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Abstract

Industrialization, agriculture, natural disasters, and a lack of water supplies and
wastewater facilities are the main causes of water pollution. The industries that
are most responsible for this pollution include the nuclear, iron and steel, food,
textile, pulp and paper, distilleries, tanneries, and plastics. Various industrial
processes can release large quantities of toxic solvents, volatile organic
compounds, and both organic and inorganic hazardous chemicals. Such wastes
are directly responsible for the escalation of the water pollution problem when
they are discharged into bodies of water without being adequately treated. This
study primarily examines dyes, the most common of these pollutants. Methylene
blue (MB) is a typical cationic dye, with its peculiarities of stability in the
environment and toxic, carcinogenic, and mutagenic qualities. The dye is
extensively applied in the textile and clothing industries in the dyeing of textiles
and in the coloring of paper and leather. Since it has widespread industrial
applications, substantial amounts of industrial effluents with methylene blue are
released into the surface and groundwater. In humans at high doses of 5 mg/kg,
MB inhibition of monoamine oxidase can lead to fatal toxicity linked to high
levels of serotonin, as well as cause severe effects to aquatic life within the
ecosystem. As such, there is an emergency to remove this pigment in wastewater.
The study is devoted to the fabrication and characterization of polyacrylic acid-
chitosan (PAA-Chi) nanofibers through the electrospinning method, and the
purpose of the study is to develop an effective material that will help remove
methylene blue (MB) dye in aqueous solutions. The interaction of chitosan with
the PAA framework is a tactical move that will improve the adsorption capability
of the nanofibers and make them more effective as adsorbents for various other

organic pollutants than methylene blue dye.

[



There was a significant amount of research done on the structural, compositional,
and rheological properties of the fabricated nanofibers. The adsorption of these
fibers was studied by kinetic and equilibrium tests, and it was found that initial
dye concentration and medium pH affected this adsorption. The results will
explain the properties of adsorption of the fibers and their effectiveness in

removing dye.

In the first section, Polyacrylic acid-Chitosan (PAA-Chi) nanofibers (70:30) were
fabricated via electrospinning, whereas no nanofiber formation was observed for
the 50:50 and 85:15 ratios. It is a popular method of producing polymeric fibers
with a size between a micrometer and a nanometer. The process provides materials
that have a large external area and significant porosity structure. The process
entailed certain methodological processes to achieve the production of a
homogeneous nanofiber that has valuable qualities that could be used in these

applications.

The second section discusses the overall characterization of the prepared
nanofibers. Using FESEM showed a homogenous morphology with an average
diameter of 276.15 nm. Measurement of zeta potential established that the surface
of the fiber is negatively charged. The successful introduction of the discrete
functional groups in both PAA and chitosan was confirmed by the Fourier
transform infrared (FTIR) spectrum, and these functional groups assist in the dye's
improved ability to bind to the sample due to hydrogen bonding and ionic
interactions. Moreover, rheological and viscosity analyses provided useful
information about the characteristics of the feedstock solution that could be used

to create stable and homogenous fibers.

The third section of the work is devoted to the use of PAA-Chi nanofibers as a
new adsorbent to treat water, and it is essential to remove the organic pollutant
methylene blue (MB). A high removal capacity was given by the adsorption

efficiency test of the batch test. The maximum adsorption capacity (q.) attained
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exceeded 60 mg/g with a concentration of MB (200 mg/L), compared to 55 and
31 mg/g initial concentrations of MB dye (100 and 50 mg/L), respectively. The
experiments were conducted under ideal conditions, specifically using a mass of
10 mg of PAA-Chi nanofibers (NFs). The temperature was set at 25°C, pH at 6,
and a contact time of 720 minutes. These data indicate that PAA-Chi nanofibers
remain a viable option for the treatment of industrial wastewater due to their stable
morphology, beneficial surface characteristics, and capacity to adsorb cationic

contaminants.
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Chapter One

Introduction



1.1 Nanomaterials

Nano means nanos, which means a person of extremely low height or an object
of extremely small size. In a system of units, the "nano" is used to indicate parts
of units. An example of a nanometer is a billionth of a meter or a billionth of a
millimeter; a nanoliter is a billionth of a liter or a millionth of a milliliter; and a
nanokelvin is a billionth of a Kelvin [1]. This remarkable category of materials,
termed nanomaterials, includes instances with at least one dimension measuring
between 1 and 100 nanometers. Through rational design of nanomaterials,
exceptionally high surface areas are possible. In contrast to their bulk equivalents,
nanomaterials can be synthesized with exceptional magnetic, electrical, optical,
mechanical, and catalytic capabilities [2]. As a particle's size decreases, the
number of component atoms surrounding its surface increases, resulting in highly
reactive particles with distinct chemical, optical, physical, and electronic
properties. In addition to its rapid development, nanotechnology has a wide range
of applications in the chemical, pharmaceutical, engineering, and food processing
industries  [3-5]. The words '"nanomaterials," '"nanoscience," and
"nanotechnology" have become common terms in both research and everyday life.
In the early meteorites, nanoparticles and nanostructures were formed
immediately after the Big Bang. Later, nature created more nanoparticles and
nanostructures. Recently, NM's research has been attracting remarkable interest

from scientists and engineers all over the world [6].

1.2 Classification of Nanomaterials

In general, nanomaterials can be classified based on several key criteria, including
their dimensions, shape, state, and chemical composition [7]. According to Figure
1-1, nanomaterials can be classified according to their size, which ranges from 1

to 100 nanometers in any dimension. These materials are divided into four
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categories based on their dimensions and general shape: zero-dimensional
materials, one-dimensional materials, two-dimensional materials, and three-
dimensional materials. Nanomaterials with zero dimensions (0D) are those whose
dimensions are all below 100 nm in size. They include spherical nanomaterials,
cubes, nanorods, polygons, hollow spheres, metals, core-shells, and quantum dots
(QD). A one-dimensional nanomaterial (1D) is a material whose one dimension
does not fall into nanoscale, while the other two dimensions fall into nanoscale.
1D material types include metallic, polymeric, ceramic, nanotube, nanorod,
nanowire, and nanofiber filaments. Two-dimensional (2D) nanomaterials have
only one dimension within the nanoscale, while the other two dimensions extend
beyond this scale. Examples include nanofilms, thin sheets, nanocoatings, and
thin films, and these materials may be crystalline or amorphous. Three-
dimensional (3D) materials, on the other hand, have all three dimensions
exceeding 100 nanometers [8]. Three-dimensional (3D) nanomaterials consist of
assemblies of multiple nanocrystals arranged in different orientations. Examples
include foams, fibers, carbon nanotubes, nanorods, fullerenes, and columns, as

well as polycrystals, honeycomb structures, and layers [9, 10].

(2]
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Figure 1-1 Schematic illustration of the classification of nanomaterials based




1.3 Nanofibers

Research into methods for manufacturing polymer nanofibers remains a major
focus of scientific research and has received increasing attention in both academia
and industry. A number of methods have been designed to create such fibers, such
as electrospinning, drawing, phase separation, self-assembly, and template
synthesis.

Among these techniques, electrospinning is the most common and preferred. This
1s due to its high flexibility, economic efficiency, and ease of use, making it an
ideal method for producing polymer nanofibers on a large scale. The technology
1s based on the use of high electrical voltage as a charge of a jet of polymer
solution. This jet is focused onto a metal assembly surface, and when the solvent
evaporates, fibers with diameters of submicrons are deposited on the surface.
Previous studies have indicated that system properties and operating parameters
vary greatly depending on the type of material used [11]. The properties of the
polymer solution (such as concentration, viscosity, surface tension, and electrical
conductivity) and the processing parameters (such as electrode potential, inter-
electrode distance, solution flow rate, and the type of collecting surface) are the
key factors that influence the conversion of the solution into ultrafine fibers.
Therefore, a thorough study of these parameters is essential for the production of
defect-free electrospun nanofibers.

Natural materials have become of interest in recent times because of their
availability and structural and functional properties. Chitosan can be obtained as
a result of a partial deacetylation of chitin, which is the second biopolymer in
nature after cellulose. Its biological properties, such as its biodegradability, low
toxicity, antifungal properties, ability to accelerate wound healing, hemostatic
effect, and immune-stimulating properties, make it a promising material for
medical applications. The improvement of the special properties of chitosan can
be conducted through the increase of its specific surface area through the

production of nanometer-scale materials or highly porous structures [12]. As a
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result, the last ten years have been characterized by the great research potential of

the chitosan nanofibers, particularly when produced through electrospinning.

1.4 Electrospun Nanofibers

Differentiation science has enabled the development of specialized
nanocomposites specifically designed to encode drugs for specific disease
treatments. These carriers come in a variety of forms, including dendrites,
liposomes, emulsions, nanoshells, nanotubes, and nanofibers [13].
Electrospinning is a platform nanotechnology used to enable the generation of a
wide array of new structured materials in a wide variety of biomedical
applications, such as drug delivery, biosensing, tissue engineering, and
regenerative medicine. Nanofibers have shown considerable promise as a drug
delivery technology compared with synthetic or natural drugs, which have low
availability [14]. They are polymeric fibers, which have a diameter of nanometers.
The various fibers resemble cell types within the body, improve their attachment
and migration, and improve methods of transporting the material. These gains are
attributed to their unique structure, which includes small pore sizes, a high
surface-to-volume ratio, high knot strength, permeability, light weight, and skin-

stretch coupling [15].

1.5 Nanofiber Fabrication
1.5.1 Electrospinning

Electrospinning (as shown in Figure 1-2) is a major research focus because it is a
simple, low-cost, and versatile technology. This process relies on the use of
electrostatic forces to form long, continuous polymer nanofibers [16]. The
electrospun fiber mats produced by these non-mechanical techniques exhibit
structural advantages, such as ultrafine structures, high porosity, high surface-to-

volume ratio, and tailored morphology. The high encapsulation efficacy of
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bioactive compounds can be achieved depending on these advantages. The no-
thermal process of electrospinning allows the encapsulation of thermosensitive
compounds, which is important for preserving the structure and enhancing the
stability and functionality during food processing and storage [17].

Electrospun fibers exhibit unique properties, such as their ultra-small diameters,
ranging from 2 nanometers to several micrometers. They also have smaller pore
sizes and higher surface areas compared to those produced using conventional
spinning techniques [17]. Electrospinning is a method for producing nanofibers
from polymer solutions using high-strength electric fields. These fibers have
numerous applications in a wide range of fields [18] . The use of electrospinning
to incorporate biological products into nanofibers, including microorganisms,
cells, proteins, and nucleic acids, has been demonstrated by Marti and Castano
[19]. In this field, synthetic polymers are frequently preferred over their natural
counterparts. This preference is due to the ease of controlling the properties of
synthetic polymers, such as viscosity, which enables the production of relevant
and specific properties, which we have not been able to achieve with natural

polymers.

Figure 1-2 Electrospinning equipment: 1 is the syringe pump, 2 is the tip of the
needle and where the voltage is applied, 3 is the collector plate, and 4 is the
power supply [20]

(6]



Electrospinning more often uses polymer blends to enhance the physical
capabilities of nanofibers. Electrospinning is an efficient technology to generate
nanofibers with a realistic morphology of the bone or cartilage tissue and relevant

mechanical properties [17, 21].

1.5.1.1 Classification of Electrospinning Methods

Literature has revealed four types of electrospinning [20]. Co-electrospinning is
a process through which a drug is mixed with a polymer, and then embossing of
the polymer is commenced. It is incorporated into the polymer matrix in the
appropriate operating condition under which the drug is dissolved or dispersed.
The technology is used to create polymer fibers that are graded with drugs. These
polymer matrices automatically experience adsorption and diffusion or

dissolution and erosion [22].

Cengiz et al. (2019) Another form of electrospinning that was reported is called
coaxial electrospinning, where two polymer solutions are both spun. The method
1s used when the polymer blend solutions cannot chemically be replaced by

differing solvent systems.

The other useful technique in getting drug-releasing nanofibers is coaxial
electrospinning, which has been used successfully in the delivery of various drugs

[20].

In the experiment conducted by Keirouz ef al. (2019), The researcher used the
method of emulsion electrospinning, which involves emulsifying a drug substance
into an aqueous solution of protein using a polymer solution. This technique is
applied in encapsulating polar and hydrophilic molecules, including proteins.
Surfactants that have a low level of water-to-lipid are used to achieve stability of

the emulsion [23]. A continuous polymer electrospinning process has to be used

[7]



to form the emulsion. The solutions must have sufficient electrical conductivity
and a high concentration of polymers. They also need to include a polymer weight,

and a surface tension, and consequently a polymer density.

Gugulothu et al. (2019) said that the fourth method of electrospinning technique
is referred to as nozzleless electrospinning. The electrode is drilled on the tube
and spread to some extent across the cross-section. The fibers are then put under

an electrostatic field without the need of needles [24].

1.5.1.2 The Electrospinning Setup

Electrospinning, also referred to as electrospinning, is a production process of
scaffolds in the form of nanofibers. These scaffolds consist of fibers with
nanometer diameters. These fibers have random orientations, and various shapes.
These nonwoven-based fabricated scaffolds have found application in the
regenerative tissue engineering processes, as well as in the effective delivery of

drugs to the wounds [25].

The electrospinning system is comprised of three primary parts: namely, a high-
voltage power supply, a spinneret, and a plateau-grounded collector. The feeding
apparatus typically consists of a sharp metal end that is attached to a syringe. This
syringe will contain either a polymer solution to be used in wet electrospinning or

molten polymers to be used in melt electrospinning [26].

