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A B S T R A C T

Ensuring access to safe drinking water requires effective materials and technologies to treat contaminated water. 
In this study, we developed sodium alginate fibre (SAlgF) and their composite fibres functionalised with pulv
erised Moringa oleifera (MoP) at concentrations of 0.5 %, 1 %, 4 %, and 8 % using the wet-spinning technique. 
Both SAlgF and MoP are biodegradable, offering eco-friendly alternatives to synthetic polymers in line with 
green manufacturing. The results showed significant improvements in the mechanical properties, with the 1 % 
MoP composite fibre exhibiting 6 times the strength of pure SAlgF in terms of ultimate tensile strength (UTS) and 
Young’s modulus (YM). X-ray Diffraction (XRD) analysis revealed enhanced fibres interactions, while Fourier 
Transform Infrared Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA) confirmed the successful 
incorporation of MoP into the alginate matrix and improved thermal stability. Furthermore, the result obtained 
from the Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDX) indicated morpho
logical changes and the uptake of heavy metal ions when immersed into solutions containing Cu²⁺, Ni²⁺, and Cd²⁺. 
These findings demonstrate the potential of MoP-modified composite fibres for sustainable and cost-effective 
water treatment applications, particularly in developing countries.

1. Introduction

Clean water is essential to living organisms and their environments 
because it plays a crucial role in their survival and well-being. Water is 
recognised as a vital national asset that is essential for maintaining life 
on Earth and ensuring the health and prosperity of every ecosystem in 
the universe (Vardhan, Kumar & Panda, 2019; Xu et al., 2018). Despite 
this, a significant portion of the global population continues to lack 
access to clean water. According to the World Health Organisation 
(WHO) in the report “Progress on Sanitation and Drinking Water-2015 
Update and MDG Assessment”, approximately 2.6 billion people of the 
world’s population globally do not have access to clean water since 1990 
and about 663 million people still lack access to clean water in 2015 
(Vardhan, Kumar, & Panda, 2019). The situation is expected to worsen, 
with the number of individuals living in water-scarce areas projected to 
rise to approximately 3.9 billion by 2030 (Xu et al., 2018). One of the 
challenging issues affecting water bodies is the increasing contamina
tion from heavy metal ions due to industrialisation, which poses a 

significant threat to human health, aquatic life, and the environment. 
This growing problem has made the removal of these toxic ions a critical 
focus of research (Saha & Paul, 2019).

Addressing the challenge of removing heavy metal ions, which 
include Copper (Cu2+), Cadmium (Cd2+), Nickel (Ni2+), Chromium 
(Cr3+), Lead (Pb2+), Zinc (Zn2+), Mercury (Hg2+), and Arsenic (As3+), 
has been incredibly difficult and often requires sophisticated technolo
gies such as adsorption, ion exchanges, membranes, and fibres tech
nologies (Xu et al., 2018). The demands for efficient, sustainable 
materials as alternatives to existing water treatment technologies ma
terials have necessitated the exploration of innovative, environmentally 
friendly, and cost-effective materials that can facilitate water contami
nant removal (Hublikar, Shilar, Suliphuldevara Mathada, & Ganachari, 
2024). Biopolymers and biomaterials are known to become upcoming 
competitive materials due to their attributes of eco-friendliness and 
biodegradability and several applications range of applications, such as 
packaging, agricultural, food industries, medical devices, construction, 
industrial textile and fashion, pharmaceuticals, aerospace, automotive 

* Corresponding author.
E-mail addresses: abimbola.orisawayi@cranfield.ac.uk, ao.orisawayi@oaustech.edu.ng, bimboris_t@yahoo.com (A.O. Orisawayi), S.S.Rahatekar@cranfield.ac.uk

(S.S. Rahatekar). 

Contents lists available at ScienceDirect

Carbohydrate Polymer Technologies and Applications
journal homepage: www.sciencedirect.com/journal/ 

carbohydrate-polymer-technologies-and-applications

https://doi.org/10.1016/j.carpta.2024.100620

Carbohydrate Polymer Technologies and Applications 9 (2025) 100620 

Available online 28 November 2024 
2666-8939/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-1249-7718
https://orcid.org/0000-0002-1249-7718
mailto:abimbola.orisawayi@cranfield.ac.uk
mailto:ao.orisawayi@oaustech.edu.ng
mailto:bimboris_t@yahoo.com
mailto:S.S.Rahatekar@cranfield.ac.uk
www.sciencedirect.com/science/journal/26668939
https://www.sciencedirect.com/journal/carbohydrate-polymer-technologies-and-applications
https://www.sciencedirect.com/journal/carbohydrate-polymer-technologies-and-applications
https://doi.org/10.1016/j.carpta.2024.100620
https://doi.org/10.1016/j.carpta.2024.100620
http://creativecommons.org/licenses/by/4.0/


materials, solutions for water purification, and many others (Behrooznia 
& Nourmohammadi, 2024; Biswal et al., 2024; G. Mishra & Panda, 
2024; Panda, Sadeghi, & Seo, 2022). Unlike synthetic polymers, which 
pose biodegradation challenges and contribute to global warming, 
bio-based materials from natural resources are more attractive and 
sustainable. With this limitation, bio-based materials from natural re
sources are more attractive and sustainable than their oil-based syn
thetic counterparts (Luckachan & Pillai, 2011).

Among these biopolymers, alginates have been identified as prom
ising biopolymers from natural resources, widely used for different ap
plications (Ananth et al., 2024; Jadbabaei, Kolahdoozan, Naeimi, & 
Ebadi-Dehaghani, 2021; Kalyani, Smitha, Sridhar, & Krishnaiah, 2006; 
Sattariazar, Nejad Ebrahimi, & Arsalani, 2023). Alginate biopolymers 
are unbranched copolymer-block water-soluble polysaccharides, con
sisting of the pure basic units composed of of M-block β-D-mannuronic 
acid and G-block α-L-guluronic acid known as its C-5 epimer with 
monomers typically linked by β-(1–4) glycosidic bonds (Orisawayi et al., 
2024; Pawar & Edgar, 2012; Yang et al., 2022). These polysaccharides 
can exist in various structural forms, such as mixed (MG-Blocks), 
reversed (GM-Blocks), or with the individual units block residues 
interspersed with varying length (MG/GM-Blocks) sequences, with 
different interchangeable possibilities. Alginate can undergo indepen
dent sol/gel transition properties in the presence of divalent and triva
lent cations. Calcium chloride (CaCl2) is commonly used to form a 
special structure with (GG Blocks) particularly to facilitate the formation 
of a strong, rigid gel structure known as the earlier “egg box” (Dash, 
Gutti, Behera, & Mishra, 2024). Studies have suggested that alginate 
contains abundantly hydroxide and carboxyl groups which makes it 
suitable as a material for the adsorption of heavy metal ion from aqueous 
solutions. (Benettayeb et al., 2024)

Moringa oleifera (M. oleifera), often referred to as the “miracle tree” 
or “drumstick,” is another natural resource with significant potential for 
water purification applications (Amin, Ariwibowo, Putri, & Kurnia, 
2024; Liao et al., 2018). Nowadays, M. oleifera has naturalised 
throughout the tropics, including regions in Africa, Central and South 
America, and Southeast Asia. M. Oleifera has even been imported across 
Europe for research purposes, making it widely available (Bhatia, Oth
man, & Ahmad, 2006; Leone et al., 2015). Research has shown that 
M. oleifera seeds are rich in protein and possess active functions known 
for binding with pollutants, making them suitable as antimicrobial 
flocculants for the removal of wastewater impurities through electro
static interactions (Benettayeb et al., 2024). Further studies suggest that 
the protein can be used as an antimicrobial flocculant for the removal of 
wastewater impurities through the electrostatic interaction between 
cationic protein and colloids (Fu et al., 2021; Ortolá et al., 2024). Their 
coagulating properties make them a potential additive for alginate in 
water purification applications, presenting a successful promising ad
ditive to alginate (Orisawayi et al., 2024). However, only a few studies 
have explored the combination of M. oleifera seed and alginate., 
Although innovative hybrid alginate-pulverised M. oleifera composites 
have been developed using electrospinning (Orisawayi et al., 2024), 
simple grafting techniques, these methods often require synthetic 
polymers or toxic crosslinking agents, raising environmental and health 
concerns (Benettayeb et al., 2024).

