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Preface

Nanofibers are one-dimensional fibers with diameters in the nanometer range that
can be generated from different polymers. They have different physical and chemi-
cal properties, and are fabricated using various techniques such as electrospinning,
self-assembly, template-assisted synthesis, and thermal-induced phase separation.
This book presents an overview of the current status of nanofibers, their fabrication
and their functional applications in various fields.

The six chapters of the book, written by expert authors, provide the reader with

a clear understanding of the electrospinning process, its theory, methodology,
materials, and applications. Appropriate references at the end of each chapter lead
readers to the best sources in the literature for a more detailed study.
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Chapter1

Electrospinning: The Technique
and Applications

Govind Kumar Sharma and Nirmala Rachel James

Abstract

Electrospinning is a useful and convenient method for producing ultrathin fibers.
It has grabbed the scientific community’s interest due to its potential to produce fibers
with various morphologies. Numerous efforts have been made by researchers and
industrialists to improve the electrospinning setup and the associated techniques in
order to regulate the morphology of the electrospun fibers for practical applications.
Porous, hollow, helical, aligned, multilayer, core-shell, and multichannel fibers have
been fabricated for different applications. This chapter aims to provide readers with a
clear understanding of the electrospinning process: its principle, methodology, mate-
rials, and applications. The chapter begins with a brief introduction to the history of
electrospinning, followed by a discussion of its principle and the basic components
of electrospinning setup. The parameters that affect the electrospinning process such
as operating parameters and the properties of the material being electrospun are
discussed briefly. An overview of the different types of electrospinning technique,
capable of producing nanofibers with different morphologies, is also presented.
Afterward, the applications of electrospun nanofibers, including their use in bio-
medical applications, filtration, energy sectors, and sensors applications are discussed
succinctly. The perspectives on the challenges, opportunities, and new directions for
future development of electrospinning technology are also offered.

Keywords: electrospinning, electrospun fiber, coaxial electrospinning,
tri-axial electrospinning, core-shell fiber, spinneret

1. Introduction

Electrospinning (electrostatic fiber spinning) has been developed as a sophis-
ticated, modern, and versatile technique since the late 1990s due to its ease of
generating nanofibers with a range of materials. It uses an electric field to produce
microscopic threads with diameters as small as nanometers (nm). Tissue engineer-
ing, filtration, energy, biotechnology, and sensors are just a few of the fields where
electrospun fiber membranes find extensive applications [1-5].

1.1 History of electrospinning

In nature, fibers can be found in the shape of elongated objects or continuous
filaments. Spiders have relied on webs of fiber matting to catch food in the wild. Silk
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fibers with sizes ranging from 2 to 5 meters make up the webs. Silkworms are also
known for their capacity to produce silk strands in large quantities. Rayon is the name
given to the earliest man-made textiles created from cotton or wood cellulose fibers.
DuPont developed nylon as the first commercially feasible synthetic fabric in 1938,
and it immediately sparked a popular interest [6-10].

A variety of techniques have been used to manufacture synthetic polymer fibers.
The most common procedures are wet, dry, melt, and gel spinning. During the wet
spinning process, a spinneret is immersed in a chemical bath. A polymer solution is
extruded from a spinneret into a chemical bath, and then the polymer is precipitated
out due to the chemical reaction or dilution effect to generate fibers through solidi-
fication. During dry spinning, a polymer solution is extruded into the air through a
spinneret, and fibers are generated as a result of solvent evaporation from jets aided
through a stream of hot air. For melt spinning, a polymer melt is extruded from the
spinneret to produce fibers upon cooling. Gel spinning is used to generate fibers
with high mechanical strength or other distinctive properties through spinning a
polymer in the gel state followed by drying in air and then cooling in a liquid bath. In
the gel spinning process, jets are mainly made under external shearing forces and/or
mechanical drawing while passing through spinnerets, and fibers are generated upon
solidification of the jets as a result of drying or precipitation. The fibers obtained by
spinning have diameters in the range of 10-100 micrometers (pm) [11-15].

In 1887, fibers were made from a viscoelastic liquid in the presence of an external
electric field as reported by Charles V boys. He used a setup that consisted of an insu-
lated dish connected with an electric supply. He demonstrated that viscoelastic liquid
could be drawn into fibers when it moved to the edge of the dish [16]. Electrospinning
is a well-known technique now, for the production of continuous ultrathin fibers with
diameters ranging from 10 nm to 100 pm. In 1600, William Gilbert introduced the
concept of electrospinning. In his study, cone-shaped water droplet formation was
observed in the presence of an electric field [4]. In 1747, Abbe Nollet demonstrated
the earliest known electrospraying experiment, in which water could be sprayed as
aerosol while passing through an electrostatically charged container that was placed
on the ground. Both electrospinning and electrospraying are dependent on the use
of a high voltage to eject viscous and viscoelastic liquid jets. During electrospinning,
the jets eject polymer solution continuously to produce fibers instead of breaking
into droplets as with electrospraying. In 1902, John Cooley and William Morton were
granted two patents on electrospinning, in which they described a prototype of an
electrospinning setup [4, 17]. In 1914, John Zeleny had reported that he was working
on the treatment of liquid drop at the end of capillaries. In this study, he tried to find
a mathematical model of liquids under electrostatic forces. Formhals tried to produce
electrospun fibers in the 1930s, but the system had some disadvantages such as dry-
ing, due to the distance between nozzle and collector [18, 19]. In 1940, he improved
and modified the device to overcome the drawback. Between 1964 and 1969, Sir
Geoffrey Ingram Taylor developed the theoretical underpinning of electrospinning,
and his research helped advancement in electrospinning by modeling the hopper
form in which liquid drops were formed by the electric field. His collaboration with JR
Melcher led to expanding the “leaky dielectric model” for conducting liquids. In early
1990s, some research groups, remarkably those led by Darrel Reneker and Gregory
Rutledge, reinvented the electrospinning technique. These groups demonstrated that
many different organic polymers could be electrospun into the nanoscale. For the first
time, Darrel Reneker used high voltage to charge the polymer dispersion to produce
fine fibers with a diameter of less than 5 pm [4, 20-22].
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This technique became a very popular and a good choice for producing continuous
and long fibers with diameters ranging from micrometer to nanometer. Meanwhile,
new methods were developed to control the alignment and structure of electrospun
nanofibers, which created new opportunities in energy-related and biomedical appli-
cations. After that, many other new methods were developed for aligning the nanofi-
bers to improve several properties of nanofibers such as size, structure, morphology,
composition, porosity, and conductivity. One such method is coaxial electrospinning
to produce continuous core-sheath and hollow nanofibers [2, 23-27].

2. Electrospinning setup

Electrospinning is a voltage-driven technology that uses an electro-hydrodynamic
process, in which a high voltage is applied to the polymer solution and then a liquid
droplet is electrified to generate a jet, followed by elongation and stretching to produce
fibers. The diameter of these fibers ranges from nanometers to a few micrometers
(pm). One of the primary advantages of electrospinning is its adaptability in process-
ing, which allows it to create fibers with a variety of configurations and morphological
structures [19, 28]. Figure 1 represents the schematic diagram of the basic electrospin-
ning set-up. The basic electrospinning setup consists of mainly three parts: (1) a high
voltage power supply, (2) a spinneret (metallic needle), and (3) a grounded collector
[7, 29-31]. The metallic collectors are generally of three types, namely stationary flat
plates, spinning drums, and rotating disc, as shown in Figure 2.

2.1 Principle
To understand the basic principle of the electrospinning process, consider a spher-

ically charged droplet of a low-molecular-weight conducting liquid that is placed
in a vacuum. The liquid droplet experiences two forces: (1) disintegrative repulsive

Syringe Polymer solution Electrospun Fibers

= lﬂlllllllllj;llllynl‘llléll“i b
R : f
[ e S | Metallic needle

Syringe Pump ‘ f
N .

Metallic
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Figure 1.
Basic setup of electrospinning [28].

3



Recent Developments in Nanofibers Research

Figure 2.
Metallic collectors. (a) Stationary flat plate, (b) drum collector, and (c) rotating disc.

force and (2) surface tension that tries to hold the liquid droplet in a spherical shape.
During the electrospinning process, a high electric voltage is applied to the liquid
droplet from polymer melt/solution at the tip of the spinneret. When the high voltage
is continuously increased, the liquid droplet will start to elongate into a conical shape
known as a “Taylor cone.” The elongation starts when the electrostatic repulsion
overcomes surface tension. The charged liquid jet is directed toward the metallic
collector once the Taylor cone has been produced. The liquid mentioned here can be
melt polymer, polymer solution, or an emulsion. Solid fibers will develop as the melt
cools down or solvent evaporates from the whipping action that happens throughout
the flight time from the Taylor cone to the collector, depending on the liquid viscosity.
As aresult, the collector is covered with a non-woven fiber mat [32-35].

3. Parameters that affect the electrospinning process

The electrospinning process depends on operating parameters, material param-
eters, and ambient parameters that affect the morphology of fiber. The operating
parameters consist of the applied voltage or electric field, the flow rate of polymer
melt/solution, the distance between the tip of the metallic needle and collector, and
the diameter of the needle. A small change in the operating parameters can lead to a
significant change in the morphology of fiber [23, 26, 36-39].

3.1 Operating parameters
3.1.1 Applied voltage

The applied voltage determines the amount of charges carried by the jet, the
degree of electrostatic repulsion among the charges, and the strength of interactions
between the jet and the external electric field. Higher voltage facilitates the formation
of thinner fibers, but it can also result in more fluid being ejected, resulting in thicker
diameter fibers [36, 40].
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3.1.2 Flow rate

It is necessary to adjust the flow rate of the spinning liquid for a particular volt-
age in order to maintain a stable Taylor cone during the electrospinning process.
A uniform Taylor cone can produce uniform fibers with narrow dispersion during
electrospinning. As the flow rate increased, the amount of material passing through
the tip increased, resulting in the formation of fiber with a high diameter. At a very
high flow rate, the polymeric jet becomes unstable due to the effect of gravitational
force and tends to electrospray [40].

3.1.3 The distance between the tip of the metallic needle and the collector

The distance between the tip and the collector can also influence the diameters
and shape of nanofibers; however, the effect is not as strong as the other factors. In
the electrospinning process, a minimum distance is necessary to allow enough time
for solvent evaporation before the fiber reaches the collector. Thinner fibers have
resulted from longer distances. When the distance was too great or too small, beads
would form [4, 7, 25].

3.1.4 Diameter of the needle

Nanofibers, electrospun with small needle diameters, are thinner, smoother, and
bead-free and have greater fiber porosity than nanofibers electrospun with large
needle diameters. As aforementioned, higher applied voltage, smaller spinneret
diameter, and lower flow rate resulted in thinner electrospun nanofibers [4, 33, 36].

3.2 Material parameters

The material properties that affect the electrospinning process and fiber morphol-
ogy involve polymer concentration, the viscosity of the solution, the surface tension
of the polymer melt/solution, and other properties related to the solvent as well as the
polymer itself [4, 7, 25].

3.2.1 Polymer concentration

Among the material properties, the polymer concentration plays the most
significant role in stabilizing the fibrous structure because it influences the other
properties such as viscosity of the solution, surface tension, and conductivity of the
material [4, 7, 25].

3.2.2 Viscosity

The viscosity of the polymer solution has a significant impact on the diameter
and shape of the electrospun fiber. It is controlled by polymer properties includ-
ing molecular weight and polymer solution concentration. When the concentra-
tion of polymer in a solution is raised, the viscosity of the solution rises. If the
viscosity is too high, then it will be difficult to pump the solution via the syringe
pump, or the solution may dry at the needle tip before electrospinning can begin.
Higher viscosity results in the increased diameter fibers and lower deposition
region [4, 7, 25].
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3.2.3 Surface tension

Surface tension is the attraction between molecules in a liquid that is influenced
by intermolecular interactions. During electrospinning, the charges on the polymer
solution must be high enough to overcome the solution’s surface tension. When a high
voltage is applied, the polymer jet begins to form from the needle’s tips and elongates
and stretches toward the collector, breaking up into minute droplets due to the
solution’s lower surface tension, which is known as electrospraying. Surface tension
causes bead formation when the polymer concentration is low. If the surface tension is
low, the formation of the jet begins at a lower voltage. The surface tension of polymer
solution can be changed by varying solvents and by adding surfactants [26, 41].

3.2.4 Conductivity

During electrospinning, the charged liquid (melt/solution) stretches to form
fibers due to charge repulsion. The jet carries more charges as the electrical conduc-
tivity of the solution rises, reducing the diameter of the electrospun fiber. A small
amount of polyelectrolyte (salts) can be introduced to eliminate fiber bead formation
since it raises more charges and helps to elongate the jet to produce fibers. The electro-
spinning of polymer solution is difficult at very high voltages, while fiber formation is
impossible when the solution has no conductivity [4, 7, 25].

3.2.5 Solvent properties

For electrospinning, solvent choice is critical, since the process is influenced by the
solvent’s evaporation rate (which is determined by the solvent’s vapor pressure) and
permittivity [4, 7, 25].

3.2.5.1 Vapor pressure

The volatility or vapor pressure of the solvent determines the evaporation rate
and, as a result, the solidification rate of the jet. High volatility is not suitable for
spinning fibers because the jet may solidify immediately after leaving the spinneret.
If the volatility is too low, the fibers will still be wet when deposited onto the collector.
The solvent volatility modifies the surface fiber morphology and nano-membrane
structure [4, 7, 25].

3.2.5.2 Permittivity

The permittivity of a solvent has a substantial impact on the electrospinning process
and fiber morphology. The bead formation and diameter of the electrospun fiber are
reduced when a solution with a greater permittivity is used. Higher permittivity increases
bending instability and the traversed jet path of the electrospinning jet, resulting in smaller
fiber diameter and a larger deposition area. Solvents such as N, N-dimethylformamide
(DMF) can be used to increase the permittivity of polymer solutions [4, 7, 25].

3.3 Ambient parameters

The interaction between the surrounding environment such as the temperature and
humidity of the surrounding and the electrospinning jet may alter the electrospinning

6



Electrospinning: The Technique and Applications
DOI: http://dx.doi.org/10.5772/intechopen.105804

process and fiber morphology. The temperature is inversely proportional to the
viscosity of the solution. So, the temperature may affect the properties of the elec-
trospinning solution. Humidity may affect the porosity of fiber because humidity
influences solvent evaporation [4, 7, 25].

4. Types of electrospinning

Electrospinning technique is divided into two categories based on the elec-
trospinning setup: needle-based electrospinning and needleless electrospinning.
Furthermore, needle-based electrospinning is classified into electrospinning using
single nozzle, coaxial, tri-axial, and multichannel spinnerets. Electrospinning may
also be categorized based on the state of the spinning material. Thus it is divided
into three categories: melt electrospinning, emulsion electrospinning, and solution
electrospinning.

4.1 Needle-based electrospinning

In needle electrospinning, a needle-like spinneret is utilized and a sharp “cone
shape” arises at the needle tip under the influence of the electric field.

4.1.1 Single nozzle

Single nozzle electrospinning is the simplest and basic form of the technique in
which only one needle is used as the spinneret as shown in Figure 1.

Side-by-side electrospinning is a modification of the basic single nozzle electro-
spinning. The side-by-side electrospinning process employs two parallel syringes to
produce fibers with Janus structure as shown in Figure 3. The same voltage is applied
to both solutions, and the fiber is usually separated due to repulsion between the two
solutions. Producing a Janus structure is extremely difficult due to repulsion, and as a
result, just a few studies have been conducted on this topic.

