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1  Introduction

The pollution of natural and artificial water bodies is one of 
the most serious environmental issues caused by industrial 
development and rapid population growth. This problem 
has worsened over time and has become a global concern 
due to the large volume of wastewater discharged into 
basins, rivers, and seas, which affects aquatic biodiversity. 
Printing and dyeing wastewater is among the most hazard-
ous types of water pollution, capable of altering water color 
and properties even at very low concentrations. This kind 
of wastewater is typically produced in various industries, 
including textiles, cosmetics, tanning, photography, food, 
and plastics. It is estimated that the annual production of 
dyes amounts to approximately 1.6 million tons, of which 
10–15% is released into the environment as wastewater [1].

In this context, the textile industry, which depends heav-
ily on water for its processes, is identified as the main con-
tributor to dyeing wastewater, with an estimated annual 
discharge of 200 million liters [2]. The release of dye mol-
ecules into water bodies through effluents poses serious 
threats to aquatic life. Changes in water quality, such as 
contamination by heavy metals and aromatic compounds, 
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Abstract
This study introduces an innovative method to remove dyes using a composite material of magnetite nanoparticles (MNPs) 
immobilized in nanofibers (MNFs). Produced via a simple electrospinning method, the MNFs exhibited excellent adsorp-
tive properties, including a uniform average diameter of 0.3 ± 0.06 μm, a BET surface area of 9.9457 ± 0.0363 m2 g−1, a 
pore volume of 0.02 cm3 g−1, and a pore size of 8.778  nm. Chemical and thermal analyses confirmed the composite’s 
characteristics. The adsorption performance of MNFs was assessed using two ionic dyes: cationic Toluidine Blue (TB) 
and anionic Congo Red (CR). Compared to MNPs, MNFs achieved significantly higher adsorption capacities, with values 
of 325 mg g−1 for TB and 350 mg g−1 for CR at a dye concentration of 1 g L−1. The adsorption kinetics were analyzed, 
fitting well with the Pseudo-Second-Order model. The MNFs demonstrated enhanced adsorption capacities, increasing 
by up to 15% for TB and 20% for CR compared to MNPs under identical conditions. These results underscore MNFs’ 
potential as effective adsorbents for dye removal, offering an environmentally friendly and cost-effective treatment for 
industrial wastewater.
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along with decreased stability and sunlight penetration, can 
disrupt the biodiversity and balance of aquatic ecosystems. 
To address these issues, it is necessary to pre-treat effluents 
containing dyes before releasing them into the environment. 
In recent years, researchers have actively tested and devel-
oped various techniques for removing dyes from waste-
water, including coagulation and chemical oxidation [3], 
biodegradation [4], ultrasonic degradation [5], photodegra-
dation [6], membrane separation [7], and adsorption [8–10]. 
Among these methods, adsorption stands out as the most 
commonly used technique for removing dyes from aqueous 
solutions, thanks to its durability, cost-effectiveness, envi-
ronmental friendliness, and simplicity. Adsorption-based 
materials are increasingly recognized as effective and sus-
tainable solutions for combating water pollution, with inno-
vative composites showing high efficiency in removing dyes 
and contaminants. Developing an adsorption system begins 
with selecting a suitable adsorbent from various available 
options. Additionally, dyes, which act as adsorbates, are 
typically classified based on their particle charge when dis-
solved in an aqueous medium [11, 12].

Advances in adsorption technology have emerged as a 
viable alternative for the removal of dyes and other pol-
lutants from industrial wastewater. Various materials have 
been used to extract dyes from solutions, including carbon 
nanotubes, gypsum [13], zeolites [14], chitosan compos-
ites, solid waste, magnetic chitosan-sugar-graphene oxide 
composites [15], and magnetic lignin [16]. Organic dye 
molecules are highly resistant to oxidants and biological 
degradation, making chemical and biological water treat-
ment methods impractical. Although numerous studies have 
explored adsorbents for the removal of either anionic or cat-
ionic dyes, research on methods capable of simultaneously 
removing both types remains limited.

Nanotechnology provides a vast array of possibilities 
for creating composite materials that combine organic 
and inorganic components with multifunctional properties 
to address this significant challenge. In particular, hybrid 
nanomaterials have emerged as highly efficient and prom-
ising adsorbents, offering a compelling alternative to con-
ventional options. However, their efficacy in dye removal 
for wastewater treatment, although widespread, lags behind 
that of electrospun nanofiber membranes, thus limiting their 
applications [17–22]. Electrospun nanofiber membranes are 
particularly noteworthy among these nanomaterials due to 
their high surface area-to-weight ratio, flexibility, porosity, 
excellent water permeability, and easily modifiable sur-
face properties [18, 23]. Consequently, wastewater treat-
ment processes have started to focus more closely on their 
integration.

In recent years, nanofiber mats have garnered significant 
interest, primarily due to their outstanding advantages over 

traditional membranes, including a higher surface area-to-
volume ratio and remarkable mechanical properties [23]. 
In the electrospinning process, high voltage is applied to 
counteract surface tension forces within a polymer solution, 
resulting in the rapid formation of fine fibers. As the solvent 
dries, it forms a network of small fibers typically measuring 
several hundred nanometers in diameter. The droplet adopts 
a conical shape at the tip of the syringe, where the poly-
mer drop extends toward the grounded collector [24–28]. 
Notably, the presence of a substantial surface area in the 
nanofibers is a key factor contributing to their effectiveness 
as adsorbent surfaces [29, 30].

Mehdizadeh et al. demonstrated that embedding MNPs 
in polymeric matrices improved their dispersibility and 
reusability [31]. Reynel-Ávila et al. reported enhanced 
adsorption performance of MNPs when immobilized in 
carbon-based nanocomposites [32]. Electrospinning has 
recently gained attention as a facile method to fabricate 
nanofiber composites with MNPs. This technique allows for 
the production of nanofibers with controlled diameter and 
high surface area, providing an ideal platform for effective 
dye adsorption. Atikah et al. highlighted the advantages of 
electrospun nanofibers in wastewater treatment, noting their 
superior adsorption capacities compared to bulk materials 
[33].

