
Citation: Saleh, H.M.; Albukhaty, S.;

Sulaiman, G.M.; Abomughaid, M.M.

Design, Preparation, and

Characterization of

Polycaprolactone–Chitosan

Nanofibers via Electrospinning

Techniques for Efficient Methylene

Blue Removal from Aqueous

Solutions. J. Compos. Sci. 2024, 8, 68.

https://doi.org/10.3390/jcs8020068

Academic Editors: Francesco

Tornabene, Thanh Tin Nguyen,

Naixin Wang and Duc Viet Nguyen

Received: 10 November 2023

Revised: 31 January 2024

Accepted: 7 February 2024

Published: 9 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Design, Preparation, and Characterization of
Polycaprolactone–Chitosan Nanofibers via Electrospinning
Techniques for Efficient Methylene Blue Removal from
Aqueous Solutions
Hind M. Saleh 1, Salim Albukhaty 1,2,* , Ghassan M. Sulaiman 3,* and Mosleh M. Abomughaid 4

1 Department of Chemistry, College of Science, University of Misan, Maysan 62001, Iraq;
hind1980@uomisan.edu.iq

2 College of Medicine, University of Warith Al-Anbiyaa, Karbala 56001, Iraq
3 Division of Biotechnology, Department of Applied Sciences, University of Technology, Baghdad 10066, Iraq
4 Department of Medical Laboratory Sciences, College of Applied Medical Sciences, University of Bisha,

Bisha 67714, Saudi Arabia; moslehali@ub.edu.sa
* Correspondence: albukhaty.salim@uomisan.edu.iq (S.A.); ghassan.m.sulaiman@uotechnology.edu.iq (G.M.S.)

Abstract: The effective removal of organic dyes from aqueous solutions is of paramount importance
in addressing environmental pollution challenges. Methylene blue (MB), a prevalent cationic dye
in various industries, has raised concerns due to its persistence and potential adverse effects on
ecosystems. This study explores the design, preparation, and characterization of Polycaprolactone–
Chitosan (PCL–CH) nanofibers via electrospinning for the removal of MB. PCL, known for its
biodegradability and mechanical properties, serves as the primary matrix, while chitosan (CH),
with its biocompatibility and amino functionalities, offers enhanced adsorption potential. The
electrospinning process yields nanofibers with tailored compositions and controlled morphology.
The synthesized nanofibers are systematically characterized, encompassing structural analysis by
Fourier transform infrared (FT–IR), spectroscopy, morphology, and composition assessment via Field
emission scanning electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS),
zeta potential, as well as rheological behavior evaluation. The adsorption uptake of MB onto these
nanofibers is investigated, considering the influence of solution pH and initial dye concentration.
The results reveal significant enhancements in adsorption capacity, especially with the incorporation
of CH, with the PCL–CH 30% nanofibers exhibiting outstanding performance. The pH-dependent
behavior underscores the importance of environmental factors in the adsorption process, while higher
dye concentrations provide a stronger driving force for adsorption. These findings position PCL–CH
nanofibers as promising adsorbents for the efficient removal of MB and potentially other organic
contaminants from aqueous solutions. The study contributes to the development of sustainable
materials for environmental remediation, wastewater treatment, and related applications, aligning
with ongoing efforts to address water pollution challenges.

Keywords: chitosan; electrospinning; methylene blue dye; nanofibers; polycaprolactone

1. Introduction

The growing concern over environmental pollution and the need for sustainable reme-
diation strategies have fueled significant research into innovative materials for the removal
of pollutants from aqueous solutions [1]. Among the various classes of contaminants,
organic dyes, commonly used in industries such as textiles, printing, and pharmaceuticals,
pose a considerable environmental threat due to their persistence and potential toxicity [2].
Methylene blue (MB), a cationic dye widely employed in these industries, has emerged
as a prominent target for removal due to its prevalence in wastewater discharges [3]. MB
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has been employed in many applications for various industries, including the textile in-
dustry where it is commonly used as a dye for cotton, wool, and silk [4]. It is used in the
dyeing of garments to give them a blue tint. In medical and biological staining, MB is
an important stain for biological specimens in microscopy in the medical industry; MB
has historical relevance in photography as a developing agent. It is used for staining
tissues and cells, assisting in the visualization of structures [5]. MB finds applications in
chemical and pharmaceutical laboratories as an indicator. It is used to determine reducing
substances and test for the presence of oxygen [6]. MB is employed as a model dye in
studies related to wastewater treatment. Its removal from industrial effluents is a crucial
aspect of environmental management [7].