4.1.2 Coaxial electrospinning
A coaxial needle, made up of two concentric hollow needles, is used to produce a

coaxially electrified jet for coaxial electrospinning. A simple approach to fabricate a
coaxial needle is to insert a small (inner) needle into a larger (outer) needle in a coaxial

= W‘]M
m

Figure 3.
Side-by-side electrospinning setup.
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Figure 4.
Coaxial spinneret and coaxial electrospinning setup.

configuration. Using two syringe pumps, the outer and inner needles are subsequently
filled with two solutions with independently controllable flow rates. When the core
and shell solutions meet at the coaxial needle’s exit end, in the presence of an external
electric field, the shell solution wraps around the core solution to produce a compound
Taylor cone, followed by the ejection of a coaxial jet. Finally, core-shell nanofibers
with different core and shell compositions were fabricated, as shown in Figure 4.

In the fabrication of core-shell nanofibers, the properties of the inner and outer
solutions, as well as the electrospinning parameters, all play important roles. For
maintaining the smooth flow of jets, the inner and outer solutions, in particular,
should have proper viscosities. Furthermore, the flow rates of the two solutions must
be carefully controlled to ensure that the inner solution is completely wrapped by the
outside solution. The flow rates may also be adjusted to change the diameter of the
nanofibers and the shell thickness.

Coaxial electrospinning is used to fabricate core-shell nanofibers with better
control over the compositions for different applications. It also allows for the fabrica-
tion of nanofibers from unspinnable liquids, as they may be used as the inner fluid
although being controlled by the outer fluid. Hollow nanofibers with adjustable wall
thickness can be fabricated by selectively removing the core from as-spun core-shell
nanofibers. The core-shell morphology of coaxial electrospun fibers offers the pos-
sibility of multifunctional materials, with various functional components put into the
two compartments of the concentric structure [24, 34, 42-54].

4.1.3 Tri-axial electrospinning

The trilayer spinneret and tri-axial electrospinning are shown in Figure 5. It
consists of three concentric metal capillaries. Tri-axial electrospinning is often used
to construct a three-layer system with a drug-loaded core, a hydrophobic middle layer,
and a hygroscopic exterior layer, as seen in the Figure 5. It is vital to avoid merging
between the spinning solutions in order to generate high-quality multi-compartment
fibers. This means that either the compartmentalized solutions must be immiscible
or all of the solutions must evaporate the solvent at the same rate: if one of the liquids
evaporates quicker than the others, the compartments will separate. So, the spinneret
needs to be designed according to the application. A properly designed spinneret
may be utilized to control the behavior of fluids in an electrical field as well as act as
a template for constructing the right nanofiber structures [11, 55-57]. Lallave and
coworkers [58] were the first to report tri-axial electrospinning. They employed a
tri-axial arrangement of ethanol, lignin, and glycerine (from outermost to innermost
layer) with ethanol sheath flow to avoid solidification of the Taylor cone and glycerine
as a template fluid.
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Figure 5.
Tri-axial spinneret and tri-axial electrospinning setup.

4.1.4 Multichannel electrospinning

In the simplest example of multichannel electrospinning, three metallic capillar-
ies are inserted in a syringe at the three vertices of an equilateral triangle as shown
in Figure 6. Zhao et al. [59] for the first time presented a multifluid compound jet
electrospinning approach that can easily and quickly produce bio-mimic hierarchical
multichannel microtubes. Multi-axial electrospinning was used to create a biomi-
metic system. They used numerous inner axial paraffin oils in a Ti(OiPr) 4 solution,
then removed the organics to construct a multilayer channel.

4.2 Needleless electrospinning

In needleless electrospinning, several cones are spun without the need for a needle
or a tiny open structure. The jet initiation in needleless electrospinning is a self-orga-
nized process that happens on a free liquid surface and is not driven by capillary forces.
It is based on the use of an external agitation force to concentrate the electric field on
the free liquid surface to the intensity necessary to initiate a Taylor cone [60-63].

4.3 Melt electrospinning

Solvent removal, recycling, environmental concerns, and toxicity associated
with the usage of solvents are all avoided with melt electrospinning. The melted
polymer is injected into the capillary tube. The operation must be carried out in
avacuum, therefore the capillary tube, the charged melt fluid jet’s passage, and
the metal collector must all be enclosed in a vacuum. Melt electrospinning has
the advantage of producing extremely homogeneous fibers with very little varia-
tion in fiber diameter. Aside from these benefits, there are drawbacks due to the

Figure 6.
Multichannel spinneret and multichannel electrospinning setup.
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specialized equipment required, as well as the high viscosity and low electrical
conductivity of polymer melt. In comparison to electrospinning from a polymer
solution, despite the benefits afforded by melt electrospinning, the technology has
not achieved more popularity and has not been frequently employed. This is mostly
owing to the high viscosity, high process temperatures, and the inability to create
nanometer-sized fibers [64-70].

4.4 Emulsion electrospinning

Emulsion electrospinning is a word that refers to two types of electrospinning.
(1) the electrospinning of an emulsion through a single spinneret, whereby the
emulsion structure allows reorganization to form a core-shell fiber, similar to coaxial
electrospinning; (2) the electrospinning of an emulsion through multiple spinnerets,
whereby the emulsion structure allows reorganization to form a core-shell fiber,
allowing multiple jets to be formed and a higher production rate to be achieved.
Emulsion electrospinning increases the loading capacity of drug-polymer systems
with low compatibility or affinity, such as water-soluble drugs or proteins loaded in
a hydrophobic polymer for longer release. When compared with traditional blending
methods, emulsion eliminates the need for a common solvent for both the drug and
the polymer. Emulsifiers such as surfactants are frequently used to encapsulate and
stabilize the drug phase [24, 71-76].

4.5 Solution electrospinning

Solution electrospinning is the most commonly used method wherein the polymer
to be electrospun is dissolved in an appropriate solvent at a suitable concentration.
As already discussed, the solution viscosity, as well as other conditions, needs to be
optimized carefully to obtain nanofibers with desirable properties [5, 30, 31].

5. Applications of electrospun fibers

Electrospinning is employed extensively in industrial applications because of
the attractive properties of electrospun fibers. The unique properties of electrospun
fibers may be summarized as follows. First, electrospun fibers have diameters rang-
ing from micro to nanometers. Second, the fibers are porous and aligned. Third,
the electrospun fibers have a large aspect ratio and a high surface-to-volume ratio.
Fourth, electrospinning enables the production of fibers with an infinite number
of chemical compositions, and fifth, it also allows the production of different types
of morphology by modifying the spinneret. With the combination of these proper-
ties, electrospun fibers can be utilized in biomedical applications [12, 41, 43, 51, 54,
60, 77-84], filtration [39, 85-88], energy sectors [2, 89-93], sensors [5, 26, 94-97],
textiles, catalysis [26, 98], and electrical applications [99, 100]. Figure 7 shows the
different types of nanofibers and their applications.

5.1 Biomedical applications

In biomedical applications, biocompatible polymers with bioadhesive and biode-
gradable properties are preferred. Material selection is critical in the production of
these nanofibers because it affects their morphology, biocompatibility, mechanical
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Figure 7.
Different types of electrospun nanofibers and their applications.

strength, degradation rate, and release profile, as well as their interactions with cells,
which can result in a range of tissue responses.

Jalaja et al. [43] fabricated electrospun core-shell structured gelatin-chitosan
nanofibers for biomedical applications. Chitosan as the shell can mimic the extracel-
lular matrix while gelatin in the core can incorporate drugs and bioactive molecules.
Singh et al. [54] fabricated core-shell nanofibers for biomedical applications using a
novel coaxial airbrushing method as shown in Figure 8.

The core-shell nanofiber was fabricated using an air brush with a coaxial needle
to flow two distinct polymeric solutions containing biomolecules [polyethylene oxide
(PEO)/poly-DL-lactide/PCL (polycaprolactone)] in core and PCL/PEO is in shell.
The great potential of coaxial electrospinning in biomedical field is evidenced by a
large number of reports and reviews available in the literature on the topic [54].

5.1.1 Drug delivery systems

The single nozzle electrospinning produces fibers with a high surface area to volume
ratio, and as a result, more amounts of drugs would be present at the fiber surface.
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Figure 8.
Experimental setup for cove-shell fiber preparation via coaxial airbrushing methods [54].

This frequently leads to a burst release, in which a large amount of the drug content
is released into the solution quickly at the start of the process [11, 47, 84, 101, 102].
So, many researchers have relied on core-shell nanofibers to regulate the rate of drug
release [34, 42, 45, 49, 103].

5.1.2 Tissue engineering

The interaction of cells and scaffolds for the secretion of extracellular matrix
(ECM) and the development of new tissues are the core ingredients of tissue
engineering. Biocomposite scaffolds were created to overcome restrictions such as
inflammation, toxicity, and recognition caused by scaffold degradation. In tissue
engineering, electrospun nanofiber scaffolds are used to replicate the function of the
native extracellular matrix (ECM). Core-shell is a flexible approach with intriguing
features for encapsulation of the active component, such as growth factors and drugs
in the core of the fiber, which is advantageous in drug delivery and tissue regeneration
[42, 48, 49, 53, 73, 81, 104-109].

5.1.3 Wound healing

Wound healing is a complicated and comprehensive process that includes four
phases: hemostasis, inflammation, proliferation, and remodeling. These stages
involve a coordinated and integrated process including extracellular matrix (ECM)
mediators, cell growth factors, platelets, cytokines, and chemokines, among oth-
ers. Ideal wound healing dressings are planned to be multifunctional and capable
of delivering various drugs required at various phases of healing. There are various
advantages of using electrospun nanofiber for wound dressing. First, the morphology
and microstructures of electrospun nanofibers are similar to the natural ECM, which
offers a perfect microenvironment for cell adhesion, proliferation, migration, and
differentiation. Secondly, the electrospun nanofibers can simultaneously combine
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the biocompatibility of natural polymers and the reliable mechanical strength of
synthetic polymers. The rate and timing of drug release may be controlled by chang-
ing the fiber structure to promote effective wound healing. As a result, electrospun
nanofibers have a lot of potential for developing improved bioactive wound dressings
[26, 41, 47, 49, 53, 54, 66, 77, 78, 98, 108, 110, 111].

5.2 Applications in filtration process

Electrospun fibers are suitable for filtration due to the properties, particularly,
controlled porosity and high surface area to volume ratio. The potential of electros-
pun fibers in air filtration process has been well investigated [39, 87, 88, 112, 113].

Controlling the porosity of the nanofiber mesh is crucial for air particle permeabil-
ity and avoiding hazardous particulate matter including dust, pollen, and bacteria.
The electrospun fibers possess layer-by-layer structure that provides many interac-
tion sites for a high number of airborne particles. Because of their characteristics,
electrospun nanofibers can be used for air filtration [4, 19, 31, 114]. Zhang et al. [14]
fabricated electrospun ultrafine fibers for advanced face masks with capability to
physically block viruses.

5.3 Applications in energy sectors

The one-dimensional electrospun nanofibers have nanostructured materials with
a high aspect ratio, strong mechanical strength, and efficient electron transport,
allowing for a wide range of applications in the energy sectors. Additional advantages
of electrospun nanofibers include: (1) attractive properties (unidirectional electron
flow, uniform porosity, excellent aspect ratio, high surface area, tunable wettabil-
ity, fine flexibility, and high connectivity); (2) easily tunable morphologies and
characteristics according to the precursor solution, processing settings, and setup
geometries; (3) simple preparation procedures at the lab scale and feasibility to be
made on an industrial basis from a variety of materials; (4) capability to act as free
standing electrodes without the need of conductive agents and binders; (5) possibili-
ties to further improve the properties with simple post-electrospinning procedures
(solvothermal method, calcination, electrodeposition, chemical vapor deposition,
etc.). As aresult, electrospun 1D nanofibers have shown significant promise as suit-
able materials for supercapacitors [6, 30, 92, 115-117], Li-ion batteries [2, 7, 25, 29,
118-123], solar cells [2, 90, 124-128], etc.

5.3.1 Supercapacitors

Electrospun nanofibers are incredibly versatile in terms of forming unique
structures that may be altered with defects, functional groups, and other active
materials, which is crucial for overcoming the present challenges toward developing
efficient supercapacitors. Several research articles and review papers have discussed
the attempts to exploit the potential of electrospun nanofibers as components of
supercapacitors [2, 6, 22, 30, 89, 92, 115, 117].

5.3.2 Li-ion batteries (LIBs)

LIBs have sparked academic and industry interest because of their long cycle
life, high energy density, high operational voltage, and low self-discharge rate.
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Many advancements in LIB technology would not have been possible without the
development of nanocomposites and nanometer-thick coatings to increase ionic and
electronic conduction channels and prevent undesirable and irreversible side reac-
tions. Electrospun nanofibers have excellent electrical and ionic conductivity due to
their tunable fiber diameter, high porosity, high specific surface area, and intercon-
nected pore structure, which is useful for improving cyclability and rate capability.
Electrospun carbon nanofiber anodes loaded with metal oxide have sparked attention
as anode materials in LIBs due to their high theoretical capacity, longer cycle life, and
quick recharging rates [2, 118-122, 129-132].

5.3.3 Solar cells

Many inorganic precursors may be electrospun with the help of carrier polymers
and then annealed to produce inorganic fibers. This has sparked interest in dye-sensi-
tized solar cells (DSSCs) and other solar energy-generating technologies [2, 124-128,
133, 134]. Nanofibers of TiO, have been produced, which are typically employed as
the photo-sensitized anode in DSSCs. Nagata et al. [134] utilized coaxial electrospin-
ning to fabricate solar cells using heterojunction polymer fibers.

5.4 Sensors

Sensors have long been a prominent research topic among all the applica-
tions of nanomaterials. A sensor is a device that can be detected, measured, and
converted into meaningful output signals by following certain rules. In diverse
sectors, sensors are also known as sensitive components, detectors, converters,

Nanofibrous sensing materials design \
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Figure 9.
Schematic illustration of the fabrication of sensing materials via electrospinning [5].
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and so on [5, 26, 95-97]. Researchers have designed a number of unique methods
for fabricating nanomaterials using conventional electrospinning to satisfy the
sensor response unit’s specifications as shown in Figure 9 [5]. Many electrospun
nanofiber-based nanomaterials are developed as gas sensors, chemical sensors,
piezoelectric sensors [135, 136], and biosensors [137-140].

5.5 Textiles and other applications

Electrospun nanofibers are found to be potential alternative reinforcing choice
for composites due to their superior mechanical as well as tunable chemical and
physical properties. Despite the fact that electrospun nanofibers offer a number of
desired features for usage as nano-fillers, little investigation into their application
as prospective reinforcements has been done. The restriction is most likely due to
their specific type of nano-fibrous architecture, which they may be made with.
The electrospinning technology has been used to incorporate nanoparticles into
composite nanofiber fabrics to impart new functions. Additional elements, such
as metal nanoparticles, metal oxide nanoparticles, ionic liquids, and conductive
polymers, might be included in these nano-fibrous structures to provide technical
functions to an engineered fabric, such as electrical conductivity, strain resistance,
and antibacterial qualities. The most often used nanomaterials are silver (Ag) and
titanium dioxide (TiO,), followed by silicon dioxide (SiO,), carbon nanotubes
(CNTs), and zinc oxide (ZnO), although a number of polymers are being studied
for a range of prospective purposes. In textile applications, polymers such as poly-
ester, polyamide, polyacrylonitrile (PAN), and polyethylene oxide (PEO) are often
used. The composited nanofiber textiles with polymer and nanomaterial filler are
expected to be light, strong, mechanically flexible, cost-effective, and simple to
manufacture. In the case of food science applications, however, only food-grade
polymers and safe, nontoxic solvents should be used to make nanofibers. As a
result, natural polymers including collagen, gelatin, elastin, fibrinogen, and chi-
tosan have been employed in electrospun technologies in a variety of applications
[43, 77, 141]. Low basic weight, small fiber diameter, pore size, high surface area,
and fiber chemistry are all critical in the selection of materials for specific applica-
tions. With better quality control of the electrospinning process, the fabrication
of nanofiber-based textiles from electrospun nanofiber-based material might be
widely commercialized [13, 79, 98, 142-144].

