourced
without pods from a reputable pure organic seller “Purely Agro
DGT Limited 275 New North Road London.” The shell was
removed manually(de-shell) to obtain the seed. The seed
samples were dried in the vacuum oven at 65 °C for 24 hours to
remove and reduce the moisture content.48 The dried sample
was stored at room temperature in polyethylene bottles in
a desiccator for preservation before use.49 The dried moringa
seed was pulverized in a high-speed PULVERISETTE 14 instru-
ment shown in Fig. 1. The pulverized process was about 4–5
minutes at a speed between 6000 and 10 000 rpm using an
available sieve mesh ring or cassette of 2 mm in the laboratory
until desirable samples were obtained.

2.4 Preparation of SA, PMO and PEO

The SA and PEO were prepared separately and dissolved in
deionized water for 24 hours to ensure complete homogeneity.
As part of optimizing solution parameters, the concentration of
the blend was varied with different concentrations of Moringa
oleifera suspension to the addition of 8 wt% SA added to the
Moringa oleifera suspension dose of 100 ml of distilled water at
0.5%, 1%, 2%, 4%, 6%, and 8% each was mixed with 4% PEO.
The ratio of SA, PMO and PEO is 80 : 20 and the blends were
stirred with a magnetic stirrer for 4 hours to enable good
Spinnability.
8504 | RSC Adv., 2024, 14, 8502–8512
2.5 Electrospinning process

Electrospinning instrument FLUIDNATEK™ Machine LE-50
consisting of pumps, high voltage source, and collector
plated built in an electrospinning chamber developed by Bio-
inicia, Valencia, Spain was used to develop the ber
membrane. Earlier before the experimentations, the compo-
sition of pure SA, PEO, and SA, PMO, PEO solutions were
loaded separately into the syringe, and the needle was attached
according to the manufacturer's description in the user's
manual. A dry aluminium foil was mounted on the surface of
the stationary plate connector for the sample collection. Indi-
vidually sample was electrospun for the same volume (10 ml)
using the electrospinning parameters 0.4 mm needle, the ow
rate of 1.0–1.2 ml h−1, at room temperature, and relative
humidity of 40–60% and stationary dry collector kept at 15 cm,
the voltage was adjusted until Taylor's cone was at the tip of the
needle, the observed voltage was about 23–24 kV A. Fig. 1
shows a schematic representation of the blended solutions
and nanober fabrication through electrospinning process of
SA, PEO and PMO.
2.6 Crosslinking process

Aer the electrospinning experiment, the aluminium foil was
removed from the machine collector's plate and the samples
were immersed in a freshly prepared 4% CaCl2 solution for
about 10 min. The developed ber membrane was then
removed from the foil with a tweezer (Fig. 2), washed severally in
deionized water, and later immersed in deionized water for 24
hours. The samples were later dried in the open air at room
temperature and further dried in the vacuum oven at 40 °C for 2
hours to remove moisture before characterization.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 A simple crosslinking process of SA loaded with PMO.
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3. Experimental
3.1 Fourier transforms infrared (FTIR)

The Fourier transform infrared (FTIR) characterisation of the
samples was conducted on the Nicolet iS10 FTIR Spectrometer
equipment with an inbuilt Attenuated Total Reectance (ATR)
xture designed by Thermo Fisher Scientic™, Verona, Madison,
USA. The spectral of the samples was collected in thewavenumbers
ranging between 4000 and 500 cm−1 at 50 scans with a resolution
of 4 cm−1 at room temperature, Using supported OMIC Soware.
These analytical methods investigate the PMO, SA, and AMF.
3.2 Rheology