Efforts to combat the environmental impact of such dyes have led to the development
of advanced adsorption materials and techniques [8,9]. In this context, nanofibrous ma-
terials have garnered significant attention for their unique structural attributes and high
surface area-to-volume ratios, rendering them promising candidates for efficient pollutant
removal [10,11]. Among these nanofibers, those composed of polycaprolactone (PCL)
and chitosan (CH) have exhibited remarkable potential owing to their complementary
properties [12,13]. PCL, a biodegradable and biocompatible polymer, possesses excel-
lent mechanical properties and ease of processing, making it an ideal matrix for nanofiber
production [14]. CH, derived from chitin, is renowned for its natural abundance, biodegrad-
ability, and functional amino groups that enable versatile chemical modifications [15].

Chitosan/graphene composites, arising from the combination of chitosan’s unique
properties with graphene’s enhanced characteristics, have gained prominence. These
composites exhibit superior mechanical strength, electrical conductivity, and adsorption
capabilities, making them versatile materials for applications in environmental remediation
and biomedical fields [16]. Chitosan/silica-composite with a sol-gel method has potential
applications in the textile industry [17]. The combination of these two materials, PCL
and CH, offers a unique opportunity to engineer nanofibers with enhanced adsorption
capabilities [18].

Electrospinning, a versatile and scalable technique, allows for the fabrication of
nanofibers with controlled morphology and tailored compositions [19,20]. In this study,
we explore the design and preparation of PCL–CH nanofibers through electrospinning
strategies for the removal of MB from aqueous solutions. The rational incorporation of CH
within the PCL matrix aims to enhance the adsorption capacity of the resulting nanofibers,
making them efficient adsorbents for MB and potentially other contaminants. The in-
vestigation encompasses a comprehensive characterization of the synthesized nanofibers,
including their structural properties, composition, and rheological behavior. Furthermore,
the study delves into the adsorption kinetics and equilibrium of MB onto these nanofibers,
considering the effects of solution pH and initial dye concentration. Understanding the
adsorption mechanisms and performance of these nanofibers is vital for their potential
application in wastewater treatment, environmental remediation, and other fields where
the removal of organic dyes is paramount.

In summary, this study presents a systematic approach to design, fabricate, and
evaluate PCL–CH nanofibers as effective adsorbents for the removal of MB from aqueous
solutions. The findings herein provide valuable insights into the development of sustainable
materials for tackling water pollution challenges, contributing to the advancement of eco-
friendly and efficient remediation strategies.

2. Materials and Methods
2.1. Materials

Polycaprolactone (PCL; 24980-41-4), chitosan (CH; High molecular weight; deacety-
lation degree exceeded 75%; 9012-76-4), and methylene blue (MB; 122965-43-9) were pur-
chased from Sigma-Aldrich, St Louis, MO, USA (Figure 1). Glacial acetic acid, absolute
ethanol (EtOH), and sodium hydroxide (NaOH, ≥96%) were purchased from Tamadkala
Co.,Tehran, Iran. All chemical solvents and analytical reagents were used as received.
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2.2. Preparation of PCL–CH Electrospinning Nanofibers

A solution of PCL was prepared by dissolving 20 mg of PCL in 10 mL of glacial acetic
acid. The mixture was stirred at room temperature until it achieved homogeneity. In the
subsequent step, various amounts of CH (3.50 and 7.00 mg) were dissolved in a mixture
of glacial acetic acid and deionized water (in a 70:30 ratio). This solution was also stirred
at room temperature for 12 h until it became homogeneous. Finally, both solutions were
combined to obtain three different formulations: PCL (without CH), PCL–CH (with 15%
w/w CH), and PCL–CH (with 30% w/w CH). Each of the PCL–CH solutions (0%, 15%,
and 30% CH) was loaded into a 10 mL syringe equipped with a 23 G-sized needle, and
the syringe was connected to a syringe pump. A voltage of 27 kV was applied, and the
flow rate was maintained at a constant 0.1 mL/h. The distance between the tip of the
needle and the collector was set at 21 cm, while the rotating drum’s speed was fixed at
100 rpm. With the predetermined voltage, flow rate, tip-to-collector distance, roller speed,
and target volume, Taylor’s cone was formed, and a polymer jet was successfully generated.
It is worth noting that the electromagnetic field influenced the jet’s trajectory, causing it to
spiral toward the collector. At the collector, a stable polymer jet formed into fibers. These
completed nanofibers were carefully peeled from the aluminum foil, washed, and stored
for subsequent characterization and dye adsorption studies [21,22].

2.3. Physicochemical Characterization of Nanofibers

The physicochemical properties of nanofibers were characterized by FT-IR, FESEM-
EDX, and rheology techniques. The chemical structure and composition of the synthesized
nanofibers were assessed using Fourier-transform infrared spectroscopy (FT–IR). Small
samples of the nanofibers were carefully prepared and placed on the FT–IR sample holder.