6. Summary and conclusion

Electrospinning allows for infinite combinations of chemical compositions, as
defined by the periodic table, with morphologies and structures that may be con-
trolled using solution and process parameters. This opens up a vast array of one-
dimensional nanomaterials with various desired characteristics that might be used in
awide range of applications. This chapter explained the basic principles of electros-
pinning and information on how to carry it out. The history of electrospinning and
principle, the configuration of electrospinning setup, parameters that influence the
properties of electrospun fiber, various types of spinnerets to fabricate electrospun
fibers, and their applications in diverse fields have been discussed in brief.
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7. Future prospects

Significant development has been made in the field of electrospinning in the
previous decade than ever before, and technical breakthroughs continue to evolve.
Despite substantial advances, there are issues to be addressed in the future.

It’s still difficult to synthesize uniform electrospun nanofibers with certain mor-
phological, mechanical, and chemical properties that are tailored to specific end-user
applications. Furthermore, a better understanding is needed to intelligently regulate
the processing conditions and solution parameters to impact fiber mat characteristics
for specialized applications. Natural polymers have poor chemical and mechanical
qualities in some circumstances, and they are less widely employed in various applica-
tions than synthetic polymers. As a result, new hybrid polymer systems based on
synthetic and natural polymers that are electrospinnable and have better functional-
ities are needed for a wide range of applications, particularly in biotechnology.

Several spinnerets have been proposed for mass production; however, some of
them may not be suitable, and some of them still require additional experimental
verifications in terms of fiber quality control and the electrospinning process.
Electrospinning processes such as coaxial, tri-axial, multichannel, and side-by-side
electrospinning have been found to be effective in customizing the physical proper-
ties of electrospun nanofibers. However, more research into the process control and
mechanism for core-shell and multichannel morphologies of electrospun nanofibers
is required. In comparison to solution electrospinning, melt electrospinning provides
benefits such as the lack of harmful solvents and high production. To achieve theo-
retically expected strengths, however, tremendous measures are needed to minimize
fiber diameters while simultaneously establishing a high degree of orientation in
the structure. Needleless spinnerets offer considerable promise in electrospinning
nanofibers on large scales, but needleless electrospinning of bicomponent nanofibers
remains a difficulty. Although over 200 polymers have been successfully electrospun
into nanofibers, there has been little research on the macromolecular orientation and
crystalline structures of the resultant fibers. In addition, the influence of the crystal-
line phase and molecule orientation on mechanical properties remains unclear.

Application of electrospun nanofibers: Despite the fact that electrospun nano-
fibers have been shown to be a potential candidate for composite reinforcements,
little study has been done on this subject due to their poor mechanical properties
when compared with standard alternatives such as carbon or glass fibers. Adding
nanoparticles as a post-treatment to electrospun nanofibers may be an acceptable
approach to increase mechanical properties. One of the main hurdles to the advance-
ment of electrospinning applications in tissue engineering is increasing scaffold
thickness, pore size, and the difficulty to prepare identical scaffolds. The relation-
ships between drug-controlled release profiles and nanofiber structures should be
investigated in detail. To understand the drug transport mechanism and to predict
drug release kinetics as a function of nanofiber structure, mathematical models of
drug release from diverse nanofibers might be useful. Electrospun nanofibers offer a
lot of potential in the energy sector, but there are still a lot of obstacles and opportu-
nities to be explored in this field. “Bottleneck” difficulties in electrospun nanofibers
such as poor conductivity, chemical structural instability, volume expansion, and
kinetic hysteresis of active materials should be addressed in this research field. For
filtering applications, further research might involve using different polymers and/
or post-treatment procedures to control the formation of pores on fibers, as well as a
better understanding of the transport process through fibers with microporous rough
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surfaces. Electrospun nanofibers have been shown to exhibit remarkable properties
for sensor applications. Further research into improving the surface area and pore
sizes of nano-fibrous membranes is suggested to improve sensitivity. Furthermore,
incorporating such nanomaterials into practical devices is difficult, as it necessitates

materials with precise orientation, size, and repeatability in order to place them in
specific positions and orientations.
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Chapter 2

Selection and Fabrication of
HMMC (AL6063-SIC-B4C-MG)

Gurpreet Singh Matharou and Simran Kaur

Abstract

This unit deals with the selection and fabrication of HMMC (Al6063-10SiC-5B,
C-Mg) constituents by extensive biography review and satisfactory fabrication design.
Researchers have promoted an extensive collection of Al6063 composites employing
organic and inorganic reinforcements. The fundamental purpose of the broken-up
stages is to constrain the metal matrix in a relevant capacity to strengthen the prop-
erties of the base materials. In the case of Al6063, the reinforcement weighty subject
matter in the composite varies from 5 wt.% to 30 wt.%. Diverse classes of reinforce-
ments had sought to integrate and operate in the composite formulation as hybrid
reinforcements. This chapter further discusses the comprehensive development stages
of 84% wt of Al 6063, 10% wt of SiC, 5% wt of B,C with 1% wt of Mg hybrid metal
matrix composite (HMMC) through the stir casting approach. During the stir casting
process, the melting action of the material emanates numerous gases and residuals
apart from the expected composite. The residuals have numerous environmental
concerns, which require discussion since some of the vapors and substantial waste can
lead to detrimental effects on the environment in terms of air and soil pollution.

Keywords: hybrid metal matrix composite, stir casting, aluminum composite,
environment

1. Introduction

Figure 1 displays the flowchart of the HMMC development. During stir casting, a
non-homogeneous mixture pattern has been an apprehension. The inclination is due to
inappropriate segregation of reinforcement because of incorrect process parameters
(rotation of stirrer, angle of stirring application, condition of wetting, and density). The
material properties likewise have been reported to modify the characteristics of the
homogeneous mix. The main metal matrix melted to obtain a molten state by melting
it above its liquid temperature. The preheated reinforcement material is combined
gradually so that a semi-solid-state is achieved. Repeatedly, the entire mix is needed to
get heated to produce a molten state, and in between, stirring is done to attain the
entirely conceivable consistency. The capability of the stir casting method predomi-
nantly rests on stirring speed, stirring duration, and stirring temperature [1, 2].

Here a crucible composed of ceramic or graphite is being utilized to melt the parent
metal in a furnace. A mechanized stirrer with a graphite impeller with a rotation speed
of around 150-800rpm is engaged to agitate the melt (see Figure 2) periodically. The
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PHASE 1: HMMC DEVELOPMENT
\Z

Pilot experimentationand literature review

\Z

Finalisation of parent metal, reinforcement/s with % wt

\Z
Finalisation of HMMC development process and related parameters

| |
I |
| |
| |
\Z

| Development of HMMC through stir casting method |
| |
I |
| |

\Z

Preparation of samples for experimentation

\Z

Testing of samples for composition and properties

\Z

Analysis of effects of pollutant formation on the environment

Figure 1.
Flow-chart of HMMC development.

Electrical Motor

4———— Stirrer Screw

Liquid Metal

ol - pra— Furnace
Crucible
‘k Rotor

Figure 2.
Stir casting technique for the MMCs fabrication [3].

reinforcement materials are preheated to eliminate the humidity substances, facilitat-
ing wettability during stirring. Sakthivelu [4] had recommended a maximum limit of
30% of reinforcement for stable composites.

1.1 Stirring speed

The uniform dissemination of the reinforcement materials in the parent metal is
essential for the advance in the coveted properties such as stiffness, toughness, tensile
strength, etc. The stirrer with inadequate rpm provides an ineffectual activating force
on the central metal matrix, contributing to an inadequate association [5]. Cluster
arrangement and agglomeration inclination were recorded at slow rpm of mixing. The
stirrer operated at high rpm provides considerable benefits in the creation of the
expected composite since, at high rpm, the shear force supports the reinforced mate-
rial to get the transfer inside the metal matrix dispersed phase and better bonding
action with the metal matrix deep inside it, thereby setting up a coherent mix [5].

It has also been reported that porosity inclination can be stepped up at enhanced
stirrer speed since gas particles induce inside the matrix.
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1.2 Stirring duration

Stirring time likewise influences the distribution of dispersion into the metal
matrix. Clustering of the material is observed at the lower stirring time, and further
non-uniform mixture with fewer inclusions of reinforcement materials [6].

1.3 Stirring temperature

With a rise in temperature of the matrix metal, the viscosity was established to
reduce, generating an effect in the reinforcement materials distribution. In extension,
the chemical reaction was further revealed to develop with a rise in the temperature of
the molten material [7].

2. Preparation of HMMC materials

The development of HMMC through stir casting typically uses the following
phases. Figure 3 illustrates the phases of melting of metal matrix composite to its
melting point. The stirring of molten metal is managed to utilize an electric motor.

Table 1 displays the stir casting process parameters retained during the fabrication
of HMMC.

The reinforcement material is delivered with continuous stirring movement
through a stirrer to associate the reinforcements in the matrix of the parent metal.
The mixture is eventually poured into the mold and solidifies naturally. The pertinent
equipment employed for HMMC development is summarized.

Stirring o molicn
material with
mcchaiical stirmee

o Pouring of mixlure Continwuus stircing ol
Salidification intor the mold ml‘lml)ﬁz::ﬂm
Figure 3.

Phases of the stir casting process.

Feoding of

Melting of matrix
1al Temloncemenls

moalerial

S. No. Parameters Values

1 Preheating chamber temperature 850°C

2 Furnace temperature 900°C

3 Core temperature 750-800°C
4 Voltage 440V

5 Frequency 50 Hz

6 Stirrer speed 300-400 rpm
7 Die pre-heating temperature 200°C

Table 1.

Stir casting process parameters.
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2.1 Furnace

Figure 4 presents the original furnace adopted for the development of the HMMC.
It has a temperature gauge with a regulator switch to regulate the temperature. The
maximum temperature obtainable is around 1400°C. A convenient mechanical stir
system generates a vortex in the melt, facilitating an exquisite melt blending, com-
posing the metal matrix and related reinforcements. In order to evade the chances of
solid particles settlement at the base of the crucible, a bottom pouring furnace is
likewise suggested.

2.2 Mechanical stirrer rotor

The mechanical stirrer plays an essential role in forming an acceptable vortex in
the melt to bring about the best possible coherence. Distinctive impeller stirrers can be
used, i.e., single, double, and multiblade impeller. The double blade impeller
(Figure 5) is employed mainly to develop AMCs. The single and multiblade impeller is
handled primarily in chemical industries.

Figure 6 displays impeller stirrers accepted for HMMC development. The blade
was applied with a coating of zirconia onto a stainless-steel stirrer. The zirconia layer
helps in averting probable reactions between the molted aluminum material and
stainless steel of the stirrer. The impellers have been investigated for developing a
sufficient vortex during the mixing process.

2.3 Crucible

Crucible is a container in which the metal matrix is melted to its molten tempera-
ture and the desired refracting materials are being added. Nowadays, diverse mate-
rials consisting of Alumina, Tungsten, Graphite, etc. are being adopted as a crucible.
For HMMC development, the reinforcement materials (SiC and B,C) were pre-heated
in the Alumina crucible (Figure 7), whereas the parent metal (Al6063) is melted in a
graphite crucible shown in Figure 8.

The Graphite crucible experiences the following advantages.

Figure 4.
Electric furnace used for HMMC development.
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Figure 5.
Actual photo of mechanical stivver used.

4——— Multi stage sticrer

——— [l Double stage stirrer

Single stage stirrer

:flmpel]ersi blades

Figure 6.
Impeller stirver and types.

Figure 7.
Alumina crucible.

1.High melting temperature (2500°C).
2.1t is easily accessible.
3.The cost is less in comparison to tungsten.

4.Graphite has good electrical conductivity.
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Figure 8.
Graphite crucible.

2.4 Power supply

The induction resistance furnace with a temperature regulator is linked with a
three-phase electricity supply. To control the current and voltage supply, an ammeter
and voltmeter were associated with the circuit. Figure 9 illustrates the ammeter and
voltmeter. The ammeter indicates the instantaneous current flowing in the circuit.
The induction resistance furnace is engaged with moving iron type (M-Tech indus-
tries) with range 0-10A. The Voltmeter is likewise utilized for measuring the instan-
taneous voltage value across the circuit with a range 0-300 volt.

The current drawn by the electrical inductor furnace, depends on the furnace size,
shape, and capabilities. The furnace shown withdraws around 55A to 75A. The effi-
ciency spectrum of an electrical furnace is surprisingly modest; all modern electrical
furnaces have an AFUE of 100%. That means that entire electric furnaces convert
electricity into heat energy without any losses. Due to energy losses in ducts and the
energy required to run a blower, the electric furnace is slightly expensive for opera-
tion [8]. The energy requirement is AC 380/7kw/50 Hz. The induction furnace also
comprises a temperature regulator and digital display unit of temperature. Figure 10
shows the Digital display unit with a regulator switch.

Figure 9.
Ammeter and voltmeter.
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Figure 10.
Digital display unit with vegulator switch.

2.5 Die

A graphite material die was utilized to shape and solidify molten material obtained
after the rigorous stirring of Al 6063, SiC, and B4C. The size of the die is 100 x 50 x 30
with a tapered shape. Figure 11 displays the die adopted for fabrication.

3. Steps accepted for HMMC fabrication

STEP 1: The stir casting setup employed for fabricating 84% Al-10% SiC-5% B,C-
1% Mg is shown in Figure 12. It consists of a furnace with a temperature range up to
14,000°C for heating the materials utilizing electrical resistance heating, which is the
generally used technique of heat development. The mechanical stirrer fixed to the
motor was supported inside the graphite crucible.

STEP 2: A correct weight measurement of the constituents is determined utilizing
an electronic balancer (see Figure 13a-c). The silicon carbide and boron carbide

Figure 11.
Graphite die with HMMC brick.
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Figure 12.
Electric furnace.

Figure 13.
Wt. measurement of (a) Al 6063 material, (b) SiC (c) B,C.

particles were preheated at 850-900°C to eliminate any traces of moisture and oxidize
their surface, forming a silicon oxide (SiO2) layer (see Figure 14). This layer enhances
the wettability of the composite [9].

STEP 3: The Al 6063 billets were later melted in a new graphite crucible (see
Figure 15). The temperature of the furnace was controlled between 850 and 950°C. A
less slag was observed on the edges and was cut out by a graphite spoon. A uniform
temperature of 700-750°C was secured, and flux was included in the melt to restrain
oxidation [10].

STEP 4: The molten metal was later cooled naturally to a semi-solid state at
around 550-600°C, and gradually preheated SiC, and B4C was included in the melt in
fragments, and mechanical stirring was performed at 300-400 rpm (Figure 16).

STEP 5: Less than 1% wt of magnesium (Mg) was also added to develop the
wettability of the mixture [7]. The mix was continuously stirred for 5 minutes, and the
consistent mixture was poured into the die. Figure 17 exhibits the graphite die along
with the developed HMMC brick.

STEP 6: The solidified HMMC brick (Figure 18) is taken out from the die and is
processed and cut into suitable identical pieces (30 x 20x 5 mm) further for experi-
mentation. The specimens were then packed in polythene pouches with unique iden-
tification marks. Few specimens were then forwarded to authorized labs for SEM
analysis and mechanical testing.
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Figure 14.
Preheating of SiC and B,C.

Figure 15.
Aluminum billets melting in furnace.

Figure 16.
Motorized stirring of HMMC.

37



Recent Developments in Nanofibers Research

Figure 17.
Graphite die with HMMC brick.

Figure 18.
Solidified HMMC bricks.

4. Samples of HMMC

Figure 19(a) and (b) show the weight measurement of brick one and brick
two. The brick was cut into a smaller size of 30 mm x 20mm x 5 mm for experimen-
tation on Die Sinking EDM. The wire EDM (Annexure 4) was used for preciously
cutting the bricks so that the internal grain structures were not disturbed. Figure 20
shows the line diagram of the HMMC sample, and Figure 21 shows the actual sample.

(b)

Figure 19.
(a). Wt. measurement of brick 1. (b). Wt. measurement of brick 2.
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Figure 20.
Line diagram of the specimen.

Figure 21.
View of the sample.