This study presents a novel approach to fabricating integrated wet- 
spun alginate-M. oleifera composite fibres (SAlg-MoF) for advanced 
water purification applications. By incorporating M. oleifera seed pow
der (MoP) into a sodium alginate fibre matrix (SAlgF) using a wet 
spinning process with a less toxic crosslinking agent, this research aims 
to significantly enhance the mechanical and thermal properties of the 
composite fibres, thereby improving their efficacy in water purification. 
The novel fibre composition is also expected to prevent the mobilisation 
of MoP into water after treatment, addressing a significant limitation of 
using M. oleifera for water treatment. The significant improvements in 
the mechanical and thermal properties of the composite fibres demon
strate their potential for various applications, particularly in water 

purification, thereby contributing to environmental sustainability and 
the conservation of natural resources. Furthermore, the novel fibres 
composition is hypothesised to prevent the leaching of MoP into water 
post-treatment, effectively addressing previous challenges associated 
with MoP mobilisation. To achieve this, detailed mechanical charac
terisation to determine the tensile strength and Young’s modulus of the 
fibres. Advanced techniques were employed to validate the properties of 
the SAlg-MoF composites XRD was used to confirm structural integrity, 
FTIR to analyse chemical bonding, TGA to determine the thermal sta
bility and SEM-EDX was used to observe morphological changes and 
elemental interactions within the composites both before and after the 
adsorption processes. These analyses collectively demonstrated the 
feasibility of the application of the new SAlg-MoF composites exhibit 
significantly potential for heavy metal ion adsorption, supporting their 
suitability for sustainable and biosorbent water purification 
applications.

2. Materials and methods

2.1. Materials

Sodium alginate (alginic acid sodium salt) from brown algae (SAlgP), 
with a viscosity of 5.0–40.0 cps c = 1 %, (Orisawayi et al., 2024), loss on 
Drying ≤15.5 %, (c = 1 %, Water @ 25 ◦C) and weight-average mo
lecular weight (Mw) is 161 g/mol. The ratio of M:(β-d-mannuronic acid 
to G:(α-l-guluronic acid) (M/G) is 1.61 (Jafari et al., 2022; Jiang et al., 
2023). Product number (Prod. No.): W201502, CAS-Number 
(CAS):9005–38–3, The product specifications are detailed in N SAlgP 
was procured from Sigma-Aldrich, UK. M. Oleifera seeds were obtained 
locally through a trusted supplier from Purely Agro Ltd, “DGT”d 2, 
London, UK. Calcium chloride (CaCl2) (Anhydrous, granular, ≤7.0 mm, 
≥93.0 %, d:2.15 g/cm3, China), Prod. No.:244066, CAS: 10043-52-4. 
The product specifications are detailed in Table S2. This was obtained 
from Sigma-Aldrich, China (Orisawayi et al., 2024). Copper (II) acetate 
monohydrate (C4H6CuO4⋅ H2O, ≤ 100 %) concentration, Molecular 
weight (Mw):199.65 g/mol, Prod. No.: 217557, CAS: 6046-93-1, Cad
mium acetate dihydrate (C4H6CdO4⋅2H2O), ≤ 100 %, concentration, 
(Mw): 266.53 g/mol, Prod. No.: 289159, CAS-No.: 5743-04-4,), Nickel 
(II) acetate tetrahydrate (C4H6CdO4⋅2H2O), ≤ 100 %, concentration) 
Prod. No. 244066, (Mw):248.84 g/mol CAS: 6018-89-9 These acetate 
salts were procured from Sigma-Aldrich, UK, and high-purity deionised 
water supplied by the university laboratory’s trusted chemical supplier. 
(All the listed chemicals were used without further purification)

2.2. Methods

2.2.1. Preparation of MoP
The preparation of the Mop was adopted based on the procedure 

reported previously (Orisawayi et al., 2024). Briefly, the M. oleifera seed 
was decorticated by separating the seed from the shells and was 
removed manually to obtain the seeds. The samples were then dried in 
the vacuum oven for 24 hours at a temperature of 65 ◦C to reduce the 
moisture content. The dried samples were preserved in a desiccator in 
the laboratory until when needed. Pulverisation of the seed samples into 
grounded fine powder was done using a high-speed PULVERISETTE 14 
instrument and milled for about 4–5 min at speeds ranging from 6000 to 
10,000 rpm, using a sieve mesh ring or cassette of 2 mm to form the 
MoP. The MoP was then Stirred with deionised water in different con
centrations of 0.5 %, 1 %, 4 %, and 8 %, and stirred continuously for 24 h 
to ensure homogeneity before use.

2.2.2. Preparation of SAlgP, and SAlgP-MoF solution
Solution of 8 % wt pure SAlgP was prepared for wet-spinning to 

develop pure SAlgF, Subsequent preparations were prepared separately 
with fixed 8 % wt. and aqueous suspensions with different 
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concentrations MoP (0.5 %, 1 %, 4 %, and 8 %) stir constantly for 3 
hours were used to develop the SAlg-MoF. Before the wet-spinning 
process, the resulting solution was loaded into the syringe and kept 
for 24 hours to remove any air bubbles from the solution before the wet- 
spinning process.

2.2.3. Wet spinning process of the fibres
Fig. 1 shows the simple schematic illustration of the traditional wet- 

spinning process of the Pure SAlgF and SAlg-MoF of different concen
trations. The setup consists of a single syringe pump (Chemyx from 
Analytical Ltd Sandbach, Cheshire UK), a coagulation bath filled with 
freshly prepared 4 % wt, CaCl2 solution of about 2 litres for the cross
linking process of SAlgF and SAlg-MoF fibres of different concentrations. 
A cylindrical rotary collector drum wrapped with aluminium foil was 
used to collect the fibre. During the wet spinning process, the parameters 
were kept constant to compare pure SalgF and the different concentra
tions loaded with MoP (Salg-MoF). The wet spinning process was con
ducted with the flow rate parameter of 1.0–1.2 uL/h, and a collector 
speed of 16 rpm. Using a 920050-TE Dispensing Tip (20 Gauge, 12.7 mm 
length), 0.5 mm inner diameter, with the dispensing tip of a stainless- 
steel cannula, pink, length of 12.7 mm needle. After the wet spinning 
process the resulting fibre, were collected and post-treated by soaking it 

in deionised water for 10 min He et al., (2012) further rinsed several 
times, and then dried for days before characterisation, The samples were 
placed in a Gallen Kamp TH 340 L/−40 ◦C environmental chamber to 
maintain controlled temperature and humidity conditions. The tem
perature was regulated within the range of 21 ◦C to 25 ◦C, with relative 
humidity maintained at 45 % over 24 h. These environmental conditions 
were crucial for ensuring the constant weight of the fibre samples in 
Fig. 1 (Dos Santos Paglione et al., 2019; He et al., 2012; Hurtado et al., 
2022).