The FT–IR spectra were recorded in the range of 4000–400 cm−1 using a high-resolution
FT–IR spectrometer [23]. The obtained spectra were analyzed to identify functional groups
and chemical bonds within the nanofiber samples. Morphological characteristics and
elemental composition of the nanofibers were investigated through field-emission scan-
ning electron microscopy with energy-dispersive X-ray spectroscopy (FESEM–EDX). Thin
sections of the nanofiber samples were mounted on FESEM stubs and sputter-coated with
a conductive layer. FESEM images were captured under high vacuum conditions, and EDX
analysis was performed to identify the elemental composition of the nanofiber samples.
The rheological properties of the nanofiber solutions were evaluated using a rheometer. The
viscosity and viscoelastic behavior of the PCL–CH solutions (0%, 15%, and 30% CH) were
measured at varying shear rates and temperatures [24]. The data obtained from rheological
tests were analyzed to understand the flow behavior and viscoelastic characteristics of the
solutions, providing insights into their suitability for electrospinning.

2.4. Zeta Potential

Zeta potential analyses of PCL–CH nanofibers were performed using a size analyzer
(Malvern Zetasizer Malvern–England) to investigate the surface charge of prepared PCL–
CH nanofibers. The electrostatic potential of the fibers was determined using an ultrasonic
dispersion of 0.01 g 100 mL−1 in DMSO at room temperature.
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2.5. Methylene Blue (MB) Adsorption Study

The adsorption capacities of PCL, PCL–CH 15%, and PCL–CH 30% nanofibers for
methylene blue (MB) were assessed through batch adsorption experiments. Unless ex-
plicitly specified, the MB adsorption experiments were conducted under standardized
conditions, with the MB concentration, nanofiber weight, temperature, and pH set at
50 mg/L, 15 mg, 25 ◦C, and 6, respectively. After the adsorption process, the residual
MB concentration in the supernatant solution was quantified using a UV-visible spec-
trophotometer (UV-2600, Shimadzu, Japan). A calibration curve for MB was established
at its maximum wavelength (665 nm). The adsorption capacity (q) and dye removal ef-
ficiency (R) of PCL, PCL–CH 15%, and PCL–CH 30% nanofibers were computed using
Equations (1) and (2), as follows:

q =
(C0 − Ct)

m
× V (1)

R% =
(C0 − Ct)

C0
× 100 (2)

where q represents the adsorption capacity (mg/g) of PCL, PCL–CH 15%, and PCL–CH
30% nanofibers. C0 and Ct are the initial and final concentrations (mg/L) of the MB solution,
respectively. V is the volume (L) of the MB solution and m is the weight (g) of the nanofibers.

To investigate the influence of the initial pH of the MB solution on adsorption capacity,
10 mg of nanofiber membrane was immersed in 20 mL of a 50 mg/L MB solution at 25 ◦C,
under varying initial pH conditions ranging from 2 to 10. The residual MB concentration
in the supernatant solution was examined after 24 h of adsorption. pH adjustments were
made using dropwise additions of 0.1 mol/L NaOH or 0.1 mol/L HCl solution. To study
the adsorption isotherms, 15 mg of the nanofiber membrane was immersed in 20 mL of the
MB solution at 25 ◦C with a pH of 6, and varying initial solution concentrations of 25, 50,
and 100 mg/L were used. The residual MB concentration in the supernatant solution was
assessed after 24 h of adsorption [25].

3. Results and Discussion
3.1. Synthesis and Structural Characterization of PCL–CH Nanofibers

The development of nanofiber materials has gained significant attention in recent
years due to their exceptional properties, including high surface area, porosity, and tunable
structural characteristics. Electrospinning, as a versatile technique, offers a precise and
efficient method for producing nanofibers from various polymer blends. In this context, the
preparation of PCL–CH (Polycaprolactone–Chitosan) nanofibers via electrospinning was
motivated by several key factors, such as synergistic properties of PCL and CH, enhanced
adsorption capability, versatility, customization, and application in MB removal.

3.1.1. FT–IR Spectroscopy Study

The FT–IR spectra are presented in Figure 2A, which shows a comparative analysis of
free PCL, free CH, and PCL–CH 30%, serving as a critical step in confirming the successful
synthesis of nanofibers. The distinctive transmittance peaks observed in the FT–IR spectrum
of PCL are well-documented: the PCL C-O stretching at 726 cm−1, asymmetric stretching
of the C-O-C bridge at 1275 cm−1, CH2 deformation at 1452 cm−1, and the presence of
carbonyl ester bonds (C=O) at 1730 cm−1. Concurrently, the FT–IR spectrum of CH reveals
its characteristic peaks at 1063 cm−1, 1100 cm−1, 1652 cm−1, 2912 cm−1, and 3456 cm−1,
corresponding to the C-O stretching, asymmetric stretching of C-O-C bridge, N-H bending,
C-H stretching, and O-H stretching, respectively. Intriguingly, the FT–IR spectrum of the
nanofiber PCL–CH 15% retains the characteristic peaks of both PCL and CH, albeit with
slight shifts.
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30% (B).