The rheology characterisation was done on AR-2000ex (TA
instruments)8F382@lab tted with standard steel parallel plate
with the geometry of 40 mm (SST) description was used, cali-
brated with rotational mapping with three iterations, adjusted
manually with a gap of the upper geometry within 5 mm of the
lower gap without a solvent gap, the geometric inertial of the
calibration was about 3.681 (mN m s2) at temperature room
temperature set at 25 °C on the instrument. A ow step ow
experiment was conducted. The experiment was done on freshly
prepared samples of a volume of 1.26 ml used for a single
experiment. The shear viscosity was measured at 0.01–1000 s−1

range of shear rate with 30 data points.
3.3 Scanning electron microscope (SEM)

The morphologies of individual ber membranes were deter-
mined using a scanning electron microscope ‘S8000, (ESEM)
(TESCAN, Kohoutovice, Czech Republic). Samples of about 5 mg
weremounted on the sample holder and coated with AU10 (gold).
3.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis was conducted on TGA A5500
Thermogravimetric Analyzer from TA instrument, USA, using
© 2024 The Author(s). Published by the Royal Society of Chemistry
the platinum pan and Ambient to 1000 °C using the Trios
Soware. The samples were dried in the vacuum oven at
about 40 °C for about 2 hours, the samples were measured and
about 5 mg of each sample were loaded in the dynamic mode
and heated from room temperature to 800 °C at a rate of
10 °C min−1, under a nitrogen atmosphere.
4. Result and discussion
4.1 Fourier transform infrared (FTIR)

FTIR analysis was performed on the chemical composition of
samples of the sodium alginate SA, PMO, and AMF shown in
Fig. 3. The spectrum of pure SA was studied and compared with
the results from several works of literature. The peaks of SA as
shown in Fig. 3 appeared as compared same as a common broad
peak at 3700–3000 cm−1 can be attributed to –OH stretching
vibration, low-intensity bands at about 2900 cm−1 attributed to –

CH2 groups, and at 1597 and 1409 cm−1 are attributes of asym-
metric and symmetric stretching modes, of carboxylate salt
groups (–COONa) in the sodium alginate.50–52 In the PMO, spectra
also show an exceptionally good attribute compared to the
literature. The broadband focused at 3419 cm−1 can be ascribed
to O–H stretching which appears mainly or connected to
proteins, carbohydrates, and fatty acids, and the lignin unit
structure existence ascribed to the high protein content, there is
also a trait of N–H stretching of amide groups in this region.53

The peaks that appear at 2925 and 2855 cm−1 correspond
respectively to the asymmetric and symmetric stretching of the
characteristics or connection of –CH in the CH2 group.48,54 The
presented intensity of these bands could be related to the
numerous proportions of the protein reported by.48,55,56 The
overlapping band's spectrum presented between 1747 and
1658 cm−1 can be ascribed to the C]O connection stretching.
The two bands of 1658 and 1747 cm−1 can be attributed and
reported as related to the carbonyl group being present in the
fatty acid and protein structures associated with fatty acids and
RSC Adv., 2024, 14, 8502–8512 | 8505
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a band at 1546 cm−1 related to the amide group in the protein
content of the Moringa oleifera seed. The peak at 1468 cm−1 can
be allocated to the reported C–N stretching or/and that of the
N–H deformation.49 The presence of this band is oen related
and conrmed as compared with literature to be related to the
protein structure in the PMO. The stretching vibrations located
between 722 and 500 cm−1 represent C–H, C]C, and N–H. A
report by Araújo et al. shows that Moringa oleifera seeds present
a protein mass composition of about 29.36 g/100 g of the seeds.48

The spectrum of the alginate/Moringa oleifera bre (AMF)
product was compared with previous studies from moringa
functionalized alginate studied by Militao et al. The broadband
was cantered at 3384 cm−1, which can be allocated to the O–H
stretching of proteins as compared with as well as carbohy-
drates in alginic acid from the alginate studied by.57–62 The
peaks at 2889 and 2820 cm−1 respectively correspond to the
asymmetric and symmetric stretching of the C–H in the –CH2

protein group.63 The peaks at 1746 cm−1 and 1605 cm−1 were
assigned to have the attributes of carbonyl that may be linked to
the amides of protein or fatty acid from lipids as reported in the
spectrum of the Moringa oleifera. The nal FTIR spectra show
clear indication and successful incorporation of the Moringa
oleifera in the electrospun ber.
Fig. 3 FT-IR spectra of PMO, SA, and AMF shown.