5. HMMC properties and test analysis
5.1 Properties of the individual constituents

Aluminum 6063 is broadly employed as a general-purpose alloy in many engi-
neering applications such as the extrusion process, owing to its fair strength [11].
Table 2 exhibits the constituents of Al6063.

Table 3 (a-c) presents the physical and thermal properties of B,C [12], Al6063 [2],
and SiC [13], respectively.

Boron carbide (B4C) is one of the hardest materials available. Above 1250°C, it
has been harder than cubic boron nitride and diamond. B,4C is an alluring
reinforcement substance owing to its unique balance between thermal and
chemical properties. Moreover, it possesses a smaller density and greater hardness

Al6063 Wt. % Al6063 Wt. %
Al Max 97.5 Mn Max 0.2-0.7
Cr Max 0.11 Si 0.2-0.9
Cu Max 0.09 Ti Max 0.11
Fe Max 0.36 Zn Max 0.92
Mg 0.44-0.89

Table 2.

Composition of Al6063 [2].
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(a) B4C (b) SiC (c) A16063
Properties Value Properties Value Properties Value
Specific Heat (°C) 700 Coefficient of 4 Coefficient of Thermal 0.000022
Thermal Expansion Expansion (per ° C)
(°C)
Melting Point (°C) 2783  Specific Heat (°C) 750 Thermal Conductivity 0.285
(cal/cm?/ cm/ Celsius at 25°C)
Density (g/cm” 2.55 Melting Point (°C) 2730 Electrical Conductivity 335
(% copper standard at 20 °C)
Thermal Conductivity 17-42  Density (g/cm® 3.21 Density (g/cm?) 2.64
(W/mk)
Hardness (Kg/mm?) 2900- Thermal 120  Freezing Range (°C) approx.  625-525
3580 Conductivity
(W/mk)
Table 3.

(a, b) physical properties of B,C and SiC (c) thermal properties of Al6063.

value of order 30 GPa. Thus, B,C-reinforced HMMCs fabricated through the
moderate-cost stir casting structure have gained higher attractiveness among
researchers [14, 15]. B4,C has good mechanical strength with desired properties of
neuron absorption [16].

Silicon carbide (SiC) is constituted of tetrahedra of silicon and carbon atoms with
influential bonds in the crystal lattice. The SiC material has less thermal enlargement,
immense strength, and thermal conductivity of greater order and has been recorded to
be resistant against thermal shock [17, 18]. The SiC can tolerate severe temperatures
and has got high hardness coupled with low density.

Magnesium (Mg) is acknowledged for promoting grain refinement, wettability,
and reinforcing the solid solution [19].

5.2 Properties of the HMMC

The spark atomic emission spectrometry (SAES) was conducted with ASTM
E1251-11 standards (test procedure for Al and Al alloys) to determine the elements
present in the HMMC samples. Table 4(a) illustrates the composition and %wt of
elements. Table 4 (b) indicates the HMMC significant properties. The density of
HMMC (2637 kg/m?) as obtained through the test report has been used to calculate
the MRR and EWR [20, 21].

5.3 SEM analysis of the HMMC

For establishing the homogeneity of the HMMC, the sample was tested by
employing scanning electron microscopy (SEM). Figure 22 displays the uniform
dispersion of SiC and B4C in the specimen. No segregation of SiC grains along with B,C
particles was stationed along the grain edges. Dissemination of grains is acknowledged
to be intra-granular, in which the maximum particles locate inside the grains. The
uniform distribution is commensurate with the efficient and timely stirring action
during the stir casting process [22]. The crater’s size is less with B,C particles this could
be because of the creation of a boron oxide (B,O3) layer on the B4C ceramic, because of
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(Y] (b)

HMMC % Wt HMMC % Wt Properties Value

Al 91.43 Mg 0.087

Si 4.151 Cr 0.037 Melting point 750-800

Cu 1.516 Ti 0.027 U.T.S 110Mps

Zn 1.498 Sn 0.022 Tensile Strength 118 Mpa

Fe 0.806 v 0.006 Break Load 9.44KN

Mn 0.149 Cd 0.0019 Yield Stress 82 Mps

Ni 0.13 Co <0.001 Hardness 72HB

Pb 0.089 Density 2637 kg/m?
Table 4.

(a) Composition of HMMC (b) significant properties of HMMC.

10.00 kV

Figure 22.

SEM image of the stir casted HMMC.

liquid-to-liquid reaction leading to an expansion in the wettability, which is observable

130 x

5.3 mm

3.5

NSRL-JMI

at a specialized high temperature [23]. Many researchers proposed that reinforcement
in the particulate form up to wt. 30% may be included in a molten metal matrix to
perform a more substantial reinforcement distribution [24]. Reinforcement is added

emphatically into the molten stage of aluminum. The stirring speed, time of stir, stirrer
blade angle, pouring temperature, solidification rate, reinforcement size, and elements

percentage influence the fabricated composite consistency.
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Sr. Unwanted Gases/ Environmental concerns and human health
No Residual Waste

1 Aluminum hydroxide  Exposure to Aluminum hydroxide may cause repulsion, vomiting,
hyperacidity, pungency, Low blood phosphates (hypophosphatemia),
distaste, causticity leading to bowel obstruction, Fecal impaction [25].

2 Aluminum oxides Indicative toxicity has been reported, followed by chronic inhalation of the
aluminum oxides. Long-term aluminum oxide inhalation may cause
pneumoconiosis with cold and exertion and a restrictive pattern of rib cage
function. In severe cases, death has been reported due to respiratory
failure.

3 Aluminum sulfates Eating or gulping aluminum sulfate produces serious disturbance to the
digestive organs and stomach. An influenced individual may encounter
retching, queasiness, and runs, adding water to aluminum sulfate can
make a sulfuric acid structure. The sulfuric acid may cause soil damage by
reducing its constituents.

4 Boron Oxides Acute effects: The boron oxides contacts can aggravate the skin and eyes.
Breathing in Boron Oxide can bother the nose and throat, causing hacking
and wheezing. Introduction to Boron Oxide may cause heaving wooziness,
cerebral pain, sickness, and so forth.

Chronic Effects: The accompanying long-haul wellbeing influences may
happen after some time getting an introduction to Boron Oxide and can
keep going for months to years [26]. Boron oxide may make permanent
damage to kidney and livers.

5 Silicon Dioxide Silicon Dioxide exists naturally on earth and our bodies. No evidence has
been reported to advocate its implication on human health, but more
research is required to ascertain its role on the body. Inhalation of silica
dust may cause diseases related to breathing.

6 Fly Ash particles It can get placed in the deepest part of the lungs, where it may cause an
asthmatic attack, inflammation, and immunological reactions. They
contribute to Particulate Matter 2.5 and 10.

7 Magnesium Oxide Exposure to Magnesium Oxide can cause “metal fume fever” which is a
symptom in which the patent gets a metallic taste in the throat with
headache, sneezing symptoms, cold symptoms.

Table 5.
List of unwanted gases/residual waste/effects on the environment.

6. Environmental concerns

The stir casting process involves melting the metal at around 800-1000°C. The
metal matrix used is Aluminum 6063 with Boron Carbide (B,C) and Silicon Carbide
(SiC) as reinforced materials. The melting operation produces specific unwanted gases
and residual waste, which must be discussed. Table 5 illustrates the relevant unwanted
gases/residual waste with apprehensions on the environment and human beings [27].

7. Summary

This chapter focuses on the comprehensive development stages of the HMMC
(84%wt of Al 6063-10%wt of SiC-5%wt of B,C with 1%wt. of Mg) through the stir
casting method. A comprehensive description of the essential ingredients (electric
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furnace, stirrer, the crucible, die) required for HMMC fabrication and the procedures
has been covered. Reinforcement is added emphatically into the molten stage of
aluminum. The stirring speed, time of stir, stirrer blade angle, pouring temperature,
solidification rate, reinforcement size, and elements percentage influence the fabri-
cated composite consistency. The developed HMMC was further analyzed for com-
position and specific mechanical and thermal tests. The HMMC density of 2700 kg/m?
was noted for MRR calculations. For confirming the homogeneity of the HMMC, the
sample was analyzed using an SEM test. Dissemination of grains was noticed to be
intra-granular, in which the maximum particles reside inside the grains. The uniform
distribution is proportional due to the efficient and timely stirring action during the
stir casting process. The crater’ size is observed to be less with B,C particles because
of the creation of a boron oxide (B,03) layer on the B4C ceramic because of liquid-to-
liquid reaction leading to an expansion in the wettability, which is observable at a
specialized high temperature. During the stir casting process, the melting action of
material emits out certain gases and residuals apart from the required composite. The
residuals have specific environmental concerns. The severe effects caused by alumi-
num hydroxide, aluminum oxide, aluminum sulfate, boron oxide, silicon dioxide,
magnesium oxide, and fly ash on the environment have also been covered.
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Abstract

Biomaterials and green products rely heavily on natural lignocellulosic fibres. They
have a wide variety of potential capabilities and characteristics, making them suitable
for many applications. These fibres offer all the components required for renewable
energy deployment. Fibre polymers from Jharkhand such as palm, datura, lemon,
and mustard were studied for their thermal, mechanical, and interfacial adhesion
properties. There were also tests on tensile strength, elongation to break, and ther-
mogravimetric analyses (TGA). The effects of heating on weight loss, water loss, and
disintegration have also been studied. A comparison was made between frequently
used global fibres and the fibres analysed in this research article. Jharkhand’s fibres
are shown to be more compromising than worldwide fibres. Palm fibres have excellent
tensile strength (160 MPa) and modulus of elasticity (5 GPa). The thermal behaviour
of lemon and datura fibres is the most similar. Palm and mustard fibres respond
similarly in warm temperatures. At 140°C and 240°C, mass loss was 18.8 and 24.3%,
respectively. TGA shows that the studied fibres are more suited for industrial applica-
tions owing to their stable thermal behaviour. Plastics, textiles, packaging, and papers
may all use palm fibres in insulators, circuit boards, switches, and terminals, as well
as in furniture and window frames.

Keywords: green materials, lignocellulosic fibres, mustard, eco-friendly, datura,
palm, lemon

1. Introduction

New bio-product materials have been created to reduce dependency on
petroleum commodities, potentially leading to sustainable green products and
cleaner manufacturing [1]. Many countries have emphasised the use of bio-based
renewable resources because of the rising cost of petroleum commodities, climate
change, and the world’s drive toward global sustainability [2]. Furthermore,
in order to ensure long-term sustainability, the government has recognised
the importance of available natural resources, their proper utilisation, and
waste management, which has resulted in the development of better schemes,
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regulations, and promotions for natural bio-based materials, such as natural fibre
composites (NFCs). Furniture, automotive, agriculture, construction, packaging,
aerospace, and other industries have recently embraced natural fibre composites
to replace conventional materials [3]. NFCs provide a number of advantages over
traditional synthetic materials, including being recyclable, abundant, lighter in
weight, degradable, and less expensive. NFCs also benefit from being a green
product since they are recyclable and degradable in nature, contributing to the
goal of environmental sustainability. Green commodities generated from agricul-
tural waste would open the way for new renewable resources while also providing
a source of revenue for many developing nations [4]. Plants (lignocellulosic) are
natural fibres that may be used as polymer reinforcement, making them an excel-
lent renewable resource. To develop new types of biomaterials that are ecologically
friendly [5-7]. They might also be regarded a wonderful solution for reinforce-
ment from an environmental and economic standpoint. They are more ecologi-
cally friendly, lighter, and require less energy, making them more sustainable from
a sustainability aspect. Natural fibres are classified according to where they come
from in the plant: leaf, fruit, seed fibres, stem fibres, bast fibres, and skin. Natural
fibres are in great demand in a variety of sectors, including furniture, automotive,
agricultural, construction, packaging, and aerospace, due to their high specific
characteristics and cheap cost. Constituent qualities, maximum manufactur-

ing temperature, degradability, orientation, volume fraction, fibre length, and
geometry all have a role in the overall features and attributes of a bio-composites
product. However, while designing green goods, mechanical and chemical quali-
ties are the only two factors that are taken into account to a higher degree, since
there is a correlation between natural fibre’s chemical properties and their equal
mechanical performance [8, 9].

Nowadays, lignocellulosic fibres are employed as a stand-alone and primary
component of bio-composites. They are utilised separately because their inherent
qualities are difficult to alter or modify in comparison to their equivalents, such as
polymers, whose properties are readily manipulated. This might explain why natural
fibres have less applicability in numerous industries than polymers, which have been
widely employed in recent years. Natural fibres in bio-composites, on the other hand,
might be useful in supplying alternative materials for green solutions [10].

This study presents a fresh approach to researching natural fibres accessible in
India’s Jharkhand area, particularly lignocellulosic fibres, and testing their mechani-
cal and environmental behaviour from a variety of technical perspectives. This would
ensure the creation of an ideal database of materials that could be crucial in develop-
ing green materials that are both eco-friendly and cost-effective, as well as developing
future sustainable materials with broad industrial applications and opening doors for
further bio-materials research.

2. Materials and methods

Diverse lignocellulosic wastes have been collected in abundance from several areas
in Jharkhand (the north-eastern portion of India). In this work, we measured the
physical properties of polymers.

Lignocellulosic fibre interface characteristics and thermogravimetric analyses
were explored with the purpose of selecting lignocellulosic fibre.
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2.1 Selection of fibres

The preliminary inquiry was carried out in a specified manner in accordance with
assessment criteria in order to identify the best suited fibres. The basic selection for
the compatibility of the different agricultural waste fibres was made. The availability
of resources (fibres), cost estimate, dependable qualities necessary to complete the
job (mechanical property), renewal duration, and material density are all included in
this assessment criteria [11, 12]. A few species were omitted from further examination
because they did not meet the original criterion. Lemons, palms, Datura stramonium
(hence referred to as datura) and mustard residue fibres were used to determine the
results. As previously stated, all of the fibres were readily accessible in large amounts
in Jharkhand. As a result, they met the physical and mechanical requirements for the
presentation while also being less expensive.

Following that, suitable fibre samples were investigated for mechanical and ther-
mal examinations to determine their prospective capabilities. Samples were processed
and adaptable in accordance with the test’s requirements. The specimen to be tested
for the tensile test, for example, was held at 120 mm in length with a gage length of
50 mm. Their diameter, on the other hand, has fluctuated based on the fibre varia-
tions and plant type. As aresult, the averaged cross-sectional area estimates are based
on the measurements recorded for each of the 10 possible gage length interpretations
(for every 5 mm). Tensile strength, Young’s modulus, and elongation obtained before
the fracture point were all tested on all of the manufactured samples. Five testing
trials were conducted for each fibre material, according to ASTM D 3822/01, and the
average value was picked for future analysis. The 3365 Instron (Figure 1) is utilised
for the tensile test, with a crosshead speed of 2.0 mm/min.

Furthermore, all of the fibres used in the study were from agricultural waste and
were tested for thermal properties (Table 1). It was examined to determine the per-
centage loss of weight characteristics in touch with the combustion and the heating
impact of the combustion. The conclusion is that they are environmentally beneficial
materials for the manufacturing process.

(a)

Figure 1.
UTM Instron 3365. (a) Tensile, (b) flexural.
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Polymers Melt flow rate at 230°C and Yield tensile Density
2.2 kgload strength (MPa) (kg/m3)

Polypropylene (PP) 12.5 g/10 min 34 906

Low-density polyethylene 0.85 dg/min 1 921

(LDPE)

High-density polyethylene 0.7 g/10 min 30 960

(HDPE)

Polyvinyl chloride (PVC) — Kvalue 68 569

Table 1.

Physical properties of the selected polymers.

2.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is used to identify changes in physical char-
acteristics and biochemical processes that occur to fibres when the temperature is
allowed to rise at the same rate as the temperature, since it is critical to retain infor-
mation on fibres from agricultural wastes in terms of water loss and decomposition.
TGA experiments are carried out with the aid of a NETZSCH TG 209/F1 apparatus
(Figure 2). Thermal Stability was measured with several specimens at a heating rate
of 10°C/min across the whole temperature range of 31-300°C and 500°C.