Additionally, notable peaks at 2900 cm−1 and 1600 cm−1 are observed, which corre-
spond to the stretching of C-H bonds and the bending of N-H bonds, respectively. The
appearance of a peak at 1110 cm−1 signifies the presence of the C-O-C bridge (Figure 2B).
The FT–IR results offer valuable insights into the structural composition of the synthe-
sized nanofibers. The presence of characteristic peaks from both PCL and CH in the
spectrum of PCL–CH 15% indicates the successful integration of these polymers into the
nanofiber structure.

The observed shifts in peak positions suggest that bonding intractions between PCL
and CH have occurred, resulting in subtle modifications to the chemical environment
of the functional groups. These interactions are indicative of molecular compatibility
between the two polymers, contributing to the overall stability and cohesiveness of the
nanofiber structure. Furthermore, the appearance of distinct peaks associated with C-H
and N-H bonds underscores the presence of these groups in the nanofiber composition,
corroborating the successful incorporation of CH into the nanofibers [26]. Interestingly, the
FT–IR spectra of PCL–CH 15% and PCL–CH 30% demonstrate a consistent spectral pattern,
emphasizing the reproducibility and reliability of the electrospinning process in achieving
similar compositions for these nanofibers.
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3.1.2. FESEM–EDS Analysis

Figure 3A,B presents the FESEM images of the nanofibers, accompanied by their
corresponding diameter distribution histograms. All specimens exhibit a uniform and
bead-free morphology, indicative of a well-controlled fabrication process. Specifically, the
PCL–CH 30% nanofibers exhibit a notably smooth surface, boasting an average diameter
of 148.89 ± 9.13 nm. Furthermore, Figure 3C showcases the elemental analysis of the
PCL–CH 30% nanofibers, as determined through energy-dispersive X-ray spectroscopy
(EDS). The EDS analysis discerns the elemental composition of the nanofibers, providing
insights into the primary elements comprising the material. Carbon (C), oxygen (O), and
nitrogen (N) are identified as the predominant elements, constituting 72.118%, 2.94%, and
24.88% of the nanofiber composition, respectively. Notably, the PCL–CH 30% nanofibers
exhibit a smooth and continuous surface, which is a desirable trait for various applications,
including adsorption processes.
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The observed average diameter of approximately 148.89 nm aligns with the intended
nanoscale dimensions, providing a high surface area-to-volume ratio that is advantageous
for applications requiring efficient surface interactions. The elemental analysis conducted
via EDS serves as a critical characterization tool, elucidating the chemical composition
of the PCL–CH 30% nanofibers. The detection of carbon (C), oxygen (O), and nitrogen
(N) as the primary elements is consistent with the expected composition based on the
constituent polymers, PCL and CH, employed in the fabrication process. These elements
are foundational components of organic materials, confirming the organic nature of the
nanofibers. The FESEM and EDS results affirm the uniformity and desirable morphology of
the nanofibers, specifically highlighting the smooth surface of the PCL–CH 30% nanofibers.
The elemental analysis further confirms the anticipated organic composition, and the pro-
vided composition percentages offer quantitative data for a comprehensive understanding
of the nanofiber material [27,28]. These findings collectively support the suitability of these
nanofibers for applications in adsorption processes, including the removal of substances
like methylene blue from aqueous solutions.

3.1.3. Zeta Potential Characterization

The surface charge of a material is heavily impacted by electrolytic features (ionic
strength, pH level) and material properties (protonation or ionization). The inherent
electric charges of the materials utilized in this investigation were determined using a
well-established method (Zetasizer) with powdered samples. Figure 4 shows that PCL–CH
30% nanofibers have a zeta potential of 26.4 and remain stable in buffer solutions across all
pH ranges.
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3.1.4. Rheological Behavior Analysis

The rheological behavior of all nanofiber formulations was comprehensively assessed.
Figures 5A and 4B present apparent viscosity (Pa) and shear stress (Pas) as functions of
shear rate (1/s) for the various nanofibers, including PCL, PCL–CH 15%, and PCL–CH 30%.
Figure 5A provides insights into the relationship between shear stress and shear rate across
the nanofiber formulations. Notably, for PCL and PCL–CH 15% nanofibers, a discernible
decrease in shear stress is observed at lower shear rates (<2 S-1).
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In contrast, the PCL–CH 30% nanofiber exhibits somewhat irregular behavior up to
a shear rate of 2.2 S-1. However, as the shear rate surpasses 2.2 S-1, a noteworthy and
consistent exponential increase in shear stress is witnessed across all nanofiber formulations.
This observed behavior is attributed to the distinct characteristics inherent in each nanofiber
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formulation. Additionally, Figure 4B illustrates the inverse relationship between viscosity
and shear rate for all nanofiber formulations. As the shear rate increases, the viscosity of
each formulation decreases proportionally. This dynamic interplay between shear rate and
viscosity has implications for the stability and consistency of the nanofibers.