Adsorption-based materials have emerged as effective 
and sustainable solutions for addressing water pollution, 
with various innovative composites demonstrating high per-
formance in removing dyes and contaminants. For example, 
sugarcane bagasse-based biocomposites showed excellent 
efficiency in removing Acid Red 1 dye, with reversible 
adsorption properties and adherence to the Langmuir model, 
making them suitable for industrial wastewater treatment 
[34]. Similarly, nickel-doped MnO2 nanorods supported on 
biochar from coconut shell and rice husk exhibited a high 
lithium adsorption capacity (89 mg g−1) and a 98% desorp-
tion efficiency, offering promising potential for large-scale 
recovery applications [35]. Composite adsorbents combin-
ing biochar with metal oxides or nanoparticles have also 
demonstrated exceptional efficiency, selectivity, and reus-
ability in dye and contaminant removal, following estab-
lished adsorption models [36]. Additionally, advanced 
materials like yttrium and nickel-doped magnetite nanow-
ires coated with mesoporous silica achieved rapid degra-
dation of crystal violet dye under sunlight, reaching 90% 
degradation in just 10 min, with 99% magnetic separation 
efficiency, providing a robust solution for organic pollut-
ant treatment [37]. Biomass-derived adsorbents have also 
shown great promise. Activated carbon prepared from 
Sesbania sesban stems exhibited a remarkable methylene 
blue adsorption capacity of 1380 mg g−1, with spontane-
ous and exothermic adsorption, confirming its potential 
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for sustainable water treatment [38]. Similarly, Mg–Al lay-
ered double hydroxide (LDH) composites combined with 
Mangifera indica stone biomass achieved effective RG5 
dye removal (73.5 mg g−1) and demonstrated regenera-
tion potential, highlighting their feasibility for eco-friendly 
wastewater management [39]. These studies emphasize the 
versatility and efficiency of advanced adsorbents, providing 
cost-effective and sustainable approaches for industrial and 
environmental wastewater treatment challenges.

Arshad et al. demonstrated that Mg2+-doped zinc oxide 
nanofibers offer promising prospects for dye treatment due 
to their enhanced charge transport properties and stability. 
They also showed the efficient performance of electrospun 
TiO2 and ZnO nanofibers in the photocatalytic degrada-
tion of dyes, providing interesting prospects for sustainable 
treatment of contaminated water [40, 41].

These properties make Electrospun Polymer Nanofibers 
(EPNFs) highly suitable for effectively adsorbing a range of 
pollutants, including heavy metals, dyes, and other contami-
nants. Currently, there is limited number of review articles 
available on EPNFs and their utilization in water treatment. 
The majority of these publications concentrate on the man-
ufacturing and utilization of EPNFs in the realm of water 
treatment. They serve various purposes, acting as adsor-
bents and filters for diverse pollutants, acting as sensors for 
contaminant detection, or operating as nanocomposites for 
contaminant degradation [42, 43].

Recently, Pereao et al. conducted a study focusing on 
the application of EPNFs in water treatment, particularly in 
the removal of heavy metals [44]. Considering the unique 
properties of electrospun polymer nanofibers (EPNFs), an 
in-depth exploration of modification techniques and their 
influence on improving dye removal efficiency from aque-
ous solutions is essential. Such an investigation will enable 
researchers to identify innovative strategies for enhanc-
ing the performance of EPNFs as effective adsorbents for 
various toxic dyes while addressing the practical challenges 
associated with their real-world application.

The presence of Congo Red (CR) dye in water is con-
sidered unacceptable due to its inhibitory effect on the re-
oxidation of water. Exposure to this contaminant can lead 
to eye and skin irritation, as well as symptoms like stom-
ach pain, nausea, vomiting, and diarrhea [45–47]. The 
adsorption process has been used as a suitable model for 
the removal of CR. Consequently, a number of adsorbents 
with different adsorption capacities have been proposed. 
In addition, Toluidine Blue (TB) has emerged as a widely 
used substance in diverse fields including medicine, the tex-
tile industry, and biotechnology [19]. It finds applications 
as a mediator in various chemical or biochemical reactions 
such as a dye for fabrics, a photosensitizer for the study of 

light-activated microorganisms, and a marker for organism 
identification.

A key challenge in treating colored wastewater lies in 
the complexity of simultaneously removing dyes of differ-
ent chemical natures, particularly anionic and cationic dyes, 
which interact differently with conventional adsorbents. 
Traditional methods are often limited by their selectivity, 
making it possible to remove only one type of dye at a time, 
necessitating additional steps or the use of multiple types of 
adsorbents. In this context, the use of magnetized nanofi-
bers (MNFs) emerges as an innovative and promising solu-
tion. These MNFs possess unique properties, such as high 
specific surface area, chemical compatibility, and ease of 
recovery due to their magnetic responsiveness. These char-
acteristics enable not only efficient adsorption but also the 
possibility of simultaneous removal of both anionic and cat-
ionic dyes under optimized conditions. By integrating mag-
netic nanoparticles into a nanofiber matrix, this approach 
offers a multifunctional system capable of addressing the 
complexity of industrial effluents.

This study will present an innovative approach for treat-
ing dye-contaminated water using a composite material 
made of magnetite nanoparticles immobilized in nanofi-
bers. The nanofibers are expected to demonstrate enhanced 
adsorption capacity, with favorable physicochemical char-
acteristics. This innovative approach will be evaluated for 
its effectiveness in removing various dyes, highlighting the 
considerable potential of magnetite nanofibers as efficient 
adsorbents. This method promises to offer an eco-friendly 
and cost-effective solution for treating industrial wastewa-
ter, particularly from dye-laden textile industries.

The novelty of this work lies in the development of a 
composite material combining magnetite nanoparticles 
(MNPs) with electrospun polymer nanofibers (EPNFs) to 
create a multifunctional adsorbent capable of simultane-
ously removing both anionic and cationic dyes. While pre-
vious studies have extensively explored single-component 
adsorbents for either cationic or anionic dyes, this study 
addresses the gap in simultaneous removal, optimizing the 
adsorption process for complex dye mixtures. Furthermore, 
the integration of MNPs within nanofibers enhances both the 
adsorption capacity and reusability of the material, offering 
a sustainable, eco-friendly, and cost-effective solution for 
industrial wastewater treatment. By systematically evaluat-
ing the effects of key parameters such as contact time, adsor-
bent dosage, and dye concentration, this work provides a 
comprehensive framework for the practical application of 
magnetic composite nanofibers in water pollution manage-
ment, thereby advancing the field of wastewater treatment.