2.2.4. Preparation of heavy metal ion solutions
For the selective adsorption experiments, a combination of heavy 

metal ion solutions was prepared, Copper (Cu2þ), Cadmium (Cd2+), and 
Nickel (Ni2+) at a concentration of 50 mg/L each in the same solution. 
This solution was formulated using precise amounts of salts of copper 
(II) acetate, nickel (II) acetate, and cadmium (II) acetate to achieve these 
concentrations in a single 100 mL solution. The stock solutions resulted 
in aqueous solutions containing 50 mg/l of each of the three heavy 
metals, Cu2+, Cd2+, and Ni2+. The selection of these salts was confirmed 
by previous studies (Celebioglu, Topuz, Irem Yildiz, & Uyar, 2019), 
which highlighted their effective use in similar studies. We have adopted 
this method to enable the evaluation of preliminary adsorption studies 

Fig. 1. Synthesis and fabrication process of SAlg-MoF composites through the wet-spinning process, from raw seaweed and seed to final fibre collection.
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of pure MoP, pure SalgF, and SAlg-MoF at different concentrations of 
(0.5 %, 1 %, 4 %, and 8 %).

2.2.5. Selective adsorption experiments
To maintain weight standardisation, 5 mg of each sample of MoP, 

SAlgF, and composite wet spun fibre SAlg-MoF at different concentra
tions of 0.5 %, 1 %, 4 %, and 8 % immersed in 5 ml of the solution 
containing 50mg/L solution containing the heavy metal solution of the 
Cu2+, Cd2+, and Ni2+ aqueous solution of acetates salts. The samples 
were placed in an orbital shaker set at 200 rpm with a consistent room 
temperature of 20–25 ◦C for 24 hours. After this the samples were 
recovered from the aqueous solution air-dried and later placed in petri 
dishes and preserved in the desiccation for further analysis.

2.3. Characterisations and instrumentations

2.3.1. Fourier transform infrared (FTIR)
To study the chemical interactions between the FTIR characterisa

tion was conducted on MoP, SAlgP, and SAlg-MoF at different concen
trations (0.5 %, 1 %, 4 %, and 8 %), using Nicolet iS™ 10 FTIR 
Spectrometer from Thermo Scientific™ (Verona, Madison, USA). Mea
surements were taken with 50 scans at a resolution of 4 cm⁻¹ at room 
temperature, utilising the attenuated total reflectance (ATR) technique 
with a Smart iTR accessory fitted with a diamond crystal. The recom
mended Omnic™ software was used for the initial analysis, and 
Microsoft Excel was used to process the data. The spectral range for the 
analysis spanned from 4000 to 500 cm⁻¹

2.3.2. Thermogravimetric analysis (TGA) of MoP, SAlgP, SAlgF, and SAlg- 
MoF

The TGA of the samples was analysed using the available TGA Q500 
Thermogravimetric Analyser from TA Instrument, (USA). A conven
tional TGA was used to determine the weight loss (mg), weight percent 
loss (wt. %), and rate of weight change in the materials as a function of 
temperature or time was conducted on samples of pure MoP, SAlgP, 
SAlgF, and SAlg-MoF (different concentrations). Before the experiment, 
samples were dried for 2 h in the vacuum oven at a temperature of 40 ◦C 
to reduce the moisture contents. Approximately 5 mg of the samples 
were loaded into the TGA machine using the platinum pan placed in an 
appropriate pan number. The experiment was conducted using the 
procedural mode of 1000 ◦C and a ramp procedural test was conducted. 
The samples were heated from room temperature heating to the final 
temperature of 800 ◦C at a 10 ◦C/min constant heating rate, under a 
mass flow control using an inert gas (nitrogen) balanced purge flow of 
40 ml/min and a sample purge flow of about 60 ml/min for each 
experiment.

2.3.3. X-ray diffraction (XRD) MoP, SAlgF, and SAlg-MoF
XRD was conducted on samples of MoP, SAlgF, and SAlg-MoF com

posite at different concentrations of the fibres. The XRD machine is a 
Siemens D5005 Rigaku Dual Beam Synergy-S single-crystal X-ray 
diffractometer (SXRD), Powder X-ray Diffractometer (PXRD) with the 
operating under radiation condition of Cu Kα radiation (λ=1.54056 Å), 
operating at 40 kV and 40 mA, range 2θ of 10–90◦ but 10–55◦ was 
computed due to the peaks range. Step width of 0.015◦ and a counting 
time of 100 s at each 0.5. The recommended equipment software is 
DIFFRAC EVA, the software was used to run and obtain the initial 
analysis result of the X-ray diffraction data before using Origin 2024 and 
Microsoft Excel software for the analysis.

2.3.4. Scanning electron microscope (SEM) of MoP, SAlgF, and SAlg-MoF
The samples were previously prepared by mounting the individual 

fibres on the holder and samples used for cross-section observation were 
fractured with liquid Nitrogen. Before the SEM observation coating was 
done with a high-purity AU10 (gold) of approximately 10 nm thick, 
using the Quorum Q150T ES from Quorum Technologies Ltd., Laughton, 

East Sussex, England, UK. The morphologies of the pure MoP, SAlgF, and 
SAlg-MoF (different concentrations of 0.5 %, 1 %,4 %, and 8 %) were 
observed using the Scanning Electron Microscope (SEM), VEGA 4 model, 
(TESCAN-UK).

2.3.5. Mechanical properties of pure SAlgF and SAlg-MoF fibres
Tensile testing was conducted on samples of SAlgF and SAlg-MoF 

fibres following the ASTM D3822 - standard test method for tensile 
properties of single filament fibres, a uniform length of about 8 cm of 
each sample was prepared, and the fibre samples were affixed onto 
specialised support tabs designed to mitigate potential distortions or 
damages arising from the clamping forces during analysis. The test was 
conducted on each sample fibre using a Mechanical Micro Testing Sys
tem consisting of Optical Leica using a Leica S9D micro test tensile stage 
controller Microsystems CH-9435 Heerbrugg (Switzerland) Ltd 
Singapore, Deben Microtest Tensile Stage Controller using the Deben 
micro-test software V6.3.4 at 25 ◦C in a load cell of 5 N under a constant 
speed rate of 1 mm/min, with a uniform gauge length of about 10.2 mm 
connected to MT200 single Leadscrew Tensile Tester Digital Exten
someter Calibration (Edmunds, Suffolk, UK). A minimum of three in
dependent fibre measurements were done at different sections of the 
fibre by previous studies (He et al., 2012; He et al., 2020; Hu et al., 2016; 
Weatherbee-Martin et al., 2016; Yao et al., 2022).