Rheological analysis is instrumental in understanding the flow behavior and viscosity
characteristics of nanofiber formulations, providing valuable insights into their applicability
for various processes, including electrospinning [29]. The observed decrease in shear stress
at lower shear rates (<2 S-1) for PCL and PCL–CH 15% nanofibers is indicative of a
pseudoplastic or shear-thinning behavior. This phenomenon signifies that these nanofiber
formulations become less viscous and more fluid-like when subjected to lower shear forces,
which is advantageous for their processability during electrospinning. In contrast, the
somewhat inconsistent behavior of the PCL–CH 30% nanofiber up to 2.2 S-1 suggests the
presence of additional factors influencing its rheological response. The exponential increase
in shear stress beyond 2.2 S-1 across all nanofiber formulations underscores the influence of
nanofiber composition on their flow behavior. This is a crucial finding as it implies that the
formulation of nanofibers plays a pivotal role in determining their rheological properties,
which can impact their performance in various applications. Furthermore, the decrease in
viscosity with increasing shear rate highlights the significance of shear rate on the stability
and consistency of the nanofibers. The ability to modulate viscosity under varying shear
conditions is advantageous in processes such as electrospinning, where precise control over
flow properties is crucial for the formation of uniform and functional nanofibers.

3.2. MB Dye Adsorption Uptake

The adsorption behavior of PCL, PCL–CH 15%, and PCL–CH 30% nanofibers with
respect to MB dye over increasing adsorption times is illustrated in Figure 5A. Notably, the
adsorption kinetics exhibit distinctive phases characterized by a significant reduction in
the adsorption rate during the initial stages, followed by a period of sustained adsorption.
This observed trend highlights the influence of MB concentration on the adsorption rate
of the adsorbent material. In the early stages of adsorption, higher MB concentrations
lead to increased opportunities for contact between MB molecules and the nanofibers.
Consequently, this heightened contact results in a more rapid adsorption rate. However,
after an adsorption duration of 24 h, a state of saturation is reached, indicating that the MB
adsorption process has equilibrated. At this equilibrium point, the adsorption capacities of
PCL, PCL–CH 15%, and PCL–CH 30% nanofibers are determined to be 19.33 ± 3.86 mg/g,
57.92 ± 3.30 mg/g, and 80.59 ± 4.60 mg/g, respectively.

The adsorption of MB onto PCL–CH nanofibers is a complex process influenced by the
unique properties of both the nanofibers and the dye. The collaboration between chitosan
and PCL results in a nanofiber matrix, with improved structural integrity, consistency, and
porosity [30,31]. These structural features play a crucial role in providing a stable and
accessible surface for MB adsorption, enhancing the overall efficiency of the process. The
synergistic combination of chitosan and PCL not only enhances adsorption efficiency but
also ensures the stability of the nanofiber structure during the adsorption process [32]. This
stability is crucial for maintaining consistent and reliable performance in adsorption studies.
The adsorption of MB onto PCL–CH nanofibers involves a combination of hydrogen
bonding and the unique surface properties of the nanofibers [33]. Understanding these
aspects is crucial for optimizing the design of nanofibers as efficient adsorbents for cationic
dyes like MB. This hydrophobic region can interact with the hydrophobic domains of the
PCL nanofibers, promoting adsorption, as summarized in Figure 6.
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Remarkably, the adsorption capacity of PCL–CH 30% nanofibers surpasses that of PCL
by approximately 4.17 times and exceeds that of PCL–CH 15% nanofibers by a factor of 0.72.
This substantial difference underscores the significantly enhanced adsorption capability
of PCL–CH 30% nanofibers. The pronounced improvement in adsorption performance
is attributed to the heightened porosity of PCL–CH 30% nanofibers. Furthermore, it is
essential to recognize that adsorption is fundamentally an equilibrium process. Elevated
MB concentrations provide a stronger driving force for adsorption, consequently promoting
the overall adsorption process.