SalehHudin et al. (2017) documented that an intense electric potential, typically
between 5 and 60 kV, is applied between the metal needle and the metal assembly
surface [27]. Electric charges are generated on the surface of the molten polymer
solution droplet at the tip of the needle, causing it to assume a conical shape
known as a Taylor cone. When the electric force exceeds the surface tension of
the solution, a jet of polymer is ejected from the tip of the cone toward the

collector.
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Meanwhile, the solvent evaporates from the liquid jet and is replaced by a new
jet, and this process continues. As the jet expands, a network of non-woven

nanofibers eventually forms on the collector surface, as shown in Figure 1-3 [28].

In conventional single-needle electrospinning, a syringe with a blunt needle acts
as a spinneret. The polymer solution is fed to this syringe at a controlled flow rate.
When a high voltage, typically up to 30 kV, is applied between the needle and the
collector, a charged droplet forms at the tip of the needle and deforms into a

conical shape known as a Taylor cone [29].

Electrospinning

Pump

Syringe Taylor cone

Polymer solution :}
Needle ~—_] / '
L}

L

Solvent

High-voltage

Liquid Jet g *
-l evaporatior

power supply \o

PVC
nanofibers
! n o/

Polymer Metal collector

High

voltage E/]
supply

Drum rotating collector

Figure 1-3 Schematic setup illustrations for the electrospinning process [29].

1.5.1.3 Influence of Parameters in the Electrospinning Process

Chavan and Kanu (2015) confirmed that most soluble or fusible polymers could
be electrospun if several parameters governing the electrospinning process are
suitably tuned. These variables are divided into solution and molecule parameters,

process parameters, and environmental parameters.

[9]




Aman et al. (2020) reported in their study that the solution parameters and
molecular properties that affect the spinning process include a wide range of
factors. These factors include:

1- Solution-related properties include solubility, viscosity, pH, solvent vapor
pressure, conductivity, and surface tension. 2- Polymer molecular properties: such
as crosslinking, molecular weight, glass transition temperature, melting point,
crystallization rate, density, and distribution [30]. In contrast, process parameters
include factors such as the electrode geometry, the tip-to-collector distance, the
applied electric field, and the feed or flow rate. Ambient environmental
parameters include humidity and medium temperature [31].

A study by Li et al. (2014) confirmed that changing these parameters directly
affects the shape and diameter of the resulting fibers. The study demonstrated that
optimal selection of these parameters ensures the production of uniform
nanofibers through the electrospinning process, while minimizing the formation
of knots or "beads" along the length of the yarn, resulting in the desired shape and
diameter [32]. Figure 1-4 and Table 1-1 describe some of these parameters and,
in some cases, their effect on the properties of nanofibers produced using

electrospinning [33].

X Ambient parameters
Processing parameters [emperature
“Applied voltage Humidity

*Flow rate

g lf\[‘c\ of collectors
Solution parameters . llectorto tip distanc
“Concentration
*Viscosity
*Molecular weight

“Surface tension

Figure 1-4 The different parameters affecting the electrospinning process [34].
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Table 1-1 Electrospinning parameters (solution, processing, and ambient) and
their effects on fiber morphology.

p::;umt:::rs Effects on fiber morphology

Highly viscous solutions tend to form droplets as they move
from the needle to the collection surface, resulting in granules

Viscosity
rather than continuous fibers [35].
Polvmer An increase in concentration increases viscosity and
ymer increases fiber diameter, forming droplets that become dried
concentration
as they reach the collector.
The‘ molecular Decreased in the number of beads and droplets with
weight (MW) . :
increased molecular weight.

of the polymer
Conductivity The fiber diameter decreases as the conductivity increases.
There 1s no conclusive link with fiber morphology; high

rface tension . . . :
Surface tensio surface tension results in instability of jets.

Processing parameters

ATODIEE Decrease in fiber diameter with an increase in voltage [17].

voltage

Dlstance. Generation of beads with too small and too large distances,
between tip . : : :

the minimum distance required for uniform fibers.
and collector
As the flow rate increases, the volume of the polymer

Feed rate solution in the Tylor cone increases, thus decreasing the
(Flow rate) diameter initially. Further increase in flow rate forms beads
[15].

Ambient parameters
Humidity High humidit'y results in circular pores on the fibers and
increases the pearl effect [36].
An increase in temperature increases the concentration of the
solution, thus increasing viscosity. This increased viscosity

Temperature reduces the beaded morphology. Increase in temperature
results in a decrease in fiber diameter [37].
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1.5.1.3.1 Viscosity

Huan et al. (2015) noted that solution viscosity is one of the most important
factors affecting the diameter and shape of nanofibers in the electrospinning
process. When a solid polymer is dissolved in a solvent, the solution viscosity is
directly related to the polymer concentration, and these factors are also related to

the polymer's molecular weight [31].

There are numerous studies that consider viscosity an important factor in the
formation of various fibers. When viscosity is very low, surface work becomes
the primary factor leading to the formation of beaded or granular fibers. This, in
turn, increases the efficiency of the polymer jets flowing, resulting in more
structure [38, 39].

In addition, studies have shown that a controlled increase in solution viscosity or
concentration results in the production of fibers with larger and more uniform
diameters. This relationship between polymer viscosity or concentration and

electrospun fibers has been investigated in several research systems [40].

1.5.1.3.2 Surface Tension

Zhao et al. (2021) affirmed that the characteristics of the solvent used in the
solution are a critical aspect during the electrospinning procedure [25]. When all
other factors are held constant, surface tension can define the top and lower
boundaries of the electrospinning process, while SalehHudin et al. (2017)
indicated that the creation of fibers, beads, and droplets is contingent upon the

solution's surface tension:

(a) Reduced surface tension: enables electrospinning and permits its occurrence
with a diminished electric field. (b) Elevated surface tension: obstructs
electrospinning by inducing jet instability, resulting in the generation of spray

droplets rather than nanofibers.
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Generally, nanofibers can be obtained without beads with a fixed concentration
by lowering the surface tension of the NFs solution [41]. The surface tensions of
the solution are substantially influenced by the solvents used in the

electrospinning process [42].

1.5.1.3.3 Molecular Weight

The molecular weight of a polymer affects both the shape of the electrospun fibers
and their electrical properties, including conductivity, viscosity, surface tension,
and dielectric strength. The solution viscosity is also largely determined by the
number of entanglements that the polymer chains have in the solution, which is
also dependent on the molecular weight of the polymer. The solubility parameter
of a solvent is essential in the formation of a homogenous polymer solution, but a
solvent with a high solubility parameter is not necessarily one that will form a

solution to be used in electrospinning [41].

Mercante et al. (2017) stated that the concentration and molecular weight of the
polymer are two elements that influence the shape of the fibers, as the viscosity
of the solution depends on these criteria. High molecular weight polymers have
significantly greater viscosity than low molecular weight polymers due to an

increased number of polymer chain entanglements [43].

Krumreich et al. (2019) demonstrated that surface defects in the form of granules
on the fibers were formed when there is low polymer molecular weight or low
solution concentration. On the contrary, more concentration or molecular weights
cause the solution viscosity to rise, leading to homogeneous fibers having few
granules. On the other hand, these conditions result in the production of helical,

curly, and wavy fibers in enormous amounts.
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1.5.1.3.4 Conductivity/Surface Charge Density

Thenmozhi et al. (2017) explained that another factor, that influences fiber
morphology is the electrical conductivity of the solution. It helps in the elongation
of droplets and the production of single or multiple jets [44]. Conductivity of a
solution is determined by several factors, which encompass the nature of the
polymer, the type of solvent employed, and the availability of salts [45]. The
addition of salts, ions, or conductive polymers to the polymer solution can also
lead to conductivity, thus producing nanofibers of higher quality with fewer
defects and at smaller diameters.

The natural polymers, unlike the synthetic ones, are difficult to form into fibers
due to their electrolytic nature. The ions present in them increase the charge-
carrying capacity of the polymer jet, resulting in increased tension under the
influence of the fiber's electric field. Typically, the electrical conductivity of the
solution can be controlled by adding ionic salts, such as sodium chloride (NaCl),

potassium phosphate (KH2PO4), sodium phosphate (NaH2PO.), and others [17].

1.6 Polymers

Since life began, polymers like DNA, RNA, proteins, and polysaccharides have
played crucial roles in plant and animal life. In ancient times, man utilized
naturally occurring polymers for clothing, decorations, shelter, tools, weapons,
writing materials, and other purposes. Today's polymer industry has its origins in
the nineteenth century, when important discoveries were made regarding the

modification of certain natural polymers [46].

The processability, surface area, stability, adjustable features, and cost efficiency
of polymer nanocomposites (PNCs) have garnered the interest of researchers and
technicians in water purification recently. This review presents current insights

into the function of PNCs in the elimination of metal ions, dyes, and microbes
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from contaminated water, demonstrating rapid decontamination efficacy with

great selectivity [47].

Polymer nanofibers have a superior surface area per unit mass, and the
incorporation of surface functions is easier compared to polymer microfibers. This
has seen polymer nanofiber mats being considered for use as filters and scaffolds
in tissue engineering, protective clothing, strengthening of composite materials,
and security devices. Several of these applications have been marketed, albeit still
in the development phase. A significant volume of research has been undertaken
on polymer nanofibers and nanofiber mats in recent years. Nevertheless, a
thorough review of the issues pertaining to these nanofibers has not been
published. This article examines contemporary trends in the processing and

characterization techniques of polymer nanofibers [48].

1.6.1 Polymers Used in Electrospinning

A polymer is a chemical compound with molecules bonded together in long,
repeating chains. Polymers usually have high melting point. Because of their
structure, polymers have unique properties tailored for different uses [49].
Throughout the years, over 200 more polymers have been electrospun for diverse

uses, and this number continues to rise [50].

Table (1-2) presents various polymers utilized in the electrospinning procedure.
Three categories of polymers are utilized in the fabrication of electrospun

nanofibers.

1.6.1.1 Synthetic Polymers

Synthetic polymers are designed macromolecules that can be generated through a

well-known chemical polymerization of monomers through either addition or
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condensation reactions to gain materials with physical, chemical, and mechanical
properties that can be fine-tuned. Their molecular structure (including its length,
chain branching, and functional group composition), unlike that of natural
polymers, can be precisely designed to fulfill a desired performance need.
Polyacrylic acid, polyvinyl alcohol, and polyacrylamide are also commonly used
as synthetic polymers in water treatment because of their stability, modification
flexibility, and functional group addition to increase adsorption or separation
properties. The polymers can be prepared as membranes, resins, or nanofibers,
and through these methods, dyes, heavy metals, and other pollutants can be
removed efficiently by using the following: electrostatic interaction, chelation,
and size exclusion. Synthetic polymers, due to their versatility and scalability, are
becoming a key factor in the creation of high-performance and advanced systems
of water purification. Some of these synthetic polymers include polylactic acid
(PLA), polyvinyl alcohol (PVA), polyethylene oxide (PEO), polylactic glycolic
acid (PLGA), polyurethane (PU), polystyrene (PS), and polyglycerol (PG).
Synthetic polymers exhibit strength and cost-effectiveness and facilitate

straightforward electrospinning [51, 52].

1.6.1.2 Natural Polymers

Natural polymers are macromolecules derived from biological sources (such as
plants, animals, or microorganisms) composed of repeated structural units
interconnected by covalent connections. Examples of polymers include chitosan,
cellulose, starch, polynucleotides, gelatin, and silk fibroin. Due to biodegradation,
renewability, and biocompatibility inherent to natural polymers, there has been
immense interest in the use of natural polymers in the environment, especially in
water treatment. The high levels of functional groups (hydroxyl, amine, and
carboxyl groups) allow them to interact with different pollutants in a strong

manner by way of electrostatic attraction, hydrogen bonding, and complexation.
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Natural polymers can be used as adsorbents, flocculants, and membrane material
in aqueous remediation and constitute an environmentally friendly substitute for
synthetic polymers, yet with equal efficacy in the removal of dyes, heavy metals,
and organic impurities. The combination of natural polymers with other systems

also enhances their structural stability and adsorption capacity [51].

Natural polymers are also coming as a promising substitute for synthetic bodies
that are extremely useful in adsorption and wound healing. Nonetheless, the
degree of biodegradability and the mechanical characteristics of these natural
materials are restrictive. Natural polymers utilized in electrospinning comprise

collagen, laminin, fibroin, elastin, chitosan, gelatin, pectin, and agarose [53].

These polymers have biocompatibility and nontoxicity, but the poor mechanical
properties, and the difficulty in electrospinning have made them mostly reinforced

with synthetic polymers [15, 51].

1.6.1.3 Hybrid Polymers

Hybrid polymers are advanced materials: hybrid polymers are the new materials
that are developed by combining two or more different classes of polymers, such
as a synthetic polymer with a natural polymer or a polymer and an inorganic filler,
to merge and enhance the strength of each other. When these elements are mixed
together, the material will tend to have a high level of mechanical toughness,
chemical resistance, and specialized capability that neither of the elements alone
could have. The hybrid polymers have a number of benefits in water remediation.
Their biodegradability and functional groups of natural polymers, as well as the
durability and tunability of synthetic polymers, have led to their high adsorption
capacity, contaminant selectiveness, and enhanced recyclability. Thanks to this,
researchers are also resorting increasingly to such composites to create effective,

environmentally friendly, and multifunctional systems of water contamination
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cleaning. A combination of synthetic and natural polymers overcomes the
weaknesses of each: synthetic polymers bring about toughness and hardiness,
whereas natural polymers bring biocompatibility and bioactivity. As an example,
chitosan is a natural polymer that cannot be electrospun in its form. Its blending
with other polymers like polyethylene oxide (PEO), polycaprolactone (PCL), or
polyacrylic acid (PAA) has a significant effect on enhancing its electrospinning.
This hybrid method takes advantage of the strengths of the two types of polymer
to create high-performance tunable hybrid materials for a wide variety of

uses [54-56].