The aim of this study is to prepare magnetic composite 
nanofibers using the electrospinning method and magnetic 
nanoparticles and their identification. Subsequently, an 
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2.3  Embedding of Nanoparticles within Nanofibers 
by Electrospining

The materials processing for the elaboration of the MNFs is 
schematized in Fig. 1. This methodology is based in a lab-
oratory-made electrospinning system, whereof details can 
be consulted in [35]. For the precursor solution preparation, 
1 g of MNPs was added to 10 mL of DMF and the mixture, 
sonicated for 10 min in an ultrasonic bath for homogeneous 
dispersion. Then, was placed on a heating plate with mag-
netic stirring (80 °C, 250 rpm) to enhance the solubility of 
the polymer. Afterwards, 1 g of PAN was dissolved in the 
DMF-MNP mixture under stirring and heating over a span 
of 2 h. The heat was then turned off and the stirring contin-
ued for an additional 12 h (Fig. 1a).

To ensure reproducibility, the electrospinning process 
was repeated in triplicate under the same operating condi-
tions, and the obtained MNFs were compared to confirm 
consistency in morphology and yield. To produce hybrid 
polymer membranes composed of PAN and MNP (MNF), 
the precursor solution was charged into a plastic syringe (10 
mL) to be placed in the electrospinning apparatus (Fig. 1b). 
The feeding rate of 0.7 mL/h was maintained until reach-
ing 1 mL of solution. The working distance was 15 cm and 
the applied voltage 8 kV. The obtained MNFs were dried 
(180 °C, 12 h) in air atmosphere.

2.4  Characterization Techniques

The obtained MNFs underwent characterization using vari-
ous analytical techniques. Scanning Electron Microscopy 
(SEM) was performed using an Inspect F50 (Thermo Fisher 
Scientific, USA) for morphological analysis, and ImageJ 
software for processing and analyzing scientific images was 
utilized for image processing and average size determina-
tion. The samples were coated with a 20 nm carbon layer 

evaluation was carried out to assess the potential adsorption 
capacity of these composite nanofibers for the treatment of 
organic pollutants.

The primary objective was to demonstrate the efficiency 
of magnetic nanofibers in the treatment of water pollu-
tion, with a particular focus on the cationic dye TB and the 
anionic dye CR. The effect of various factors on the adsorp-
tion process such as contact time, the amount of used adsor-
bent and the concentration of the dyes was evaluated. The 
aim was to provide a detailed understanding of the adsorp-
tion process and to optimize the conditions for maximum 
dye removal efficiency.

2  Materials and Methods

2.1  Chemicals and Reagents

Polyacrylonitrile (PAN, C3H3N, Mw = 150,000) pow-
der and N, N-dimethylformamide (DMF, CHON(CH3)2) 
high-purity reagent plus 99% sourced from Sigma-Aldrich 
(USA). Colorants hydrated TB conforms to the analytical 
standards of CI 52,040 MIC and hydrated CR meets the ana-
lytical standards of CI 22,120 from Labbox Labware, S.L 
(Spain). Milli-Q deionized water with a resistivity of 18.2 
MΩ cm was used in the experiments.

2.2  Materials Synthesis

The employed MNPs belong to the same batch of samples 
obtained using the combustion synthesis process described 
in our previous work [45]. For the elaboration, characteriza-
tion and evaluation of the hybrid membrane composed by 
a polymeric matrix containing MNPs (referred to as MNF 
samples), the procedures are described as follows.

Fig. 1  Organic matrix (polyacrylonitrile, 
PAN) with inorganic particles (magnetite, 
MNP) hybrid membrane´s (MNFs) elabo-
ration using electrospinning processing. 
MNP were dispersed in a suitable solvent 
(dimethylformamide, DMF), the disper-
sion was heated and mixed with PAN 
powder. After overnight stirring at room 
temperature, the solution was electros-
punned and the obtained fibers collected 
in an aluminum foil
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where C0 is the initial concentration of the substance to be 
adsorbed (mg L−1). Cₑ is the final concentration of the sub-
stance to be adsorbed (mg L−1).

2.5.1  Calibration Curve for Colorants

The concentrations of TB and CR solutions were varied 
between 0.02 and 2 mg L−1 and 2–10 mg L−1, respectively. 
The absorbance of TB (632 nm) and CR (498 nm) at differ-
ent concentrations was measured using a UV spectropho-
tometer, with calibration curves for TB and CR in Figs. 2 
and 3, respectively.

The resulting UV-Vis absorbance spectrum was plotted 
and analyzed to determine the absorbance-concentration 
relationship indicating that Beer’s Law holds for this sys-
tem [42]. A linear regression analysis was performed using 
the data to obtain the equation y = a + bx, where y repre-
sents the absorbance and x represents the concentration of 
TB and CR. The intercept of the equation was found to be 
0.03185 ± 9.66175E−4 for TB and 0.00291 ± 0.00661 for 
CR and the slope was found to be 0.00792 ± 1.02491E−4 to 
TB and 0.03153 ± 0.0014 for CR. The R2 value, which indi-
cates the goodness of fit of the regression line, was found to 
be 0.99933 for TB and 0.99607 for the CR, indicating a very 
strong correlation between absorbance and concentration. 
The derived equation can be used to calculate the concen-
tration of an unknown sample of Toluidine Blue or Congo 
Red by measuring its absorbance and substituting the value 
into the equation. This allows for precise determination of 
the sample’s concentration.

Concentration = ABS − Intrcept
Slope � (2)

using an evaporative carbon coater (Leica EM ACE600, 
Leica Microsystems, Germany). Fourier Transform Infra-
red Spectroscopy (FTIR) was carried out with a Vertex 70 
spectrometer (Bruker, Germany) to investigate the chemical 
composition of the samples. Thermal analysis of the MNFs 
was conducted using thermogravimetric analysis (TGA) 
with a TGA/SDTA851 analyzer, operating from 50 to 800 
°C at a heating rate of 10 °C/min. Surface area and porosity 
were determined using a TriStar II 3020 system (Micromer-
itics, USA) in combination with a VacPrep 061 sample 
degassing system (Micromeritics, USA).

2.5  Evaluation of the MNFs as Adsorbates for Ionic 
Dyes

For the sorption experiments, initial dye solutions were pre-
pared at a concentration of 500 mg L−1. The study aimed to 
evaluate the adsorption efficiency of MNP and MNF for CR 
(anionic dye) and TB (cationic dye) at initial concentrations 
of 2 mg L−1 and 10 mg L−1, respectively. The experiments 
were conducted in a controlled environment at a constant 
temperature of 20 °C over a duration of 10 h. During these 
experiments, the amount of adsorbent varied from 0.5  g 
L−1 to 3  g L−1. This variation allowed for the determina-
tion of the optimal amount and contact time for adsorption 
by monitoring changes in the dyes’ absorbance. Absorbance 
was measured using a Shimadzu UV-1280 UV–Vis spectro-
photometer at the dyes’ maximum absorption wavelength, 
applying the following equation:

Removal efficiency = (C0 − Ce)
C0

× 100� (1)

Fig. 2  Calibration curve and UV-Vis absorption spectra for toluidine blue concentration determination
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concluded that the applicability of the PSO model is inde-
pendent of the mechanisms determining the rate of sorption 
and does not require concepts of chemisorption or special 
equations of kinetics controlled via chemical reactions or 
diffusion. It is stated that the kinetic model of sorption based 
on a PSO equation become extraordinarily popular after 
works of Ho and McKay [62].