The adsorption kinetics presented in Figure 7A unveil critical insights into the dy-
namic interaction between the nanofiber adsorbents and the MB dye. The observed initial
reduction in the adsorption rate can be attributed to the limited availability of active ad-
sorption sites on the nanofiber surface. As the adsorption process initiates, these sites
become increasingly occupied, leading to a decline in the rate of adsorption. Subsequently,
the equilibrium phase is reached after 24 h, marking the point at which the adsorption
rate stabilizes. At this juncture, the adsorption capacities of the nanofiber formulations
are determined, with PCL–CH 30% nanofibers exhibiting a notably superior adsorption
capacity compared to PCL and PCL–CH 15% nanofibers. This substantial enhancement is
attributed to the increased porosity of PCL–CH 30% nanofibers, which provides a greater
surface area for MB molecules to interact with and be retained [34]. The correlation be-
tween MB concentration and the driving force for adsorption is a critical factor to consider.
Higher MB concentrations yield a stronger propensity for molecules to adhere to the ad-
sorbent material, thereby enhancing the adsorption process. This principle underscores
the importance of tailoring adsorbent materials to the specific adsorption requirements
of the target molecules and concentrations, particularly in applications like wastewater
treatment and environmental remediation [35]. Experimental data revealed that MB dye
uptake was a quick process that achieved equilibrium after about 5 min at pH 10. The
equilibrium data were examined using the Langmuir and Freundlich isotherm models [36].
Liang and his colleagues used kinetic, isotherm, and thermodynamic models to explore
the adsorption behaviors of MB dye onto nano-carbon composites [37]. The addition of
chitosan to polycaprolactone (PCL) nanofibers has been found to have a positive effect
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on their mechanical properties. The incorporation of chitosan-assembled graphene oxide
(GO–CS) nanohybrid and GO sheets into PCL nanocomposites resulted in an increase in
tensile strength and Young’s modulus compared to pure PCL [13,38]. Additionally, the
inclusion of Cordia myxa fruit extract (CMFE) in PCL/chitosan (PCL/CH) nanofibers led to
improved physicomechanical and mechanical characteristics [39]. The blend of electrospun
chitosan/polycaprolactone (CS/PCL) loaded with M. communis leaf extract (MCLE) also
enhanced the tensile strength of the nanofiber mats [40]. Furthermore, the incorporation of
curcumin (Cur) and zinc oxide nanoparticles (ZnO) in PCL/chitosan (PCL/CS) nanofibers
resulted in increased tensile strength and elongation at break [39]. These findings suggest
that the addition of chitosan to polycaprolactone nanofibers can improve their mechanical
properties, making them suitable for various applications, including wound dressings.
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The incorporation of chitosan in polycaprolactone (PCL) affects its adsorption capacity.
Chitosan has been found to enhance the adsorption capacity of PCL-based materials [41]. A
recent study conducted by Martínez and his co-workers indicated that a chitosan-reinforced
PCL composite showed adsorption equilibrium capacities for various metal ions, including
Zn (II), Cu (II), Fe (II), and Al (III) [42]. Another study investigated the effect of chitosan-
assembled graphene oxide (GO–CS) on the microstructure and mechanical properties of
PCL nanocomposites [43]. It was observed that the addition of GO–CS nanohybrid and
GO sheets increased the tensile strength and Young’s modulus of the PCL nanocomposite
films [44]. These findings suggest that the incorporation of chitosan in PCL-based mate-
rials can improve their adsorption capacity, making them promising materials for water
remediation and other applications [41].

The interaction between chitosan and polycaprolactone in fabricated nanofibers plays a
crucial role in the observed MB adsorption behavior. While chitosan contains amino (–NH2)
and hydroxyl (–OH) groups, it is important to note that in the context of the nanofiber
fabrication with PCL, the amino groups may interact with the carbonyl groups (C=O) of
PCL through hydrogen bonding. This interaction results from the compatibility of the
functional groups in the two polymers. The amino groups of chitosan may form hydrogen
bonds with the carbonyl groups of PCL, creating a cohesive and stable nanofiber structure.



J. Compos. Sci. 2024, 8, 68 12 of 17

This interaction enhances the compatibility of the two polymers during the electrospinning
process. The interaction between chitosan and PCL contributes to the overall structural
integrity of the nanofibers [18]. This compatibility is essential for creating a uniform and
stable nanofiber matrix, which, in turn, influences the adsorption capacity and efficiency of
the nanofibers. The interaction between chitosan and PCL, especially through hydrogen
bonding, can influence the surface properties and porosity of the nanofibers. These factors
play a crucial role in the adsorption of MB, as they affect the accessibility of active sites and
the overall adsorption capacity of the nanofibers [24].