8506 | RSC Adv., 2024, 14, 8502–8512
4.2 Rheology characterisation

The viscosity of a solution plays a crucial role in the determi-
nation of the spinnability of a solution during the electro-
spinning process64 in exploring this phenomenon to
understand how the preparation of the solution inuences the
spinnability of the resultant membrane. Previous research has
indicated that certain biopolymers, like alginate, face chal-
lenges in electrospinning.65,66 This limitation oen necessitates
the addition of polymers such as PEO to improve the spinn-
ability. Fig. 4 presents the ow curve, explaining the interac-
tions between SA, PEO, and the effects of incorporating PMO at
varying concentrations. From the ow curve, there is a notable
observation with a signicant reduction in viscosity upon the
addition of PEO to the primary solution. This reduction can be
attributed to the lower concentration of 4% PEO compared to SA
at 8%, which is inuential in facilitating optimal ber forma-
tion as observed from the SEM. Fascinatingly, introducing 0.5%
of PMO further reduces the solution's viscosity. This phenom-
enon might be linked to the solubility of certain components in
the PMO, such as the soluble proteins, carbohydrates, fatty
acids, and oils inherent in the pulverizedMoringa oleifera seeds.
The rheological results for concentrations of 0.5%, 4%, and
8% wt were chosen based on favourable morphology, as
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00162a


Fig. 4 Flow curve with different concentrations of pure SA, PEO, and on addition of the PMO.
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evidenced by scanning electron microscopy. A deeper explora-
tion of these rheological ndings across all selected samples
reveals characteristic shear-thinning or pseudoplastic behav-
iours with a decline in viscosity characterizes this behaviour as
the shear rate Increases, indicative of an ideal polymer solution
for the electrospinning process.67 Furthermore, these solutions
exhibit traits of a Newtonian plateau at minimal shear rates.
This is another indication that the solution of sodium alginate
contains trails of PMO for good spinnability. Higher concen-
trations of PMO did not lead to good homogeneous SA/PMO
solutions due to the agglomeration and inherent difficulty in
completing solubilizing for the electrospinning process.
4.3 Morphology of the membrane using the scanning
electron microscope (SEM)

4.3.1 Effect of electric voltage on the membrane observed
on (SEM). The inuence of the voltage applied is one of the
Fig. 5 SEM image of stable Taylor's cone formation of pure AMF
electrospinning conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
signicant parameters as it plays an essential part in the deter-
mination of the formation of ber morphology nature and
dimensions in the electrospinning experiment.68–70 However, it is
necessary to adjust the voltage to enable a stable Taylor's cone
required for the ber formation on the surface of the collector.71,72

In the experiments, the effect of electric voltage was observed on
the addition of 0.5% PMO when the collector distance was kept
constant to determine the voltage for stable Taylors' cone
formation. The initial voltage was applied below 10 kV. There
were no visible drops of any solution at the tip of the needle, and
an increase in the voltage beyond 10 kV between 15 kV and 17 kV,
caused droplets of spray beads without spun bre on the surface
of the aluminium foil collector. Further increment in voltage to 19
kV, the spinning process occurs but is not stable due to unstable
and Taylor's cone cone formation at the tip of the needle. This
could result in an inconsistent nanober formation reported by
Pires et al., Lin and X. Wang, also studies by Prabu and B.
Dhurai.72–74 However, our studies show that the nanobers with
varying ber morphology were produced at a voltage between 20
kV and 24 kV to form stable Taylor's cones cone formation with
more stability at between 23 kV and 24 kV with space out thinner
Table 1 Composition of pure SA, SAF, and AMF with varying
concentrations of PMO and different natures of the fiber morphology