2.5.3  Pseudo-Second-Order Kinetics Model

The pseudo-second order model suggests the existence of 
chemisorption [52] based an electron exchange for example 
between the adsorbate molecule and the solid adsorbent 
[63]. The pseudo-second-order kinetic model assumes that 
the rate-controlling step is likely chemisorption, which 
involves valence forces through the sharing or exchange of 
electrons between the adsorbent and the adsorbate [63]. It is 
represented by the following expression:

dq

dt
= k2 · (qe − qt)2� (3)

Integrating the equation gives:

t

qt
= 1

K2 · q2
e

+ 1
qe

· t� (4)

k2: the rate constant for second-order kinetics (mg g−1 
min−1). qt: the adsorption capacity at time t (mg g−1). qe: 
adsorption capacity at equilibrium (mg g−1).

The Nash–Sutcliffe model efficiency coefficient (NSE) 
was employed to compare the predictive skill of hydro-
logical models. coefficient criterion as hypothesis testing 
indicator, using root mean square error (RMSE) and stan-
dard deviation (SD) as follows NS = 1 −

(RSME
SD

)2
. This 

According to Coelho et al. (2008), the R2 value of 0.9961 
obtained for the calibration curve of Toluidine Blue (TB) 
indicates a strong and reliable relationship between the 
amount of TB and the measured absorbance [48].

2.5.2  Theoretical Analysis and Modelling

Various adsorption kinetic models have been employed to 
assess the performance of the adsorbent and to examine the 
mechanisms of adsorption mass transfer [49]. Understand-
ing adsorption kinetics is crucial for designing an effective 
adsorption system. These models help predict the pollutant 
removal rate, determine the time-dependent concentration 
of the remaining adsorbate in the solution, and elucidate the 
underlying mechanisms of the adsorption process, which 
are essential for evaluating the efficiency of the adsorbent 
used [50].

Various adsorption kinetic models have been developed 
and applied to describe the adsorption kinetics such as 
pseudo-first-order (PFO) model [51], the pseudo-second-
order (PSO) model [52, 53], the mixed-order (MO) model 
[50], the Langmuir kinetic model [54, 55], the Elovich 
model [49] and the phenomenological mass transfer models 
[56–58]. Among them, the PFO and PSO models are the 
most frequently used to description the adsorption kinetic 
process [50]. They are derived by Liu and Shen from the 
Langmuir kinetics and they suggested that the PFO and 
PSO kinetic was related to the values of equilibrium frac-
tion of adsorbent active sites and the ratio of the pseudo-
first- and–second-order rate constants [59]. It is reported by 
[60] that the PFO and PSO models were capable of mod-
eling the adsorption kinetic at high and low initial adsor-
bate concentration, respectively. Ho suggested that the PSO 
model is suitable for representing the chemisorption process 
[61]. According to a recent study made by Khamizov, it is 

Fig. 3  Calibration curve and UV-Vis absorption spectra for Congo red concentration determination
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process were employed for the homogeneous average diam-
eter in the elaborated MNFs.

Despite the high concentration of MNPs in the precursor 
solution, the samples exhibited a homogeneous dispersion 
of inorganic particles within the organic matrix, demonstrat-
ing that the hybrid material was successfully fabricated and 
that the morphological properties of the composites were 
well-controlled. The surface roughness, as observed in 
SEM images, is primarily attributed to the presence of MNP 
agglomerates on the fiber surfaces. This roughness likely 
increases the available surface area, facilitating enhanced 
interactions with adsorbate molecules. The uniform fiber 
diameter and the rough surface texture work together to 
optimize adsorption performance by providing a high sur-
face area-to-volume ratio and a homogeneous distribution 
of active adsorption sites.

3.2  BET Surface Area Analysis

The specific surface area of the elaborated magnetic com-
posites is a crucial parameter on the ability to adsorb pol-
lutants from water and remove various molecules. Based on 
the isotherms depicted in Fig. 5, the MNFs exhibit a behav-
ior of Type III (IUPAC) isotherms. Characterized by rapid 
exponential increase in the adsorption uptake at the start 
of increase in the pressure/concentration, the isotherm in 
Fig. 5 shows the equilibrium uptake of adsorbate-adsorbent 
(N2-MNFs) pair, related to a physical adsorption phenom-
enon. In this case, can be consider that the N2 molecules 
were accommodated on the surface of the MNFs in mono- 
or multilayer formations, providing them favorable energy 
state.

The measured BET surface area for MNFs was found to 
be 9.9457 ± 0.0363 m2 g−1, with a pore volume of approxi-
mately 0.02 cm3 g−1 and a pore size of 8.778 nm. These pore 

coefficient of efficiency of mathematical predictions has a 
perfect fit at NSE = 1 [64].

3  Results

3.1  Morphological Characterization

Typical SEM micrography from the obtained MNFs shown 
that the matrix is composed by fibers with average diameter 
ɸ = 0.3 ± 0.06 μm (Fig. 4), as well as the presence of some 
MNPs agglomerates in the surface of the samples. Adequate 
parameters in the conditions during the electrospinning 

Fig. 5  BET isotherm form the MNFs composites. The N2 adsorp-
tion-desorption isotherm exhibit type II behavior
 

Fig. 4  SEM image of the composite MNFs. The surface of the mem-
branes shown that it is composed by fibers with average diameter of 
0.3 ± 0.06 μm
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compounds. The external surface and accessible pores pro-
vide active sites where adsorption can occur, driven by the 
compatibility between the pore size and the dimensions of 
the adsorbate molecules. The heterogeneous pore distribu-
tion further enhances the ability of the MNFs to interact with 
a wide range of contaminants, ensuring efficient adsorption. 
This versatility makes the MNFs suitable for removing pol-
lutants with varying molecular sizes and chemical proper-
ties in aqueous environments.