3.3. Effects of Original MB Solution pH and Concentration

Figure 7B depicts the impact of the initial pH of the MB solution on the adsorption
capacity of the nanofibers. The adsorption capacity of PCL–CH 30% nanofibers experiences
a substantial increase with the rising pH of the MB solution, ranging from 24.19 ± 8.68
to 87.03 ± 6.93 mg/g within the pH range of 2 to 10. Notably, the highest MB removal
rate, reaching 90.41%, is achieved when the pH of the MB solution is set at 10. This finding
underscores the remarkable efficiency of PCL–CH 30% nanofibers as potent adsorbents for
MB removal. Furthermore, it reveals that an alkaline environment enhances the adsorption
of MB. This phenomenon can be attributed to the pH-dependent behavior of the amino
groups present in CH. Under acidic conditions, these amino groups protonate, yielding
a positive charge. Consequently, electrostatic repulsion arises between the cationic MB
molecules and the positively charged active sites on the adsorbent, resulting in diminished
adsorption capacity. In Figure 7C, the effect of the initial concentration of the MB solution on
the adsorption capacity of PCL–CH 30% nanofibers is depicted. During the initial stages of
adsorption, a high adsorption rate is observed. However, this rate significantly diminishes
as the adsorption time progresses, ultimately reaching equilibrium after 24 h. This behavior
is attributed to the availability of a substantial number of active adsorption sites on the PCL–
CH nanofiber surface at the commencement of adsorption, leading to rapid adsorption.
Over time, the occupancy of these active sites by MB molecules increases, giving rise to a
strong repulsive force between adsorbed MB ions and unabsorbed ones. Consequently, the
remaining sites become progressively more challenging to occupy, ultimately reaching an
equilibrium state of adsorption and desorption. Importantly, the equilibrium adsorption
capacity of PCL–CH 30% nanofibers displays an increase, corresponding to the elevation of
the initial MB solution concentration.

This phenomenon can be attributed to the higher concentration of the initial MB solu-
tion, which imparts a greater driving force for breaking through mass transfer resistance.
These results collectively emphasize the profound influence of both the initial pH and
concentration of the MB solution on the adsorption process [45]. The investigation into the
effects of the initial pH and concentration of the MB solution on adsorption yields crucial in-
sights into the performance and mechanisms of the PCL–CH 30% nanofibers as adsorbents.
The notable increase in adsorption capacity with rising pH underscores the sensitivity of
the adsorption process to the pH environment. The enhanced adsorption at higher pH
values is attributed to the deprotonation of amino groups in CH, resulting in negatively
charged functional groups. This change facilitates stronger electrostatic interactions with
cationic MB molecules, promoting their adsorption onto the positively charged active sites
of the nanofibers [46]. In contrast, under acidic conditions, protonation of amino groups
reduces electrostatic attraction, leading to reduced adsorption capacity. Regarding the
initial concentration of the MB solution, the rapid adsorption rate at the outset is indicative
of the availability of numerous active adsorption sites on the nanofiber surface [47,48]. As
the adsorption proceeds, these sites become progressively occupied, and the repulsive
forces between adsorbed and unabsorbed MB ions hinder further adsorption. Ultimately,
equilibrium is attained. The positive correlation between equilibrium adsorption capacity
and initial MB solution concentration underscores that a greater driving force is associated
with higher concentrations [49,50]. This results in a more efficient breaking of mass transfer
resistance barriers, leading to increased adsorption.
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3.4. Kinetic Analysis

The pseudo-first-order model and pseudo-second-order model were used to under-
stand the adsorption kinetics, as shown in Figure 8A,B and Table 1. The two adsorption
models can be expressed by Equations (3) and (4) [51,52]:

Log(qe − qt) = Log qe − K1t (3)

t
qt

=
1

K2q2
2
+

t
qe

(4)

where qe (mg/g) is the amount of adsorbed MB at equilibrium, qt (mg/g) is the amount
of adsorbed MB at time t, and K1 (min−1) and K2 (g/mg·min) are the pseudo-first-order
rate constant and the pseudo-second-order rate constant, respectively. The pseudo-first-
order kinetic model is based on the assumption that the adsorption process is the physical
adsorption. The second-order model is based on the assumption that the adsorption process
is the chemical adsorption, including the electron sharing and electron transfer between
the adsorbent and adsorbate. The kinetic parameters of K1, K2, and qe, as well as the
correlation coefficients (R2), were obtained by linear regression. It can be seen that the
theoretical value of the adsorption capacity calculated by the pseudo-second-order model
was 101.010 mg/g, which was closer to the experimental value of the adsorption capacity
(95.74 mg/g). Moreover, the R2 (0.989) of the pseudo-second-order model was larger than
that of the pseudo-first-order model. Those results indicate that the adsorption process of
the PCL–CH nanofiber membrane follow the pseudo-second-order model rather than the
pseudo-first-order model

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 14 of 18 
 

 

mg/g). Moreover, the R2 (0.989) of the pseudo-second-order model was larger than that of 
the pseudo-first-order model. Those results indicate that the adsorption process of the 
PCL–CH nanofiber membrane follow the pseudo-second-order model rather than the 
pseudo-first-order model 

 
Figure 8. The pseudo-first-order model and pseudo-second-order model were used to understand 
the adsorption kinetics plots of MB dye adsorption using PCL/CH nanofibers (A,B), and the adsorp-
tion isotherms simulated according to the Langmuir model (C). The black line represents the main 
results while the red line represents the predicted results 

Table 1. Kinetic parameters of MB dye adsorption using PCL/CH nanofibers. 