2.3 Characteristics of the interfacial zone

The pull-out technique is a useful tool for examining the interfacial characteristics
of different polymer fibres. Because the properties of the fibre-matrix interface have
a substantial influence on composite materials’ mechanical performance. The inter-
facial effects of the debonding and pull-out processes may be determined using this
approach. The fibre was put into the polymer and a tensile test was conducted in the
pull-out inquiry. In this testing method, the polymer and the free tip of the fibre are

7
h

Figure 2.
NETZSCH TG 209/F1.
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both gripped and pulled apart. The fibre was removed without causing the polymer
to split. This data suggests that the fibre/polymer interface was a failure of adhesive
rather than polymer or fibre cohesiveness. The durability and capacity of polymers or
fibres were explored in order to build environmentally acceptable materials. For this
aim, a pull-out technique is employed to determine the maximum load capacity that
can sustain the fibre/polymer [13].

The extrusion procedure was chosen for the preparation of the pull-out sample’s
method of hot mixing. For each specimen, 31 cm of rectangles were cut. The sample
is constructed such that each fibre is implanted along the rectangle’s centre axis. An
optical microscope is used to measure the specimen’s length and diameter. With the
aid of a universal testing equipment, the specimen is permitted to act a tensile load
(Instron 3365). The load-displacement graph is being recorded, and the crosshead
speed is being held at 2.0 mm/min.

3. Result and discussion

Various lignocellulosic fibres have been discovered in the Jharkhand region in this
investigation. Environmental waste is a consequence of using green bio-based goods
instead of conventional resources. Unfortunately, Jharkhand is not doing enough to
make use of its agricultural lignocellulosic waste. The qualities of this fibre and the
potential alternative uses of global fibres remain unknown to industrialists. In the
creation of biomaterials for green goods, as well as the search for materials that will
help in the finding of renewable sources of materials for green products, these fibres
will be of use. As a result, developing countries and industrial markets like India and
its neighbours will see an increase in their gross domestic product.

3.1 Mechanical investigation

A mechanical experiment was conducted to determine the mechanical charac-
teristics of Jharkhand’s agriculture waste fibres. The tensile testing procedure is used
to determine Young’s modulus, length elongation before fracture, and maximum
tensile strength. To determine the tensile strength, all of the samples provided for
the research have been finished. The potential possibilities of biomaterials have been
discovered as a result of this research [14]. It is comparable to traditional fibres such
as coir, sisal, flax, hemp, jute, and others that are often used in literature. Figure 3
depicts the mechanical behaviour (stress-strain) of lignocellulosic fibres. The tensile
strength of natural fibres is seen in Figure 4. Because of the larger cellulose con-
centration in its constituents, palm fibre has the most substantial tensile strength of
160 MPa, whereas mustard fibre has 60 MPa. Datura has the lowest value, which is
less than 8 MPa. As a result, the tensile strength of fibres is arranged in the following
order: palm, mustard, and lemon fibres.

Figure 5 also depicts the elongation variation required to break the property of
Jharkhand agro-based fibres. It demonstrates that palm fibres have the highest elonga-
tion value to break the percentage. Palm fibre, mustard, and datura, respectively, have
0.078%, 0.06%, and 0.026%. The lemon type fibre, on the other hand, has the lowest
percentage value, at 0.025%. Except for the palm fibres, the previous observations of
elongation to break the % value of mechanical qualities are extremely similar. If just
a single criterion is used for the selection process, it may result in paying little atten-
tion to the other fibre materials if one characteristic is overlooked. As a result, it is
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Stress-strain diagram of (a) palm fibres, (b) lemon, (c) mustard and (d) datura.
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Figure 4.
Tensile strength of fibres compared.

concluded that more than one criterion should be used in the selection of natural fibre
constituents for biomaterial evaluation.

Young’s modulus criteria with mechanical parameters for Jharkhand agricultural
waste fibres is shown in Figure 6. Palm fibres have a Young’s modulus value of
5.02 GPa, whereas lemon fibres have a value of 2.71 GPa. Similarly, mustard-type
fibres have a modulus of elasticity closer to 2.35 GPa, but datura only possesses
0.34 GPa. It was discovered that fibres from Jharkhand had a higher Young’s modulus,
indicating that they would make superior natural reinforced polymer composites.

The intrinsic capabilities of regularly used fibre materials and Jharkhand lignocel-
lulosic fibres have been found. Young’s modulus and tensile strength of Jharkhand
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fibres and fibres from across the globe have been compared. Figures 7 and 8 show
how this is done. The table lists all of the governing mechanical characteristics of the
most regularly used fibres. Figure 7 shows that palm fibres have the greatest tensile
strength value when compared to lemon and mustard fibres.
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Figure 8.
Young’s modulus of fibres compared with other commonly used natural fibres.

Figure 8 shows a comparison of the tensile modulus of the most regularly used
fibres. Except for sisal, it is obvious that Jharkhand fibres have a higher modulus
value than the other fibres. The Young’s modulus of mustard and lemon fibres, for
example, is higher than that of palf, oil palm, and piassava fibres. As a consequence,
Jharkhand’s agro-based waste fibres have a better chance of becoming biomaterials for
industrial use.

3.2 Thermographic analysis (TGA)

Agricultural waste produced all sorts of fibres studied in the literature. Thermal
procedures have looked at the influence of heat on their characteristic of weight loss
before combustion to see whether this material is acceptable for future manufacturing
processes of environmentally friendly products. TGA testing was also used to track
the physical vagaries of raising the temperature rate at a regular pace. This approach
was also used to regulate the chemical characteristics of the fibres. Water losses must
be determined throughout the breakdown process particularly for agricultural waste
fibres [15]. The TGA research revealed that palm, datura, lemon, and mustard are all
thermally stable, with minor/negligible behaviour when it comes to mass losses.

Thermal stability was measured with many specimens in the temperature range
of 31-300°C and 500°C at intervals of 10°C/min heating rate and found to be stable.
As the temperature rose, people began to lose weight as a result of the heat. It was
discovered that the first percentage loss in mass is 7.2% up to 140°C. The cause for
this is the evaporation of water, as well as the presence of lignin. Depending on the
fibre type, the moisture content varies. By raising the temperature over this point,
the other elements of fibres, such as hemicellulose and lignin type cellulose, were
harmed. In this study, the degradation degree of lemon fibres was shown to be divided
into three phases. The second and third levels begin from 190-240°C and 240-300°C,
respectively. At these two levels, the percentage of deterioration was 5.17% of mass
and 14.82% of weight, respectively.

The entire analysis of the fibres addressed in this paper is shown in Figure 9. This
diagram depicts the thermal behaviour of fibres in terms of stability and degradation.
In the experiments, lemon and datura fibres were shown to be more stable for the initial
temperature range of 140-240°C. At a temperature of 240°C, datura and lemon fibres
are steadier in percentage weight loss than palm and mustard fibres at 140°C. Except
for lemon fibres, all other fibre materials studied had a weight decrease of greater
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Thermal stability of fibres compared.

than 30%. This fibre material’s stable feature is better suited for biomaterials based on
polymers for industrial applications requiring a greater thermal stability value.

As aresult of the experiments, it has been theoretically shown that fibres from
Jharkhand agricultural wastes are more appropriate for industrial applications owing
to their better mechanical and electrical characteristics. Insulation in door panels,
covering door racks, window frames, home railings, furniture industries, paper,
textiles, insulated electronics, circuit boards, terminals, switches, and dielectrics are
just a few examples.

Figure 10 shows that, when it comes to divergence to percentage mass loss,
Jharkhand fibres outperform other fibre types. Datura and lemon have been demon-
strated to have a lower weight reduction percentage than bagasse, banana, bamboo,
pineapple leaf, and phoenix SP. It demonstrates Jharkhand’s increased stability and
enhanced opportunities for green product manufacturing.

3.3 The pullout test

The pull-out technique is one of the most important ways to confirm that lignocel-
lulosic fibres and the different polymers investigated in this study are compatible. By
assuring the interfacial bonding capacity, this approach determines the maximum
load applied to the fibre up to which it can withstand the load limit. This approach
may be used to determine if agricultural waste fibres and polymer components are
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Figure 10.
Weight loss (%) of fibres compared with other commonly used natural fibres.
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Figure 11.
Shear strength of fibres compared through use as polymers.

compatible. It was decided to prepare samples for the test hot mixing extruding tech-
nique. Polypropylene, polyethylene of high density, polyethylene of low density, and
epoxy were among the samples bought and prepared for the pull-out test [9, 16, 17].
Figure 11 depicts the shear strength of the different polymer interfaces. The graph
shows that datura fibre has the best interfacial bonding, and that PVC polymer has
a shear strength of 5.3 MPa. Datura’s most important attribute is its coarser surface
compared to other polymers, which allows for sticky properties. Because of their flat
surfaces, mustard and palms have reduced interfacial bonding.

4, Conclusion

This research successfully achieves the interfacial properties of Jharkhand lig-
nocellulosic fibres. Jharkhand fibres’ thermal and mechanical properties were also
examined in laboratory tests. A side-by-by-side comparison of foreign and Jharkhand
fibres was carried out in order to assess their inherent capabilities and usefulness.
Because of its increased mechanical strength, thermal stability, and strong adhesive
forces at surfaces, the Jharkhand lignocellulosic was determined to be more suited.
For biomaterials applications, Jharkhand’s fibres have also been shown to be bet-
ter compatible with a variety of polymers. Palm-type fibre materials have higher
mechanical strength, elongation to break, and tensile strength than mustard fibres.
The thermal stability of the abovementioned fibres is determined to be better in the
case of lemon fibres, while datura fibres are best at 240°C and 290°C owing to their
mass to loss percentage.

Lemon and datura fibres are the most ideal for thermal properties when compared
to pineapple leaf, bamboo, roselle, bagasse, and phoenix SP, since they have a lower
weight ratio at 240°C. Furthermore, after a thorough examination of fibre materials,
it is possible to conclude that, due to their cheap cost and environmental friendliness,
widespread manufacturing of these green goods might be boosted for developing
nations. With the Jharkhand fibre’s better interfacial bonding, sustainable businesses
may now produce green products. PVC and datura fibres were found to be the best
fibres for shear loads with all types of polymers in this paper. Doors, textiles, packag-
ing and papers, furniture, window frames and electrical applications such as insula-
tors, circuit boards and dielectrics are just a few of the many uses for Jharkhand waste
agro fibres.
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Abstract

Synthetic polymers have been widely applied in various commercial and
household applications owing to their fascinating properties of low-cost, lightweight,
and processability. However, increasing population and living standards and rising
demand for non-biodegradable polymers have led to the accumulation of plastic
pollution resulting in the current environmental crisis. Current waste management
methods such as landfilling or incineration do not solve these environmental issues.
On the other hand, recycling plastic waste is the most valuable strategy for dealing
with waste as raw material for high-value products. One of such products is filter
membranes. Polymer fiber membranes as masks in pandemics have been one of the
most sought-after products in recent years. Some types of plastic waste became a
material source for the development of filter materials, which could contribute to the
protection of human health. Utilizing the simple, cheap, and industrially available
technological solution is also needed. Given the number of advantages, electrospin-
ning is such a beneficial solution. The electrospun polymer waste-based membranes
show excellent filtration performance and can carry many other functionalities.
Therefore, this review article presents a brief overview of electrospun nanofibrous
membranes based on synthetic plastic waste and summarizes the filtration per-
formance of such membranes. This review will discuss the future perspectives of
electrospun membranes as well.

Keywords: plastic waste, recycling, nanofibers, filtration, waste management

1. Introduction

A linear economy system based on taking, making, using, disposing, and pol-
luting is responsible for millions of tons of waste that threaten people’s lives, while
its littering and leakage in the environment cause negative impacts on land and sea
life and also affect air quality [1, 2]. In 2018, an estimated 359 million tons of plastic
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(synthetic polymers) were produced globally. Production is still increasing due to
rising living standards and the growth of the population on the Earth. The problems
of alinear, resource-to-waste economy and environmental issues are becoming
more acute. More than 29 million tons/annually of plastics are collected in Europe.
Due to the low biodegradability of synthetic plastic waste, they need to be disposed
of at the end of its service life.

Only 32.5% of plastics are recycled, 24.9% are landfilled, and 42.6% are inciner-
ated. The traditional recycling methods aim to eliminate plastic waste rather than
encourage its beneficial, value-added reuse. Landfilled plastics create an environmen-
tal burden. For example, all types of synthetic plastics, including polyester, polyam-
ides, acrylic, and olefins, have been found in oceans, rivers, and even water treatment
plants [3, 4]. When incinerated, the released toxic gasses create more environmental
issues [5]. Air pollution has consistently been one of the most substantial ecological
issues with serious consequences for human health regarding industrial growth.

On the contrary, reusing or recycling plastic waste into valuable products aligns
well with the circular economy concept; plastics are recirculated by extending prod-
uct life beyond one cycle.

The pandemic situation since 2019 caused the polymer fibrous membranes as
masks against COVID 19 to be the most demanded products ever. Persistence of the
dire situation and occurrence of other coronavirus mutations or other respiratory
diseases have apparently started a new wave of filter media development. At a time
when energy costs are rising, and materials, oil, and gas fields are being emptied or
become unavailable, current plastic waste needs to be considered as a possible source
of material in the production of high value-added products and filter media to protect
human health, and the environment has almost priceless value.

In this respect, electrospinning is simple and industrially available technology for
the production of randomly placed nanofibers into the nonwoven membrane suitable
for filtration. The principle of electrospinning is based on the electrical discharge
from liquid surfaces. The electrostatic attraction of liquid was observed in 1600 by
Wiliam Gilbert. However, the first electrospinning patent was filled by J. F. Cooley
in 1900. For over 120 years, electrospinning has evolved so much that it has become
attractive to thousands of scientists around the world, and electrospinning devices are
known in various designs. Since 1995, the number of publications about electrospin-
ning has been increasing exponentially every year [6]. Semi-industrial and industrial
equipment is being developed and sold in many countries. However, electrospinning
enters the industry only very slowly, and to the best of the authors’ knowledge, there
is no industrial processing of plastic waste using electrospinning on an industrial
scale. Electrospinning deserves a broader discussion, and therefore, Section 2 is
addressed in this review.

One of the many advantages of electrospinning is that more than 200 polymers
can be processed. Several authors in their studies have demonstrated the suit-
ability of electrospinning in the processing of waste plastics. These are mainly
wastes such as poly(ethylene terephthalate) (PET), polystyrene (PS) or expanded
polystyrene (EPS), polyamides (PA), and polyurethanes (PUR), or thermoplastic
polyurethane (TPU), but also waste natural polymers such as lignin and their
mixtures. These membranes have already been studied for air or water filtration,
water treatment, and cleaning from pharmaceutical, textile dyes, or oil. Such
membranes show the filtration efficiency closed to 100%. The filtration effi-
ciency depends on many factors, including the basis weight and thickness of the
membrane or fiber diameters. Other functionalities such as antibacterial activity
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or wettability could be given to the membranes by additives, e.g., drugs, agents,
nanoparticles, other polymers, etc. Despite the exciting possibilities in the field of
filtration offered by recycling plastic waste by employing electrospinning, there
are still not many articles dealing with this topic. There are still possibilities and
perspectives that need to be further explored for expanded exploration of poten-
tial industrial applications.

This review article presents a brief overview of synthetic plastic waste-based
electrospun nanofibrous membranes for filtration. The filtration performance of such
membranes is summarized. The review also consists of the future perspectives of
such electrospun membranes, given the composition of the plastics coming into the
recycling process.