2.3.6. SEM- energy dispersive X-ray spectroscopy (EDX) of MoP, SAlgF, 
and SAlg-MoF

The Energy-dispersive X-ray Spectroscopy (EDX) Spectral was also 
recorded on an S8000 model, (TESCAN-UK) UK. Before analysis samples 
were also coated with high-purity AU10 nm (gold) approximately 10 nm 
thick, using the Quorum Q150T ES from Quorum Technologies Ltd., 
Laughton, East Sussex, England, UK. The SEM S8000 was equipped with 
an ULTIM MAX 100 energy-dispersive X-ray spectroscopy (EDX) system 
by Oxford Instruments, UK. The EDX of individual samples was con
ducted simultaneously with the SEM to determine the ffibres’ elemental 
composition and quantify the adsorption of heavy metals (Cu2+, Cd2+, 
and Ni2+). The accelerating voltage on the SEM is 20ke, on 1nA beam 
current, Imaging on the secondary electron detector. The Energy- 
dispersive X-ray Spectroscopy (EDX), Analysis Area: The samples were 
homogenous during fibre formation and adsorption studies spot analysis 
mode was used, focusing on selected points of interest on the fibres that 
showed signs of heavy metal interaction, Spectral Processing: Spectra 
were acquired with a frame live time of 28 s to ensure comprehensive 
peak development. which includes automated peak identification and 
quantification, EDX mapping was done using a processing time of 5 on 
the resolution of 1024 pixels using the Aztec version 6 software was 
employed for spectral analysis,

3. Results and discussion

3.1. Fourier transform infrared (FTIR) analysis of the fibres 
functionalised with mop

Fig. 2 shows the FTIR spectra of the Pure MoP, SAlgP, and the 
composites fibres SAlg-MoF with various concentrations of 0.5 %, 1 %,4 
%, and 8 %, respectively. The profile shows that the existence of the 
functional groups of MoP and SAlgP is common to the previously re
ported literature (K. Mishra and Sinha, 2023; Militao, Roddick, Berga
masco, and Fan, 2022)). Such similarity can result in complex behavior 
of the material as some new peaks and shifts appear in the functionalised 
samples.

Interestingly, the MoP and SAlgP used were the ones used in our 
previous studies (Orisawayi et al., 2024), which is evidence of why the 
results are similar. The broadened cantered peak at 33 12cm−1 could be 
attributed to O–H stretching in main proteins, carbohydrates, fatty 
acids, and the lignin content structure units and connect to the N–H 
stretching of amide groups as reported (Dehnad et al., 2024; Elo et al., 
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2024; Sideek et al., 2024). Peaks 2925 and 2855 cm−1 respectively are 
connected to asymmetric and symmetric stretching of–CH in the CH2 
group attributes. The Peaks in 1747 and 1658 cm−1 can be attributed to 
C=O stretching connected to the carbonyl group present in the fatty acid 
and protein structures, the 1546 cm−1 peaks could be related to the main 
amide group in the protein content of the MoP. The Attributes of C–N 
stretching and N–H deformation are connected to the peak 1468 cm−1. 
The unique peak at 722 and 500 cm−1 peaks represents C–H, C–H, CC, 
and N–H in MoP due to the high percentage of its protein content re
ported by Araújo et al.

The similar broad peaks in the functionalised samples SAlg-MoF at 
different concentrations appear broadened as observed in the SAlgP at 
3700–3000 cm−1 range in all the functionalised samples, this could be 
due to overlapping of O-H and N-H stretching vibrations, indicating 
hydrogen bonding within the material (Cai et al., 2023).

The appearance and variations of new peaks specifically 2825 cm−1, 
1748 cm−1, 1609 cm−1, 1412 cm−1, and 1011 cm−1 in the functionalised 
samples compared to the pure samples, could suggest new chemical 
bonds or interactions resulting from the composite complex formation 
process. Our study agrees with similar studies on alginate functionali
sation with different fillers (Gomes et al., 2022); (K. Mishra & Sinha, 
2023). Alginate is known as a natural for its excellent gel-forming ca
pabilities (Ramdhan, Ching, Prakash, & Bhandari, 2020). and an 
abundance of carboxylic groups (Qin, Jiang, & Wang, 2018; Sahoo & 
Biswal, 2021), the MoP is also known, which contains proteins 
(Gopalakrishnan, Doriya, & Kumar, 2016) as evidenced by FTIR anal
ysis, The composite SAlg-MoF. could possess the ability to remove im
purities including heavy metals, from water. The new composite will be 
better than when pure MoP or SalgF are used for toxic metal absorption 
from water to better heavy metal adsorption. The variations and 
improvement in the mechanical properties when the MoP was added as 
observed from the result and evidenced by morphology from SEM, is an 
indication of the incorporation or encapsulation of MoP into the alginate 

fibre matrix, reinforcing the composite material.

3.2. Result of the thermogravimetric analysis (TGA-DTG) 
characterisation MoP, SAlgP, SAlgF, and SAlg-MoF composites

Fig. 3a, b presents the thermal profile of the combined TGA-DTG 
Curve of MoP, SAlgP, SAlgF, and SAlg-MoF curve of the composite 
with different concentrations. while Table 1 presents the details of the 
relevant thermal degradation temperatures for various samples. 
Thermo-gravimetric analysis (TGA) of MoP, SAlgP, SAlgF, and SAlg-MoF 
composite fibres with specific concentrations of 0.5 %, 1 %, 4 %, and 8 
%. show distinctive properties that align with previous studies (Apoorva 
et al., 2020; Kebede, Dube, & Express, 2018; Mehwish et al., 2021; 
Orisawayi et al., 2024; Savitha, Surendhiran, Balu, & Karthik, 2024; 
Verdi et al., 2021). The Profile is presented in (Fig. 3a) Pure SAlgP 
consistently presents step-degradation properties in a range (Darwesh, 
Mohamed, and Soliman, 2024; Dodero, Alloisio, Vicini, & Castellano, 
2020; Jadbabaei, Kolahdoozan, Naeimi, & Ebadi-Dehaghani, 2021; 
Sattariazar, Nejad Ebrahimi, & Arsalani, 2023) It was observed that the 
first stage occurs at 40 ◦C and extends to a temperature range of about 
110 ◦C, with a weight loss of 1.2 mg, about 10 % wt over the temper
ature range. This stage is Ascribed to the evaporation of entrapped 
water, volatile compounds, or moisture within the SalgP (Orisawayi 
et al., 2024; Safaei & Moghadam, 2022). In the second stage, the thermal 
degradation starts at temperatures between 225 and 270 ◦C, with weight 
loss increasing to 3.5 mg at approximately 32 % wt; this can be ascribed 
to the final release of structural water in the SAlgP. The third stage oc
curs between approximately 310 and 515 ◦C with a weight stabilisation 
at about 1 mg at 10 %wt. this can be ascribed to the thermal stability of 
alginate’s polysaccharide. (Vincent et al., 2020). The final stage could be 
attributed to the decomposition stage of the SAlgP, this occurs at tem
peratures above 570 ◦C the weight loss beyond this stage measured to 
789 ◦C presents a weight loss of 1.3 mg at approximately 12 % wt. This 

Fig. 2. FTIR spectra comparing the transmittance of MoP, SAlgP, and SAlg-MoF (0.5 %−8 %), composites at varying concentrations.
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phase is due to the breakdown of the metal-carbon present in the SAlgP. 
Findings agree with previous studies (Ananth et al., 2024; Bargavi, 
Balakumar, & Raghunandhakumar, 2024; Orisawayi et al., 2024; Var
ughese, Gokul, & Keerthi, 2024). The thermal behaviours of the MoP, 
when compared with degradation patterns observed in the previous 
literature, show three major thermal degradation processes (Balogun 
et al., 2021; Fu et al., 2021; Yadav, Rhee, & Park, 2014). The first stage is 
primarily a result of the evaporation of water and the probable loss of 

volatile, low molecular weight compounds entrapped within the MoP 
with the onset temperature starting from 33 to 133 ◦C with a loss of 
weight of 0.32 mg at 4 % wt. The Second event shows and is an attribute 
of degradation of the amine group and amino acids reported to be pre
sent in the high protein contents of MoP, at this stage, some other 
gaseous products, like carbon dioxide (CO2) and some traces of 
ammonia (NH3) gases, may be given off during the form during the 
degradation process (Verdi et al., 2021). This weight loss phase event 
occurs at 210 to temperatures of approximately 325 ◦C 1.8 mg 24 % wt. 
The third degradation stage occurs at 349 ◦C and approximately 430 ◦C 
resulting in a 2.8 mg at about 37 %wt. This corresponds to complete 
pyrolysis of most organic components, such as fatty acids, antioxidants, 
vitamins, and other dietary fibres, including lignin, and cellulose present 
in seed biomass capable of undergoing significant thermal degradation, 
contributing to the formation of the final char (Araújo, Melo, Alves, & 
Coelho, 2010; Bhutada et al., 2016; Gharsallah et al., 2023; Magalhães 
Souza et al., 2022; Santos, de Jesus, da Silva, and Pontes, 2020). The 
wet-spun SAlgF crosslinked with 4 % CaCl2 presents enhanced thermal 
stability, with a degradation onset at 206.61 ◦C and significant weight 
loss between 209 ◦C to 260 ◦C at approximately 24.102 % wt. This 
enhancement could be attributed to the increased thermal resistance of 
the polymer packing efficiency and intermolecular interactions in the 
SAlgP molecules during the crosslinking process in the wet spinning 