Kinetic Analysis 
Model Curve Equation Parameters 

pseudo-first-order y = −0.1249x + 1.8114 R2 = 0.9510 K1 = 0.1249 qe = 64.774 
pseudo-second-order y = 0.0099x + 0.011 R2 = 0.9989 K2 = 0.0089 qe = 101.010 

Adsorption Isotherm 
Langmuir y = 0.0544 − 2.399 R2 = 0.9556 KL = 0.0226 qm = 18.382 

3.5. Adsorption Isotherm 
The Langmuir model was applied to study the equilibrium adsorption isotherm of 

the PCL–CH nanofiber membrane, as shown in Equation (5) [53]: 

Figure 8. The pseudo-first-order model and pseudo-second-order model were used to understand the
adsorption kinetics plots of MB dye adsorption using PCL/CH nanofibers (A,B), and the adsorption
isotherms simulated according to the Langmuir model (C). The black line represents the main results
while the red line represents the predicted results



J. Compos. Sci. 2024, 8, 68 14 of 17

Table 1. Kinetic parameters of MB dye adsorption using PCL/CH nanofibers.

Kinetic Analysis

Model Curve Equation Parameters

pseudo-first-order y = −0.1249x + 1.8114 R2 = 0.9510 K1 = 0.1249 qe = 64.774

pseudo-second-order y = 0.0099x + 0.011 R2 = 0.9989 K2 = 0.0089 qe = 101.010

Adsorption Isotherm

Langmuir y = 0.0544 − 2.399 R2 = 0.9556 KL = 0.0226 qm = 18.382

3.5. Adsorption Isotherm

The Langmuir model was applied to study the equilibrium adsorption isotherm of the
PCL–CH nanofiber membrane, as shown in Equation (5) [53]:

Ce

qe
=

1
q0 KL

+
1

q0Ce
(5)

where KL (L/mg) and q0 (mg/g) are the Langmuir isothermal constants of the adsorption
rate and the adsorption capacity, respectively. For the Langmuir model, it was assumed
that the adsorption was localized on a monolayer, and the adsorbent had homogeneous
adsorption sites. Adsorption equilibrium is a dynamic process; that is, the adsorption
equilibrium was reached when the adsorption rate was equal to the desorption rate. The
adsorption isotherms simulated according to the Langmuir model are shown in Figure 7C.
The original MB solution pH was 6.5, and the test temperature was 25 ◦C. The theoretical
value of the adsorption capacity qm calculated by Langmuir is about 18.382 mg/g, and R2
is 0.9556, which confirms that the PCL–CH membrane is a good adsorbent for MB. This
result suggests that the Langmuir model is suitable for describing the adsorption behavior
of MB by PCL–CH nanofiber membranes.

4. Conclusions

In conclusion, this study elucidates the design, fabrication, and application of
Polycaprolactone–Chitosan (PCL–CH) nanofibers as potent adsorbents for the removal
of methylene blue (MB) from aqueous solutions. The investigation highlights the pivotal
role of nanofiber composition, morphology, and environmental factors in the adsorption
process. The synthesized PCL–CH nanofibers, produced through electrospinning, ex-
hibit controlled morphology, tailored compositions, and desirable structural attributes.
Systematic characterization validates their suitability for adsorption applications. Ad-
sorption experiments reveal the remarkable adsorption capacity of PCL–CH nanofibers,
with the PCL–CH 30% nanofibers demonstrating exceptional performance. The influ-
ence of solution pH underscores the importance of environmental conditions, with
alkaline pH enhancing adsorption. Moreover, the positive correlation between initial
dye concentration and adsorption capacity highlights the significance of a robust driving
force for adsorption. The findings emphasize the potential of PCL–CH nanofibers as
efficient and sustainable adsorbents for the removal of MB and other organic dyes from
aqueous solutions. Their versatile nature positions them for application in diverse fields,
including wastewater treatment and environmental remediation. This study contributes
to the advancement of eco-friendly and effective solutions for addressing water pol-
lution challenges. The insights gained underscore the significance of material design
and environmental conditions in optimizing adsorption processes, offering a promising
avenue for sustainable water treatment and pollutant removal.
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