Discover Applied Sciences

Research

Sustainable Pb(ll) remediation: efficacy and selectivity of Moringa
Oleifera composite nanofibers

Ronald Ngulube' - Nolwazi Nombona' - Letitia Pillay?

Received: 21 February 2025 / Accepted: 10 April 2025
Published online: 06 October 2025

© The Author(s) 2025 OPEN

Abstract

Nanofibers, with their unique properties are emerging as a promising solution for water remediation. Composite nanofib-
ers often enhance basic aspects of remediation. We report the adsorption, selectivity and longevity of electrospun
composite nanofibers synthesised from Moringa oleifera (M. oleifera) seed biomass incorporated into metal oxide nan-
oparticles (MONPs) and polyacrylonitrile (PAN) polymer blend. The composite fibres (PAN/M. oleifera/Fe;0,, PAN/M.
oleifera/Fe;0,:Co and PAN/M. oleifera/Fe;0,:Mn) all showed an affinity for Pb(ll) adsorption, however ionic strength
and competing cations exerted varying inhibitory effects on Pb(ll) adsorption. In naturally polluted wastewater, the
composites demonstrated consistently high removal efficiencies (71.7—80.7%) and good selectivity (K) towards Pb(ll)
with values ranging from 10.3 to 30.4. Moreover, the composite demonstrated reusability and adsorption-desorption
cycle stability, with adsorption capacities decreasing by only 13% for the composite with the best removal efficiency
and selectivity (PAN/M. oleifera/Fe;0,:Mn) after five cycles. The cost assessment of PAN/M. oleifera/Fe;0,:Mn nanofiber
adsorbent indicates its economic feasibility, making it a competitive alternative to conventional adsorbents. The prepared
adsorbents have the potential to address challenges posed by heavy metal pollution in naturally polluted wastewater
in an economical manner.
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1 Introduction

High concentrations of heavy metals in wastewater present a serious threat to human health and ecological systems
due to their toxicity and persistence in environment [1-5]. Lead (Pb), mercury (Hg) and arsenic (As) are specifically prob-
lematic since they have no natural physiological function. Lead is a particularly significant pollutant in the environment
since it is a by-product in most industrial processes [6-9]. In naturally contaminated waters, Pb(ll) ions are typically found
alongside a mixture of various cations (e.g. Zn, Cd, Cu, Ni) as well as anions (e.g. SO,, Cl, NO;, PO, and CO;) [10]. The
removal of Pb(ll) ions from naturally contaminated waters can therefore present a complex challenge due to competi-
tive adsorption from co-existing ions.

Numerous methods have been widely explored for removal of Pb(ll) ions from wastewater, including chemical precipi-
tation, ion-exchange, adsorption, membrane filtration, coagulation-flocculation, flotation, and electrochemical processes
[10-15]. However, conventional methods such as precipitation and coagulation often require large quantities of chemical
reagents leading to increased operational costs and the potential release of secondary pollutants into the environment
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[16]. Furthermore, the sludge generated from these processes demands further treatment and disposal, posing seri-
ous environmental challenges [17]. lon exchange resins, while effective in specific cases, tend to lose efficiency in the
presence of competing ions due to their limited selectivity [18]. Similarly, membrane filtration technologies suffer from
fouling caused by scaling and clogging, which increases both operational and maintenance costs [19]. Electrochemical
treatments, such as electrocoagulation, are also hindered by their need for advanced equipment and high energy input,
making them less viable for large-scale applications [20].

Given these limitations, adsorption has emerged as a widely favoured technique for the removal of lead from waste-
water. This preference is largely due to its high efficiency, cost-effectiveness, operational simplicity and environmentally
sustainability. Unlike conventional methods, adsorption offers high selectivity for Pb(ll) ions even in complex aqueous
environments with multiple coexisting ions along with lower operational and energy costs, making it suitable for both
large-scale and decentralized applications [21]. Moreover, adsorption processes typically operate under ambient condi-
tions, involve minimal sludge generation and typically lower secondary pollution further enhancing their environmental
appeal. However, despite these advantages, certain types of adsorbents, particularly bio-based adsorbents have been
reported to suffer from limited regeneration and reduced reusability [22-24]. These factors can affect their long-term
effectiveness and practicability especially in continuous or large-volume treatment systems. As such, ongoing research
focuses on enhancing the durability and regeneration capacity of adsorbents to make adsorption not only high-per-
forming but also a sustainable and scalable solution for heavy metal remediation.