Sample
Moringa oleifera
(PMO) (%)

Fibre morphology

Beads nature Fibre nature

A — No beads Smooth
B 0.5 Spindle-like Smooth
C 1 Spindle-like Smooth
D 2 Spindle-like Smooth
E 4 Spindle-like Smooth
F 6 Spherical Smooth
G 8 Spindle beadlike Rough
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Fig. 6 SEM images of (A) pure SAF and AMF at different concentrations of (B) 0.5%, (C) 1%, (D) 2%, (E) 4%, (F) 6%, and (G) 8% of PMO.
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AMF and larger encapsulated PMO described with diameter to an
average of about 240 nm (±60.46) with few spindle-like pulverized
Moringa oleifera particles bead or about 300 nm (±77.97) particle
8508 | RSC Adv., 2024, 14, 8502–8512
size PMO membrane as observed from the SEM presented in
Fig. 5 and Table 1 respectively. However, the ndings of the
current study agreed with the previous studies.37,75
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Diameter distribution of AMF loaded with SA and SA loaded with PMO of different concentrations (the error bars represent the standard
deviation).
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4.3.2 Morphology of the pure alginate and pulverized
Moringa oleifera on the membrane (SEM). Concentrations play
a signicant role in controlling ber morphology and diameter
during the electrospinning process. Different concentrations or
doses of an electrospun Moringa oleifera were presented. The
SEM morphology of the pure alginate and moringa incorpo-
rated into the alginate ber is shown in Fig. 6A–G. The elec-
trospun AMF was achieved with the different concentrations.
Fig. 6A presents Sodium Alginate Fibre (SAF) and Fig. 6B–G are
different concentrations of AMF. The result presented the
addition of PMO at different concentrations resulted in
considerable change in the morphology as the concentration of
moringa increases beaded bers with the presentation of
spindle beadlike, spherical, smooth, or rough ber nature as
observed from the SEM image in (Table 1) as compared with
pure alginate membrane (Fig. 6A) possessed a smooth ber
characteristics with an average diameter of about 515.09 nm
(±114.33), the addition of different concentrations of PMO (B)
0.5%, (C) 1%, (D) 2%, (E) 4%, (F) 6%, and (G) 8% (w), presented
a beaded morphology membrane with particles of Moringa
oleifera at the addition of 0.5% PMO reduces the ber diameter
to an average of about 240 nm (±60.46) with few spindle-like
pulverized Moringa oleifera particles bead or about 300 nm
(±77.97) particle size. However, further increases or higher
concentrations of the PMO reduce the ber diameter to about
110 nm (±32.19) (8%) with the clear observation of rough
spindle-like PMO particles bead of 680 nm (±131.77) particle
size as shown in the histogram in Fig. 6. Similar observations
occurred when Sultana and Rahman studied nanober
composite cellulose acetate-based membrane blended with
nano-zeolite.76 Fig. 7 also shows the diameter distribution of
AMF loaded with SA and SA loaded with PMO of different
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrations and the error bars represent the standard devi-
ation indicating the increment in addition of PMO reduces the
ber diameter size. Hence, our ndings on the morphology
show that bead particles cannot be avoided as it is a clear
indication that PMO particles have been encapsulated by SA
aer cross-linking. Hence the SEM morphology provides
convincing evidence of PMO incorporation into the SA matrix
which is in support of the FTIR results.
4.4 Thermogravimetric analysis (TGA)