Fig. 3. (a) Combine TGA-DTG Curve of MoP, SAlgP, and SAlgF; (b) Combine TGA-DTG of the SAlg-MoF curve of the composite with different concentrations.

Table 1 
Thermal degradation temperatures for various samples.

Sample T5% ( 
◦C)

T10%( 
◦C)

T50%( 
◦C)

Tpeak 1( 
◦C)

Tpeak 2 ( 
◦C)

Tpeak 3 ( 
◦C)

MoP 159.07 222.54 379.66 401.55 – –
SAlgP 62.37 89.30 271.80 241.50 – –
SAlgF 46.13 83.60 287.51 209.55 254.50 –
SAlg-MoF 

(0.5 %)
96.76 143.65 333.45 147.55 189.48 –

SAlg-MoF 
(1 %)

63.82 118.42 326.45 206.55 251.65 –

SAlg-MoF 
(4 %)

62.89 114.66 326.45 210.02 258.01 334.02

SAlg-MoF 
(8 %)

78.66 142.63 342.24 213.04 267.30 344.32
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process coagulation bath. The enhancement is advantageous and could 
be extremely useful to explore composites with applications that involve 
exposure that requires high temperatures with robust thermal resistance 
stress (Hufenus, Yan, Dauner, & Kikutani, 2020; Marsano et al., 2005; 
Tang et al., 2018). SAlg-MoF composite fibres with specific incorpora
tion of MoP concentrations with 0.5 %, 1 %, 4 %, and 8 %. This modi
fication significantly influenced the thermal degradation of SAlgF. The 
composites showed progressive changes in thermal degradation pat
terns, with alterations in the onset temperatures and weight loss per
centages, reflecting the impact of more MoP concentration on the 
thermal stability of the alginate matrix. Specifically, SAlg-MoF (0.5 %) 
indicates the interaction between the MoP concentration effect on the 
pure SAlgP matrix by exhibiting an onset of degradation at 207.71 ◦C, 
this could be a reinforcing effect of the addition of 0.5 % of MoP into the 
composites, therefore affecting the thermal stability as compared with 
the SAlgF. The SEM results also confirm the material’s structure was 
altered at different concentrations. SAlg-MoF (1 %) could create a link 
within the SAlg matrix by effectively distributing thermal energy that 
could hinder the movement of the degradation of the composites 
resulting in a delay in the onset of degradation and final degradation it 
also has the highest mechanical strength from the mechanical with also a 
significant improvement in thermal stability from the TGA experiment. 
The SAlg-MoF (4 %) and SAlg-MoF (8 %) show a is progressive change in 
degradation patterns with higher concentrations, implying that more 
increase in the addition of MoP with effects on the SAlgF.

Results from the DTG curves of pure MoP and SAlgP, also shown in 
Fig. 3a, exhibit distinct transition phase peaks cantered at 401.55 ◦C and 
241.50 ◦C, respectively, these peaks are similar 8to the primary degra
dation stages previously reported in the literature (Coldebella et al., 
2024; Freitas, Vidart, da Silva, & Vieira, 2021; Popa, Lisa, & Aelenei, 
2008).

The thermal decomposition of SAlgF, characterised by a major peak 
at 209.55 ◦C and a secondary peak at 254.50 ◦C, could be attributed to 
the crosslinking effect of CaCl₂ on the SAlgP solution, enhancing its 
thermal stability. In contrast, the SAlg-MoF composites (Fig. 3b) exhibit 
more complex degradation behavior. The SAlg-MoF(0.5 %) and SAlg- 
MoF (1 %) samples display two distinct degradation peaks, with the 
decomposition temperatures increasing as the Moringa content rises. 
Specifically, SAlg-MoF (0.5 %) shows peaks at 147.55 ◦C and 189.48 ◦C, 
while SAlg-MoF(1 %) exhibits peaks at 206.55 ◦C and 251.65 ◦C. For the 

higher MoP loadings of SAlg-MoF (4 %) and SAlg-MoF (8 %), multiple 
degradation stages were observed. For higher MoP- loadings, such as in 
SAlg-MoF(4 %) and SAlg-MoF (8 %), multiple degradation stages were 
observed. SAlg-MoF (4 %) exhibited peaks at 210.02 ◦C, 258.01 ◦C, and 
334.02 ◦C, while SAlg-MoF(8 %) displayed peaks at 213.04 ◦C, 267.30 
◦C, and 344.32 ◦C, reflecting more complex thermal degradation 
behavior. The broader and more peaks suggest enhanced interactions 
between the SAlg matrix and MoP, contributing to the increased 
complexity of the degradation process. These results suggest that the 
MoP significantly alters the thermal stability and degradation of the 
composites.

3.3. X-ray diffraction (XRD)

Fig. 4 shows the series of diffractograms of each analysed sample of 
the MoP, SAlgF, and SAlg-MoF at different concentrations of 0.5 %, 1 %, 
4 %, and 8 %, respectively. Previously reported studies have shown that 
the XRD pattern of the Mop demonstrated poorly resolved peaks (Abatal 
et al., 2021). As an indication of the predominant nature of the bio
sorbent containing abundant protein compounds which could facilitate 
the absorption of heavy metal more easily on the surface (Chowdhury & 
Saha, 2011; Madala et al., 2017). The resolved peak of the MoP is similar 
peaks with few variations with typical peaks obtained from M. Oleifera 
seed and leaves powder due to the similarity in their constituents 
(Kouadio et al., 2024; Masitlha, Seifu, & Teketay, 2024; Ortolá et al., 
2024; Susanto et al., 2023). Notable peaks were observed at 2θ values of 
approximately17.0◦, 20.09 o, 23.3 o, 26.3 o, 38.36 o, and 42.1 o, 44.7 o, 

and 59.1 o, exhibiting minor variations and shifts compared to previous 
studies, potentially due to the complex matrix of proteins, vitamins, 
lipids, and lignin nature present in the MoP, these results align with 
similar findings reported (Elkhatib, Mahdy, & Salama, 2015; Hamadeen, 
Elkhatib, Badawy, & Abdelgaleil, 2021; Susanto et al., 2023). SAlgF 
demonstrated a sharp crystallographic peak 2θ at 13.7, 26.02 o, and 40.4 
different from that of the MoP and the composites with similar peaks like 
that of crosslinked sodium alginate’s crystalline structure pattern with 
different peaks (Gover Antoniraj, Maria Leena, Moses, & Anandhar
amakrishnan, 2020; Hua et al., 2010; Kalyani, Smitha, Sridhar, & 
Krishnaiah, 2006; Kolanthai et al., 2018); (Z.-H. Zhang et al., 2022). The 
composite SAlg-MoF at a 0.5 % concentration showed peak patterns like 
other composites, with new peaks at 17.2 different from those obtained 

Fig. 4. X-ray diffraction (XRD) patterns analysis of MoP, SAlgF, and SAlg-MoF composites (0.5 %, 1 %, 4 %, and 8 % MoP) indicating phase composition.
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from SAlgF. These peaks shifted to 20.2 o and 19.1 o at concentrations of 
1 %, 4 %, and 8 %, respectively, this reflection could be because of an 
increase in the incorporation of Mop into the composites. This incor
poration confirms the structural integration of Mop at higher concen
trations as observed and confirmed by the SEM analysis, which may 
have caused the composite morphology to change as also evidenced by 
the mechanical and thermal change in different degradation properties.