Table 1-2 Certain polymers have been utilized in the electrospinning process.

No.

Polymer Application References
Poly acrylic acid : :
1 (PAA)/chitosan water purification [57]
: Wound dressing,
2 Chitosan Water Treatment Do o2
Ch1tosan/?VA blend Removal of both
loaded with Metal—
: Methylene Blue and
3 Organic Framework Coneo Red dves in [60]
(Ui0-66) and & Y
. water
nanodiamond
4 Polycaprolactone Bone tissue engineerin [61]
(PCL) & &
Polyvinyl alcohol o :
5 (PVA) Antimicrobial agent [62]
Polyvinyl
Alc?%)l%{gc/gg(;san Efficient removal of
6 : : Methylene Blue from [63]
reinforced with aqueous solutions
CeAlO; a
nanoparticles
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polyamide-

7 6.6/chitosan Tissue engineering [64]
8 Collagen Tissue engineering [65]
Polyamide-6 Removal of Methylene
9 ha noﬁbers loadgd Blue from aqueous [66]
with SiO2 and TiO: .
: solutions
nanoparticles
Wound treatment,
biomaterial
10 Collagen-PEO development, [67]
coagulation agents
11 Collagen/chitosan Biological materials [68]
12 Cellulose Affinity membranes [69]
13 Cellulose acetate Adsorbent membrane [70]
Poly (vinyl
14 alcohol)/cellulose Biological materials [71]
acetate (PVA/CA)
15 Polyvinyl carbazole Sensor and filter [71]
Cellulose Acetate
(CA) conver@d o Removal of Methylene [72]
16 cellulose with
: Blue from water
activated carbon and
EDTA-modification
PAN/B-Cyclodextrin
17 (PAN/ B-CD) Removal of Methylene [73]
composite nanofiber Blue from water
membrane
Poly
18 vinylpyrrolidone Wound healing [74]
PVP
19 Silk fibroin SF Nanofibrous scaffolds [75]
for wound healing
Air filtration and
2l Polystyrene PS Electrical application [76]
21 Hyaluronic acid HA Wound healing [77]
29 Polyurethanes (PU) Biomedical uses [78]
23 Polyzzclz)rzlli)lr)ntrlle Carbon nanofiber [79]
24 Polyacrylonitrile Removal of Methylene [80]
(PAN) coated with Blue and Congo Red
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chitosan/graphene dyes from aqueous

oxide nanolayer solution
Poly(I-lactide)
25 (PLLA) 3D cell substrate [81]
26 Polyurethane (PU) Biomedical applications [78]
poly(vinyl
27 pyrrolidone) (PVP) Drug release [82]
poly(ethylene oxide) . : .
28 (PEO) Biomedical applications [83]
poly(acrylonitrile-
29 co-glycidyl Affinity separation [84]
methacrylate)
Polystyrene
sulfonate (PSS) + Removal of Methylene
Polybutylene
30 ) Blue from aqueous [85]
succinate (PBS) :
: solution
composite
nanofibers
Polyvinylidene N
31 fluoride (PVDF) Filtration [86]

1.7  Chitosan (Chi)

In the ongoing search for sustainable and high-performance water purification
methods, adsorption is being increasingly considered as a low-cost and simple
method of eliminating a broad spectrum of contaminants [87, 88]. Here, chitosan,
a natural biopolymer of chitin, has turned out to be a highly promising adsorbent
[89, 90]. Chitosan (Chi), chemically, is a positively charged polymer that is
composed of repeating units of N-acetyl-D-glucosamine as well as D-
glucosamine, and the units are interconnected with 1,4-glycosidic bonds. Chitosan
is a linear polysaccharide derived from chitin via demineralization and
deproteinization, possessing a wide range of medical and agricultural applications
[91]. Prior research has investigated the antibacterial properties of chitosan, and
more recently, several derivatives of chitosan have been produced to further its

inherent antibacterial efficacy. Chi demonstrates additional remarkable biological
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properties, including biocompatibility, biodegradability, and nontoxicity. These
have rendered it beneficial across various sectors, including medical, food,

agricultural, textile, cosmetics, and others (Figure 1-5).

Antimicrobial activity Antimicrobial activity

Drug delivery Soil health improvement

Pesticide delivery
Tissue engineering Fertilizer delivery

Cancer diagnosis Herbicide delivery

Chitosan

Enzyme immobilization 7 Nanopa rticles Delivery of plant growth promoters
Seed germination
Encapsulation

Micronutrient delivery
Antioxidant activity
Antioxidant activity

Vaccine delivery
Pathogenesis-related proteins

Gene therapy
P Transfer of genetic material

Animal system Plant system

Figure 1-5 Applications of chitosan nanoparticles [92]

Deacetylation of chitin, the main component of insect exoskeletons, crustaceans
(like shrimps), and fungal cell walls, produces it. Chitin is a polymer of -(1,4)-N-
acetyl-D-glucosamine that deacetylates in an alkaline environment to form
chitosan, a polymer of N-acetyl glucosamine and D-glucosamine units [93]. The
chemical structure of chitosan is presented in Figure (1-6).

An amino group enhances chitosan's functional and structural features at the C-2
position of the glucosamine unit. This amino group symbolizes its cationic nature
and confers wound healing and antibacterial action. Chitosan has functional

groups strategically placed to provide these unique polysaccharide qualities [94].
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Figure 1-6 Sources and chemical structure of chitosan [95]

Its appeal stems from its unique combination of properties, including
biodegradability, biocompatibility, non-toxicity, and the existence of many amino
(-NH2) and hydroxyl (-OH) functional groups that function as active sites for
pollutant binding [87, 96, 97]. The chitosan-based materials have demonstrated a
high level of adaptability because they are able to remove a wide variety of
dangerous pollutants, such as heavy metal ions (arsenic, chromium, lead, and
copper), synthetic dyes, and even the recently emerging contaminants, like
pharmaceutical residues in water samples [89, 97, 98]. In reality, though, chitosan,
when pure, does not perform as well due to its low surface area, weak mechanical
properties, and dissolution in acidic solution [87, 99]. It has hence been the
direction of recent studies to develop new chitosan composites and
functionalizations to overcome these disadvantages [89, 100]. The
physicochemical properties of chitosan can be enhanced dramatically by adding
an additive like graphene oxide, activated carbon, or metal-organic frameworks,
or using chemical modification techniques, including cross-linking and grafting
[88, 101, 102]. These advancements lead to adsorbents with improved surface
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area, greater stability, and higher adsorption capacities, paving the way for their

use in high-performance, sustainable water treatment systems.

1.8 Poly Acrylic Acid (PAA)

Polyacrylic acid (Figure 1-7) It is a synthetic polymer made from acrylic acid
monomers. Polyacrylic acid is a high molecular weight polymer characterized by
excellent water solubility. Polyacrylic acid also appears in cross-linked forms.
Polyacrylic acid is a significant polymer utilized in the production of polymeric
blends and nanocomposites [103]. Polyacrylic acid (PAA) is an economically
viable commercial polymer. It is a water-soluble, non-toxic, biodegradable, and
biocompatible polymer [104, 105]. PAA can undergo cross-linking to create a
stable structure. The cross-linking of PAA improves its mechanical
characteristics. Polymeric modifiers in PAA may enhance their strength
characteristics [103]. Furthermore, the cross-linked PAA has a significant water
absorption capability. PAA possesses exceptional optical characteristics and
resistance to weathering. The cross-linked PAA may create a gel-like
configuration. An illustration of chemical cross-linking is provided by PAA-graft-

chitosan (Figure 1-8).

Figure 1-7 Chemical structure of Polyacrylic acid
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Figure 1-8 Synthesis of poly(acrylic acid)-grafted chitosan incorporating
cellulose nanofibers [106]

Due to its hydrophilic properties, PAA provides enhanced adhesion to objects,
such as a stabilizing agent. The cross-linked polyacrylate can absorb and retain

one hundred times its weight in moisture [107].

Polyacrylic acid (PAA) is a polyelectrolyte rich in carboxylic acid (COOH)
groups. In aqueous solutions, especially at neutral to high pH, these groups
deprotonate to —COQO-, creating a negatively charged network. This enables strong
electrostatic attraction of positively charged (cationic) dye molecules (e.g.,

methylene blue, rhodamine B) [108].
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Polyacrylic acid, with its abundant carboxylate functionality, is an effective
polymeric adsorbent for cationic dyes in wastewater. Its performance can be
greatly enhanced via composites (e.g., with cellulose, graphene, and metals)
[108], often outperforming unmodified natural adsorbents. However, practical use

must contend with regeneration, kinetics, and environmental concerns.

Nanofibers (NFs) have garnered significant interest due to their distinctive
physical and structural characteristics, including a large surface area, enhanced
porosity, reduced pore size and fiber diameter, and greater flexibility after surface

functionalization [109].

1.9 Nanofibers (NFs)

Among the most promising applications of electrospun materials in biomedics,
nanofibers can be mentioned. In case these therapeutic fibers are designed with a
multilayer structure, they provide a broad range of options, which can be used to
control the kinetics of drug release. The manipulation of the structure of the
network of fibers, in turn, allows regulating the release of an active substance,
which involves minimizing the occurrence of an abrupt, high-dose burst and

provides a more gradual and slower therapeutic effect.

Sylvester et al. (2020) studied the characteristics of nanofibers and identified
solid-state linear nanomaterials that are found to be below 100 nm in diameter.
Nevertheless, in the industrial and technical worlds, the name "nanofiber" is
commonly used to refer to any fiber that has a submicron diameter [110].
Nanofibers may be made of a wide range of polymeric materials, which may

either be naturally obtained or artificial.

The outstanding feature of natural polymers is their superior biocompatibility
compared to synthetic polymers, where compositions and properties are more

flexible and customizable by the designer in synthetic polymers [111].
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Preparation of nanofibers utilizes a rich assortment of chemical, mechanical, and
optical methods. Since they were first fabricated, researchers have built an
extensive arsenal of tools to fabricate fibrous materials in the nanoscale.
Nowadays nanofibers can be produced by means of electrospinning, self-
assembly, template-based methods, polymerization, sonochemical methods, and

dozens of other innovative systems [112].

The different paths through which nanofibers can be generated are illustrated in
figure 1-9. In addition to the traditional processes described, there is also freeze-
drying (lyophilization) of cellulose to nanofibers. A number of the state-of-the-art
and emerging methods are influencing the field today, such as electro-
hydrodynamic writing, plasma-induced fabrication, solution-blow writing,

centrifugal jet writing, and CO: laser supersonic writing.

Synthesis

Mechanism of
Nanofibers

Conventional
Methods Modern Methods
Electrospinning Self-Assembly Electro Plasma Induced
hydro¢.:l).fnam1c : Synthesis
writing S - P
Polymm Solution blow
2 spinning
\_//— -
CO: Laser
supersonic

Figure 1-9 Depiction of Traditional and Contemporary Techniques for
Nanofiber Synthesis [113]
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It is the ability to provide a tremendous surface area in relation to volume that
makes nanofibers valuable in most fields. They have a structure full of small
holes, or holes in any case, which are distributed on the micro- and nanoscale and,
in combination with their light weight and flexibility, causes them to be very
versatile. These distinctive properties make nanofibers excellent candidates for

different applications in pharmaceuticals and biomedical fields [114].

The problem of nanofiber characterization is examined in relation to three aspects:
(I) physicochemical properties, (II) mechanical properties, and (III) bioactivity

and interactions [115].

1.9.1 Applications of NFs

Electrospun fibers and mats have been sought after due to a host of advantages,
including excellent porosity, a very high surface-to-volume ratio, and improved
physicomechanical characteristics [61]. Furthermore, electrospinning is very
versatile, as fibers can be engineered to take very diverse forms using numerous
different polymers. Electrospun nanofibers are extensively utilized in water

treatment and employed across numerous domains, as illustrated in Figure (1-10).
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Figure 1-10 Some applications of electrospun fibers in different fields [34].

1.9.1.1 Adsorption

Nanofiber adsorption has emerged as a powerful water-treatment application
because electrospun mats offer extremely high surface-area-to-volume ratios,
tunable pore structures, and abundant functional sites that can be tailored for
selective uptake of organic dyes. Functionalization (e.g., with chitosan and
graphene oxide) imparts complementary electrostatic and m—x interactions that
boost capture of both cationic methylene blue and anionic Congo red on PAN-
based nanofiber membranes, while maintaining good reusability after
regeneration cycles [80]. In cellulose-acetate systems, embedding
adsorptive/coordination sites via MOFs has achieved very high methylene-blue

capacities and typically follows Langmuir isotherms with pseudo-second-order
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kinetics, highlighting monolayer chemisorption on well-defined sites [116]. In
addition to single-polymer systems, composite polystyrene-sulfonate/PBS
nanofibers exhibit significant dye absorption and regeneration, with adsorption
accurately characterized by the Freundlich model and pseudo-second-order
kinetics, demonstrating the heterogeneous surface energetics typical of fibrous
adsorbents [85]. Hybrid designs increasingly couple adsorption with
photocatalysis (e.g., Nb20s-integrated PAN/PVDF fibers), enabling rapid
preconcentration of dyes on the fiber surface, followed by in-situ
photodegradation, which mitigates fouling and improves long-term performance
[117]. The recent surveys indicate that in comparison with pressure-based
membranes, electrospun nanofiber adsorbents reduce energy consumption, can be
easily functionalized by incorporating amines, carboxyls, and sulfonates, and can
be made into durable mats or modules that can be scaled up to achieve effective

dye removal for wastewater treatment [118].