The application of a broad range of adsorbent materials, including clay minerals, biochar, zeolites, biopolymer-derived
adsorbents, industrial by-products, metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and syn-
thetic polymers, along with their modified forms, has been extensively explored for adsorption-based water remediation
[25, 26]. Beyond the well-known advantages such as cost-effectiveness, high adsorption efficiency and environmental
sustainability, these materials offer unique physicochemical properties that enhance their adsorption performance. For
example, clay minerals and biochar not only offer large surface area and porosity but also exhibit ion exchange capa-
bilities, making them effective at targeting a wide range of pollutants [27, 28]. Similarly, zeolites, with their crystalline
structure provide unique cation-exchange properties and high thermal stability which enhances their reusability across
multiple adsorption cycles even in harsh environments [29]. MOFs and COFs offer tunable porosity and high surface areas
that allow for selective capture of contaminants in polluted waters [30]. Synthetic polymers can be tailored for specific
adsorption applications, offering advantages in terms of mechanical strength, durability and flexibility. Their surface
chemistry can be modified to enhance interaction with specific ions, making them adaptable for diverse water qualities
[31]. The versatility of these adsorbents lies in their regeneration and reusability which reduces the need for continuous
replacement and minimizes waste [32-34]. Moreover, many of these materials offer additional functional groups such
as carboxyl, hydroxyl, and amine groups that enable the selective binding of metal ions, providing an additional layer of
specificity and efficiency in adsorption process [35]. These materials contribute significantly to advancing sustainable
and efficient wastewater treatment solutions by reducing contaminant levels, minimizing chemical use and lowering
secondary pollution [36].

Recently, there has been growing interest in utilizing plant-derived materials, such as rice husks, wheat shells, cereal
chaff, raw dust, and pine bark, for the development of multifunctional adsorbents. These biomass-based materials are
particularly attractive due to their wide availability, renewability, biodegradability, non-toxicity and biocompatibility, all
of which contribute to a reduced environmental footprint [37-39]. In addition, the diverse functional groups present in
these materials—such as phosphate, hydroxyl, carboxyl, amine, and amide—enhance their surface adsorption properties
by enabling selective binding of multiple coexisting metal ions based on individual functional group affinities [24, 31].
This multifunctionality is expected to reduce competitive adsorption effects, improving overall adsorption efficiency in
complex wastewater matrices. However, despite their numerous advantages, the use of pure bio-based fibers as adsor-
bents presents certain limitations. Natural polymer adsorbents are prone to structural degradation over time, which
affects their stability and reusability in water treatment applications [32]. The poor regeneration ability of these materials
restricts their long-term applicability.

The utilisation of nano-based substrates incorporating plant-based biomass has garnered considerable interest in the
adsorption of heavy metal ions. Electrospun composite nanofibers, serving as polymeric templates, represent an excel-
lent substrate due to their ability to incorporate a diverse range of materials at the nanoscale. The resulting composites
not only retain the inherent physicochemical properties but also exhibit improved stability and processability due to the
synergistic functions from individual materials [33]. This has effectively been reported for a number of different compos-
ites; clay-chitosan, (CS) nanofibers [33], CS/cellulose nanofiber-Fe(lll) composite nanofibers [34] and amyloid fibril CsgA
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proteins with Fe;O, nanoparticles [35]. These studies showed enhanced adsorption, selectivity and reusability for Ni(ll),
Cu(ll), Cr(VI) and Pb(Il) from contaminated water sources.

In the pursuit of developing multifunctional and sustainable adsorbents, this study explores a composite material
combining Moringa oleifera (M. oleifera) biomass, metal oxide nanoparticles and polyacrylonitrile nanofibers. For the
removal of Pb (Il) ions from contaminated water. The innovation lies in the strategic integration of natural, inorganic
and synthetic constituents, each contributing distinct yet complimentary adsorption functionalities. M. oleifera is a
widely available, biodegradable and non-toxic plant biomass rich in functional groups that have high affinity for heavy
metal ions [36]. Its inclusion introduces eco-friendly and cost-effective adsorption capabilities, enhancing the materials
sustainability. To improve the structural and mechanical stability of the adsorbent, M. oleifera was embedded in a PAN
polymer matrix, known for its excellent electrospinnability, mechanical durability and chemical resistance. In our previ-
ous work the PAN/M. oleifera/MONP nanofiber composites demonstrated good adsorption capacities [37]. PAN forms
a stable and flexible fibrous network, offering a robust platform for adsorbent fabrication [40]. To further enhance the
composite, metal oxide nanoparticles are added which contribute greatly to the adsorption efficiency due to their high
surface reactivity, large specific surface area and their ability to facilitate rapid ion exchange. The presence of MONPs
improves heavy metal uptake and helps overcome limitations commonly associated with bio-based adsorbents such
as poor reusability. The composite system exhibits synergistic properties that enable efficient Pb(ll) ion adsorption in
simple and complex wastewater matrices.