3.4. SEM structure morphology of MoP, SAlgF, and SAlg-MoF composite 
fibres

Fig. 5 shows the morphology of the images observed from scanning 
electron microscope (SEM) characterisations at an appropriate magni
fication of the individual MoP, SAlgF, and SAlg-MoF of different con
centrations from the traditional wet-spinning process.

3.4.1. Observation from the MoP particles
The SEM images in (Fig. 5a1, a2) reveal the morphology of MoP 

particles exhibiting both uniform and spherical sizes and shapes. This 
characteristic is typically associated with naturally pulverised materials 
as compared with previous studies (Huang et al., 2020). The use of a 
high magnification from the SEM images provides more details on the 
Structure. The observed morphology possessed a heterogeneous and 
porous matrix like that of the Moringa stenopetala seed powder from a 
study conducted by Temesgen et al. (Kebede et al., 2018). A similar 
nature to the morphology study is also in agreement with the study on 
the investigation of grounded M. Oleifera seed used for the application of 
the interface of food and medicine (Gharsallah et al., 2023; Verdi et al., 
2021). In the current study dimensions measured across different par
ticles indicate different broad distributions with a mean size of 
approximately 6.94 μm (±1.52) with an average area of about 39.64 
μm² assuming the particles are spherical. The nature of the MoP could be 
attributed to the mechanical force induced on the seed during the 

Fig. 5. Scanning electron microscopy (SEM) images displaying morphological details of materials at different magnifications. MoP (a1: 800x, a2: 3000x), SAlgF cross- 
sections (b1: 800x, b2: 3000x) and surface (b3: 800x), along with SAlg-MoF composites (0.5 %−8 % MoP; c1-f3) at 800x and 3000x magnifications to show 
morphological variations.
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pulverisation process reported by studies on grinding by (Huang et al., 
(2020); Huang et al., (2020); Zhao, Zhu, Chen, & Ao, (2015)) more. The 
detailed structure shows particle structure also possesses materials with 
lots of structural interlocking. Considering its properties, MoP could 
offer a cost-effective and promising method of addressing impurities 
absorption. As a result of its attribute to its protein content as confirmed 
by the FTIR analysis. There could be a potential for adsorption capacity 
in water treatment applications, as reported that similar structures can 
facilitate the morphology profiles that can be used for water treatment 
specifically the heavy metals (Araújo et al., 2010; Gopalakrishnan, 
Doriya, & Kumar, 2016; Kebede et al., 2018). In addition, this profile has 
contributed to the improved mechanical and thermal stability properties 
when used as a filler in various applications, including water treatment 
as by the mechanical properties of the fibre developed from the wet spun 
fibre.

3.4.2. Sodium alginate fibres (SAlgF)
Fig. 5 b1, b2, and b3 show the morphology of the cross-section at 

different magnifications, and the surface of pure SAlgF is shown in and 
when observed exhibits the characteristic nature of a smooth homoge
nous surface with consistent fibre diameter. There was no core shell or 
collapsed structures on the surface and the cross-section of the fibre was 
expected from an unmodified pure SAlgF. The morphology is like studies 
observed in the literature (Li et al., 2024); (T. Wang et al., 2024) and 
other literature from pure wet spinning processes based on many cel
lulose nanofibrils (Z. Zhang et al., 2024). However, there are no signs of 
surface particulates or porous materials, these fibres were straight, with 
noticeable streak patterns observed on their surfaces. indicating a tightly 
packed polymeric structure with similar studies from literature on pure 
SAlgF and some polymeric wet-spun fibre (Wade et al., 2017; Wattha
naphanit et al., 2010). This fibre is a good result for comparing the 
impact of MoP when incorporated.

3.4.3. Effects of MoP incorporation on fibre morphology
The incorporation of 0.5 % Mop observed in (Fig. 5c1, c2, and c3) 

reveals lightly noticeable changes on the surface, with a barely obvious 
layer. Further increment in MoP particles of fibre-product SAlg-MoF (1 
%) (Fig. 5 d1, d2, and d3) with the incorporation of MoP at 1 % shows a 
noticeable pronounced roughness with a slightly porous structured 
suspension during the solution preparation and the wet spinning pro
cess. The SAlg-MoF (4 %) in (Fig. 5 e1, e2, and e3 as the wet-spun 
composites increase, the surface roughness and some little pore forma
tion. This could be an indication of a massively loaded MoP causing 
alteration of the fibre surface and cross-sectional and the internal 
morphology and reduction in the mechanical properties. The fibre SAlg- 
MoF (8 %) shown in (Fig. 5 f1, f2, and f3) composites revealed the most 
dramatic observable morphological structural changes with a highly 
irregular and porous surface structure. This morphology can be seen as 
inhomogeneous when observed across the sections in the section and the 
surface. This could have been a result of the reflecting massive MoP 
within the fibre structure, providing weak mechanical properties. The 
behavior connects to several wet-spun fibres related to alginate from 
several studies (J. Wang et al., 2010; Li et al., 2024; Lin, Wang, Wer
theim, & Coombes, 2017; Park et al., 2021; Sibaja et al., 2015; Ure
ña-Benavides, Brown, & Kitchens, 2010)

Implications for different applications including water treatment is 
that the morphological characteristics at each MoP concentration at 
different levels suggest different effects and alterations in the capacity, 
thermal stability, shifts in peaks of the Xray-diffraction and mechanical 
properties of the SAlg-MoF fibres. However, we expect the observed 
pore distribution and increase in the surface roughness across the 
functionalised fibres could be expected to correlate positively with an 
enhanced capture of contaminants.

3.5. Mechanical characterisation of the pure SAlgF and SAlg-MoF 
composites

The mechanical characterisation of the SAlgF and SAlg-MoF com
posites with the MoP concentrations (0.5 %, 1 %, 4 %, and 8 %) was 
investigated to determine how each concentration influences the me
chanical properties of the composites. The results from the stress-strain 
curves from the SAlgF and SAlg-MoF composites under tensile loading 
are shown in (Fig. 6). The ultimate tensile strength (UTS), breaking 
strain, and Young’s modulus (YM) results from the experiment are 
presented in (Fig. 7). While that of the Young’s modulus (YM) are pre
sented in (Fig. 8). It was observed for both the UTS and YM exhibited a 
consistent trend, indicating reliable mechanical behavior across the 
tested samples.

The initial UTS value obtained from the pure polysaccharide alginate 
polymer (SAlgF) obtained after cross-linked with 4 % CaCl₂ is approxi
mately 10.81 MPa (±1.37), and the YM value is about 0.36 GPa (±0.76). 
The introduction of 0.5 % MoP increased the UTS to 31.05 MPa (±1.57) 
and the YM to 1.48 GPa (±0.10), indicating a significant improvement in 
the mechanical properties of the fibres compared to the pure SAlgF 
fibres.