The TGA analysis of SA, PMO, SAF, and AMF in the range of 25–
800 °C is shown in Fig. 8. The SA powder presents a result of
a different-step degradation. The rst stage occurs and is
observed at a temperature range between 40 and 110 °C, this
Fig. 8 TGA curves of pure SA powder, PMO, SAF, and AMF.
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corresponds to the vaporization of humidity or moisture or
other volatile compounds or water retention. The second step
occurs between the temperature ranging from 225 to 270 °C.
This is regarded as alginate degradation or decomposition of
metal carbonates, which nally decomposes slowly in the third
step starting beyond 570 °C. These ndings agree with the
previous studies by Dodero et al.77 The PMO possesses three
main events of weight loss the rst events occur between 30 and
130 °C, this can be associated with the removal of water or water
desorption, low molecular mass compounds, and volatiles
compounds entrapped in the Moringa oleifera seeds powder.
The second weight loss is allied with the removal of gases, such
as CO2 and NH3, resulting from the presence of protein amine
groups in the moringa seed powder. The third event occurs
from 300 to 428 °C, which corresponds to the PMO. This study
was like the previous studies by Finzi-Quintão et al.78 The SAF
shows some similar degradation properties, and the samples
almost overlapped the prole relating to that of pure sodium
alginate powders, except for the presence of an additional
decomposition step, the details, show the rst stage occurring
at the same temperature of 40–110 °C temperature while the
losses are positioned at a temperature of 330–350 °C. The
degradation step can tentatively be ascribed to the crosslinking
degradation property step of SA as reported by Pan et al.79 which
stabilizes the polymer and consequently delays its degradation.
These ndings are also similar as compared with studies
carried out by Castellano.80 Conclusively, the rst stage of the
developed AMF oleifera powder occurs at 40–130 °C which is
like the rst stage of the pure alginate removal of water or
moisture from the membrane. While the second stage of
decomposition occurs at 340–380 °C, this could be attributed to
the removal of fatty acids and the presence of protein amine
groups, for example, oleic acid has a boiling point of 360 °C
aer which it would vapor. This is like the study carried out by
Bhutada et al.81 on the TGA analysis of the extraction of moringa
oil. This is an indication that the Moringa oleifera has been
incorporated into the membrane as conrmed by the SEM and
FTIR results discussed above.

5. Conclusion

In the current work, the electrospinning process of novel
sodium alginate linked with pulverized Moringa oleifera seeds
powder successfully produced bio-based nanober membranes.
The result presented a notable ber diameter reduction with the
addition of various concentrations of Moringa oleifera concen-
trations between 0.5% and 8%, but concentrations exceeding
8%, altered ber morphology during the electrospinning
process. Moringa oleifera has been recognized for its capability
of water treatment applications such as heavy metals removal
and as a coagulant due to its phytochemical content. The
encapsulation within sodium alginate during the electro-
spinning process will offer a protective solution, ensuring more
stability and the prolonged release of Moringa oleifera's active
compounds into the water bodies as the sodium alginate
biopolymer will also provide structural integrity to the devel-
oped bers by facilitating the porosity and tunable ber
8510 | RSC Adv., 2024, 14, 8502–8512
morphology. The results from The SEM morphology conrmed
the successful incorporation of Moringa oleifera with variation
in bers and bead morphology. The FT-IR spectra conrm the
presence of the amine and amide functional groups of protein
content in the Moringa oleifera seed powder. The change in
degradation properties on the addition ofMoringa oleifera to the
pure alginate is well established from the thermal study (TGA).
The key ndings position the nanobers as a sustainable
material for the potential application for water treatment and
heavy metals adsorption.
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48 C. S. T. Araújo, E. I. Melo, V. N. Alves and N. M. M. Coelho, J.
Braz. Chem. Soc., 2010, 21, 1727–1732.

49 R. Bouchareb, K. Derbal and A. Benalia, Water Sci. Technol.,
2021, 84, 393–403.

50 R. Silva, B. Bulut, J. A. Roether, J. Kaschta, D. W. Schubert
and A. R. Boccaccini, J. Mol. Struct., 2014, 1073, 87–96.

51 T. Elo, V. S. Parihar, A. Bera, F. Javanshour, M. Kellomäki
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