3.3  Thermal Analysis

The MNFs shown the thermal behavior presented in Fig. 6.
The examination of the thermogram highlights three 

distinct phases of mass loss in the sample. During the first 
phase, ranging from 50 to 250 °C, a gradual and slow mass 
loss occurs, reaching 1%. This stage is often associated with 
the desorption of water and the release of adsorbed gases, 
which reflects the ability of the MNFs to retain their sta-
bility under mild thermal conditions. The second phase is 
characterized by a more substantial mass loss. Between 
250 and 350  °C, a 20% reduction is observed, suggest-
ing the decomposition of some organic components and/
or structural transformations. Such changes may influence 
the availability or stability of active sites critical for adsorp-
tion processes. The third phase is marked by a rapid mass 
loss, extending from 350 to 600 °C with a reduction reach-
ing 99%. This stage indicates a complete decomposition of 
residual components, possibly affecting the long-term ther-
mal resilience of the material. Beyond these temperatures, 
the mass of the magnetite nanofibers almost completely sta-
bilizes, marking the end of major thermal transformations. 

size distribution and surface heterogeneity cause a unique 
interaction of each adsorbate-adsorbent pair.

The specific surface area of 9.9457 ± 0.0363 m2 g−1 and 
the pore size of 8.778 nm suggest that the MNFs provide 
a surface suitable for adsorption processes. The Type III 
isotherm indicates that adsorption primarily occurs through 
weak physical interactions, such as van der Waals forces, 
between the adsorbent and adsorbate. These physical inter-
actions are characteristic of non-porous or macroporous 
materials, where the adsorption sites are predominantly 
located on the external surface. The heterogeneous pore dis-
tribution enhances the ability of the MNFs to interact with 
a variety of adsorbate molecules, making them versatile for 
pollutant removal. The pore size and volume further sug-
gest that the MNFs are suitable for adsorbing molecules of 
intermediate size, ensuring efficient adsorption performance 
in aqueous systems.

The heterogeneous pore distribution further enhances 
the versatility of the MNFs, enabling them to interact effec-
tively with a wide variety of adsorbate molecules, including 
both cationic and anionic dyes. The mesoporous structure 
(2–50  nm) ensures compatibility with molecules of inter-
mediate size, such as Toluidine Blue (~ 1.3 nm) and Congo 
Red (~ 2 nm), allowing efficient diffusion and adsorption in 
aqueous systems. Additionally, the combination of moder-
ate surface area, pore size, and heterogeneous pore distribu-
tion facilitates rapid adsorption kinetics and high removal 
efficiencies, making MNFs highly practical for real-world 
applications in wastewater treatment.

Additionally, the moderate surface area and pore size 
distribution make the MNFs particularly effective for 
the adsorption of organic pollutants and larger molecular 

Fig. 6  Thermogram of the elaborated MNFs 
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bond correlate with octahedral and tetrahedral sites, mani-
festing at approximately 540 cm−1 and 660 cm−1.

An intense band at approximately 2928 cm−1 indicate the 
presence of C–H stretching associated with aliphatic hydro-
carbons. Subsequent bands at 1601  cm−1can be ascribed 
to C=O or C=C bond vibrations. The observed peaks at 
2240 cm−1suggest the presence triple bonds, such as C≡N. 
Additionally, bands proximate to 1053 cm−1 represent C–O 
bond vibrations.

The presence of these functional groups plays a critical 
role in the adsorption process. Fe–O groups in the magnetite 
structure provide active sites for electrostatic interactions 
with ionic or polar contaminants, particularly inorganic pol-
lutants. Similarly, C=O and C≡N groups can form hydrogen 
bonds or dipole–dipole interactions with organic molecules, 
enhancing the adsorption of aromatic and polar compounds. 
The C–O bonds contribute to chemical binding with spe-
cific adsorbates, further increasing the versatility of MNFs 
for pollutant removal. Collectively, these functional groups 
impart chemical reactivity to the surface of MNFs, enabling 

This stabilization is crucial for maintaining the structural 
integrity of the MNFs during high-temperature regenera-
tion processes often required in adsorption applications. 
Additionally, an exothermic peak observed around 600 °C 
signals a phase transition from Fe3O4 to Fe2O3, which may 
alter the magnetic properties and impact the material’s per-
formance in adsorption-based separations.

3.4  FTIR Spectra

During the examination of the FTIR spectrum, prominent 
absorption bands was observed in Fig. 7 at 630 cm−1. These 
bands are indicative of the stretching vibrations of Fe–O 
functional groups, confirming the crystalline lattice struc-
ture of magnetite (Fe3O4), as documented in previous stud-
ies [60]. The work of Venkateswarlu et al [65], validates 
the concept that magnetite can create interconnected crystal 
structures, with atoms connected via balanced forces such 
as ionic, covalent, or van der Waals bonds. The observed 
data suggests that the vibrational behaviors of the Fe–O 

Fig. 8  Adsorption mechanism of dyes on MNFs adsorbent 

Fig. 7  FTIR spectrum from the MNFs, showing the interactions 
from the composites
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The comparative adsorption rate curves using both adsor-
bents (MNPs and MNFs) are presented in Fig.  9a for TB 
and Fig.  9b for CR, respectively. For TB dye, the use of 
MNFs achieved removal efficiency rate of 86%, while MNP 
achieved a removal efficiency rate of 65%. Meanwhile, 
in the case of CR, the 79% of CR was removed (Fig. 8b), 
while MNPs only achieved a 64%. Composite MNFs under-
scores superior performance in the removal of ionic dyes 
from aqueous solutions based on this significant differ-
ence. According to Wang et al., the g-C3N4/Nb2O5 nanofi-
bers prepared through electrospinning are highly effective 
for removing organic pollutants from water. These nanofi-
bers showed a remarkable ability to break down pollutants 
such as rhodamine B and phenol when exposed to visible 
light. Additionally, their unique structure makes them easy 
to retrieve and reuse in the water treatment process [67]. 
The study conducted by Li et al. highlights the develop-
ment of an innovative membrane based on PAN-ZnO nano-
fibers, revealing exceptional potential for water treatment 
and organic pollutant degradation. This membrane exhibits 
a dye removal rate of over 90% after 10  h of continuous 
electrocatalytic filtration [68]. This suggests that the use of 
composite electrospun nanofibers could be a practical and 
efficient solution for cleaning up organic pollutants from 
water [69].