2. Electrospinning

Electrospinning is a versatile and straightforward technique to produce fine fibers
on the scale of 20-1000 nm from polymer solutions or melts. The fibers are spun in
a high electric field. Under a powerful electric field force, the polymer solution or
melt overcomes its surface tension and viscoelastic force to generate a charge, the
mutual exclusion between charges, and the opposite charge electrode’s compression
to the surface charge, directly creating a force that is opposite to the surface tension.
When the electric field strength exceeds a specific critical value, the polymer solution
or melt will overcome the droplet’s surface tension and form a jet. The apex (Taylor
cone) is formed at the spinneret (syringe, pipette, wire, rotating cylinder) from
polymer drop due to the high electric field. The polymer jet is drawn, elongated, and
stretched from the apex into a straight line to a certain distance; it is sprayed along a
spiral path. As the solvent volatilizes, fibers solidify and are finally deposited on the
grounded collector [1, 2, 7]. The principle of the electrospinning process is displayed
in Figure 1.

The fiber morphology depends on parameters that can be divided roughly into
several basic groups: polymer properties (molar mass, solubility) [8], solvent proper-
ties (boiling point, volatility, dielectric constant) [9], polymer solution properties
(concentration, viscosity, conductivity) [10], the process parameters (applied
voltage, top of the needle to collector distance, flow rate, needle diameter or cylin-
der rate) [11], and environmental parameters (humidity and temperature) [12] or
properties of additives as plasticizers, drugs, dyes, etc. [13-15]. The effects of some

Piston Polymer solution
l ¢ Applied Voltage
' A A ] ' [ Collector
NS et . A\-dl\\

Pump

High Voltage Supplier

Figure 1.
Schematic representation of electrospinning principle. From archive of authors.
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parameters are shown in Figure 2. Recently, various electrospinning technique modi-
fications have been developed, such as needless electrospinning, multiple-jet electro-
spinning, coaxial electrospinning, bubble electrospinning, cylindrical porous hollow
tube electrospinning, electro-blowing, magnetic-field-assisted electrospinning, and
charge injection electrospinning [16]. Electrospinning has several advantages: it is

a low-cost and commercially available technique for industrial production; it isa
controllable process with high production efficiency [17]; electrospinning can be used
for more than 200 different polymers, including synthetic as well as natural polymers
[18, 19]; fibrous layers can be deposited onto a variety of collectors including metal
plates, parallel electrodes, rotating-type disks or mandrels, knife-edge collectors,

etc. [20]; fibers can be functionalized before, during, and after spinning [2, 21].
Electrospun materials could be used in wide application range such as packaging [22],
wound healing [23], tissue engineering [24], drug-releasing systems [25], membranes
[26], sensors [27], batteries [28], solar cells [29], supercapacitors [30], catalysts [31],
environmental remediation [32], protecting clothing [33], and in many others. Due
to all the mentioned advantages, electrospinning is the primary choice for fabricating
nanomaterials.

Electrospinning offers the opportunity to reuse polymeric waste, turning plastic
waste into higher-value fibrous polymer products from virgin as well as post-
industrial or post-consumer polymers. The randomly placed ultrafine fibers in the
electrospun membranes are attractive as filtration materials. The high surface area to
volume ratios, nanoporosity, vapor permeability, and good mechanical properties of
nanofibrous membranes predestined them for air or water filtration or even personal
protection against fine dirt and microbes with smaller dimensions than 100 nm or
volatile organic compounds [14].

Silk Fibroin Poly(e-caprolactone) Poly(lactic acid)

Ko

gp&. ey

Effect of some electrospinning parameters on fibrous morphology. Here are vepresented: (A) silk fibroin (SF) with
concentration solution 9 wt.%, (A1) with concentration 7 wt.%, other parameters were kept constant; (B) poly
(e-caprolactone) (PCL) with applied voltage 8 kV, (B1) with applied voltage 12 kV, other parameters were kept

constant; (C) poly(lactic acid) (PLA) heated collector on 60°C, (C1) PLA ambient temperature of the collector,
other parameters were kept constant. Images are from the archive of authors.

Figure 2.
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3. Polymeric waste for filtration

Polymeric materials are inexpensive, lightweight, and durable materials processed
into various products that are used in a wide range of consumer and industrial
applications. Due to their benefits to our society and economy, their production has
increased significantly [14].

Especially synthetic polymers such as polyethylene terephthalate (PET), poly-
styrene (PS), and polyamide (PA) have been widely applied in various applications
since the 1940s thanks to the properties related to the processability and corrosion
resistance [1].

PET is a low-cost, thermoplastic polyester with 18.3 MT, about 5% of global
plastic production. Roughly 30% of that amount of PET is used in the food industry,
including single-use plastic, automotive, electrical, electronics, and textile. PS or EPS,
known as styrofoam, is used for insulation or packaging materials and accounts for
another 5% of total annual plastics production. Polyamides (PAs) are semicrystalline
polymers with high chemical resistance and good thermal and mechanical properties
[2]. They are usually produced in the form of fibers for use in fashion, automotive,
electrical, electronic, construction, packaging, and other industries. Currently, PAs
are made on an annual worldwide multimillion-ton scale, and the production is
estimated to be continuously growing [34]. Polyamides represent about 2% of total
plastic production.

All the mentioned polymers represent an important proportion of plastic waste.
Due to the low biodegradation of such plastic waste and increasing consumption
created by a rising living standard and a growing world population, the problems
with plastic waste and environmental issues are becoming more acute. Moreover, the
increased use of mentioned plastics, primarily for packaging and textile, has height-
ened the importance of managing this material’s end of life.

Due to the good processability of PET, PA, as well as PS, was processed by electro-
spinning and the conditions of production electrospun membranes have been already
extensively described in the literature [35-39]. The randomly arranged ultrafine
fibers in the electrospun membranes, the high surface area to volume ratios, nano-
porosity, good mechanical properties, and vapor permeability of such membranes
predestined them for filtration membranes and especially for personal protection as
face masks against very fine dirt and bacteria, but also viruses with dimensions of
about 100 nm [40, 41]. In the following subsections, the filtration performances of
polymer waste-based electrospun membranes in air filtration and water treatment
will be discussed.

3.1 Air filtration

The pandemic situation since 2019 caused the polymer fibrous membranes as
masks against COVID 19 to be the most demanded products ever. Persistence of the
dire situation and occurrence of other coronavirus mutations or other respiratory
diseases have apparently started a new wave of filter media development. The new
technologies are considered, but it is also necessary to consider the sources of materi-
als. In this respect, every alternative source of materials should be seriously consid-
ered, and waste is perceived as a significant and low-cost source of the material.

Rajak et al. developed an air filter by electrospinning EPS waste of electronic
appliances packaging [42]. The filtration efficiency for fibers with a diameter of about
3500 nm was 70.4%; however, the lower the fiber diameter, the higher the filtration
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efficiency. The fibers with a diameter of about 314 nm achieved an efficiency of
almost 100%.

Most electrospun recycled PET fibrous membranes were applied for filtration [1].
Tough fibrous membranes for smoke filtration were developed from recycled PET
bottles by Strain et al. The diameter of the fibers is about 410 nm, the large surface
specific area of 7.07 m°.g™" and affinity of the rPET mats for airborne hydrocarbons
open the way for the applied use in a range of industrial filters [43]. Nosko et al. found
that the electrospun recycled PET fibers from the bottle, with an average diameter of
around 95 nm, show the highest filtration efficiency of 99.95%, compared with the
cotton fabric and melt blown polypropylene nonwoven, of particles with a size of
120 nm. The membrane exhibits good vapor permeability but low breathability [44].

Bonfim et al. investigated the PET bottles waste membrane with average diameter
fibers of about 1290 nm. It was shown that the filtration efficiency was 98.4%, with a
pressure drop of 212 Pa [45]. Breathing comfort is generally correlated with a pressure
drop [46]. Then, by investigating the effect of morphological characteristics on filtra-
tion performance, Bonfim et al. obtained a filter with an average diameter of the fibers
of about 650 nm that showed a capture of 99% of nanoparticles, the low pressure drop
of 19.4 Pa with outstanding mechanical properties [47].

Unlike PET, silk fibroin is a biopolymer obtained from natural silk cocoons. It is
favorable due to its biocompatibility, minimal inflammatory reactions, water vapor,
and oxygen permeability. Siskova et al. [48] recycled PET from domestic plastic waste
and blended it with silk fibroin. In this study, the basis weight of the membrane plays
a key role. With the increasing basis weight, the filtration efficiency increases, and the
most effective membranes are comparable to the efficiency of HEPA filters according
to the European Standard EN1822. Due to the high pressure drop, the membranes
were not suitable for personal protection as filtration masks or respirators. However,
with the decrease of the basis weight, the pressure drop decreased. Such membrane
efficiency was comparable to the FFP1 class facial mask according to the European
standard EN149. The tested membranes rPET/SF has been antibacterial against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) and biocompatible with
HaCaT cells spontaneously transformed aneuploid immortal keratinocyte from adult
human skin.

Pleva et al. investigated the electrospun recycled polyamide (PA) from the women
stocking in filtration. The filtration efficiency of rPA and rPA/MAG (monoacylglyc-
erol) was 98.49 and 99.87% of particles with sizes about 600 nm; 92.70 and 96.10%
of particles with sizes about 100 nm the pressure drop about 129 and 189 Pa, respec-
tively. Moreover, the rPA/MAG membrane demonstrated antibacterial activity against
S. aureus and antifouling activity against E. coli and S. aureus [14].

In Table 1, the filtration efficiencies of electrospun membranes from selected
synthetic virgin and recycled polymers are compared.

The data in Table 1 encourage the utilizing plastic waste for filtration.

3.2 Water treatment

Industrial wastewater discharges and oil spills have precipitated significant dam-
age to water resources in recent years. Water pollution not only causes an imbalance
in the ecological environment but also has a direct impact on human health. Scientists
urgently need to develop effective wastewater purification technology in order to
address this pressing problem. Several previously identified techniques for waste-
water treatment, such as adsorption, filtration, centrifugation, catalysis, biological
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Polymer Fiber Basis weight PM Size E [%] AP [Pa] Ref.
diameter [g.m_z] [nm]
[nm]

Virgin polymer
Polyamide 66 (PA66) 60 0.46 300 90.9 69 [35]
Polyamide 6 (PA6) 120 0.63 300-500 99.9 95 [38]
Polyurethane (PU) 120 0.4-0.9 20-400 99.7 96-190 [36]
Poly(ethylene 395 NA/ the 50-500 83.6 28.9 [37]
terephthalate)/ thickness is
thermoplastic given 35 pm
polyurethane (PET/
TPU)
Recycled polymer
Poly(ethylene 95 14 120 98.3 NA [44]
terephthalate) (PET)
Poly(ethylene 230 12 120 99.9 414 [48]
terephthalate) (PET)
Poly (ethylene 230 3 120 96.0 123 [48]
terephthalate) (PET)
Polyamide 66 (PAG6) 640 8.7 300 977 129 [14]
Poly(ethylene 1290 The thickness up to 100 984 212 [45]
terephthalate) (PET) was given

342-392
Poly(ethylene 650 The thickness up to 100 99.0 194 [45]
terephthalate) (PET) was given

186-392
PET 1240-3180 The thickness 500- 98.2 36 [38]

is given over 10,000
100 pm
Table 1.

Filtration performance of electrospun virgin and recycled polymers.

treatment, and electro-coalescence, have been commonly implemented [49-54].

Whereas high energy consumption, secondary pollution, and unrepeatable usage still

appear inescapable.

At the beginning of twenty-first century, nanotechnology has become one of the

most competitive scientific fields. It has been widely regarded as the most signifi-
cant technology of the new industrial revolutions [55, 56]. As a result, nanofibers
are predicted to be appropriate materials for wastewater treatment. The following

subsections describe and illustrate (Figure 3) the most recent and significant applica-
tions of nanofibers from recycled plastics in wastewater treatment to remove various
pollutants, especially in oil/water filtration and removal of pharmaceutics.

3.2.1 Oil/water filtration

Metallurgy, transportation, food processing, petrochemicals, petroleum, natural

gas, and pharmaceuticals usually produce a significant amount of oily wastewater
daily [57]. Oily compounds are insoluble in water and can be toxic. Therefore,
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Figure 3.
Schematic representation of the liquid filtration process. Figure is from the archive of authors.

approaches such as coagulation, flocculation, air flotation, chemical degradation,
and membrane filtration have been used to separate oil/water [58, 59]. However, the
general oil/water separation method has low separation efficiency, high energy cost,
and complicated operation. In correlation, membrane separation generally exhibits
superior separation performance, lower energy requirements, and more straightfor-
ward preparation methods. The nanofiber membranes’ performance is particularly
outstanding [60].

In response to the growing demand for cost-effective and sustainable methods of
producing fibrous membranes, numerous studies have been conducted to determine
the efficacy of using waste polymers in separating oil and water. For instance, Liu
etal. coated a stainless mesh with waste cigarette filters to create an electrospun
membrane capable of separating oil-water mixtures and emulsions [61]. Sow et al.
also used waste polystyrene (PS) to fabricate superoleophilic fiber-coated membranes
for oil recovery through blow spinning. These membranes demonstrated a separation
efficiency of up to 97% [62]. Regrettably, recycled PET (rPET) bottles are frequently
utilized to produce low-cost products, resulting in relatively low market profits.
Utilizing rPET as a starting material for the fabrication of fibrous membranes for
oil-water separation could result in cost savings and environmental benefits. Several
studies on the use of rPET in fibrous filters have already been performed. Zander et
al. recently designed rPET nanofibers for filtering particles dispersed in water with
diameters ranging from 30 to 2000 nm [63]. Additionally, the oil-water separation
performance of functionalized rPET was evaluated previously, with separation
efficiencies exceeding 98.5%. Doan et al. produced flexible fibrous membranes with
a high capacity for oil-water separation based on recycled rPET via electrospinning.
Dip coating the rPET membrane with polydimethylsiloxane (PDMS) improved the
rPET fibrous membrane’s water intrusion pressure and anti-water-fouling property
[64]. Nanofibrous membranes have recently been developed to control oil and water
separation. Smart materials with the ability to respond to temperature [65], pH [66],
light [67], ions [68], electric fields [69], and prewetting are emerging candidates
for on-demand oil-water separation. Prewetting appears to be the most promising

68



Recycled Synthetic Polymer-Based Electrospun Membranes for Filtering Applications
DOI: http://dx.doi.org/10.5772/intechopen.106683

strategy due to its facile fabrication and operation [70, 71]. The prewetting membrane
should have amphiphilic properties, which means it should be superoleophobic
underwater and superhydrophobic underoil. Baggio et al. developed a nanofibrous
membrane from the blend of rPET and chitosan, which have amphiphilic proper-

ties because of the presence of the hydrophobic groups of rPET and the hydrophilic
groups of chitosan. The resulting filter exhibited high antifouling properties and
separation efficiency [72].

3.2.2 Removal of pharmaceuticals and dyes

A literature review shows that only a few studies on the preparation membranes
from recycled plastic waste have been conducted for the removal of organic
compounds.

Zander et al. synthesized nanofibrous microfiltration membranes from recycled
PET and evaluated their filtration performance with latex beads [63]. Xu et al. utilized
recycled PET bottles to develop electrospun nanofibrous membranes, modified them
through fluorination, and applied them in membrane distillation [73]. Arahman etal.
fabricated rPET/polyvinylpyrrolidone (PVP) ultrafiltration membranes for humic acid
separation from water [74]. Pulido et al. prepared rPET/PEG ultrafiltration membranes
to filtrate PEG/water and PEG/dimethylformamide solutions [75]. Waste PET bottles
were used to fabricate PET ultrafiltration membranes via Kusumocahyo et al. [76].
They utilized phenol as the solvent, PEG as the additive, water-ethanol, water-n-
propanol, and water-n-butanol as the non-solvent bath. Using waste PET bottles as
a starting point, Kusumocahyo et al. confirmed the fabrication and characterization
of PET ultrafiltration membranes, PEG 400 as the additive, and water-ethanol as the
non-solvent. Higher porosity and smaller pore sizes were achieved by increasing the
number of additives. Utilizing recycled PET will unquestionably minimize waste syn-
thetic polymer production [77]. Kiani et al. demonstrated an environmentally friendly
nanofiltration membrane with high performance synthesized through recycled PET
bottles. Xanthan gum (XA) was introduced to the membranes as a hydrophilic addi-
tive during membrane fabrication, using water and methanol as coagulation baths.
The produced membranes were used in the nanofiltration of an aqueous solution
incorporating diltiazem [78], a calcium channel blocker used to treat hypertension. It
frequently causes edema, headaches, and dizziness [79].