1.10 Pollution

One of the most significant, intricate, and challenging environmental issues is the
contamination of soil, saltwater, rivers, lakes, and groundwater. This pollution
arises from discernible industrial waste and byproducts, in addition to the
application of chemicals, including synthetic fertilizers in agriculture and
insecticides. It also originates from refuse generated by residences, structures, and
various establishments [119]. The issue of pollution escalates with the rise in
chemical production and utilization in companies, as the disposal of these
substances contaminates the soil, water, and the environment overall. The
magnitude of the pollution issue stemming from industry escalates when there is
negligence or disinterest in the proper disposal of chemical factory waste, hence,

safeguarding soil and water from contamination.
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The soil and water often contain various dangerous substances, i.e.,
microbiological pathogens, organic (herbicides, insecticides, phenols, and
hydrocarbons), and heavy-metallic (lead, cadmium, arsenic, and mercury) ones.
These environmental pollutants possess a considerable capacity to negatively
impact human health [120].

The pollution of air, water, and soil is a worldwide concern with significant
consequences for the ecosystem and human society. The elimination of various
contaminants, including inorganic and organic chemicals, from the environment
presents a significant problem. Adsorption techniques are commonly utilized
because of their inherent simplicity and outstanding efficiency [121].

The adsorbing capacity of the material depends mostly on its inherent properties,
most importantly, its porous structure and its surface chemistry. Consequently,
the adsorption procedure is acknowledged as a straightforward, simply executed,
and efficient technique for the elimination of diverse contaminants [122, 123].
Furthermore, the adsorption process can prevent the secondary pollution because
it does not produce any harmful byproducts.

The efficiency of an adsorption system is dependent on the selection of an
appropriate adsorbent. Optimal adsorbents are characterized by a high specific
surface area, high pore volume, and surface groups with good interaction with
contaminants. This has fuelled the massive work carried out on porous materials
to clean the environment. Developers have manufactured a various of options,
including activated carbon, pillared clays, zeolites, mesoporous oxides, polymers,
and metal-organic frameworks, all of which exhibit a different degree of

proficiency in extracting toxic waste in air, water, and soil [123-126].
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1.10.1 Air Pollution

Air pollution is one of the most acute problems of our time that affects climate
change and predetermines increased morbidity and mortality. The complex
combination of pollutants in the form of particulates in the air and ozone in the
atmosphere has proven to be a major cause of environmental health hazards in all
regions of the world [127]. These contaminants have been associated with a vast
range of diseases, with the respiratory and cardiovascular systems being the most
predominant. Chronic obstructive pulmonary disease (COPD), asthma, lung
cancer, and several cardiovascular events are often associated with air pollution
[127]. Recent multi-city studies indicated that fine particulate matter (PM2.5) and
ozone interact in a so-called synergistic manner; each pollutant increases the
harmful effects of the other one, resulting in increased risks of total,

cardiovascular, and respiratory deaths [128].

1.10.2 Soil Pollution

Soil pollution is caused by a combination of perpetrators, industrial activities and
military conflicts, mining operations, and the aggravation of modern farming,
which results in soil pollution as an ever-growing environmental threat. This
contamination adversely impacts human life, vital flora and fauna, industrial
progress, living standards, and cultural heritage [129]. Diffuse pollution is a kind
of danger, especially sneaky in nature; it spreads over large distances and often
goes unnoticed. Natural and man-made agents can contaminate the soil. The
natural culprits are geogenic contaminants, like the background radioactivity,
volcanic ash, and naturally occurring polycyclic aromatic hydrocarbons (PAHs).
The anthropogenic ones, however, take the first aspect of the list: industrial
activities, by-products of household and city waste, mining, extraction of fossil
fuels, infrastructure development, transport, and poor disposal of domestic

chemicals and plastics all contribute to the silent contamination of soil [130].
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1.10.3 Water Pollution

There are four major sources of water contamination: industrial activity,
agriculture, natural events, and ineffective systems of water and sewage. Industry
is the worst offender among them. The industries of distilleries and tanneries to
pulp and paper, textiles, food processing, iron-steel production, and even nuclear
facilities produce a cocktail of pollutants—everything, including heavy metals
and organic acids, inorganic salts, and volatile organic compounds. When these
wastes go unresolved through proper treatment, they cause havoc to rivers, lakes,
and groundwater and convert what was once a clean water body into a dead trap
[131, 132]. The pollutants are broadly classified into two categories, namely
organic and inorganic. These contaminants are manifested in a wide variety of
forms in wastewater: physical, chemical, biological, and even radiological, and
each of them requires a specific approach to removal. Figure 1-11 illustrates the
process of transforming dirty water into clean and usable water in a sequence of
specific treatments that remove every form of contamination [133]. A typical ion-
exchange unit, which removes dissolved anions and cations, usually initiates the
treatment process. This is then followed by electrochemical cells targeting
stubborn pollutants and then bioremediation, which feeds microbes to degrade
organic substances. The flocculation and precipitation then agglomerate loose
particles, and it becomes easy to skim them away. Adsorption rescues the difficult-
to-get traces. Activated carbon, biochar, or advanced nanoparticles introduce
enormous surface areas and specific functional groups, which bind to heavy
metals, dyes, pesticides, and pharmaceuticals and drag them out of the water
column at even small concentrations. The pH is then adjusted by neutralization,
dissolved gases are removed by aeration, and the solids that remain are brought
to the surface by settling. A polish is provided by filtration and a disinfectant of
choice (ozone, chlorine, or UV) to wipe the remains of the pathogen and any other
fine particulates. It is through these processes woven together that the wastewater

is converted into clean, safe water to be either reused or discharged [134].
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Figure 1-11 Water treatment technologies used to obtain purified water [108]

1.11 Types of Pollutants

1.11.1 [Inorganic Pollutants

Chemical pollution is the primary source of most contaminants in aqueous
solutions, a category that encompasses heavy metals such as Cu, Cr, Pb, and Ni,
as well as metalloids like Se and As [135].

Common inorganic substances in water include heavy metals, halides, oxyanions,
cations, and radioactive materials. Due to their non-biodegradable nature, these
inorganic pollutants can persist in aqueous systems for extended periods, leading

to the progressive deterioration of water quality [136].

1.11.2 Organic Pollutants

Organic pollution occurs when excessive amounts of organic compounds are
introduced into a water body. These pollutants include a wide range of substances
such as pesticides, fertilizers, hydrocarbons, phenols, plasticizers, detergents, oils,
pharmaceuticals, proteins, and carbohydrates. The primary sources are domestic
sewage, urban runoff, agricultural wastewater, and industrial effluents,

particularly from sewage treatment plants and industries like food processing,
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pulp and paper manufacturing, and aquaculture. The decomposition of these
organic pollutants by microorganisms consumes dissolved oxygen, often at a rate
faster than it can be replenished. This leads to oxygen depletion, which has severe
consequences for aquatic biota. Furthermore, wastewater containing organic
pollutants often carries high quantities of suspended solids. These solids reduce
light penetration, inhibiting photosynthesis, and alter the riverbed upon settling,
rendering the habitat unsuitable for many invertebrate species [137, 138]. Among
the most prevalent organic pollutants are dyes, which have been selected as the
major pollutant of focus for this thesis due to their widespread use and

environmental impact.

1.12 Dyes

The dye industry produces about 700,000 tonnes of dye annually, comprising
more than 10,000 types of dyes, of which the majority are required by the textile
industries. Using such dyes in the environment is highly dangerous due to their
long-lasting effect, taking months or years; they may be toxic to a wide variety of
organisms, and they accumulate in the living tissues. The most popular and
hazardous azo dyes with a benzidine core are the most common of them and of
particular concern because of their carcinogenic nature and thus require
immediate examination and measures to be taken [139]. This paper analyzes the
present condition of cationic and anionic dyes.

Dyes represent a significant environmental hazard to water ecosystems. Their
inherent toxicity and propensity to absorb sunlight disrupt aquatic photosynthesis,
compromising the well-being of these environments. Consequently, the removal
of dyes from wastewater is a subject of major importance worldwide [140-143].
Techniques to eliminate organic dyes in water are broadly classified into three
categories, namely physical, chemical, and biological. Physical methods typically
consist of adsorption, coagulation/flocculation, or filtration. Electro-Fenton
reactions, photocatalysis, or ozonation are frequent chemical processes on which
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chemical treatment is based. Biological methods involve the use of enzymes and
microbes for processes such as biosorption and biodegradation. The identification
of an excellent method is dependent on a particular kind of dye and the
manufacturing environment where it is used [ 144].

The coloration of natural dyes is caused by chromophores, which are responsible
for the absorption of light. Chromophores tend to be conjugated m electron
systems, 1.e., think of the double bonds or the aromatic rings, which absorb
specific colors of visible light. On the other hand, auxochromes are functional
groups that improve the color of the dye and stabilize its color. They achieve these
effects by extending the conjugation of the chromophore or by facilitating a
stronger bond with the substrate [145]. They cause the molecule containing them
to turn chromogenic [146]. The only way to dye a chromogenic molecule is to add
additional atom groups known as "auxochrome" [146]. Auxochromic groups are
used both to adjust the color of the dye and to fix it onto the surface. These groups
are divided into two basic groups (e.g., -NHz, -NHR, -NR2) and acidic groups (e.g.
-COOH, -SO:H, -OH). The remaining atoms of the molecular structure constitute
the third component of the dye, which is known as the matrix [147]. Functional
compounds included in textile dyes, such as carboxylic, amine, and azo groups,

are difficult to handle using traditional techniques [148].

1.12.1 Methylene Blue Dye (MB)
Methylene blue (MB) is a widely used cationic dye known for being

environmentally persistent, toxic, carcinogenic, and mutagenic. It is commonly
applied in the textile, paper, and leather industries to dye various materials.
Consequently, large volumes of wastewater containing MB are discharged into
ground and surface water. MB poses a significant risk to human health; at doses
exceeding 5 mg/kg, its monoamine oxidase inhibitory properties can induce fatal
serotonin toxicity. It also presents a threat to the fauna of aquatic ecosystems.

Therefore, the removal of MB from wastewater is imperative, and various
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removal strategies have been reported in the literature to address this

contamination [149].

Methylene blue (3,7-bis(dimethylamino)phenothiazin-5-ium chloride) (Figure 1-
12) is one of the synthetic dyes that are widely used as a colorant for materials
such as paper, wool, silk, and cotton [149, 150]. In addition, the food, cosmetics,
and pharmaceuticals industries are not left behind in consuming a large quantity
of MB dye for their productions [151]. It is used in various fields such as
medicine, biology, and chemistry [152, 153] However, MB is mostly used in

textile industries for coloring fabrics.

e + _CH
HaCuy S SN R

| I
CHs CH,

Figure 1-12 Methylene blue molecular structure and model [149]
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1.12.1.1 Properties of Methylene Blue

MB is a solid, odorless, dark green powder at room temperature and yields a blue
solution when dissolved in water [154, 155]. MB dye has a pK, of 3.8 [156, 157].
It is soluble in methanol, 2-propanol, water, ethanol, acetone, and ethyl acetate

[158]. The point of melting (Tm) of MB ranges from 100 to 110 °C [159].

1.12.1.2 Applications of Methylene Blue Dye

Methylene blue, a phenothiazine dye with a rich history dating back to the 19th
century, it has transcended its initial use as a textile colorant to become a molecule
of significant and expanding interest across various scientific disciplines [160].
While traditionally recognized for its role as a biological stain and in the
treatment, of methemoglobinemia, recent research has illuminated its vast
therapeutic potential and diverse applications [160, 161]. Extensive modern
studies are exploring its efficacy in neurodegenerative diseases, such as
Alzheimer's, by targeting mitochondrial dysfunction and protein aggregation
[162]. Furthermore, its role as a photosensitizer in antimicrobial and anticancer
photodynamic therapy is a rapidly growing field of investigation, with systematic
reviews confirming its effectiveness against various cancer types in preclinical
studies [163]. Beyond its medical uses, methylene blue is also being investigated
for its utility in environmental remediation to remove pollutants from wastewater,
highlighting the compound's remarkable versatility [161, 164]. This multifaceted
nature, from neurology to oncology and environmental science, underscores the
continued relevance and promising future of methylene blue in scientific research

and clinical practice.
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1.12.1.3 The Toxicity of Methylene Blue Dye

The paradoxical nature of methylene blue, which has been long used both in
medicine and industry, is that it is a therapy drug and a highly toxic environmental
pollutant. It has clinical applications in the treatment of methemoglobinemia and
vasoplegic syndrome when used in the treatment of encephalopathy induced by
ifosfamide, and there is an active body of research on its neuroprotective role. But
its increasingly toxic history is of concern [162, 165]. In humans, the dose-
response relationship of toxicity is increasing: toxicity causes severe effects at
high levels, such as hemolysis, chest pain, and hypertension, and in combination
with serotonergic compounds, it has the potential to cause a potentially lethal
serotonin syndrome [165]. In addition to the clinic, methylene blue is considered
a hazardous, carcinogenic, and non-biodegradable pollutant as it leaks out during
the industrial processes, particularly in the production of textiles, into the water
bodies. The resultant effluent is harmful to the aquatic life and may have
devastating health effects on men, leading to respiratory discomfort, digestive
diseases, and even tissue necrosis due to polluted water [160]. Due to the two
vastly different functions of methylene blue, it is important to examine its
toxicology carefully; hence, to ensure that its clinical benefits will not be at the

cost of environmental protection and human health.