Further increment in the MoP of 1 % concentration showed a 
significantly highest value of UTS of 65.32 MPa (±7.20), with a YM of 
2.93 GPa (±0.89). Deduction from these findings should have an 
approximate value of about 6.04 times greater than the SAlgF cross
linked with 4 %, resulting in a significant enhancement of the compos
ite’s mechanical properties. The increase in strength of the composited 
could be attributed to the interaction compatibility and homogeneity of 
the carbohydrate polymer matrix SAlgP, and MoP fillers in the com
posites and the strong interaction between alginate macromolecules and 
the MoP. Studies have reviewed that. enhancing the properties of car
bohydrate alginate-based materials polymers through multiphase 
formulation through additional design and processing innovation could 
improve the mechanical properties of the alginate matrix and review 
based on source modification methods, the potential applications of 
alginate-based modified polymers (Kumar, Singh, & Kumar, 2024). 
Similar studies were observed in studies conducted on alginate loaded 
with fillers (He et al., 2012; Wu et al., 2023). However, the SEM in 
(Fig. 6), also shows visible features of homogeneous dispersion of MoP 
particles in the composite’s matrix, which could also contribute to the 
improved mechanical properties of the SAlg-MoF composites.

However, MoP concentrations at MoP at 4 % and 8 % MoP, show a 
distinct decline in the mechanical properties. Reducing UTS value to 
45.19 MPa (±4.91) and 26.51 MPa (±4.34) for the 4 % and 8 % MoP 
composites respectively, while the YM decreased to 2.05 GPa (±1.37) at 
4 % MoP and finally to 1.66 GPa (±0.35) at 8 % MoP.

Conclusively, the SAlg-MoF at MoP (1 %) exhibits the highest 
breaking strain point compared to the other composites. There was a 
progressive decrease from 24.07 % in pure SAlgF to 7.51 % in the 
composite with an 8 % MoP concentration. This decrease could be 
attributed to a weakness in the interface bonding which may be caused 
by agglomeration of polysaccharide matrix on further addition MoP 
particles, which could lead to easier crack propagation within the 
structures of the composites (Sampath & Santhanam, 2019; 
Vázquez-Guerrero et al., 2021). The mechanical and structural proper
ties indicate that there can be a wide range of mechanical properties 
within the new SAlg-MoF composite assembly. These findings are 
similar and in agreement with some previous studies (Akbari et al., 
2014; Al-Hasani, Hamad, and Faheed, 2024)

3.6. SEM- energy dispersive X-ray spectroscopy (EDX) MoP, SAlgF, and 
SAlg-MoF

The SEM-EDX analysis was performed on the adsorbents MoP, SAlgF, 
and SAlg-MoF with different concentrations (0.5 %,1 %,4 %, and 8 %) to 
focus on the relevant elements. We have streamlined the key elements to 
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focus on those applicable to the adsorption studied. During the analysis, 
The EDX software automatically adjusted the remaining elements’ per
centages to 100 %, ensuring a clear and focused representation of the 
significant elements detected.

Fig. 9 illustrate the detailed SEM-EDX morphology and elemental 
peaks for SAlg-MoF (4 %) composites before adsorption, MoP, SAlgF, 
and SAlg-MoF at different concentrations after selective adsorption of 
heavy ions. The result from (Fig. 9a) shows notable peaks of the pristine 
nature which were attributes related to trace elements such as Manga
nese (Mg), potassium (K), Phosphorus (P) Sulphure (s), and Calcium 
(Ca) found in previous elemental analysis from previous studies of MoP 
and SAlgF (Ravikumar & Mater, 2020)

The detection of cadmium (Cd), copper (Cu), and nickel (Ni) after 
adsorption confirms the successful capture of these heavy metals by the 
adsorbents as these were not present in the pure MoP, SAlgF of the SAlg- 
MoF Composites. Therefore, the comparative features of the 
morphology features of the materials and composites are uneven and 
heterogeneous with some pores. A similar observation was also found in 
literature studies by Ravikumar and Udayakumar (Ravikumar & Mater, 
2020). with lots of irregular and uneven surfaces in their composites 
after it was used for adsorption as some of these pores could facilitate 
adoption.

Comparing the EDX spectra of SAlgF and SAlg-MoF shows distinct 
differences in their ability to adsorb heavy metals. SAlg-MoF exhibits 

Fig. 6. The stress-strain curves of the SAlgF and SAlg-MoF composites.

Fig. 7. Combination plot of the ultimate tensile strength and breaking strain of SAlgF and SAlg-MoF Composites.
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Fig. 8. Typical Young modulus of SAlgF and SAlg-MoF Composites.

Fig. 9. Detailed SEM-EDX morphology and elemental peaks of composites: (a) Pure SAlg-MoF (0.4 %), (b) Absorbed MoP (b), (c) SAlgF, and SAlg-MoF (d) 0.5 %, (e) 
1 %, (f) 4 %, and (g) 8 %, after selective adoption of heavy ions (Cu2+, Ni2+, and Cd2+).
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higher peaks for Cu, Ni, and Cd after adsorption, indicating a higher 
affinity and capacity for these metals compared to SAlgF in Fig. 9.

Fig. 10 presents the SEM-EDX mapping of SAlg-MoF at 1 % MoP 
concentration, the feature shows that the metal ions are distributed and 
homogeneously of the heavy metal ions captured within the matrix. The 
maping shows the spatial distribution within the SAlg-MoF matrix and 
highlighted theheavy metal ions are evenly distributed throughout the 
adsorbent material, indicating effective and uniform adsorption. The 
deduction from the studies shows that the material not only captures 
heavy metal ions effectively but also distributes them homogeneously 
within its structure, ensuring consistent performance and this could 
facilitate a high adsorption capacity. This makes SAlg-MoF promising 
composites for removing heavy metals from contaminated water.

4. Conclusions

In this study, we successfully developed and characterised sustain
able sodium alginate-M. oleifera composite fibres (SAlg-MoF) using a 
green wet-spinning process. The composites were synthesised with 
varying concentrations of MoP (0.5 %, 1 %, 4 %, and 8 %) and reinforced 
into SAlgF. The fibres were characterised, and selective adsorption 
studies were conducted in aqueous solutions containing Cu²⁺, Cd²⁺, and 

Ni²⁺ ions. Our findings confirmed that incorporating MoP into SAlgF 
significantly improved mechanical and thermal properties while pre
venting MoP particle leaching after adsorption. Moreover, the pre
liminary selective adsorption studies demonstrated the effectiveness of 
the composite fibres in capturing heavy metal ions, with no detectable 
metal traces on the fibres surface after adsorption, as confirmed by SEM- 
EDX analysis. These results validate the fibres’ feasibility as sustainable, 
biodegradable materials for water purification. Future research will 
explore the adsorption and absorption, kinetics and adsorption isotherm 
in details using established models to assess the long-term stability, 
reusability, and overall effectiveness of the fibres in removing various 
contaminants. This study not only confirms the initial hypothesis but 
also highlights the potential of natural materials in developing advanced 
bio-composites with multifunctional properties.
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Mechanically robust, transparent, and UV-shielding composite of Na-Alginate and 
maleic acid-functionalized boron nitride nanosheets with improved antioxidant 
property. Colloids and Surfaces B: Biointerfaces, 233, 1–9. https://doi.org/10.1016/j. 
colsurfb.2023.113641