Preparation and application of electrospun membranes composed of lignin
extracted from palm fronds and banana bunches as biomass sources and PET from
bottle waste were studied by Attia et al. [80]. The electrospun fibers with smooth
morphology for the adsorption of methylene blue dye from the water were inves-
tigated. Fibers with 1800 + 500 nm diameter were obtained. The iodine-treated
membrane was carbonized at 500°C, and the achieved carbon content did not exceed
62 wt %. The reported adsorption capacity was about 9 mg of MB/g CFs of capac-
ity. The work describes the potential of combining biomass waste as a lignin source
with sustainable waste (PET) to produce fibers as a core material that can be used for
environmental remediation. Similar work was described by Yasin et al. [81], where the
electrospinning made PET nanofibers from the wasted PET polymer containing CuO
nanoparticles. The nanoparticle was cross-linked on the surface of the electrospun
PET nanofibers to enhance photodegradation of the methylene blue dye and adsorp-
tion of the degradation products. Thus produced eco-friendly, cheap, sustainable,
and effective nanocomposite has high efficiency at the dye removal (above 99% in
30 min). The composite of the base of TiO,/styrofoam membranes prepared using
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electrospinning was developed by Rajak et al. [82] to purify water from harmful
organic compounds such as bacteria, viruses, or even textile dyes. Styrofoam from
waste was used for the study, and TiO, as a semiconductor catalyst was used in the
environmentally friendly photocatalysis process. Because TiO, has high photocatalytic
activity, the fibrous composites showed photocatalytic activities too.

4. Future perspectives

Future perspectives could be concluded from the following aspects:

In many cases, plastic waste is a composite, so it is necessary to combine electros-
pinning with other technology that will ensure a high yield of polymer, which could
be subsequently processed into nano/micro-fibers;

L. Study of the effect of additives in the wasted plastics coming to the recycling
process on the processing parameters and resulted properties.

I1. Vice versa, study of advantageous additives, nanofillers, or mixed plastic
waste to make the electrospun composites with special functions for special
applications, for example, with antibacterial or antifouling activity;

I11. The morphology and properties of electrospun membranes are sensitive to
electrospinning parameters; therefore, the deep research on the optimization
of electrospun processing parameters for different types of plastic waste to
produce high-value products;

IV. Further study of natural or benign solvents for solution electrospinning or
practical design solutions for melt spinning. To realize “green” production;

V. Combination of electrospinning with other auxiliary devices to enhance the
mechanical properties, for example, ultrasound sonication; or device to col-
lect the evaporated solvent and its reuse.

VL. Intensive study on mass production of electrospun membranes from plastic
waste to reach commercialization and standardization.

5. Conclusions

Rising worldwide attention on polymeric waste leads to the founding of new ways
for their environmentally safe utilization. A European strategy for polymeric waste
use focuses on designing and producing polymeric materials, which can be reused or
recycled. For this reason, there is an urgent need to promote the utilization of poly-
meric waste after its end of life. Upcycling plastic waste into high-value products for
various applications is a sustainable solution with a promising future. As it is shown
in this study, plastic waste is an excellent material source for the production of filter
materials and the protection of human health and the environment.

Moreover, electrospinning is undoubtedly a superior method to process plastic
waste into functional nano/micro-fibers due to the randomly placed ultrafine fibers,
high surface area to volume ratios, nanoporosity, vapor permeability, and good

70



Recycled Synthetic Polymer-Based Electrospun Membranes for Filtering Applications
DOI: http://dx.doi.org/10.5772/intechopen.106683

mechanical properties. These properties predestined the nanofibrous membranes for
air or water filtration or even personal protection against fine dirt and microbes with
smaller dimensions than 100 nm or volatile organic compounds. In this review, reus-
ing plastic waste, especially non-degradable polymers PET, PS, PUR, and PA, and the
present advances in recycling plastic waste by electrospinning were briefly summa-
rized. The filtration efficiency was from 80 to 99.9%, depending on the thickness and
basis weight of the membranes. The average diameter of the fibers also plays a role in
the efficiency. It must be noted that the pressure drop, which represents the ease of
air passage when breathing, also depends on the basis weight and thickness. However,
as the thickness increases, the filtration efficiency improves, but pressure drop
increases, so the breathability is more complicated. Therefore, talking about using
these materials in face masks or respirators, it is necessary to look for the golden mean
in all the parameters affecting the parameters of the final product. Here was also
shown that the membranes are a good alternative to the EPA and HEPA filters. The
suitable additives such as carbon fibers, CuO, TiO, or other polymers as PVP, PEG, or
Xanthan gum give the membranes functionalities used in air and water cleaning or
remediation. The excellent availability of waste plastics and electrospinning-induced
formation of tough fibrous mats pave the way for using recycled plastics in industrial
air filters or membranes for water treatment.
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Chapter 5

Application of Nanocellulose
Biocomposites in Acceleration of
Diabetic Wound Healing: Recent
Advances and New Perspectives

Rebika Baruah and Archana Moni Das

Abstract

Diabetes mellitus (DM) is a chronic health problem that increases the risk of
infection and delays wound healing due to impairment of metabolic activity. Diabetic
foot ulcers (DFUs), a chronic wound increases the risk of mortality. Finding the most
appropriate wound dressings has been intensified with the increasing population and
prevalence of chronic wounds. Nanofibers coated wound dressings have attracted
more attention as innovative and biocompatible materials. Nanocellulose (NC) has
been widely used as a reinforcing material to improve nanofibers’ mechanical and
thermal properties. NC is biodegradable and derived from renewable sources and
produced bionanocomposites with improved performance.

Keywords: Diabetes mellitus, diabetic foot ulcers, wound dressings, nanocellulose,
bionanocomposites

1. Introduction

Diabetes mellitus (DM) is a complex chronic metabolic and endocrine disorder
that is termed a silent killer. DM is distinguished by a higher level of glucose in the
blood which is termed hyperglycemia [1]. DM is classified into two classes and they
are TYPE I DM and TYPE II DM. According to International Diabetes Federation
(IDF), the estimated number of diabetic adult patients (20-75) worldwide is 463
million, and it will be 578.4 million by 2030 and 700.2 million by 2045 as per expecta-
tions. Based on the 2019 prevalence data of IDF, the number of death and complica-
tions that arise due to DM worldwide is 4.2 million [2].

Diabetic foot ulcers (DFU) are a chronic infection that arises due to DM. DM
decreases the rate of wound healing due to impairment of metabolic activity.
Annually, 9.1-26.1 million people were infected by DFU and many cases were selected
for amputation as an ultimate treatment. DFU amputees have a 3 years survival due to
the risk of infection and unsolved artery injury and 50-70% of patients have a recur-
rence in 5 years. Therefore, in the prevention of DFU of DM patients should maintain
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a lot of precautions in their lifestyles, and time consuming and high level of treatment
by a multidisciplinary group of specialists is required [3].

The need for highly efficient approachable wound dressing materials is very
essential in the treatment of DFU with the increasing of populations. Nanofibrous
composites are attractive wound dressing materials due to their similarity with the
extracellular matrix of the skin. They form an effective layer over a wound that
stimulates the tissue to fight against infections causing pathogens and accelerate the
wound healing [4]. Nanocellulose (NC) is used as a reinforcing material to improve
the mechanical and thermal properties of nanofibrous wound dressing materials.
Due to the small size, high surface area, high mechanical strength, biodegradability,
and renewability of nanocellulose, it facilitates the production of cost-effective and
eco-friendly wound dressing materials [5].

Several bionanocomposites of nanocellulose along with other components
are applied in diabetic wound therapy in recent years [6]. Bionanocomposites are
nanohybrids composed of biobased materials and inorganic components. In bion-
anocomposites one component should be in nano dimensions, e.g., nanopolymer,
inorganic NPs, etc. [7]. Bionanocomposites cover an intensive area of research due to
their biocompatibility, nontoxicity, biodegradability, renewability, and cost-effective
nature. Among them, cellulose-based nanocomposites have attracted researchers in
the biomedical field due to the abundance of cellulose in nature and their biocompat-
ible nature [8]. Keeping this in mind, many researchers developed nanocellulose
reinforcing biocompatible patches, bionanocomposites hydrogel for diabetic wound
healings. The objectives of this chapter are to study the mechanism of normal wound
healing and diabetic wound healing, different methods of synthesis of nanocellulose
based bionanocomposites, and application of different bionanocomposites of cellu-
lose in diabetic wound healing. This chapter also discussed the future perspectives of
nanocellulose based wound healing dressings in DFU treatment.

2. Application of naocellulose-based nanocomposites in diabetic wound
healing

2.1 What is a wound?

Skin is the largest organ of the human body;, it not only protects the human
body from different pathogens and the external environment but also has a great
impact on different metabolic activities of the human body. Any kind of damage to
the skin or other parts of the human body is termed a wound. The wound includes
cuts, scrapes, scratches, and punctured skin [9]. Although the accident is the main
cause of the wound, it also happens due to surgery, sutures, and stitches. Wounds
happen on the skin due to exposure to the external environment and its elastic
and soft nature is susceptible to generating defects. Wounds are classified into two
types- acute and chronic wounds [10]. Acute wounds happen due to bites, cuts,
minor burns, and surgery. These types of wounds heal within a predictable period
and follow the four stages of the healing process; they are hemostasis, inflammation,
proliferation, and maturation. Chronic wounds do not follow the healing process
and disturbance of the physiology of the wound happens due to various endogenous
mechanisms. Chronic wounds damage the integrity of the tissue and increase the
healing periods. Diabetic foot ulcers, pressure sores, etc., are examples of chronic
wounds. Chronic wounds occur due to aging, malnutrition, immunosuppression
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diseases like AIDS [11]. Pathogens infected the wound from beached skin and infec-
tion creates pain, discoloration of the wounded area, edema, puss, smell, tenderness,
etc. Microbes produce biofilm in the wound and make difficulties in the healing
process. With the help of biofilm, bacteria can transfer the antibiotic-resistant gene
to other bacterial species. Biofilm makes a barrier between antibiotics and bacteria
and makes it tough to heal the infected wound [12]. Hence, it is very necessary to
develop a new and novel wound dressing material that can heal wounds infected by
multidrug-resistant bacteria.

2.2 Diabetic wound

DM causes severe damage to multi-organ of DM patients such as cardiovascular
disease, chronic renal failure, and diabetic skin wounds [13]. Lower extremities of
diabetic patients infected by multidrug-resistant pathogens and the phenomenon are
called diabetic foot ulcer (DFU). Annually highest numbers of DFU patients admit to
hospital and require a large amount of management cost among other severe diseases.
The infected wound of DFU damages the defensive sensation associated with periph-
eral artery disease and also develops cell necrosis that leads to amputation [8]. 80%
of lower limb amputation is the result of DFU annually [14]. According to Control
Cardiovascular Risk in Diabetes (ACCORD) DM patients can reduce the risk of
amputation of the lower limb by maintaining the standard glycemic control (HbAlc
53-63 mmol/mol [7.0-7.9%]) or taking antidiabetic therapy (HbAlc < 42 mmol/mol
[<6%]) [10]. DFU developed due to many factors such as loss of glycemic control,
peripheral vascular disease, peripheral neuropathy, and immunosuppression [11].
Neuropathy is the main contributor to DFU. Accumulation of sorbitol and fructose
in a hyperglycemic state decreases the production of nerve cell myoinositol, which
interrupts normal neuron conduction [12]. This phenomenon creates an imbal-
ance between flexion and extension of the foot and produces foot deformities.
Hyperglycemia also causes vascular diseases, such as endothelial cell dysfunction
and an increase in thromboxane A2 [11]. All these are the key factors for DFU and
the untreatable condition of infected wound leads to amputation. Nanocomposites
consisting of polymer, polysaccharides, and inorganic nanoparticles exhibit bet-
ter antipathogenic properties in lower dosages than conventional drugs and easily
overcome the complications of multidrug-resistant pathogens [3]. Here, this chapter
would focus on the application of nanocellulose based composites in the treatment of
DFU. Along with this, a brief description and mechanism of normal wound healing
and diabetic wound healing was tried to provide for better understanding.

2.3 Wound healing

The healing of a wound proceeds through a complex pathway with dynamic inter-
actions of different cell types, extracellular matrix (ECM), cytokines, and growth
factors. Fundamentally, wound healing consists of four steps, hemostasis, inflamma-
tion, cell movement, and proliferation, followed by wound compression and further
remodeling [14]. Hemostasis involves the clotting process through the coagulation
cascade that leads to the cessation of bleeding. Platelets are the first subset of cells
that enter the injury site and release several growth factors such as platelet-derived
growth factor (PDGF), transforming growth factor-beta, endothelial growth fac-
tor (EGF), and fibroblast growth factor (FGF), which support the inflammation
process [15]. Hemostasis is followed by inflammation through vascular delivery of
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inflammatory agents and migration of cells into the injury site. Inflammatory media-
tors such as prostaglandins, histamine, and leukotrienes by mast cells stimulate
angiogenesis and permeability to allow cells and molecules from the bloodstream

to enter the wound site [16]. White blood cells such as neutrophils, monocytes, and
lymphocytes invade the injury site. Neutrophils prevent microbial infections and
macrophages, secret TGF, vascular endothelial growth factor (VEGF), and FGF to
stimulate angiogenesis. Neutrophils also produce tumor necrosis factor-alpha (TNF)
that breakdown necrotic tissue and facilitate the proliferation of fibroblasts for depo-
sition of collagen for tissue granulation [17]. The dermal wound is followed by wound
contraction after 2 weeks. Fibroblasts convert to myofibroblasts phenotype during
tissue granulation, with enhanced alpha-smooth muscle actin cytoskeleton that plays
avital role in wound closure. During the re-epithelialization of tissue, keratinocytes
migrate, differentiate, and proliferate to generate a stratified epidermis along the
superficial area of injury to provide cover for newly formed tissue and new tissue cov-
ers wound bed [18]. Remodeling is the last phase of wound healing that lasts for 6-24
months. Remodeling involves the generation of granulation tissue accompanied by
the replacement of the ECM with type I collagen (substituting collagen IIT) mediated
via PDGF and TGF [19].

2.4 Diabetic wound healing

Inflammatory macrophages stay at the site of injury in the case of diabetic
wounds for a longer period compared to normal wound healing. Increased ratio of
pro-inflammatory cytokines, such as TNF and interleukin 6 (IL-6) are produced by
inflammatory macrophages. Macrophages also elaborate ROS that causes persistent
inflammation and lead to stimulation of proliferative factors for successful wound
healing. In the case of diabetic wounds, inefficient efferocytosis (phagocytosis of
apoptotic cells) by macrophages perturbed cytokine cascade and causes a higher bur-
den of apoptotic cells. Pro-inflammatory cytokines (IL-1 and TNF) and matrix metal-
loproteinase-9 (MMP-9) increase in ratio with decreased anti-inflammatory signals
(CD206, IGF-1, TGF, and IL-10) and lead to abnormal apoptosis of fibroblasts and
keratinocytes, and decreased angiogenesis [20]. Fibroblasts do not properly convert to
myofibroblasts in diabetic wound healing, which reduces mechanical tension of ECM,
and results in poor wound closure due to lack of SMA [21]. Again, a non-equilibrium
balance between MMPs degrades the disorganized collagen in normal wound heal-
ing and tissue inhibitor of metalloproteinases (TIMPs), as a result, degradation and
deposition of abnormal ECM occur. High levels of pro-inflammatory cytokines and
pro-fibrotic cytokines reduced the level of expression of TIMPs and higher expres-
sion of MMPs. Levels of MMPs are raised 60 times more in chronic wounds than for
acute wound healing [22]. In chronic wounds, degradation of ECM, growth factors,
and collagen deposition increases due to an increase in protease activity in tissue
reconstruction [22]. All these factors play a crucial role in wound healing. Along with
these factors, a dysregulated molecular and cellular wound microenvironment is not
conducive to normal healing responses and culminates in impaired healing of diabetic
ulcers.