1.12.1.4 Adsorption of Methylene Blue Dye

To address difficult pollutants in the water, particularly the biodegradable
pollutants, adsorption is widely applied. Therefore, a significant amount of
research has been dedicated to eliminating such contaminants like methylene blue
(MB) in industrial wastewater sources, especially that produced by the textile,
paper, and printing industries [166]. Various treatment methods, such as physical,

chemical, and biological methods, have evolved to eliminate the dyes in
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wastewater [ 167]. Even though these approaches perform well, they are stuck with
the disadvantages, which include the formation of toxic by-products, intensive
energy use, and costly nature [168].

Table (1-3) provides a qualitative evaluation of the primary chemical techniques
utilized for the elimination of methylene blue (MB) from aqueous solutions. The
analysis compares the two treatments based on their efficiency, selectivity, the
speed of a reaction, amount of waste, and energy consumption, relying on peer-
reviewed studies published within the preceding seven years. In general,
adsorption is characterized by high efficiency of removal, a minimum of energy
requirement, and a low generation of waste. Conversely, the advanced oxidation
processes (AOPs) and photocatalysis have rapid comprehensive degradation but
at a higher energy cost. Fenton oxidation proffers rapid reaction and high
efficiency but amounts to a lot of sludge. A good amalgamation of high removal
and rapid response is offered by electrocoagulation, which has the drawbacks of
moderate waste production and higher energy usage. Lastly, the conventional
chemical precipitation and coagulation/flocculation are still effective in the
removal of methylene blue and are associated with increased sludge volumes.
This comparative study enables one to make informed decisions on which
technique to use depending on the task at hand and also the environmental effect.
The adsorption process has been widely used effectively for the removal of
colorants from wastewater due to the low cost, regeneration, and reusability of the
adsorbents [169, 170].

The experiments look into the adsorption of methylene blue (MB) onto nanofibers
and the effect of the pH of the solution and initial dye load. The result show a
significant enhancement in adsorption capacity, particularly in the case of the
addition of chitosan (Chi), because the PAA-Chi nanofibers demonstrate excellent
functionality. The pH-dependent trend highlights how the environmental
conditions contribute to the adsorption process, and greater concentrations of the

dye give a greater force to the nanofibers to adsorb the pollutant [171].
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Table 1-3 Comparison of Methylene Blue Removal Methods

Waste
] a.c o . . Energy
Method Efficiency Selectivity Kinetics Genelzlratlo e o Reference

Adsorption High Moderate Moderate Low Low [172]

Photocatalysis High Low Moderate Low Low [173]

Fenton Oxidation High Low High High Moderate [174]

Advanced Oxidation High Low Moderate Low High [160]

Electrocoagulation High Low High Moderate High [175]

Ch.en.nce.ll Moderate Low Moderate High Low [175]
Precipitation

Coagulatlp n High Moderate High Moderate Low [176]
/Flocculation
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1.13
1-

The Aims of This Study
To synthesize optimal PAA-Chi (70:30 ratio) using electrospinning

techniques: Develop electrospun nanofiber materials by incorporating
functional nanomaterials into polymer matrices to enhance surface
properties and adsorption efficiency.

To characterize the synthesized PAA-Chi nanofibers using various
analytical techniques: Employ techniques such as Field Emission
Scanning Electron Microscopy (FESEM), Fourier Transform Infrared
Spectroscopy (FTIR) and zeta potential.

To examine the adsorption efficacy of the composites in eliminating
Methylene Blue dye from aqueous solutions: Analyze parameters like
initial dye concentration, contact time, and pH for determining the ideal
adsorption conditions.

To Apply adsorption isotherm and Kkinetic models to understand the
adsorption mechanism: Analyze experimental data using models such as
Langmuir and Freundlich isotherms and pseudo-first-order and pseudo-

second-order kinetic models to elucidate the adsorption process.
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Chapter Two

Experimental



2.1 Equipment and Materials

This investigation presents the instruments used in the study including their
models, manufacturers, and origins in Table 2-1, and the chemical compounds in

Table 2-2.

Table 2-1 Equipment utilized in the investigation, models, corporations, and

sources
Ser. Device Company | Source Laboratory
Field Emissi o
1escannnii1rsls10n Tehran University/
g : Advanced Materials
1 Electronic Zeiss Germany o
. Characterization
Microscope Institute
(FESEM)
UV-Vis. University of Misan
2 Spectrophotometer, | Shimadzu | Japan /College of Science/
UV-1800 Chemistry Dept.

University of Misan /
3 pH meter, pH 7110 Inolab | Germany College of Science/

Chemistry Dept.
University of Misan /
g | Stimingwaterbah, | e of Science
KBLEE 2010 P 0 fege o Seience
Chemistry Dept.
FTIR Tehran Un1vers1Fy/
: Advanced Materials
5 Spectrophotometer, | Shimadzu | Japan Characterization
FT-IR-1800 .
Institute
Ahvaz Jundishapur
Electrospinning University/
6 Nanoazma Iran

Machine, 2ESII-I1 Nano Technology
Research Center

[42]



Table 2-2 Utilized chemicals, chemical formula, manufacturer, and source

Chemical MW
Ser.| Chemicals Company | Source | Purity
Formula g/mol
1 Chitosan [CeH11NO4], | 300000 SDFCL India | 75%
Poly Acrylic Sigma
2 [C5H402]n 250000 USA -
Acid Aldrich
Methylene | C;¢HsCIN;S. Thomas
3 355.88 India | 99%
blue xH20(x=2,3) Baker
Hydrochloric
4 _ HCI 36.46 | Applichem | USA | 97%
acid
Sodium
5 _ NaOH 39.997 | ChemLab | UK 98%
hydroxide
6 | Acetic Acid C,H40, 60.052 SDFCL India | 99%
L Alpha .
7 | Formic Acid CH,0, 46.03 India | 98%
Chemika

2.2 Preparation of PAA—Chi Electrospinning Nanofibers

Polyacrylic acid-chitosan nanofiber synthesis using the electrospinning technique

in a 50:50, 70:30, and 85:15 ratios required a sequence of perfectly organized

processes aimed at producing homogeneous and functional fibers suitable for the

development of various applications. Electrospinning is an adaptable system to

use in the creation of polymeric fibers of nanometer to micrometer diameter and

provides a high surface area and porosity, which are important characteristics in

biomedical and environmental use.
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It was initiated by making individual solutions of polyacrylic acid (PAA) and
chitosan (Chi). Chitosan, which is soluble only under acidic conditions, was
solubilized in a 2% (v/v) acetic acid solution to a concentrations of 1.5%, 2.5%,
and 0.75% (w/v). At the same time, polyacrylic acid was also dissolved in
deionized water to 3.5%, 2.5%, and 4.25% (w/v) concentrations. The resulting

solutions were stirred by vigorous stirring until fully dissolved.

The two polymer solutions were then mixed in their 70:30, 50:50, and 85:15
proportion weight of PAA to Chitosan following the dissolution process. Then the
mixture was stirred for several hours to ensure uniformity and prevent the
separation of phases. The final blend was then measured and adjusted in terms of
viscosity and conductivity as well as pH. The pH was governed to be 4-5 so that
the chitosan remains soluble and is made compatible with PAA, and the viscosity
was adjusted to allow the relationship of continuous formation of fibers during

electrospinning [171].

The metallic needle was used to insert the homogeneous polymer blend into a
syringe. A grounded collector, a syringe pump, and a high-voltage power supply
comprised the electrospinning apparatus. A voltage of 25 kV was applied
between the collector and the needle, which was positioned 15 cm from the needle
point. The flow rate of the polymer solution was maintained at 1.5 ml/hr. The
PAA-Chi solution under the effect of the electric field was pulled off the tip of
the needle to form a jet, which extended and solidified into nanofibers with the

evaporating solvent [60].

Conversely, the electrospinning procedures reported in Table 2-3 did not yield
any products when using nanofibers with PAA/Chi proportions of 50:50 and
85:15. The mixture of polymers at a 50:50 ratio had an overly high viscosity due
to the large share of chitosan with high molecular weight; thus, the solution
solidified in the syringe, and a small amount appeared as discrete strands

punctuated by beads and nodes, which is evidence that the polymer jet was not
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stable, and it was not able to form continuous fibers. On the other hand, the 85:15
ratio resulted in a mixture that was not viscous enough to allow the entanglement
of the chain, hence suppressing any fiber development. The process instead got
deviated to spraying drops and a fine mist from the syringe tip, and no fiber
structure could develop. These facts reveal the importance of solution rheology
and viscosity, in particular, and molecular-weight-induced entanglement, in
particular, when it comes to the viability of the electrospinning method. Low-
viscosity solutions result in droplet formation instead of fibers, but excessive
viscosity prevents the formation of jets and clogs the spinneret; hence, the need
to balance these parameters to guarantee nonstop and flawless nanofiber growth

[177].

Table 2-3 Electrospinning performance and outcomes of different PAA—Chi
blending ratios.

droplets/mist formation

PAA:Chi
Observation/Outcome Reason for Success or Failure
Ratio
Balanced viscosity and chain
bead-free, v Y
entanglement enabled stable jet
70:30 Uniform, continuous _
formation and solvent
nanofibers _
evaporation.
Solidification inside Excessive viscosity caused by
50:50 syringe, discontinuous high molecular weight chitosan
. fibers with beads and prevented smooth flow and a
nodes stable jet.
Very low viscosity, insufficient
o No fibers, only polymer chain entanglement,

leading to electrospraying

instead of electrospinning.
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2.3 Rheological Behavior Method

Using a rtheometer, we measured the nanofiber solutions' rheological properties.
At different temperatures and shear rates, the viscoelastic and viscosity
characteristics of PAA-Chi solutions (30% Chi) were tested [178]. Rheological
test results offer insight on the solutions' viscoelastic properties and flow
behavior, revealing whether or not they were suitable for the electrospinning

Process.

2.4 Zeta Potential

To determine the zeta potential of the PAA-Chi nanofibers and observe the
variation in the surface charge, we measured the zeta potential of the nanofibers
at Malvern Zetasizer (Malvern Instruments, UK). To test the suspension, we used
ultrasonic dispersion of nanofibers in DMSO (0.01 g/100 mL) to make a

suspension. The process is done at room temperature.

2.5 Sample Preparation

2.5.1 Stock Solution of MB Dye (1000 mg/L)

A methylene blue (MB) solution (molecular weight = 319.86 g.mol!) was made
by dissolving 100 mg of the dye in deionized water in a beaker. Subsequently, it
was directly transferred to a volumetric flask with a volume of 100 ml and diluted
to the calibration mark with deionized water. Standard solutions (50, 100, and 200

mg/L) were prepared via serial dilution of the stock solution.

[46]



2.6 Determination of Calibration Curve

To determine the standard calibration curve for MB dye, a series of standard
solutions (0-100 mg/L) of methylene blue dye were prepared. Absorbance
measurements were carried out at a wavelength of 664 nm employing a UV—
Visible spectrophotometer. The absorbance values of the prepared solutions were
recorded as shown in the table (2-4), and the absorbance values were plotted

against the concentration to obtain the standard calibration curve as shown in the

figure (2-1).
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Table 2-4 Concentrations of methylene blue standard solutions and their

corresponding absorbance values at Amax = 664 nm.

Concentration mg.L! Absorbance
0 0
10 0.067
20 0.125
30 0.185
40 0.259
50 0.341
80 0.587
100 0.812

Absorbance

0.8

y =0.008x - 0.0329
R?=0.9891

e
7o
g

-0.2

Conc. (mg/L)

100

120

Figure 2-1 Standard calibration curve for MB dye at 664 nm.
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2.7 Dye Adsorption Measurement of PAA-Chi NFs

Systematic adsorption of dye on the PAA-Chi NFs was conducted in a batch-type
of equilibrium under controlled conditions of the environment as represented in
Figure 2-2. Experiments of all adsorption were carried out at room temperature
(25°C) by constant agitation at 100 rpm to achieve uniform distribution and to
limit the effect of mass transfer. In both of the tests, the dry weight of the
composite (10 + 0.0001 mg) was introduced into a 50 mL methylene blue solution,
which had an initial concentration of 100 mg.L' and a pH of 6. After the
adsorption, the composite underwent centrifugation at 5000 rpm for a duration of
5 minutes. The remaining dye in the supernatant was measured using UV-Vis 1800
(Shimadzu, Japan) at 664 nm. To achieve accurate quantification, an MB dye
calibration curve against its 664 nm maximum was drawn. The adsorption
capacity of the PAA-Chi nanocomposite (q.) and the dye removal efficiency (R)

were obtained by using the following equations:

(Co—C,) XV
qe =1 Eq.(1)
Co—C
R%=¥ x 100 Eq.(2)
0

qe 1s the capacity of PAA-Chi NFs (mg/g) to adsorb. C, and C. are the
concentrations of initial and equilibrium dyes (mg/L), respectively. V and W are

the dry weight of PAA-Chi adsorbent (g) and the solution volume (L).

[49]



Constant agitation

: 50 mL of MB dye 100 rpm
10 mg of :AA-Chl solution at pH=6
Nanofibers | — !

P i

D

~ ~
Measure the absorbance of residual Centrifugation at 5000
MB dye content at .max 664 nm rpm for S minutes
- <
4
\_ vy

Figure 2-2 Flow diagram of methylene blue adsorption experiment
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2.8 Quality Control and Quality Assurance (QC/QA)

To ensure the reliability and reproducibility of the results, all adsorption
experiments were conducted in triplicate, and the result values are reported in the
mean + standard deviation. Blank samples where the Methylene Blue (MB) was
placed in distilled water with no adsorbent were also done as control experiments
to verify that there were no interferences. Calibration of the spectrophotometer
was done periodically using standard solutions, and before every measuring

series, the spectrophotometer was set on a baseline to ensure analytical accuracy.