4.2  MNFs Adsorption Capacity for Cationic Dye

The study focused on assessing the effectiveness of the com-
posite MNFs as adsorbents for the TB´s removal in function 
of the determined mass (0.5/0.75/1/2 and 3 g L−1) (Fig. 10). 
The results demonstrated a positive correlation between the 
mass of nanofibers and the removal efficiency of TB. At 
the lowest concentration of 0.5  g L−1 (MNFs1), the 54% 
of the TB´s concentration was reduced, emphasizing the 

the adsorption of a diverse range of organic and inorganic 
pollutants in aqueous systems.

4  Evaluation of the MNFs as Adsorbents for 
Ionic Colorants

4.1  Adsorption’s Performance of MNFs

4.1.1  Comparative Study of the MNPs and MNFs 
Performance Removing Dyes

The adsorption mechanism of dyes onto MNFs, as illus-
trated in Fig. 8, involves both physical and chemical inter-
actions. Physical adsorption is primarily driven by Van der 
Waals forces between the dye molecules and the surfaces 
of the nanofibers, facilitated by the high specific surface 
area and porous structure of the MNFs. Chemical adsorp-
tion may also play a significant role, with the formation of 
chemical bonds between the functional groups present on 
the MNFs and the dye molecules. Furthermore, the presence 
of magnetite nanoparticles embedded in the nanofibers can 
enhance adsorption through magnetic interactions, contrib-
uting to a more efficient dye capture process.

The evaluation begins by analyzing the enhanced per-
formance of the electrospun composite nanofibers (MNFs) 
compared to the native inorganic nanoparticles (MNPs). 
A comparative study of the adsorption rate was conducted 
using 1 g L−1 of adsorbent, based on UV–Vis spectroscopic 
analysis of the ionic dye concentration in the solution over 
time. By monitoring the characteristic absorption peaks of 
TB and CR solutions containing the adsorbent, experimen-
tal adsorption rate curves were generated to compare the 
performance of the MNPs and the MNFs as adsorbents over 
a 10 h incubation period.

Fig. 9  Comparative adsorption rate curves using MNPs and MNFs (1 g L−1) for cationic toluidine blue (a) and anionic Congo Red (b) organic dyes

 

1 3



Journal of Inorganic and Organometallic Polymers and Materials

environmentally friendly, polymeric nanofibers made from 
polyvinyl alcohol and poly sodium acrylate. These nanofi-
bers were used to remove cationic dyes like methylene blue 
from water. These nanofibers demonstrated efficient dye 
removal and maintained their adsorption capacity even after 
multiple reuse cycles [71].

4.3  MNFs Adsorption Capacity for Anionic Dye

In the case of CR organic colorant, the observed responses 
during the evaluation of the MNFs as adsorbents are quite 
similar to the cationic (TB) dye. As can be observed in 
Fig. 10, at the lowest concentration of 0.5 g L−1 (MNFs(a)), 
an elimination rate of 55% was recorded, underscoring the 
significant efficiency of MNFs as adsorbents for both colo-
rants. Moreover, as the mass, a heightened efficiency was 
observed, achieving concentration reductions up to 67% for 
MNFs(b) at 0.75 g L−1 and reaching 79% of discoloration 
for MNFs(c) at 1 g L−1.

Further increments in mass to 2  g L−1 (MNFs(d)) and 
3 g L−1 (MNFs(e)) resulted in only marginal improvements, 
with elimination rates of 79% and 81%, respectively. The 
anionic dye´s saturation on the surface of MNFs represents 
the principal phenomena that limits the capacity to remove 
ionic molecules from water. Furthermore, MNF composite 
materials demonstrated enhanced removal efficiency com-
pared to MNPs alone, showcasing their potential for pollut-
ant remediation. These materials have exhibited promising 
responses in removing various contaminants. Das et al. [72] 
investigated the use of magnetic Fe⁰/polyaniline nanofibers 
for the removal of CR dye through sonocatalysis, testing 
multiple conditions and achieving significant dye degrada-
tion. Similarly, Abid et al. [73] developed halloysite-TiO₂ 

significant efficiency of MNFs even using reduced mass 
of adsorbent. As the mass of MNFs is increased, enhanced 
efficiency was observed. MNFs as adsorbents for TB are 
capable reduce its concentration in a 69% using 0.75 g L−1 
(MNFs2) and reach 78.4% for 1 g L−1 (MNFs3).

Further increases in mass to 2 g L−1 (MNFs4) and 3 g 
L−1 (MNFs5) resulted in only slight improvements, with 
elimination rates of 80.17% and 82.85%, respectively. 
However, a tendency was observed where the time required 
to achieve maximum removal efficiency decreased. There-
fore, the modest increase in efficiency between MNFs4 and 
MNFs5 suggests that beyond a certain threshold, active sites 
are occupied by TB molecules, indicating the saturation of 
adsorption sites, and reducing its adsorption capacities. 
Based on these observations, the optimal mass of MNFs for 
effective removal appears to be approximately 1 g L−1, cor-
responding to a removal efficiency of 78.4%. Beyond this 
mass, the improvement in elimination efficiency becomes 
marginal, suggesting a potential saturation point in the 
MNFs’ removal capacity.

In a study conducted by Huong et al., polyacrylonitrile 
(PAN) nanofiber membranes were functionalized with 
bovine serum albumin (BSA), resulting in the formation of 
P-COOH-BSA nanofibers. These nanofibers were evaluated 
for their efficacy in removing Toluidine Blue O (TBO), a 
cationic dye, from wastewater. The findings revealed that 
P-COOH-BSA nanofibers exhibited significant removal 
efficiency, maintaining approximately 69% removal effi-
ciency even after five adsorption/desorption cycles [69].

Nady et al. explore the use of electrospun nanofibers 
made from blends of polybutylene succinate and sulfonated 
expanded polystyrene for the removal of methylene blue 
[70]. Peydayesh et al. [71] describes the development of 

Fig. 10  Impact of MNF mass on the removal efficiency of tolu-
idine blue
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of 20 °C. These parameters were selected to maximize the 
adsorption efficiency of ionic dyes by MNF. A contact time 
of 4 h ensures equilibrium adsorption, while a concentration 
of 1 g L−1 of MNF provides a sufficient amount of available 
adsorption sites. A pH of 8 was chosen because it optimizes 
the interaction between the dyes and the MNF, promoting 
maximum adsorption. A mixing speed of 200 rpm ensures 
a homogeneous distribution of MNF in the solution, and a 
temperature of 20 °C is close to ambient conditions, facili-
tating practical application. To confirm the effectiveness 
of these parameters, adsorption kinetics studies were con-
ducted under these specific conditions.