The integration of M. oleifera biomass and metal oxide nanoparticles into a PAN nanofiber matrix will result in a
composite adsorbent with enhanced selectivity, adsorption capacity, and reusability for Pb(ll) removal from simple and
complex wastewater systems. The synergistic interactions of the components are expected to overcome the limitations
of individual components offering a sustainable and efficient solution for heavy metal remediation.

2 Materials and methods

Iron chloride (FeCly), iron sulfate heptahydrate (FeSO,-7H,0), manganese sulfate (MnSO,-H,0), cobalt sulfate (CoSO,),
potassium permanganate (KMnO,), sodium hydroxide (NaOH), hydrochloric acid (HCI), polyacrylonitrile (PAN) with aver-
age MW 150000, N, N-dimethylformamide (DMF), sodium chloride (NaCl), lead nitrate (PbNO;, 98%), nitric acid (HNO,),
lead chloride (PbCl,), copper chloride (CuCl,), zinc chloride (ZnCl,), cobalt chloride (CoCl,), sodium sulphate (Na,SO,),
sodium carbonate (Na,CO;) and ethanol were of analytical grade and purchased from Sigma-Aldrich. M. oleifera seeds
were purchased from Umoyo Natural Health Store, Zambia.

2.1 Synthesis of metal oxide nanoparticles and M. oleifera-based nanofibers

Fes0,4, Co and Mn-doped Fe;0, nanoparticles were synthesized using chemical co-precipitation methods as described in
our previous study [37]. The synthesis involved aqueous reactions of Fe**/Fe?* salts with NaOH under controlled condi-
tions. For the Co-doped samples, Co?* was introduced into the precursor mixture followed by hydrothermal treatment.
The synthesis of Mn-doped Fe;0, followed a modified co-precipitation method which involved MnSO, and KMnO, as
oxidising agents, with sequential mixing, room temperature stirring and final drying.

The extraction of M. oleifera seed proteins and fabrication of PAN/M. oleifera/MONPs nanofibers were carried out using
methods established in our previous work [37]. The extract was prepared through ethanol-based defatting followed by
saline extraction and freeze-drying. The nanofibers were synthesized by blending PAN with M. oleifera extract and metal
oxide nanoparticles in DMF, followed by stirring, sonication and electrospinning under optimized conditions.

2.2 Instrumentation

The electrospinning setup was equipped with a voltage power supply (JDF-1, Beijing, China) and a syringe driver
(789100C, Cole-Parmer, Vernon Hills, IL, USA). For morphological analysis, a Zeiss Ultra-Plus 55 Field-Emission Scanning
Electron Microscope (FE-SEM) with an energy-dispersive X-ray spectrometer (EDS) from Oxford Link-ISIS-300 (Germany)
was used. Adsorption experiments were conducted using a JEIO Mechanical Shaker model 6 K-300, operating at 100 rpm.
Metal ion concentrations were measured using the Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES
5110, Agilent, USA). Each sample was analysed in triplicate.
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2.3 Effect of ionic strength

The influence of ionic strength on competitive adsorption was assessed using a range (0, 0.005, 0.05, and 0.5 mol/L) of
NaCl solutions encompassing values found in fresh water (~0.002 mol/L) to almost seawater (0.6 mol/L). Individual ionic
solutions were added to 20 mL of 5 mg/L Pb(ll) solutions containing a 1 mg sheet of the PAN/M. oleifera/MONPs nanofibre
mats. The solution pH was maintained at optimal value of 8.0 [37]. The contents were agitated in a rotary shaker for 8 h
and subsequently centrifuged. The supernatants collected were analysed for Pb(ll) ions. Equilibrium adsorption capacity
(9) was calculated using Eq. (1) [39-44].

C-C,)xV
m
where C;and C, are the initial and equilibrium metal concentrations respectively (mg/L); V is the volume of the solution
(L), and m is the amount of composite fibre mat used (g).

2.4 Effect of cations in binary systems

Co(ll), Cu(ll) and Zn(ll) were selected to test the selectivity of the synthesised nanofibers towards Pb(ll) ions. Solutions
(20 mL) containing 5 mg/L Pb(ll) combined with either 2.5 mg/L or 5 mg/L of each individual metal were prepared. All
solutions were adjusted to optimal pH (8.0), added to test tubes containing the PAN/M. oleifera/MONPs nanofibre mat,
equilibrated for 8 h and centrifuged. The supernatant was analysed for Pb(ll), Zn(ll), Cu(ll) and Co(ll). The % removal
efficiency (RE), distribution coefficient (K, in (L/g) and selectivity (K) values were calculated using Egs. (1), (2) and (3)
respectively [3].