2.9 Study of the Effects of MB Dye Concentration

The concentration of methylene blue (MB) dye on its adsorption character was
examined by making a range of MB solutions prepared with initial concentrations
of 50, 100, and 200 mg.L™" in 50 mL volumetric flasks. Then, PAA-Chi nanofibers
(10 mg) were added to the solution, and the adsorption process was followed at
various contact periods (1, 2, 4, 6, 8, 10, 12 h). 5 mL of aliquots were sampled
with a syringe, and nanofibers were centrifuged at a speed of 5000 rpm in 5
minutes. The residual dye concentration was then determined by measuring the

absorbance at the peak wavelength of 664 nm.

2.10 Study of the MB Dye's pH Effect
Methylene blue (MB) dye was first prepared at 100 mg/L before the adjustment

of its pH value to various desired values (2, 4, 5, 6, 7, 8, and 10) was maintained
by adjusting with 0.1 M HCl and 0.1 M NaOH to the solution in a 50 mL solution
flask, which was monitored with a calibrated pH meter. The initial absorbance
measured 664 nm. The adsorption process was monitored (12 hours) following
the addition of 10 mg of PAA-Chi nanofibers to the solution. A 5 mL sample was

extracted using a syringe, and the nanofibers were centrifuged at 5000 rpm. The
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residual dye concentration was then determined by measuring the absorbance at

the peak wavelength of 664 nm.

2.11 Kinetic and Isotherm Method
2.11.1 Kinetic Model Fitting of MB Adsorption

To conduct a more thorough examination of the adsorption dynamics of MB on
the PAA-Chi composites, two kinetic models, namely pseudofirst-order and
pseudosecond-order, were employed. These two models are described by

equations (3) and (4), respectively [179, 180]:

Log(q. — q¢) = Log q. — Kjt Eq.(3)
‘ 1 + ‘ Eq.(4)
— = — q.

q: K,q5 4.

The equilibrium quantity of methylene blue (MB) adsorbed is denoted by (e
(mg/g), where q; expresses the amount of dye adsorbed at time t. The pseudofirst-
order and pseudosecond-order models were utilized to assess the kinetics of
adsorption. (K; min™) and (K, g.mg™! min) were utilized to ascertain the relevant
rate constants. According to the pseudofirst-order model, at any time t is directly
proportional to the difference between (qc.), the equilibrium capacity, and the
amount adsorbed at time (q;). This model is presumed to be relevant during the
initial phases of physical adsorption or interactions occurring on surfaces with

minimal adsorbate presence.
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2.11.2 Isotherm Model Fitting of MB

To investigate the equilibrium adsorption of PAA-Chi NFs, the Langmuir and

Freundlich isotherm models were used. This is indicated in equations 5-6 [179]:

Ce ! + ! Eq.(5)
—_— = q_
de o K. qoCe

1
Log q. = log Ky + - Log C, Eq.(6)

The Langmuir isothermal constant, denoted by K; (L.mg') and qo (mg.g™?),
denotes the adsorption rate and adsorption capacity, respectively. The Freundlich
constants for adsorption capacity and strength are denoted as (Ky L/g) and 1/n,

respectively.
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Chapter Three

Results and

Discussion



3.1 Fabrication and Characterization of PAA—Chi NFs

Recent research has focused on nanofibrous materials because of their high
specific porosity surface area and adjustable structural properties. Electrospinning
produces nanofibers from various polymer mixtures precisely and efficiently. Due
to various basic factors, electrospinning polyacrylic acid-chitosan (PAA-Chi)
composite nanofibers has become important. The goal was to employ PAA and
Chi to create a material with better MB adsorption. Electrospinning is ideal for

making practical materials due to its adaptability and customization.

3.2 Fourier Transform Infrared (FT-IR) Spectroscopy

The FTIR spectra are presented in Figure 3-3, and Table 3-3 of PAA, Chi, and the
synthesized PAA—Chi nanofibers (NFs) confirm the successful interaction

between the two polymers.

In the spectrum of pure PAA (Figure 3-1) and Table 3-1, a wide band at 3441.55
cm™' correlates to O—H stretching vibrations, whereas the presence of a peak at
1730.20 cm™ indicates the C=0 stretching vibration characteristic of carboxylic
groups. The band at 2947.77 cm™ reflects the stretching vibrations of —CH2 and —
CH groups inside the polymer backbone [181].
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Table 3-1 FTIR spectral analysis of pure PAA showing characteristic absorption
bands, bond types, and functional group assignments.

Wavenumber Vibration Bond Tvpe Functional Group /
(cm™) Type M Source
O-H .
3441.55 stretching O-H Hydroxyl group in PAA
173020 C=0 Carboxylic Carboxylic groups in
' stretching (C=0) PAA
—CH:/-CH
2853.68 Symmetric C-H Aliphatic backbone of
2947.77 ~CH./-CH PAA
Asymmetric
\
g ﬂ
C
3
£
(2]
C
o
l—
4000 36I00 32I00 28100 24I00 20I00 1 6I00 1 2I00 8(I)O 4(I)0

Wavenumber (cm™)

Figure 3-1 FT-IR spectra of pure Polyacrylic Acid (PAA)
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The chitosan spectrum (Figure 3-2) and Table 3-2 exhibit a broad band at 3452.72
cm™' due to overlapping O—H and N-H stretching vibrations, indicative of
extensive hydrogen bonding. Peaks appearing at 1654.41 cm™* and 1590.41 cm™
can be attributed to the amide I (C=0O stretching) and amide II (N-H bending)
vibrations of residual acetyl groups, respectively. The C—H stretching vibration
appears at 2857.43 cm™, while the band at 1403.3 cm™ corresponds to C—N and

C—-O stretching vibrations.

Table 3-2 FTIR spectral analysis of pure Chi showing characteristic absorption
bands, bond types, and functional group assignments.

Wavenumber Vibration Bond Tvoe Functional Group /
(cm™) Type yp Source
O-H/N-H O-H and Hydroxyl and amine
3452.72 stretching : .
: N-H groups in chitosan
(overlapping)
1654.41 C=0 stretching Amide Residual acetyl groups in
' (Amide I) C=0 chitosan
1590.41 N-H bending  Amide N— Residual acetyl groups in
' (Amide II) H chitosan
2857.43 C—H stretching C-H Ahphatl.c groups in
chitosan
Present in chitosan
1403.30 CN/CO - C-Nand structure

stretching C-0
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Figure 3-2 FT-IR spectra of Pure Chitosan (Chi)

In the FTIR spectrum of the PAA—Chi nanocomposite (Figure 3-3) and Table 3-
3, noticeable shifts and reductions in peak intensity were observed in the
characteristic absorption bands of both polymers. Any shift in the O-H and N-H
stretching region indicates the formation of H-bond between the carboxylic group
of polyacrylic acid and the NH; or OH groups of chitosan. Additionally, the C=O
stretching peak of PAA and the amide I/II bands of chitosan exhibit shifts and
noticeable intensity changes, further confirming the interaction. These spectral
modifications support the formation of a new intermolecular network between
PAA and Chi through hydrogen bonding and possible electrostatic interactions,
contributing to the structural integrity and enhanced functionality of the

nanofibers.
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Table 3-3 FTIR spectral analysis PAA—Chi nanofibers showing characteristic
absorption bands, bond types, and functional group assignments.

Wavenumber Vibration Bond Type Functional Group /
(cm™) Type yp Source
O-H/N-H Hvdrogen Indicating H-bonding
(Shifted region) stretching yarog between PAA and Chi in
: bonding :
(shifted) nanocomposite
C=0 and _ :
(Shifted region) Amide VII C=0 and N— Interac.tlon bgtween PAA
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Figure 3-3 FT-IR spectra of free PAA, free Chi, and PAA—Chi NFs
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The FTIR spectra of the manufactured PAA-Chi nanofibers showed observable
changes in the typical absorption patterns of polyacrylic acid and chitosan, which
signified a strong interpolymer interaction. It is important to note that the broad
OH/NH stretch at 3440-3450 cm™! was shifted, and the PAA C=0 at 1730 cm™
and chitosan amide I/II at 1654 and 1590 cm™ were shifted and weakened. These
spectral changes prove the existence of hydrogen bonds and electrostatic
interactions between the carboxyl functionalities of PAA and the amino/hydroxyl
functionalities of chitosan, which finally leads to the development of a stable
intermolecular network, which forms the basis of the stability and adsorption

capability of the nanocomposite.

These results align with previously documented polymeric mixes. For instance,
in PCL—-CH nanofibers, comparable shifts and peak modifications were observed,
which were attributed to interpolymer bonding interactions, highlighting the
molecular compatibility between PCL and chitosan [171]. Similarly, studies on
PAA—CS-based hydrogels also revealed analogous spectral changes, where a
broad absorption band in the 3000-3600 cm ™ region (O—H , N—H stretching) and
characteristic peaks at 1637 cm™ (C=O stretching) and 29212854 cm™ (C-H
stretching) confirmed strong hydrogen bonding and polymeric network formation
[182]. Furthermore, the FTIR spectra of CS—PAA NPs obtained through
polymerizing acrylic acid in a chitosan medium showed a marked decrease in the
intensity of the amide I (1662 cm™) and amide I1 (1586 cm™) peaks, together with
the formation of novel absorption peaks at 1731 cm™ (C=0 of PAA) and 1628
cm ' (NHs" of CS). FTIR spectra showing additional peaks at 1532 and 1414 cm™,
assigned to asymmetric and symmetric COO™~ stretching modes, verify the
formation of a polyelectrolyte complex due to electrostatic attraction between

deprotonated carboxylate groups of PAA and protonated amino sites of CS [183].
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Overall, the FTIR analysis provides clear evidence of successful interaction of
PAA and Chitosan leading to a stable and highly functional nano composite

structure.

3.3 Field Emission Scanning Electron Microscopy (FESEM)
The FESEM images of the PAA-Chi NFs are shown in figure 3-4 (A, B),

accompanied by the respective particle diameter distribution images. They all
have a homogenous bead-free morphology emphasizing a controlled and
reproducible fabrication process. The PAA-Chi nanofibers are smooth, and their
average diameter 1s 276.15 £ 108.20 nm. Notably, the PAA-Chi nanofibers have
an uninterrupted uniform surface, which is beneficial in numerous ways, such as

adsorption.

[__TAvrage size: 276.15+108.20 nm
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Figure 3-4 FESEM images of the PAA—Chi nanofibers along with histograms of
their diameter distributions (A,B).
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Table 3-4 Fiber Morphology Analysis

Parameter Result

Fiber diameter range (nm) 100 — 800 nm

Average fiber diameter
276.15 +108.20 nm
(nm)

o Continuous, bead-free, randomly oriented,
Morphology description
smooth surface nanofibers

The obtained mean diameter of about 276 nm fits the nanoscale requirement,
which increases the surface area to volume ratio, which can be advantageous in
adsorption and other surface-intensive applications. The structural features of the
nanofibers and details of the homogenous surface of the polyacrylic acid-chitosan
(PAA-Chi) nanofibers were proven to be even and advantageous by field-emission
scanning electron microscopy (FE-SEM). Combined, these results highlight the
application of these NFs to numerous adsorption reactions such as the elimination
of methylene blue (MB) in water. The comparatively large range of diameter can
be explained by the variability of processing conditions, including solution
viscosity, concentration, flow rate, and ambient conditions all of which are known
to affect fiber morphology. Notably, the fiber diameter is a very crucial factor in
the functional performance of nanofiber membranes: smaller fiber diameter tends
to enhance the filtration and adsorption performance because of the increased

surface-to-volume ratio and the diminished pore size [184].

More recent reviews have highlighted the exceptional potential of electrospun
nanofibrous membranes to water-remediation applications due to their large
surface area, interwoven porosity, and easily modifiable morphology that allow
contaminants to be removed by adsorption, filtration, and even -catalytic

degradation [185, 186]. These nanoscale fibers are smooth fibers, thus likely to
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display favorable adsorption and separation properties, particularly in those

situations where high surface contact and small pore-size networks are desirable.

3.4 Zeta Potential Analysis
Figure 3-5 illustrates the distribution of zeta potential of the produced PAA—Chi

NFs. The estimated zeta potential value was —21.5 mV, with a standard deviation
of £4.78 mV and a conductivity of 0.0136 mS/cm. The distribution curve has a

narrow peak at -21.5 mV, indicating that there is a steady and homogenous surface

charge in the dispersion of nanoparticles.

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -215 Peak 1: -215 100.0 478
Zeta Deviation (mV): 4.78 Peak 2: 0.00 0.0 0.00
Peak 3: 0.00 0.0 0.00

Conductivity (mS/cm): 0.0136
Result quality :

Zeta Potential Distribution
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Figure 3-5 Zeta potentials of PAA—Chi nanofibers.

The negative surface charge that is observed may be attributed primarily to the

ionized carboxyl groups (—COQO") of polyacrylic acid, which control the surface

of the particle even, though the protonated amino groups (—NHs") of chitosan are

(62]



present. This means that surface modification has been achieved and that the two

polymers react to each other.

According to the principles of colloidal stability, the values of zeta potential
between approximately £20 and +£30 mV show that the suspension has a moderate
stability [187]. Therefore, the zeta potential of -21.5 mV shows that the PAA-Chi
nanocomposite is sufficiently stable in colloidal suspensions, and the aggregation

of particles in the ambient environment is sufficiently inhibited.