Freitas, E. D., Vidart, J. M. M., da Silva, M. G. C., & Vieira, M. G. A. (2021). Thermal 
characterization and stability investigation of sericin and alginate blend loaded with 
diclofenac sodium or ibuprofen. European Polymer Journal, 142, 1–10. https://doi. 
org/10.1016/j.eurpolymj.2020.110125

Fu, X., Su, J., Hou, L., Zhu, P., Hou, Y., Zhang, K., et al. (2021). Physicochemical and 
thermal characteristics of Moringa oleifera seed oil. Advanced Composites and Hybrid 
Materials, 4(3), 685–695. https://doi.org/10.1007/s42114-021-00302-4

Gharsallah, K., Rezig, L., Rajoka, M. S. R., Mehwish, H. M., Ali, M. A., & Chew, S. C. 
(2023). Moringa oleifera: Processing, phytochemical composition, and industrial 
applications. South African Journal of Botany, 160, 180–193. https://doi.org/ 
10.1016/j.sajb.2023.07.008

Gomes, H., de, O., Freire, P., de, T. C., do Nascimento, R. F., & Pereira Teixeira, R. N. 
(2022). Removal of contaminants from water using Moringa oleifera Lam. as 
biosorbent: An overview of the last decade. Journal of Water Process Engineering, 46, 
1–14. https://doi.org/10.1016/j.jwpe.2022.102576

Gopalakrishnan, L., Doriya, K., & Kumar, D. S. (2016). Moringa oleifera: A review on 
nutritive importance and its medicinal application. Food Science and Human Wellness, 
5(2), 49–56. https://doi.org/10.1016/j.fshw.2016.04.001

A.O. Orisawayi et al.                                                                                                                                                                                                                           Carbohydrate Polymer Technologies and Applications 9 (2025) 100620 

13 

https://doi.org/10.1016/j.carpta.2024.100620
https://doi.org/10.3390/coatings11050508
https://doi.org/10.3390/coatings11050508
https://doi.org/10.1002/adfm.201303655
https://doi.org/10.1002/adfm.201303655
https://doi.org/10.1007/s42452-024-05715-6
https://doi.org/10.1007/s42452-024-05715-6
https://doi.org/10.3390/ph17010142
https://doi.org/10.1016/j.jmrt.2024.02.178
https://doi.org/10.1016/j.ijbiomac.2020.01.027
https://doi.org/10.2166/wst.2010.419
https://doi.org/10.1590/S0103-50532010000900019
https://doi.org/10.1590/S0103-50532010000900019
https://doi.org/10.1038/s41598-021-93407-1
https://doi.org/10.1038/s41598-021-93407-1
https://doi.org/10.1016/j.ijbiomac.2024.130054
https://doi.org/10.1016/j.giant.2024.100301
https://doi.org/10.1007/s10967-024-09470-1
https://doi.org/10.1002/jctb.1619
https://doi.org/10.1016/j.indcrop.2015.12.004
https://doi.org/10.1021/acsfoodscitech.4c00149
https://doi.org/10.1016/j.foodchem.2023.135634
https://doi.org/10.1016/j.foodchem.2023.135634
http://doi.org/10.1021/acsomega.9b00279
https://doi.org/10.1016/j.colsurfb.2011.08.003
https://doi.org/10.1016/j.colsurfb.2011.08.003
https://doi.org/10.1007/s13762-024-05462-6
https://doi.org/10.1007/s00289-023-04754-0
https://doi.org/10.1007/s00289-023-04754-0
https://doi.org/10.1016/j.ijbiomac.2024.130767
https://doi.org/10.1016/j.ijbiomac.2024.130767
https://doi.org/10.1016/j.foodhyd.2024.109795
https://doi.org/10.1016/J.CARBPOL.2019.115371
https://doi.org/10.1016/j.fpsl.2019.100419
https://doi.org/10.1007/s10311-015-0506-6
https://doi.org/10.1016/j.colsurfb.2023.113641
https://doi.org/10.1016/j.colsurfb.2023.113641
https://doi.org/10.1016/j.eurpolymj.2020.110125
https://doi.org/10.1016/j.eurpolymj.2020.110125
https://doi.org/10.1007/s42114-021-00302-4
https://doi.org/10.1016/j.sajb.2023.07.008
https://doi.org/10.1016/j.sajb.2023.07.008
https://doi.org/10.1016/j.jwpe.2022.102576
https://doi.org/10.1016/j.fshw.2016.04.001


Gover Antoniraj, M., Maria Leena, M., Moses, J. A., & Anandharamakrishnan, C. (2020). 
Cross-linked chitosan microparticles preparation by modified three fluid nozzle 
spray drying approach. International Journal of Biological Macromolecules, 147, 
1268–1277. https://doi.org/10.1016/j.ijbiomac.2019.09.254

Hamadeen, H. M., Elkhatib, E. A., Badawy, M. E. I., & Abdelgaleil, S. A. M. (2021). Green 
low cost nanomaterial produced from Moringa oleifera seed waste for enhanced 
removal of chlorpyrifos from wastewater: Mechanism and sorption studies. Journal 
of Environmental Chemical Engineering, 9(4), 1–14. https://doi.org/10.1016/j. 
jece.2021.105376

He, Y., Du, E., Zhou, X., Zhou, J., He, Y., Ye, Y., et al. (2020). Wet-spinning of fluorescent 
fibers based on gold nanoclusters-loaded alginate for sensing of heavy metal ions and 
anti-counterfeiting. Spectrochimica Acta Part A: Molecular and Biomolecular 
Spectroscopy, 230, 1–10. https://doi.org/10.1016/j.saa.2020.118031

He, Y., Zhang, N., Gong, Q., Qiu, H., Wang, W., Liu, Y., et al. (2012). Alginate/graphene 
oxide fibers with enhanced mechanical strength prepared by wet spinning. 
Carbohydrate Polymers, 88(3), 1100–1108. https://doi.org/10.1016/j. 
carbpol.2012.01.071

Hu, X., Rajendran, S., Yao, Y., Liu, Z., Gopalsamy, K., Peng, L., et al. (2016). A novel wet- 
spinning method of manufacturing continuous bio-inspired composites based on 
graphene oxide and sodium alginate. Nano Research, 9(3), 735–744. https://doi.org/ 
10.1007/s12274-015-0952-2

Hua, S., Ma, H., Li, X., Yang, H., & Wang, A. (2010). pH-sensitive sodium alginate/poly 
(vinyl alcohol) hydrogel beads prepared by combined Ca2+ crosslinking and freeze- 
thawing cycles for controlled release of diclofenac sodium. International Journal of 
Biological Macromolecules, 46(5), 517–523. https://doi.org/10.1016/j. 
ijbiomac.2010.03.004

Huang, X., Liang, K., Liu, Q., Qiu, J., Wang, J., & Zhu, H. (2020). Superfine grinding 
affects physicochemical, thermal and structural properties of Moringa Oleifera leaf 
powders. Industrial Crops and Products, 151, 1–7. https://doi.org/10.1016/j. 
indcrop.2020.112472

Hublikar, L. V., Shilar, F. A., Suliphuldevara Mathada, B., & Ganachari, S. V. (2024). 
A comprehensive investigation of green solutions for sustainable wastewater 
remediation: A review. Journal of Molecular Liquids, 400, 1–29. https://doi.org/ 
10.1016/j.molliq.2024.124532

Hufenus, R., Yan, Y., Dauner, M., & Kikutani, T. (2020). Melt-spun fibers for textile 
applications. Materials, 13(19), 1–32. https://doi.org/10.3390/ma13194298

Hurtado, A., Aljabali, A. A. A., Mishra, V., Tambuwala, M. M., & Serrano-Aroca, Á. 
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