C.-C
RE = Mx1oo )
Cl
9.
K, = ==
4= (3)

e

K = Kd(Pb(Il)ions

Kd (co—existing ions)

Higher K values represent a stronger affinity between the target ion Pb(ll), and the adsorbents.
2.5 Effect of competing ions in multi-ion systems

The synthesized composite nanofiber mat (1 mg) was immersed in 20 mL of natural water samples. The samples were
equilibrated for 8 h, followed by centrifugation. The supernatants were then analysed for Pb(ll), Zn(ll), Co(ll), and Cu(ll).

2.5.1 Sample area

Natural water samples were collected from Kabwe in central Zambia, a region severely impacted by historical mining
activities that have caused extensive water quality degradation [45] The area is particularly known for elevated Pb(ll)
contamination [46]. Recent studies report that 74.9% of Kabwe's residents exhibit blood lead levels (BLLs) exceeding 5
pg/dL, a threshold associated with serious health risks, especially in children [47, 48]. Additionally, elevated Pb levels
have also been detected in livestock and crops [49], intensifying the risk of lead exposure through the food chain. This
presents a substantial health risk to local populations. Water samples analysed from the Kabwe Mine Drainage Canal
revealed extensive contamination with lead (Pb), cadmium (Cd), zinc (Zn), copper (Cu), and cobalt (Co). Over time, this
canal has become a persistent source of heavy metal pollution endangering aquatic ecosystems, agricultural productivity
and public health [50]. The findings highlight the needs for sustainable and effective remediation strategies to mitigate
the ongoing environmental health crisis posed by heavy metals pollution in Kabwe.
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Fig. 1 SEMimages of a
PAN/M. oleifera/Fe;0, b
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PAN/M. oleifera/Fe;0,:Mn. [37]

Fig.2 FTIR spectra of a M.
oleifera powder b PAN powder
¢ PAN/M. oleifera/Fe;O, d
PAN/M. oleifera/Fe;0,:Mn
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2.6 Regeneration experiments in multi-ion systems

The regeneration performance was carried out on PAN/M. oliefera/MONPs fibre mats, previously used for adsorptionin a
mg/L Pb(ll) solutions. The mat was immersed in 0.1 M HNO; acid and agitated at 150 rpm for 8 h. The nanofibre mat was
separated from the solutions by filtration, washed several times with deionised water to remove the residual solution,
and then dried at 60 °C for 12 h. The mat underwent adsorption with 5 mg/L Pb(ll) for 8 h. The adsorption—-desorption
cycle of the regenerated nanofibre adsorbent was repeated five times. The filtrate at each stage was collected and ana-
lysed for Pb(ll) via ICP-MS.

3 Results and discussion
3.1 Structural and functional characterization of the composite nanofiber

The surface morphology of PAN/M. oleifera/MONP nanofibers, including the integration of metal oxide nanoparticles,
was characterized in our previous work [37]. The SEM analysis (Fig. 1) revealed a rough and uneven surface, indicating
successful nanoparticle embedding. This surface structure contributes to improved adsorption performance by increas-
ing surface area and enhancing interactions with Pb(ll) ions [51-54].

FTIR spectral analysis (Fig. 2) of the composite nanofiber was conducted in the previous study to identify key functional
groups [37]. The spectra confirmed the presence of typical PAN functional groups, including the nitrile (CEN) stretch, as
well as bands corresponding to M. oleifera seed extract components such as O-H (3293 ecm™, C-H (2937 cm™), C=0
(1650 cm™), and C-0 (1070 cm™) stretching. These features indicate successful incorporation of the extract into the

@ Discover



Research
Discover Applied Sciences (2025) 7:1132 | https://doi.org/10.1007/542452-025-06931-4

nanofiber matrix and suggest intermolecular interactions between PAN, MONPs, and M. oleifera constituents [55-57].
Additional characterization data supporting the structural integrity and composite formation including XRD, and BET
analysis can be found in previously work [37].

3.2 lonic strength

The influence of ionic strength was investigated to assess its effect on the Pb(ll) adsorption performance. All three pre-
pared composite nanofibers showed a similar adsorption trend when exposed to solutions of differing ionic strengths
(Fig. 3). The adsorption capacities at both 0.005 M and 0.05 M NaCl were not significantly different to that of the control.
The 0.5 M solution resulted in a decrease in adsorption capacities by approximately 15%. The Mn-containing composite
fibre showed the highest adsorption capacity (114 - 145 mg/g) and follows the reported trends of Mn-based nanoma-
terials’ ability to alleviate/tolerate salt stresses [57].