The TB´s adsorption isotherms obtained using MNFs as 
sorbents demonstrates a significant and direct correlation 
between the employed amount of MNFs and the dye adsorp-
tion effectiveness (Fig.  12). As the MNFs increased from 
0.5 to 3 g L−1, there is a notable modification in its adsorp-
tion behavior. The isotherms suggests that higher concentra-
tions of MNFs in the solution provide more active sites for 
adsorption, thereby enabling more efficient dye molecule 
capture, reaching the equilibrium at reduced times.

Correspondingly, the k2 rate constants for the PSO fitting 
(Table 1) shown a similar upward trend, rising from 0.38 
to 24.13 mg g−1 min−1. This progression suggests that the 
adsorption process accelerates, shortening the time required 
to reach equilibrium and emphasizing the potential of these 
materials as efficient adsorbents for dye removal. How-
ever, as the concentration of MNFs increases, the amount 
of adsorbed TB at equilibrium (qe in Table 1) significantly 
decreases, from 2.97 to 0.59 mg g−1. The goodness of fit to 
the experimental data, evaluated using the NSE coefficient, 
demonstrates good predictive accuracy (NSE ≈ 1).

nanocomposite fibers for the photocatalytic degradation of 
acetaminophen, emphasizing the critical role of the nano-
composites’ chemical and physical properties in optimizing 
process efficiency. Phan et al. [74] explored the application 
of composite nanofibers in treating Reactive Black 5 (RB5) 
and Ponceau 4R (P4R), demonstrating their effectiveness in 
eliminating organic pollutants from industrial wastewater. 
Jiang et al. have demonstrated that the PLLA/CS-GO/TiO2 
composite nanofibers have a high saturated removal capac-
ity of 74% for the organic dye CR, thus demonstrating the 
effectiveness of this treatment method for this specific pol-
lutant [75].

The enhanced adsorption or degradation properties of 
these composite materials compared to individual nanofi-
bers or nanoparticles can be attributed to their synergistic 
effects. The combination of different materials in the com-
posites provides a larger surface area and more active sites 
for adsorption or catalytic reactions. Additionally, compos-
ite materials often show enhanced stability and reusability, 
thanks to the support provided by the nanofibrous matrix, 
which helps prevent the aggregation or leaching of active 
components. Moreover, the incorporation of magnetic com-
ponents in the composites allows for easy separation from 
the treated water using a magnetic field, further improving 
the practicality and efficiency of the removal process (Fig. 
11).

4.4  Adsorption Kinetics Studies

After identifying the optimal conditions for water treatment, 
the following parameters were defined: a contact time of 4 h, 
a concentration of 1 g L−1 of magnetite nanofibers (MNF), 
a pH of 8, a mixing speed of 200 rpm, and a temperature 

Fig. 11  Impact of the MNFs mass on the removal effi-
ciency of Congo Red
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nanofibrous membrane has a high and increasing adsorp-
tion capacity for TBO dye with rising initial dye concentra-
tions. At concentrations of 2, 3, and 5 g L−1, the adsorption 
capacities were 221.56 mg g−1, 308.64 mg g−1, and 357.14 
mg g−1 respectively. The study also determined the pseudo-
second-order constant for TBO dye adsorption, indicating 
that the model is appropriate for describing the adsorption 
process. However, they highlighted potential drawbacks of 
the membrane, such as high initial costs, the need for regu-
lar maintenance, and selective dye removal efficiency [75].

In the case of the study on the removal of CR dye using 
MNFs, the results shown in Table 2 demonstrate a positive 
correlation between the increase in MNFs mass and the 
enhancement of adsorption capacity as presented in Fig. 13. 

Cheng et al. investigated the adsorption of Methylene 
Blue by polydopamine-modified cellulose acetate nano-
fibers. Their results demonstrated a significant adsorption 
capacity, reaching up to 88.2 mg g−1 at a temperature of 
25 °C and a pH of 6.5 after 30 h of adsorption. Additionally, 
the researchers conducted an analysis of pseudo-second-
order kinetic constants, revealing a specific kinetic constant 
of 0.026 g/mg min for this process [76]. Mohammad et al. 
[78] investigated the adsorption of methylene blue onto 
electrospun nanofiber membranes coated with polyaniline. 
Their results showed that polyaniline-coated membranes 
had a maximum adsorption capacity of 135 mg g−1 for 
PLLA/PANI membranes and 140 mg g−1 for PAN/PANI 
membranes [77]. Huong et al. found that the P-COOH-BSA 

Table 1  Pseudo-second-order (PSO) kinetic fitting parameters for the TB´s experimental adsorption isotherms using different amounts of MNFs 
(0.5–3 g L−1)
Samples k2 × 10−2 (mg g−1 min−1) qe (mg g−1) NSE RMSE SDexp SDPSO

MNFs5 0.38 2.97 0.9784 0.0650 0.4699 0.4430
MNFs4 1.40 2.20 0.9407 0.1139 0.5248 0.4682
MNFs3 3.90 1.70 0.9780 0.0604 0.3976 0.4078
MNFs2 4.50 0.90 0.9844 0.0593 0.4842 0.4762
MNFs1 24.13 0.59 0.9785 0.0473 0.3258 0.3230

Table 2  Pseudo-second-order (PSO) kinetic fitting parameters for the CR´s experimental adsorption isotherms using different amounts of MNFs 
(0.5–3 g L−1)
Samples k2 × 10−2 (mg g−1 min−1) qe (mg g−1) NSE RMSE SDexp SDPSO

MNFs(e) 0.12 15.41 0.9880 0.2522 2.2985 2.3112
MNFs(d) 0.18 11.04 0.9770 0.3749 2.6313 2.4731
MNFs(c) 0.14 9.07 0.9578 0.0604 2.6973 2.7195
MNFs(b) 0.48 4.63 0.9811 0.3536 2.7149 2.5740
MNFs(a) 1.26 2.92 0.9775 0.3530 2.4073 3.559

Fig. 12  Adsorption dynamics of TB using MNFs at 
different adsorbent concentrations
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interaction between the dye and the adsorptive sites of 
MNFs. This constant increases to 0.016 g mg−1 min−1 for 
MNFs(b) at 0.75 g L−1, indicating improved adsorption effi-
ciency. For MNFs(c) at 1 g L−1, the rate constant reaches 
0.020  g mg−1 min−1, revealing an increased availability 
of active sites. At a concentration of 2  g L−1 (MNFs(d)), 
the rate constant rises to 0.035  g mg−1 min−1, confirming 
that higher masses lead to faster and more comprehensive 
adsorption. Finally, for MNFs(e) at 3 g L−1, the peak rate 
constant is 0.050  g mg−1 min−1, signaling near-complete 
saturation of adsorption sites. The study thus underscores 
the remarkable potential of MNFs in polluted water treat-
ment, with rate constants significantly increasing in relation 
to the mass of MNFs.