The relative negative surface charge enhances the interaction properties of the
nanocomposite with positively charged matter such as cationic dyes or metal ions,
which makes it a promising choice in wastewater treatment as well as adsorption.
The quantified zeta potentials show that the PAA—Chi nanofibers synthesized
disperse with a reasonable stability and provide a net negative surface charge,
which is beneficial in further application in aqueous conditions, specifically in

dye removal or controlled drug delivery.

3.5 Rheology Test

The rheological behavior of the PAA—Chi nanofibers formulation was
systematically evaluated to understand its flow characteristics. Figures (3-6) and
(3-7) present the variation in shear stress (Pa) and apparent viscosity (Pas) in terms
of shear rate (S™!), respectively. As shown in Figure 3-6, the shear stress exhibits
a gradual and nearly linear increase across the full range of shear rates tested,
indicating a stable rheological response without sudden fluctuations. This steady
increase in shear stress suggests a homogeneous internal structure and strong
intermolecular interactions between PAA and chitosan chains, contributing to

consistent deformation under applied forces.
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Figure 3-6 Rheological Behavior of the nanofibers PAA-Chi

In parallel, Figure 3-7 demonstrates a typical shear-thinning behavior, as the
apparent viscosity decreases noticeably with increasing shear rate. This inverse
relationship confirms the pseudoplastic nature of the PAA—Chi formulation,
which becomes less viscous under higher shear conditions. Such rheological
behavior is advantageous in dynamic processes like electrospinning, where

reduced viscosity facilitates polymer jet elongation and fiber formation.
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Figure 3-7 Apparent viscosity (Pa) in terms of shear rate (S™) for the PAA—Chi
NF's

The flow behavior that was found reveals that the PAA-chi nanofiber solution is
fluid-like at high shear rates, which is subsequently advantageous to its
spinnability and uniformity. This is the most important behavior to keep the fiber
in continuous production and to regulate the morphology produced. As supported
by previous findings, the viscosity—shear rate profile plays a key role in
determining the electrospinning ability and final fiber properties of polymer
blends [50]. Finally, the rheological stability, including the predictable shear stress
and viscosity reactions, highlights why the PAA-Chi system is a good choice to
create nanofibers. Adjusting viscosity to changes in shear rate provides less
control over the process that is necessary for the creation of homogenous,

functional electrospun nanofibers.

These findings are highly consistent with previous studies about chitosan-derived
systems. Chitosan solutions perform significant shear-thinning at a variety of
concentrations and temperature ranges, which is believed to be due to
disentangling of polymer chains due to the shear [188]. Similarly, cellulose-
chitosan mixtures as solutions in ionic liquids were reported to exhibit the

properties of pseudoplastic fluids, and the viscosity decreased with the proportion
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of chitosan-contributing polymer-polymer interactions, confirming the perception

that high-affinity polymer-polymer interactions determine rheology [189].

Further, combinations of chitosan and PEO demonstrated a significant positive
change of zero-shear viscosity, which indicated the formation of hydrogen-
bonded chain entanglements to facilitate the non-Newtonian ideal of flow in
electrospinning [190]. Combined with the results of the rheology, the combination
of a consistent increase in shear stress and the strong shear-thinning nature of the
PA A—Chi formulation confirms that there are powerful interchain interactions and
pseudoplasticity. The characteristics play an important role in the production of
mechanically strong, flawless nanofibers and highlight the suitability of the
formulation in the dye adsorption of the study.

3.6 Adsorption Uptake of Methylene Blue

Adsorption activity of (PAA-Chi) was tested against MB dye. The MB dye
solutions were formulated at 50, 100, and 200 mg.L"!. The absorption spectrum
was obtained as shown in Figure 3-9 (Amax=664 nm). At a wavelength of 664 nm,
this value corresponds to the peak absorbance of MB. In order to ensure precise
concentration measurements during adsorption analyses, a standard calibration

curve for methylene blue was constructed at its maximum absorbance wavelength

of 664 nm.

3.7 Standard Calibration Curve

The calibration curve of methylene blue at Amax = 664 nm is presented in Figure
(3-8). The results indicate that the absorbance increases progressively with
increasing concentration, indicating conformity with the Beer—Lambert law

within the studied range. The regression equation obtained was:
A=0.008C—0.0329
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with a correlation coefficient of R?>=0.9891. This high R? value demonstrates a
strong linear relationship between concentration and absorbance, confirming the
reliability of the calibration curve for the determination of unknown methylene

blue concentrations in subsequent adsorption experiments.

At higher concentrations, a slight deviation from perfect linearity can be observed,
which is commonly attributed to molecular aggregation effects or instrumental
limitations at elevated absorbance values. Nevertheless, the curve remains valid

and suitable for quantitative analysis within the examined concentration range.

0.8

y=0.008x-0.0329
R? = 0.9891 )

Absorbance

100 120

-0.2
Concentration (mg/L)

Figure 3-8 The Standard Calibration Curve for Methylene Blue Dye

(67]



The subsequent formulae were employed to calculate the PAA-Chi NFs

adsorption capacity (q.) and dye removal effectiveness (R%):

(CO - Ce) XV
Je = W

Co—C
R% = (Oc—e) X 100 Eq.(2)

0

Eq. (1)

ge denotes the adsorption capacity (mg/g) of PAA-Chi NFs. C, and C. denote the
concentrations (mg.L ") of the initial and equilibrium dyes, respectively. V and
W denote the solution volume (L) and the dry weight of the PAA-Chi NFs (g),
respectively. C. represents the concentration of the dye solution determined at
various time intervals throughout the adsorption process, as shown in tables (3-

5), (3-6), and (3-7), respectively.
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Figure 3-9 Absorption spectrum of MB dye

The adsorption performance of the PAA—chitosan nanofibers toward methylene
blue (MB) at different initial concentrations (50, 100, and 200 mg.L.™") is presented
in Figures (3-10), (3-11), and (3-12), respectively. In all cases, the relative
concentration (C./Cy) decreased progressively with contact time, confirming the
effective uptake of MB molecules by the nanofiber surface. At a lower initial
concentration (50 mg-L'), the adsorption proceeded rapidly and reached a
significantly lower equilibrium C./C, value (0.86), indicating higher removal
efficiency. This phenomenon is ascribed to the presence of several active
adsorption sites (-NH,, —OH, and —COOH groups) relative to the number of dye
molecules, which allows more effective interaction through electrostatic attraction

and hydrogen bonding.
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Table 3-5 Adsorption of MB (50 mg.L-1), V=50 ml by PAA-Chi NF's W=10 mg

Time Absorption Ct
SD RSD qt R%  CdCo
(min) n=3 (mg/L)
0 0.3671 0 0 50 0 0 0

60 0.3534 +0.00334 0.945173 48.2820 8.590 3.44 0.9656

120 0.3376 +0.006498 1.924621 46.3187 18.407 7.36 0.9264

240 0.3295 +0.005407 1.641117 45.2980 23.510 9.40 0.9060

360 0.3160 +0.002616 0.827744 43.6180 31.910 12.76 0.8724

480 0.3145 +0.003979 1.26491 43.4287 32.857 13.14 0.8686

600 0.3142 +0.00363  1.155227 43.3900 33.050 13.22 0.8678

720 0.3131 +0.005639 1.800925 43.2487 33.757 13.50 0.8650

0.98

0.96 -

0.88

0.86 -

k. 1 J 1 x 1 L I o I ' 1 L I L 1
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Adsorption Time (min)

Figure 3-10 Adsorption efficiency of MB dye (50 mg.L-1) by PAA-Chi
Nanofibers
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Table 3-6 Adsorption of MB (100 mg.L-1), V=50 ml by PAA-Chi NFs W=10 mg

Time Absorption Ct
SD RSD qt R%  CdCo
(min) n=3 (mg/L)
0 0.7671 0 0 100 0 0 0

60 0.7514 +0.00358 0.476366 98.0427  9.787 1.96  0.9804

120 0.7357 +0.003443 0.46795 96.0793 19.603 392 0.9608

240 0.7168 +0.005797 0.808791 93.7133 31.433 6.29 0.9371

360 0.6984 +0.003753 0.537365 91.4127 42937 859 09141

480 0.6803 +0.008756 1.286981 89.1607 54.197 10.84 0.8916

600 0.6788 +0.005046 0.743352 88.9647 55.177 11.04 0.8896

720 0.6783 +0.008571 1.263669 88.8973 55.513 11.10 0.8890

0.98

0.96 1

0.94

Ce/Co

0.92 -

0.90

0.88
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Figure 3-11 Adsorption efficiency of MB dye (100 mg.L-1) by PAA-Chi
Nanofibers
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Table 3-7 Adsorption of MB (200 mg.L-1), V=50 ml by PAA-Chi NFs W=10 mg

Time Absorption Ct
SD RSD qt R% Ci/Co
(min) n=3 (mg/L)
0 0.7671 0 0 200 0 0 0

60 0.7499 +0.001196 0.159518 195.6893 21.553 2.16 0.9784

120 0.7345 +0.001358 0.184838 191.8573 40.713 4.07 0.9593

240 0.7245 +0.002208 0.304781 189.3560 53.220 5.32 0.9468

360 0.7198 +0.004043 0.56165 188.1720 59.140 5.91 0.9409

480 0.7192 +0.005566 0.773924 188.0253 59.873 5.99 0.9401

600 0.7186 +0.003704 0.515413 187.8747 60.627 6.06 0.9394

720 0.7182 +0.00395 0.549966 187.7833 61.083 6.11 0.9389

0.98
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Figure 3-12 Adsorption efficiency of MB dye (200 mg.L-1) by PAA-Chi
Nanofibers
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At higher concentrations (100 and 200 mg-L™"), the removal efficiency decreased,
as evidenced by higher equilibrium C./C, values. This reduction is mainly due to
the saturation of available adsorption sites on the PAA—chitosan nanofibers, where
the excess MB molecules remain unadsorbed in solution. Moreover, competition
among dye molecules for the limited active sites leads to lower overall uptake. A
similar trend has been reported for other chitosan-based and PAA-modified
adsorbents, where adsorption efficiency decreases with increasing pollutant

concentration due to site saturation and intraparticle diffusion limitations.

The time-dependent behavior further shows that most adsorption occurred during
the initial 200—-300 minutes, followed by a gradual approach to equilibrium. This
rapid initial stage can be explained by the high concentration gradient and
abundant vacant sites on the fiber surface, while the slower second stage
corresponds to progressive site occupation, electrostatic repulsion among
adsorbed cations, and diffusion of MB into the interior regions of the fiber
network. Such kinetic profiles are characteristic of chemisorption—physisorption
coupled processes commonly observed in electrospun biopolymer-based

nanofibers.

The fibers had a rapid initial absorption and a slower equilibrium, which is typical
of an adsorption process in which a large population of surface interactions
(cationic MB/anionic carboxylate electrostatic interaction and hydrogen bonding
with chitosan amine groups and complexation with chitosan amine groups)
together with diffusion into the porous fiber network. The superior performance
at lower initial MB levels arises from the abundance of accessible adsorption sites
compared to the number of dye molecules, leading to minimal site occupancy,
whereas the diminished efficiency at elevated concentrations results from
competing occupancy and a scarcity of available sites on the nanofibers. The PAA
residue provides carboxyl (—COOH/COO") functionality to increase the

electrostatic binding and swelling/tunable pore properties, whereas chitosan
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provides primary amine (—NH, /NH;3") sites, which are known to have high
affinity to cationic dyes, jointly forming a polyelectrolyte complex (PEC) to
stabilize the fibrous network and facilitate adsorption. Kinetically, the profile is
compatible with a rapid surface adsorption stage followed by slower
intraparticle/intramatrix diffusion, commonly modelled by pseudo-second-order
kinetics coupled with intraparticle diffusion controls in similar chitosan-based
electrospun adsorbents. These observations align with recent reports on chitosan-
containing electrospun membranes and PAA-modified adsorbents demonstrating
effective MB removal and confirm the suitability of the fabricated PAA-CS

nanofibers for dye remediation applications [171, 191, 192].

The adsorption results indicate that the hybrid network composed of polyacrylic
acid (PAA) and chitosan (Chi) exhibits high efficiency in removing methylene
blue dye from aqueous media. This performance is attributed to the three-
dimensional polymeric network formed through physical interpenetration of the
two polymer chains [59]. Functional groups such as amine (—NHz) and hydroxyl
(—=OH) in chitosan, along with carboxyl (-COOH) groups in PAA, play a central
role in the adsorption process [59, 193].

These groups contribute to the formation of effective hydrogen bonds with
methylene blue molecules, while electrostatic attraction occurs between the
negatively charged carboxyl groups and the positively charged dye. Additionally,
hydrophobic interactions between the aromatic nuclei of methylene blue and the
non-polar regions of the network further stabilize the adsorption process [194,
195]. The main interactions between the dye and the adsorbent, which include
hydrogen bonding and hydrophobic interactions, indicate a multimodal

adsorption mechanism [194].
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Figure 3-13 The adsorption mechanism of nanofibers (PAA—Chi)[171].

Methylene blue adsorption onto PAA-Chi nanofibers is a complicated process,
which is guided by the physicochemical properties of the dye and the nanofibrous
surface. Chitosan/polyacrylic acid creates a nanofiber matrix that has increased

structural stability, uniformity, and porosity, which allows efficient uptake of dye.

[171, 196, 197]. These structural characteristics are crucial in ensuring that a
stable and readily accessible surface is available for the adsorption of methylene
blue, thereby enhancing the total efficacy of the process. The synergistic Chi and
polyacrylic acid combination not only improves the adsorption capabilities of the
combination but also increases the stability of the structural integrity of the
nanofibers during the process of adsorption [171, 198]. This structural stability is
needed in the guarantee of uniform and repeatable performance in adsorption
applications. The adsorption of methylene blue on PAA Chi nanofibers is
controlled by a complex of hydrogen bonds as well as the unique surface

properties of the nanofibrous matrix [171, 199].