The ionic strength concentration range used for testing the PAN/M. oleifera/Fe;0, doped fibres were selected to
encompass a range of natural water samples; surface water (0.001-0.005 M), potable/groundwater (0.01 - 0.02 M) and
estuarine water (up to 0.7 M). It is notable that the composite fibres showed limited change in adsorption capacity in
water mimicking surface and potable water. At the higher ionic strength, Na™ and CI~ likely to cause steric hindrance of
Pb(ll) uptake, competing for surface adsorption sites on the nanofibers leading to reduced adsorption capacities. Similar
results on inhibiting performance of Na* and CI~ on Pb(ll) adsorption have been reported [58, 59].

The changes in adsorption capacity for composite nanofibers subjected to parameters most likely to be encountered
in natural systems, is an important aspect of evaluating their efficacy. lonic strength and how other cations interact are
two of the most common parameters which render composite nanofibers ineffective for remediation.

3.3 Competitive adsorption: binary metal systems

Lab -simulated solutions containing only Pb(ll) exhibited significant removal efficiency values (Table 1) with the Co-
containing nanofiber (92.2%) and Mn-containing nanofiber (95.6%) compared to the non-doped Fe;0, nanofiber (86.4%).

3.3.1 Zn(l1)/Pb(ll) binary solutions

The addition of Zn(ll) to Pb(ll) solutions resulted in a decrease (5-9%) in the overall removal efficiency of Pb(ll) from solu-
tion for each of the nanofibers. The Co-containing nanofiber adsorbents were most affected by the addition of Zn(ll)
with a decrease in removal efficiency of 9%. There did not appear to be a significant difference in having different Zn(ll)
concentrations on the Pb(ll) removal efficiency for the non-doped Fe;0, and Co-containing nanofiber, however, the 2:1
Pb(l1)/Zn(l1) solution showed significantly less removal efficiency (87%) than the 1:1 ratio (93%). The adsorption of Zn(ll)
in all three nanofiber adsorbents was consistent ranging from 12-16%.

Fig. 3 Effect of ionic strength
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Table 1 Effect of competing cations on Pb(ll) adsorption in binary systems
PAN/M. oleifera/Fe;0, PAN/M. oleifera/Fe;0,:Co PAN/M. oleifera/Fe;0,:Mn
Metal ion Ratio in solution Average RE (%) Standard Average RE (%) Standard Average RE (%) Standard
Deviation Deviation Deviation
Pb(I1) Single 86.43 0.11 92.22 0.65 95.58 0.42
Pb(I1) 2:1 78.97 2.32 84.60 0.89 86.59 0.93
Zn(ll) 12.00 2.39 13.00 1.43 12.88 0.91
Pb(I1) 1:1 77.93 2.92 81.40 2.14 93.32 0.24
Zn(ll) 13.36 1.66 15.78 1.72 16.33 1.58
Pb(I1) 2:1 71.22 3.63 81.36 0.81 86.59 0.93
Cu(ll) 11.26 1.65 10.75 2.46 11.45 0.93
Pb(I1) 1:1 71.22 3.63 77.23 1.78 80.35 0.88
Cu(ll) 8.55 2.69 9.42 2.28 8.38 2.33
Pb(I1) 2:1 78.97 1.56 81.70 0.40 93.51 0.15
Co(ll) 19.20 2.77 16.10 2.37 20.92 4.65
Pb(I1) 1:1 73.69 2.34 83.85 1.17 82.98 1.24
Co(ll) 14.53 1.25 18.73 3.22 16.39 2.77

3.3.2 Pb(Il)/Cu(ll) binary solutions

The significant decrease in removal efficiency of Pb(ll) from the solutions containing Cu(ll) was noted (12-15%). The
non-doped Fe;0, fibres were once again most affected by the binary solutions. Both the Co and Mn-containing fibres
showed further decreases in removal efficiency when the Cu(ll) ratio was increased. Despite these variations, the Cu(ll)
removal efficiency for all fibres remained between 8-11%. The 1:1 ratio results in lower adsorption than the 2:1 Pb(ll)/
Cu(ll) solution.

3.3.3 Pb(l1)/Co(ll) binary solution

The Pb(Il)/Co(ll) solutions followed the trend of decreasing removal efficiency. Co(ll) adsorption for all the nanofibers
was higher than for Zn(ll) and Cu(ll), ranging from 15 to 21%. The Mn-containing nanofiber adsorbents showed the most
marked decrease when the ratios between metals was 1:1.

3.3.4 Binary solution metal removal efficiency

Controlled lab-simulated solutions provide a simplified environment for examining the physicochemical factors that influ-
ence adsorption, particularly in competitive adsorption studies. The experimental results demonstrated that competing
cations, namely Cu(ll), Zn(ll), and Co(ll), exhibited varying degrees of inhibition on Pb(ll) adsorption. Among them, Cu(ll)
exerted the most substantial inhibitory effect, followed by Zn(ll) and Co(ll) in binary adsorption systems. Interestingly,
despite its stronger competitive influence, Cu(ll) had the lowest removal efficiency compared to Zn(ll) and Co(ll).