Bhaumik et al. [79] have established that PPy-PANI NFs 
have a peak adsorption capability for Congo Red of 222.22 
mg g−1 at 25  °C, achieving equilibrium in 30 to 120 min 
for the examined concentrations. The pseudo-second-order 
constant, k2, ranges from 0.012 to 0.042 g/mg/min. In con-
trast, Zhang et al. [73] observed that NH2-ASEP nanofibers 
can adsorb up to 522 mg g−1 of the same dye at pH 8.0 and 
25 °C, with a rate constant (k2) of 0.0012 g mg−1 min−1. On 
the other hand, Habibi et al. [80] found carbon nanofibers 
to be effective for the dye’s removal in water, boasting a 
maximum capacity of 265.2 mg g−1. These fibers were pro-
duced via electrospinning and combined with ZnFe2O4: 1 
wt% Ce3+ to create a composite. Their study also endorsed 
the pseudo-second-order kinetic model for its accuracy in 
describing the adsorption behavior on carbon nanofibers. 
Different previous results related to the Adsorption Capaci-
ties and rates of Nanofibers are shown in Table 3.

At a concentration of 0.5  g L−1 (MNFs(a)), the recorded 
adsorption capacity is 100 mg g−1. This capacity increases 
to 150 mg g−1 when the MNFs concentration is raised to 
0.75  g L−1 (MNFs(b)). A significant jump is observed at 
1 g L−1 (MNFs(c)), where the adsorption capacity reaches 
350 mg g−1. At an even higher concentration of 2  g L−1 
(MNFs(d)), the capacity rises to 480 mg g−1. The highest 
level of efficiency is achieved at a concentration of 3 g L−1 
(MNFs(e)), with an adsorption capacity peaking at 680 mg 
g−1, indicating almost total saturation of the adsorption sites. 
These findings highlight the importance of the quantity of 
MNFs in optimizing the efficiency of adsorption in waste-
water treatment systems.

Regarding the rate constant, it initially stands at 0.001 g 
mg−1 min−1 for MNFs(a) at 0.5  g L−1, suggesting limited 

Table 3  Comparative evaluation of the Adsorption capacities of nano-
fibers
Nanofibers materials Colour Adsorp-

tion Rate 
(%)

Adsorp-
tion 
capacities 
(mg g−1)

Refer-
ences

P-COOH-BSA Tolu-
idine 
Blue

69 228  [58]

PLLA/CS-GO/TiO2 Congo 
Red

74 260  [64]

PLLA/PANI methy-
lene blue

64 140  [66]

polymeric nanofibers methy-
lene blue

66 180  [57]

Fe0/polyaniline Congo 
Red

72 240  [61]

Fig. 13  Adsorption dynamics of CR using 
MNFs at different adsorbent concentrations
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cycle. A similar trend was observed for Congo Red, with 
an adsorption capacity of 75% after the first regeneration, 
dropping to 50% after five cycles, also indicating a 25% 
loss. This gradual decrease in performance can be attrib-
uted to the accumulation of residues on the MNFs’ surface, 
structural changes, or partial saturation of active adsorption 
sites over multiple cycles. Other contributing factors might 
include oxidation or partial dissolution of the magnetite 
nanofibers during the regeneration processes. Despite this, 
the MNFs maintained over 50% of their adsorption capacity 
after five cycles, making them reusable for multiple practi-
cal applications. The differences in regeneration efficiency 
between the two dyes may be related to their specific prop-
erties, such as molecular size, chemical interactions with 
the MNF surface, or affinity for active sites. These results 
highlight that MNFs have good regeneration potential, 
although optimizing regeneration conditions (pH, regen-
eration agents, and temperature) could further improve their 
recyclability and extend their operational lifespan. In con-
clusion, MNFs prove to be promising materials for treating 
wastewater contaminated by dyes, maintaining acceptable 
efficiency even after several reuse cycles.

The novelty of this work lies in the development of a 
composite material that combines magnetite nanoparticles 
(MNPs) with nanofibers (MNFs) using the electrospin-
ning technique. This innovative design integrates the high 
adsorption efficiency of MNPs with the enhanced struc-
tural stability, surface area, and porosity provided by the 

It is evident that the adsorption rates and capacities of 
the composite nanofibers developed in this study outper-
form those reported in previous works. Specifically, the 
adsorption rates reached 78% for Toluidine Blue (TB) and 
79% for Congo Red (CR) at a concentration of 1 g L−1. The 
corresponding adsorption capacities were remarkably high, 
achieving 325 mg g−1 for TB and 350 mg g−1 for CR. These 
superior performance metrics highlight the efficiency of the 
composite nanofibers in dye removal applications. More-
over, the results underline the potential scalability of this 
approach for industrial wastewater treatment, particularly in 
addressing dye pollution. The performance could be further 
optimized by integrating the process with magnetic fields, 
enhancing both separation efficiency and operational feasi-
bility in large-scale applications [45, 46, 81].

4.5  Regeneration Efficiency

The results (Fig. 14) show that magnetite nanofibers (MNF) 
exhibit good recyclability and significant regeneration 
potential for the adsorption of Congo Red (CR) and Tolu-
idine Blue (TB) dyes. However, a progressive decrease in 
adsorption efficiency was observed over successive regen-
eration cycles. For Toluidine Blue, the adsorption capac-
ity after the first regeneration was 77%, indicating that the 
MNFs retained a significant portion of their initial perfor-
mance. After five cycles, this capacity decreased to 52%, 
reflecting a 25% loss in efficiency compared to the first 

Fig. 14  Evaluation of the adsorption rate of magnetite nanofibers during cycles 5
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designing electrospun membranes for removal of dyes from 
water bodies, thus mitigating environmental impact.

Furthermore, these results suggest significant potential 
for MNFs in real-world wastewater treatment systems, 
including industrial effluent remediation and environmental 
decontamination. Their high adsorption capacity, coupled 
with ease of synthesis and adaptability, positions MNFs as 
promising candidates for ecological and economical water 
purification solutions. However, certain challenges remain, 
such as optimizing large-scale production, ensuring long-
term stability, and evaluating their performance in complex 
water matrices containing multiple contaminants as well 
as exploring the involved mechanisms in dyes elimination 
process.
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