It is important to understand these aspects in order to maximize nanofiber design
as a good adsorbent to cationic dyes like methylene blue. This is because the
hydrophobic characteristics allow it to interact with the hydrophobic parts of the
nanofibers and thus improve the process of adsorption, as shown in Figure 3-13.
Chitosan is important in increasing adsorption of methylene blue (MB) on
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nanofibers. Its amino (—NH,) and hydroxyl (—OH) functional groups have many
active sites that can form hydrogen bonds and participate in electrostatic
interactions with cationic MB molecules, thus enhancing dye binding. According
to recent research, the introduction of chitosan into the PCL matrix enhances the
porosity and surface area of the nanofibers, providing additional sites for
adsorption and triggering the overall process faster. Additionally, the amino
groups in chitosan are pH-responsive: they are protonated under acidic conditions,
leading to positive surface charges and potential electrostatic repulsion with MB,
while in alkaline environments, deprotonation reduces this repulsion and
promotes stronger adsorption. The structural compatibility of chitosan with PCL
is also improved by the hydrogen bonding between its amino groups and the
carbonyl (C=0) groups of PCL, resulting in a mechanically stable and cohesive
nanofiber network. This synergy not only maintains structural integrity during
adsorption but also significantly boosts performance, with higher chitosan
contents (30% w/w) achieving more than a fourfold increase in MB adsorption
capacity compared to pure PCL, due to the greater number of active sites and

improved surface properties [171].

Another study confirmed chitosan in the PAA—Chi nanofibers system enhances
methylene blue adsorption by providing amino and hydroxyl groups for hydrogen
bonding and electrostatic interactions, increasing hydrophilicity and surface
reactivity, and forming a stable network with PAA via -NH;*/—COQO" attraction.
These features boost the number of active sites, improve stability, and

significantly increase adsorption capacity [200].

Accordingly, the findings confirm that the PAA—Chi material possesses favorable
physicochemical properties that qualify it as a promising candidate for the
treatment of industrial wastewater contaminated with organic dyes. Its bio-based
nature and reusability add significant economic and environmental advantages to

its use in sustainable remediation applications.
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3.8 Influence of Contact Duration and pH on the Adsorption
of Methylene Blue.
The results presented in Figure 3-14 and Figure 3-16 show that the adsorption
performance of MB dye by the PAA—Chi nanocomposite fibers gradually
increases with increasing contact time and concentration until reaching
equilibrium after approximately 8 hours, with the equilibrium adsorption rate (qc)
reaching approximately 60 mg/g. This trend suggests that the adsorption process
proceeds rapidly at the initial stage because numerous active sites are available on
the nanofiber surface. Over time, the adsorption rate gradually decreases until
saturation, indicating that the process depends on the dispersion of molecules

throughout the fiber matrix and their attachment to the active sites.
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Figure 3-14 Effects of starting MB adsorption time
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Figure 3-15 and Table 3-8 illustrate the influence of solution pH on adsorption
performance. Efficiency was observed to increase with increasing pH, reaching a
peak at pH = 6, with an adsorption rate exceeding 40%. This can be explained by
the fact that the highly acidic medium leads to the protonation of the binding sites
in chitosan, weakening the electrostatic attraction between the cationic surface
and the methylene blue molecules, which are also positively charged. In contrast,
at a neutral pH, the carboxyl groups in PAA are negatively ionized, enhancing
interaction with MB via electrostatic attraction. After pH = 6, the efficiency begins
to decrease again due to reduced surface activity and competition of hydroxide

ions with MB molecules for active sites.

Table 3-8 Effects of MB Solution pH

Absorbent

(1]
PH Efficiency Ce &0
2 7.17 48.57 2.87
4 18.29 46.34 7.31
5 32.45 43.51 12.98
6 42.94 41.41 17.17
7 38.63 42.27 15.45
8 31.79 43.64 12.72
10 27.43 44.51 10.97
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Figure 3-15 Effects of MB Solution pH

A direct relationship emerges between surface charge and dye removal
performance. The negative zeta potential of —21.5 mV implies that, under near-
neutral pH conditions, the nanofibers bear negatively charged carboxyl groups
derived from PAA. These negatively charged sites strongly attract the cationic MB
molecules through electrostatic interactions, which explains the observed
maximum adsorption efficiency at pH = 6. Conversely, in acidic environments,
protonation of chitosan’s amino groups reduces or reverses the negative surface
charge, leading to electrostatic repulsion with MB molecules and lower adsorption
efficiency. At higher alkaline pH, despite the retention of negative charge,
adsorption efficiency decreases due to competitive interactions between
hydroxide ions and MB molecules for active binding sites. Therefore, the zeta
potential results do not only confirm the stable and uniformly charged surface of
the PAA—Chi nanofibers but also provide mechanistic insight into the pH-
dependent adsorption behavior. The combined analysis clearly demonstrates that

modulation of surface charge via protonation—deprotonation processes is the
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dominant factor governing the interaction between the nanocomposite and MB

dye molecules.

3.9 Effects of Initial MB Dye Concentrations

In Figure 3-16, the impact of the dye’s initial concentration values of 50, 100, and
200 mg-L™" on adsorption capacity over time was studied. The highest adsorption
capacity (qe) was achieved at 200 mg/L, reaching over 60 mg/g, compared to 45
and 30 mg/g at 100 and 50 mg/L, respectively. This is explained by the fact that a
higher dye concentration provides a higher number of MB molecules available
for adsorption on the surface, increasing the concentration difference and
enhancing the migration of molecules to the binding sites. However, it should be
noted that increasing the concentration may eventually lead to saturation of the
adsorbent surface, limiting relative efficiency over time. These findings are in
agreement with recent studies on CS/PAA systems, which also reported optimal
MB removal under near-neutral conditions due to favorable surface charge

characteristics [171, 182].
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Figure 3-16 Effects of MB Solution Concentrations

(80]




The adsorption performance of methylene blue (MB) on PAA—Chi nanofibers was
found to be exceptional, as demonstrated by a study evaluating the effects of pH
and 1nitial dye concentration. This high performance is explained by the use of
chitosan (Chi) that contributes greatly to the uptake of the dye in the material. It
was observed that the process was extremely pH-dependent, which places
emphasis on the environmental conditions, and also when initial dye
concentrations were high, they formed a stronger driving force, which facilitated
the process of adsorption [171].

On the whole, these findings support the efficiency of PAA Chi nanofibers in
eliminating the methylene blue dye of aqueous solutions. This is because of the
synergistic chemical composition of the hydrophobic functional group and
electrostatic functional group on the two polymers, which confers to them

appropriate surface properties that allow them to be adsorbed successfully.

3.10 Kinetic Analysis

The kinetics of adsorption of PAA-Chi nanocomposite were studied by the
pseudofirst-order and pseudosecond-order models, and the results were illustrated
in Figures (3-17) and (3-18), respectively, and Table (3-9). The pseudofirst-order
model provided the rate constant (K;) of 0. 0.0041 min! and (q.) of 64.06 mg.g™.
The coefficient of determination (R?) of this model was, 0.9833, which showed
that there was a poor fit against the experimental data. Comparatively, the
pseudosecond-order model fitted far better (R> = 0.9859). The given model gave
a rate constant (K3) 0of 0.0005 g.mg!.min"! and an equilibrium adsorption capacity
(qo) of 43.10 mg/g. The greater value of R? of the pseudosecond-order model
indicates that it is closer to the adsorption kinetics of the PAA-Chi nanofibers.
The better fit of the pseudosecond-order model suggests that the rate-limiting step

in the adsorption process is presumably chemisorption. The valency force arises
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from the transfer or the transfer of electrons occurring between the adsorbent and

the adsorbate.

This interpretation aligns with the chemical structure of PAA-Chi NFs, which

may form strong interactions with the adsorbate molecules.

Table 3-9. Adsorption kinetics of MB Dye on PAA—Chi NFs5.

Kinetic Analysis
Model Cur\ie Parameters
Equation
: y =-0.0018x + R2= K;=0.0041 _
pseudofirst-order 1 8066 0.9833 (min™) q.= 64.06
i y =0.0232x - R2= K,=0.0005 _
pseudosecond-order 1,064 0.9859 (gr.mg'l.min'l) qe=43.10
2
1.8 L. y= -0.0018x + 1.8066
----- R?=0.9833

1.6

1.4
12
d
g 1
=]
S 08

0.6

0.4

0.2

0
0 100 200 300 400 500 600 700
Time (min)

Figure 3-17 The pseudofirst order was employed to analyze the adsorption
kinetics of MB dye onto PAA-Chi NFs. The black line denotes the primary
findings, whereas the blue line signifies the anticipated outcomes.
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Figure 3-18 The pseudosecond order was employed to analyze the adsorption
kinetics of MB dye onto PAA-Chi NFs. The black line denotes the primary
findings, whereas the blue line signifies the anticipated outcomes.
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3.11 Adsorption Isotherms

The adsorption isotherms modeled using the Langmuir and Freundlich equations
are presented in Figures (3-19) and (3-20), respectively, as well as in Table (3-
10). The Langmuir isotherm model showed an excellent fit with an R? value of
0.9789. The Langmuir constant (Kr) was determined to be 0.021 L/mg, and the
maximum adsorption capacity (Qmn) was calculated as 78.125 mg/g. This high R?
value suggests that the adsorption process closely follows the Langmuir model
assumptions, suggesting the formation of a monolayer on a uniform surface

containing a limited number of equivalent sites.

Table 3-10. Adsorption Isotherm of MB Dye Using PAA-Chi NFs.

Adsorption Isotherm

Model Eﬁ:zt‘,if)n Parameters
. y=00128x+ R2= K= 0.021 Qu=
Langmuir 0.62 0.9789 (L/mg) 78.125
= 2 =
Freundlich Y~ 04022x+ R Ke=1.187  n=2.486

0.9009 0.8599
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Figure 3-20 The Adsorption Isotherms (Freundlich model)
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The Freundlich isotherm model, while still showing a good fit, had a lower R?
value of 0.8599. The Freundlich constant (Kr) was found to be 1.187, and the
adsorption intensity (n) was 2.486. The lower R? value compared to the Langmuir
model suggests that the Freundlich model, which considers a heterogeneous
surface where the adsorption energy is unevenly distributed, may not be as

suitable for describing the adsorption process of PAA-Chi NFs.

The better fit of the Langmuir model implies that the adsorption sites on the PAA-
Chi NFs surface are likely energetically equivalent and that the adsorption is
limited to a monolayer. The relatively high Q,, value of 78.125 mg/g indicates
that the PAA-Chi nanofibers have a considerable adsorption capacity, making

them a promising material for various applications in adsorption processes.
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Conclusion

This study details the synthesis and characterization of electrospun polyacrylic
acid-chitosan (PAA-Chi) nanofibers, which exhibit a synergistic effect for the
effective removal of MB dye from aqueous solutions. The combination of anionic
PAA, rich in carboxyl binding sites and cationic chitosan, which provides amino
groups and enhances structural stability, creating a highly porous adsorbent with
a large surface-area-to-volume ratio. The primary removal mechanism is
electrostatic attraction, which is critically dependent on pH; in neutral to alkaline
solutions, the PAA's carboxyl groups deprotonate, creating a negative surface
charge that strongly attracts the cationic MB dye, whereas acidic conditions
reduce efficiency due to protonation and electrostatic repulsion. Kinetic studies
reveal a rapid initial uptake, well-described by the pseudosecond-order model,
suggesting chemisorption is the rate-limiting step, while equilibrium results
frequently conform to the Langmuir isotherm, indicating uniform monolayer
adsorption. The adsorption process is also influenced by initial dye concentration,
temperature, and ionic strength. Critically for practical applications, these
nanofibers exhibit excellent reusability, as the adsorbed dye can be effectively
desorbed using an acidic solution to reverse the surface charge, allowing the
material to be regenerated for multiple cycles while maintaining high removal
efficiency. In conclusion, this study demonstrates a comprehensive approach to
synthesize, characterize, and assess PAA—Chi electrospun nanofibers as efficient
adsorbents for the uptake of MB from water-based solutions. The integration of
chitosan into the PAA matrix enhances the adsorption performance of the
nanofibers, supporting their potential use in wastewater treatment. The results
contribute to the development of biocompatible, sustainable materials for
addressing water pollution. This work advances the field of eco-friendly
remediation technologies by offering a viable strategy for dye-contaminated water

purification.

(87]



Recomendations

1-

Repeat key adsorption experiments using real textile/manufacturing
effluents to assess matrix effects (turbidity, salts, surfactants, natural
organic matter). Report percent removal and capacity differences between
synthetic and real matrices.

Study of electrical conductivity for polyacrylic acid, chitosan, and PAA-
Chi (70:30) Nanofibers

Suggest extension to other classes of pollutants such as (cationic
pharmaceuticals, heavy-metal-dye complexes) or modifying the nanofibers
via (quaternization or grafting) to target anionic contaminants.

Examine the reusability and stability of the nanofibers for potential
applications in wastewater treatment.

It is recommended to incorporate a third polymer that is solvent-compatible
with PAA—Chi or using reactive fillers to improve -electrospinning
properties and enhance adsorption performance. Depending on the
objective of the study, the following options are suggested: (1) Using of
PVA to improve spinnability and mechanical strength; (2) Adding of
sodium alginate to increase negatively charged sites and thereby enhance
methylene blue adsorption; or (3) the incorporation of polyaniline (as a
coating or nanosuspension) to promote m—m interactions and improve

adsorption capacity.
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