The extent of this inhibitory effect was found to be dependent on multiple factors, including the nature of the adsor-
bent, the initial Pb(ll) concentration and the concentration of competing cations. A higher concentration of competing
ions increases the number of species vying for the limited adsorption sites, thereby intensifying competition and poten-
tially reducing Pb(ll) adsorption efficiency [60, 61]. In binary systems, the shared adsorption sites result in a decrease in
Pb(ll) uptake, making it less likely to achieve the high removal efficiencies observed in single-ion systems. This trend is
consistent with previous studies on heavy metal adsorption using composite nanofibers [62, 63].

The preferential adsorption of one metal ion over another in competitive systems is dictated by a complex interplay
of factors, including the chemical affinity of the ions, their ionic radii, hydration energy, charge density, and the specific
properties of the adsorbent material. lons with lower hydration energy and larger ionic radii tend to adsorb more readily
due to their increased ability to interact with available surface functional groups. Moreover, the structural and electronic
properties of the adsorbent influence metal ion coordination, affecting the selectivity and efficiency of adsorption. These
findings align with prior research on competitive adsorption mechanisms in nanostructured adsorbents [64, 65].
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3.4 Competitive adsorption: naturally polluted water

The adsorption studies in samples from the natural environment were evaluated to further understand the interference
of various coexisting ions present in the water on Pb(ll) adsorption (Table 2). The initial analysis of Pb(ll), Zn(ll), Cu(ll) and
Co(ll) in the samples collected from the effluent from Kabwe mine drainage canal showed elevated levels of all contami-
nants ranging from 3.9 — 12 mg/L. Adsorption experiments were conducted at both the natural effluent solution (pH
5.6) and the optimized value of pH 8.0. Both pH values showed robust uptake of all the metals, particularly with Pb(ll).

Pb(ll) removal efficiencies from the samples at the natural effluent pH of 5.6 were 63.9% (non-doped Fe;0,), 71.5%
(Co-containing nanofibre) and 74.1% (Mn-containing nanofibre). While at optimal solution pH of 8.0, the removal efficien-
cies obtained were 71.7% (non-doped Fe;0,), 77.0% (Co-containing nanofibre) and 80.7% (Mn-containing nanofibre).
The finding aligns with previous research, which noted that at high pH levels (above the point of zero charge pHp,(),
the negatively charged surface of the adsorbents promotes the adsorption of positively charged metal ions through
electrostatic attraction [37]. Efficiency for Pb(Il) removal was improved between 5 - 8% at the optimised pH of 8.0.
Additionally, improvements in the removal efficiencies were also noted for all the other metals ions at the increased pH
values. However, adjusting pH at an industrial scale can be challenging due to cost and practicality concerns. A greener
alternative could be to integrate alkaline industrial waste to increase pH and this may provide a cost-effective and sus-
tainable approach without excessive reagent consumption [66].

The adsorption of Co(ll), Zn(ll) and Cu(ll) in the natural solution was significantly lower than the laboratory prepared
solutions (binary solutions) demonstrating that the complexity of the sample matrix may have affected the optimum
adsorption of Pb(ll) ions. Given the similarity in concentration of Pb(ll), Zn(ll) and Co(ll) in the effluent sample, there is a
clear indication of selectivity with Pb(ll) effectively separated from polluted water comprising multi-ions. The decrease
in removal efficiency of Pb(ll) ion by the prepared adsorbents in multi-heavy metal ions solution can be attributed to
competitive adsorption and less availability of binding sites on the surface of the adsorbents [62, 67, 68].

The removal efficiency of the four analyzed heavy metal ions followed the order: Pb(ll) * Co(ll) * Zn(ll) * Cu(ll). The
high selectivity of the synthesized nanofibers towards Pb(ll) ions can be attributed to several physicochemical proper-
ties, including ionic radius, electronegativity, hydration energy and functional group interactions. Pb(ll) exhibited the
highest adsorption efficiency, which can be primarily attributed to its larger ionic radius (0.118 nm) compared to Zn(ll)
(0.075 nm), Co(ll) (0.074 nm), and Cu(ll) (0.073 nm). A larger ionic radius generally results in a more diffuse electron cloud,
which enhances electrostatic attraction between Pb(ll) ions and the functional groups present on the nanofiber surface.
The increased size also facilitates easier access to available adsorption sites, thereby improving coordination with active
functional groups, which play a key role in Pb(ll) ion binding [69].

Adsorption selectivity is controlled by a combination of electronegativity, hydration energy, and functional group
interactions. The moderate electronegativity of Pb (2.33), compared to both Cu (2.00) and Zn (1.65) facilitates effective
bonding with the adsorbent’s functional groups [70]. Pb(ll)’s lower hydration energy (-1481 kJ/mol) compared to Cu(ll)
(-2100 kJ/mol), Zn(ll) (-2045 kJ/mol), and Co(ll) (-1996 kJ/mol) allows for easier dehydration, making it more readily avail-
able for adsorption [71]. Conversely, the higher hydration energies of Cu(ll) and Zn(ll) hinder their interaction with the
adsorbent due to stronger solvation. Finally, the interaction between metal ions and the oxygen- and nitrogen-containing

Table 2 Effect of competing Initial concentration (mg/L) PAN/M. oleifera/  PAN/M. oleifera/ PAN/M. oleifera/
cations on Pb(ll) adsorption in Fe.O Fe.0.:Co Fe.O.-Mn
multi-ion system 374 S 3T

pH56 pHS8 pH56 pHS8 pH56 pHS8

Natural Pb 12.05 6391% 71.73% 71.51% 77.01% 74.08% 80.69%
Zn 10.46 26.77% 30.02% 14.01% 15.92% 11.02% 12.91%
Cu 3.89 10.86% 14.54% 5.71% 7.78% 6.21% 9.22%
Co 8.28 15.73% 20.02% 232% 232% 16.66% 19.17%
Lab Pb 5.00 86.43% 92.22% 95.58%
Pb binary Average 1:1 and 1:2 ratios 75.33% 81.69% 87.22%
Zn binary 12.68% 14.39% 14.61%
Cu binary 9.90% 10.09% 9.91%
Co binary 16.86% 17.41% 18.65%
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functional groups in the PAN/M. oleifera/MONP composite nanofibers is significant. Pb(ll), with its larger ionic radius and
favourable electronegativity, forms stronger surface complexes compared to smaller, highly charged ions like Cu(ll), which
may prefer complexation with ligands in solution [72]. This interplay underscores the potential of these nanofibers for
selectively removing Pb(ll) from contaminated water, making them promising for heavy metal remediation.

The interaction of the target metal ion (Pb(ll)) in the presence of competing ions with the prepared adsorbents can
be further evaluated by the K; and K values (Table 3). The K, values represent an important aspect of the adsorbent
performance with values over 10.0 L/g generally indicating a good adsorbent [72-74]. In this study, all three nanofibers
were deemed to be good adsorbents with the Mn-composite being the most notable (50 L/g). In addition, the K values
ranged between 10.3 - 19.0,11.0 - 18.8 and 30.2 - 30.4 for non-doped Fe;0,, Co-containing and Mn-containing nanofib-
ers, respectively. These results suggest that the synthesised adsorbents had superior selectivity towards Pb(ll) ions in
multi-ion systems with Mn-containing nanofiber adsorbent recording the highest affinity.

3.5 Regeneration

The adsorption-desorption cycles show Pb(ll) removal efficiencies gradually reducing with re-use (Fig. 4) for all three
nanofiber adsorbents. The decline in removal efficiency was most evident in the non-doped Fe;0, fibres. After the third
regeneration cycle, a plateau is noted for all fibres. Overall decreases of 10.2%, 13.5% and 18% for the Mn-, Co-and non-
doped Fe;0, fibres were recorded, respectively. In terms of adsorption capacity, this decline corresponded to a reduction
from 139 to 121 mg/g for Mn-doped Fe;0, fibers, 116 to 83 mg/g for Co-doped Fe;0, fibers, and 98 to 77 mg/g for the
un-doped Fe;0, fibers. All the three composite fibres showed slight reduction (10 -18% loss) in Pb(ll) recovery after five
regeneration cycles reaching a plateau after the third cycle. This indicates that the materials maintained considerable
integrity and demonstrated favourable reusability and cycle stability. Consequently, these characteristics would make
the materials economically feasible adsorbents for removing Pb(ll) in complex water systems.

SEM images of the nanofiber adsorbents before and after five adsorption—-desorption cycles (Fig. 5) confirm that the
core nanofiber structure remains largely intact, with only minor surface modifications. The relatively stable morphol-
ogy, along with sustained Pb(ll) ion removal efficiency after five cycles, suggests that the composite nanofiber remained
structurally viable for reuse. While acid exposure is known to induce protonation or partial dissolution of functional
groups, which many present as slight surface changes [73-75], the extent of degradation observed was minimal. The
oxide nanoparticles used in this study exhibit good acid resistance at moderate concentrations (0.1 M HNO3), making
significant nanoparticle detachment and leaching unlikely under the experimental conditions. If structural compromise
or nanoparticle loss had occurred, a noticeable drop in adsorption performance would be expected, which was not
observed. These finding suggest that the nanofibers demonstrate promising short-midterm stability and are potentially
suitable for extended application in cyclic adsorption processes though further studies over more cycles would be ben-
eficial to fully validate long-term operational stability.

Nevertheless, the use of nitric acid for desorbing adsorbents raises environmental concerns, particularly regarding its
disposal. While 0.1 M HNO; presents minimal environmental risk in this study, improper disposal can lead to wastewater
acidification. Despite these concerns, HNO; remains a widely used eluent in metal adsorption studies due to its strong

Table 3 The values of K;and K

of coexisting ions Adsorbent Co-existing ions K, (L/9) K

PAN/M. oleifera/Fe,0, Pb(ll) 236 -
Zn(ll) 12 19.0
Cu(ln 16 15.0
Co(ll) 23 10.3

PAN/M. oleifera/Fe;0,:Co Pb(ll) 320 -
Zn(ll) 17 18.8
Cu(ll) 19 17.2
Co(ll) 29 11.0

PAN/M. oleifera/Fe;0,:Mn Pb(I1) 50.1 -
Zn(ll) 17 304
Cu(ll) 17 30.2
Co(ll) 19 304
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Fig.5 Morphology of Ag PAN/M. oleifera/Fe;O, before and A, after adsorption cycles B, PAN/M. oleifera/Fe;0,:Co before and B after
adsorption cycles Co PAN/M. oleifera/Fe;0,:Mn before C; after adsorption cycles

desorption capability and effectiveness in regenerating adsorbents [76, 77]. To address disposal challenges, the imple-
mentation of acid recovery systems to recycle and reuse HNO; in multiple desorption cycles can assist in minimizing the
environmental impact of nitric acid usage while maintaining the effectiveness of the adsorption—-desorption process.
More recently, there have been advances in the potential of using micro-wave-assisted, electrochemical and ultrasound
regeneration techniques for desorption [76].
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3.6 Economic assessment

To estimate the viable use of these adsorbents, a basic cost evaluation was performed with the main focus on primary
expenses such as materials and energy. In determining the operating cost (OC), Eq. (5) was used:

usb
oc ( m3 ) = acenergy + bChemicals (5)

where C,perqy is the energy consumed (in kWh/m?3),

Cehemicals i the chemical consumption (in kg/m?),

a is the electrical energy price (USD 0.112/kWh) [78], and.

b is the price of the chemicals used in the preparation (USD/kg or USD/m?3).

In this study, the synthesized material could treat 0.030 L of wastewater in the first cycle; however, the calculated
operating cost was done on a basis of treating 1 m3 of the synthesized aqueous solution [79]. The study considered
the power rating in watt for all the equipment used and the duration for which it was operated as well as the cost
of the chemicals. Therefore, the total energy consumption was 105.0 kWh/m?3, which equate to USD 12.47/m?3, and
total chemical cost was USD 2.06/m>. The operating cost was calculated to be USD 14.53 and compares well to other
studies of a similar nature [18]. Regions in which energy costs are lower or alternative greener energy solutions are
available, would make the use of these composite fibres aa attractive alternative.

4 Conclusion

Nanofibers, with their high surface area, tunable porosity, and functional versatility, are emerging as a promising solu-
tion for water remediation. This study demonstrates the adsorption efficiency, selectivity, and durability of electro-
spun composite nanofibers synthesized from M. oleifera seed biomass, MONPs and PAN polymer blend. The composite
nanofibers (PAN/M. oleifera/Fe;0,4, PAN/M. oleifera/Fe;0,4:Co, and PAN/M. oleifera/Fe;0,:Mn) exhibited strong affinity
for Pb(ll) adsorption, with removal efficiencies ranging from 71.7% to 80.7% in naturally contaminated wastewater.
Despite the presence of competing cations, the nanofibers maintained a high selectivity (K) towards Pb(ll), with values
between 10.3 and 30.4, indicating their preferential adsorption capability. Furthermore, the composite nanofibers
demonstrated remarkable stability over multiple adsorption-desorption cycles, with only a 13% reduction in adsorp-
tion capacity after five cycles for PAN/M. oleifera/Fe;0,:Mn—the most effective composite. The cost assessment of
this nanofiber adsorbent highlights its economic viability, positioning it as a competitive alternative to conventional
adsorbents like activated carbon and biochar. These findings suggest that the developed adsorbents hold significant
potential for addressing heavy metal contamination in wastewater through an environmentally sustainable and
cost-effective approach. However, further optimization for large-scale production and field application is necessary
to fully realize their potential in practical water treatment applications.
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