2.5 Nanocellulose

Bio-renewable materials are the most demandable factors in the construction of a
sustainable planet. Biopolymer is the promising substitute for the petroleum-based
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product in the environment safe concern. Natural feedstocks such as agricultural
waste, food waste, wood, etc., can be converted to value-added products. Plants cells
are composed of cellulose (40-50 wt%), hemicellulose (20-40 wt%), and lignin
(20-30%), and these lignocellulosic materials are the most abundant bio-resources

on the earth for sustainable and renewable products [23]. Cellulose is the most abun-
dant natural polymer on earth. Chemically, cellulose is composed of a linear chain

of homo-polysaccharide glucose units linked by a $-1,4-glycosidic bond. Nano form

of cellulose is termed nanocellulose. Cellulose can be converted to nanocellulose by
breaking the intra- and intermolecular hydrogen bond between the polymeric chains
of the cellulose [24]. Nanocellulose can be sourced from plants, microorganisms, and
aquatic animals (tunicates), rich in cellulose. Different plants such as banana leaf,
corn cob, cotton, ramie, rice husk, wood, sugarcane bagasse, sisal leaves, wheat straw,
wood, and coconut husks are rich sources of nanocellulose. Nanocellulose can be also
extracted from coffee grounds, ginger, durian rind waste, lemon seeds, okara, pea hull,
Phyagmites australis, Hevea brasiliensis (Rubberwood), and tea stalk. Nanocellulose
extracted from bacteria is known as bacterial nanocellulose (BNC) or bacterial cellu-
lose (BC). Acetobacterxylinum (Gluconacetobacter xylinus) is the most efficient bacteria
used for nanocellulose production. Other bacterial species Acetobacter, Achromobacter,
Agrobacterium, Acanthamoeba, Alcaligenes, Rhizobium, Pseudomonas, Sarcina, and algal
species Cladophora, Rhizoclonium, Microdiction, and Chaetomorpha, are also the poten-
tial source of nanocellulose. BC is purer than nanocellulose derived from other sources.
But the molecular structure of BC and plant-derived nanocellulose are similar [5].

2.5.1 Classification of nanocellulose

Nanocellulose is classified into three main classes based on its morphological
structure and sources. They are cellulose nanocrystals (CNCs/NCC), cellulose nanofi-
bers (CNFs/NFC), and bacterial nanocellulose (BNC/BC).
2.5.1.1 Cellulose nanocrystals (CNCs/NCC)

CNCs are extracted from cellulose-rich sources. Acid treatment is mainly utilized
to convert cellulose to nanocellulose. They are highly crystalline with a needle-like
structure. Their dimensions are 4-20 nm in width and 100-500 nm in length.

2.5.1.2 Cellulose nanofibers (CNFs/NFC)

Chemical treatment and mechanical disintegration are utilized to extract cellulose.
nanofibers (CNFs). They are both crystalline and amorphous with 1 pm in length.

2.5.1.3 Bacterial nanocellulose (BNC/BC)

Nanocellulose originates from microorganisms defined as BNC. They are the
purest form of nanocellulose. Their diameter range is 20-100 nm and several microm-
eters in length [5].

2.6 Nanocellulose based composites

Nanocellulose is the promising reinforcing agent and filler in the formation of
bionanocomposites. Due to its unique tensile strength, thermal behavior, and ease
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of surface modifications, it becomes a potential constituent in the development

of multipurpose nanocomposites. Bionanocomposites are an efficient applicant

in various fields due to their biodegradability, biocompatibility, and cost-effective
nature, and they also possess a high surface-to-volume ratio and nanometric size
effect. Nanocellulose seeks the attention of researchers due to its abundances, renew-
ability, environmentally friendly, cost-effective, and improved mechanical nature.
Nanocomposites are classified into two categories; they are natural and synthetic
nanocomposites based on the constituents [25].

2.7 Biomedical application of nano-cellulose based bionanocomposites

Nanocellulose is a potential applicant in biomedical fields due to its biocompat-
ibility, biodegradability, high surface area, low density, high mechanical, thermal,
and optical properties [26]. Nanocellulose can be efficiently applied in drug delivery,
tissue engineering, wound healing, and as antimicrobial agents [27]. Nanocellulose-
based nanocomposites show excellent activity in the delivery of loaded drugs in the
tropical site. This factor helps in the development of nanocellulose-based wound
dressing in the treatment of normal as well as chronic wound (DFU) [28].

2.7.1 Application of nanocellulose-based nanocomposites in wound healing

The bacterially infected wound is very hard to repair due to the biofilm forma-
tion by bacteria, drug resistance, and high recurrence properties of bacteria [29].
Among bacteria, Staphylococcus species were responsible for around 70% of bone-
related infections. The formation of biofilm with high adherence and the inefficient
drug release system delay wound healing [30]. Nanocomposites are sustainable
and efficient antimicrobial drug delivery systems that overcome the obstacles from
implant-associated bacterial infections [31]. E.g., Starch/Triphala Churna (TC)
nanocomposites exhibited high drug loading efficacy and prolonged TC release for
improved acetylcholinesterase inhibition. These nanocomposites also possess excel-
lent antimicrobial activity with antioxidant activity against multidrug resistance
biofilm-forming human bacterial pathogens [32].

Cellulose materials are the most appealing candidate in the development of eco-
friendly and durable materials [33]. Nanocomposites of nanocellulose have clinical
potential applications in tissue engineering. Various nano-scaffold of nanocellulose
mimic the nature of the tissue and substitute degenerated tissues. CNC/folic acid
delivered targeted chemotherapeutic agents to folate receptor-positive 886 cancer
cells [34]. CNC/hydroquinone inhibited the production of melanin, was designed for
treating hyperpigmentation, a disorder occurring during pregnancy and sun expo-
sure [35]. Various cellulose-based nanocarriers, such as bacterial cellulose, cellulose
acetate, microcrystalline cellulose, carboxymethyl cellulose, cellulose nanocrystals,
cellulose nanofibrils, etc., in drug delivery systems for cancer treatment, were used
[36]. Nanocellulose-based wound dressings were combined with biosensors, e.g., for
human neutrophil elastase was used in nanocellulose based nanocomposite in chronic
wound healing [37].

Advantages of the biodegradable polymer in wound dressing overcome the
obstacles of not degradable polymer containing wound dressing material in the case
of removal of wound dressings after healing. The human body is lacking the cel-
lulose enzyme of bacteria that relate to the biodegradability of the cellulose polymer.
Modified or derivative forms of cellulose-containing wound dressing materials solve
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this problem. E.g., a glucose polymer of dextran was used to improve the biodegrad-
ability of BC and cell proliferation in wound site [38] and Chloramphenicol/2,3-
dialdehyde cellulose hydrogel showed higher biodegradability, drug delivery ability,
and efficient antibacterial actions against E. coli, S. aureus, and Streptococcus pneu-
moniae [39]. Gram-positive (S. aureus and Enterococcus faecalis) and gram-negative
bacteria (P, aeruginosa) are significant in single or multi-bacterial wound infections
[40]. Sufficient moisture, oxygen, temperature, growth factors, and bioactive mate-
rials play a vital role in the fast healing of the wound [41]. BC/ZnO nanocomposites
more effectively repair burn wounds (77%) than sulfadiazine (66%) within fifteen
days [42, 43]. Among nanocellulose, NCC and NFC are specific in wound healing
due to their high degree of functionality and biocompatibility. Sodium periodate
oxidized NFC was applied in the integration of collagen polymer. This nanocom-
posite exhibited high water absorption (4000%), porosity (95%), and density of
collagen/NFC (0.03 g/cm?) [44]. In another study, periodate and TEMPO were

used to oxidize and carboxymethylated NC for use as a bioink material with growth
inhibition ability in the case of P. aeruginosa PAO1 [45]. Mechanical and cytotoxic
properties of nanocomposites of NCCs showed significant water absorbance with
biocompatibility effect on adipose-derived stem cells (ASCs) and L929 cell line
after 7 days [46] as compared to chitosan polymer. CNC/chitosan/polyethylene
oxide composites showed increased tensile strength, tensile modulus, and 0,/CO,
transmission and had no cytotoxic impact on adipose-derived stem cells. Hence, the
nanocomposites were considered promising applicants for wound healing [47]. CNC
composed wound dressings also promote coagulation processes in bleeding wounds
[48]. E.g., biodegradable nanocomposites film and sponges of oxidized CNC/algi-
nate exhibited excellent hemostatic efficiency without eliciting an inflammatory
reaction. Carboxyl functionalization on the CNC surface was responsible for the
hemostatic effect of the nanocomposites. Due to the hemostatic effect, blood plasma
was significantly absorbed in the material science and it became more effective in
promoting platelet aggregation and in inducing erythrocytes to accelerate blood
clotting [49]. Curcumin and gelatin microspheres (GMs) were loaded with scaffolds
of porous collagen (Coll)-CNC composite. These scaffolds successfully released
curcumin and exhibited potential antibacterial activity in vitro. They also effectively
repair the full-thickness burn infections through accelerating dermis regeneration
and preventing local inflammation [50]. CNC/chitosan/Ag NPs/curcumin nanocom-
posites accelerated the complete healing of excision wounds in albino rats without
skin irritation [51]. Gentamycin sulfate (GS)/collagen (Coll)/CNC/gelatin micro-
spheres (GMs) scaffolds and CNC/poly(N-isopropyl acrylamide) (PNIPAAm)/
metronidazole hydrogel are promising wound dressing with antibacterial activity
[52]. CNC/alginate hydrogel consisting of a double membrane system of cationic
CNC (CCNC) and anionic alginate was applied to design hydrogel to incorporate
different drugs in each hydrogel membrane: ceftazidime hydrate (CH) antibiotics in
the external membrane (pure alginate) and EGF in the internal membrane (CCNC
and alginate). This hydrogel was suitable for wound dressing with rapid drug
release and oral drug delivery applications [53]. Electrospinned polyethylene imine
carboxymethyl chitosan/pDNA-angiogenin (ANG) nanoparticles/curcumin (Cur)/
poly(D,L-lactic-co-glycolic acid) (PLGA)/CNCs nanodispersion was developed to
deliver a novel drug and plasmid DNA (pDNA). The composites exhibited potential
antioxidant, antitumor, anti-inflammatory, and antibacterial activity and repaired
full-thickness burn wounds by stimulating blood vessel formation and sustained
release of drugs [54].
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2.8 Application of nanocellulose based nanocomposites in diabetic foot ulcer
(DFU)

Special wound dressing is required to repair DFU which has prolonged drug
release properties, maintains optimum moist conditions, and protects wound from
infection. Polymers and polysaccharides based nanostructured wound dressing
materials are ideal for DFU treatment due to their notable biocompatibility, high drug
loading capacity, and accessible tailoring properties [55]. Electrospinned berberine/
cellulose acetate (CA)/gelatin mat was developed as a potential wound dressing
for diabetic foot ulcers [56]. CNC extracted from Syzygium cumini was applied to
CNC/Ag NPs nanocomposites in two different forms. In ointment form, it repairs
wound in diabetic mice by promoting increased collagen deposition, angiogenesis
and enhanced the formation of neo-epithelialization. The wound healing capability
was better in ointment form than in strip form. Again, CNC derived from Syzygium
cumini leaves or bamboo was utilized in the synthesis of CNC/Ag NPs and applied in
the repairing of acute and diabetic wounds [57]. PLGA/CNC nanofibres loaded with
neurotensin (inflammatory modulator) were applied as potential wound dressings
for accelerated diabetic wound healing [58]. CNC/curcumin nanocomposite films
were applied to diabetic wounds showed stable curcumin release, which plateaued
after 36 h [59]. Antimicrobial CNC/Ag nanocomposite wound dressings with excel-
lent water absorption capacities were applied in diabetic or full-thickness wounds.
They reduced pro-inflammatory cytokine levels and completely recovered the wound
by elevating collagen and improving re-epithelization and vasculogenesis [60].
Biosensor dressing of CNF film loaded with Venlafaxine (an analgesic drug used
to treat neuropathic pain) and tetracycline (antibiotic) was applied simultaneous
delivery of two drugs to diabetic foot ulcers. The CNF film served as an appropriate
carrier for the co-delivery of the two drugs [61].

3. Conclusion and future perspectives

This chapter provides a state-of-the-art review of the application of nanocompos-
ites of nanocellulose in the biomedical field, especially in diabetic wound healing as
sustainable wound dressings. Nanocellulose has tremendous applications in various
fields such as biomedical, environmental remediation, food technology, electronics,
etc. Due to the natural availability, biodegradability, biocompatibility, and tunable
nature nanocellulose is an effective drug carrier in target-specific delivery of the drug.
Incorporation of other NPs or impregnation of nanocellulose in the nanocomposites
enhances the drug loading capacity of nanocellulose. The dual drug delivery abil-
ity of nanocellulose is more efficient than the single drug delivery. This property is
useful for the delivery of various combinations of drugs in the treatment of various
chronic diseases. The potential application of nanocellulose-based composites in the
biomedical field is studied, but the in-depth toxicological properties of nanocellulose
based composites have not been evaluated yet. This study will be helpful for the more
advanced clinical application of nanocellulose based composites.

Diabetic wound healing is a complex and prolonged process due to its pathophysi-
ology, resulting in the impaired function of different cells and unbalanced levels of
key biochemical healing mediators. Advanced nanowound dressings are applied to
overcome the challenges of diabetic wound healing. Nanocomposites are synthesized
for this application by combinations of biomolecules (such as growth factors, genes,
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proteins/peptides, stem cells/exosomes) and non-bioactive substances (metal ions,
oxygen, and nitric oxide), as well as nanotechnology (e.g., PTT, LBL self-assembly
technique and 3D printing). The etiopathogenesis of diabetic foot ulcers is too
complex and challenging. Wound dressings should consist of more than two materi-
als. Therefore, potential constituents should be applied that have antimicrobial as well
as biocompatible nature. Nanocellulose based nanocomposites are tried to apply in
wound healing of diabetic patients that have fulfilled all the criteria of wound dress-
ings of DFU. Future directions will try to develop new nanocellulose based wound
dressings with multiple roles (including improving hypoxia, enhancing angiogenesis,
reducing oxidative stress, and preventing infection). These types of nano dressings
will accelerate diabetic wound healing in all stages and maintain a balanced environ-
ment during wound healing. Nanocellulose based nanocomposites will be believed

to be nano wound dressings that will reduce all the complications in the treatment of
DFU and fully cure diabetic wounds in a short period without any side effects.
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Abstract

Excellent thermoset monomers, bisphenol-A-based biscyanate ester (BADCy)
and bispropargyl ether (BPEBPA), are synthesized and thermally cured to high-
temperature thermosetting polymers. The nanoporous aluminum fumarate (Al_FA_A),
an interesting Metal-Organic Framework (MOF), is synthesized in an eco-friendly man-
ner and used as a reactive nanoparticle filler. The interaction of fumarate x bonds (¢rans
-CH=CH-) in MOF with the reactive end functional groups (-O-C = N) in cyanate ester
(CE) and (-CH,-C = CH) in bispropargyl (BP) ethers is focused in these hybrid nano-
composites. The % decrease in enthalpy of curing in the organic and the inorganic blends
(~60% for CE and ~ 10% for BP) indicates the interaction exciting between the MOF and
the organic component. The addition of the aluminum fumarate MOF increases the glass
transition temperature of the polymers. The amount of heat released for every increase
in 1°C during the temperature window of curing (AH./Tg-Ts) of the neat BADCy resin is
approximately 2.4 times higher than the blend (BADCy+Al_FA_A). But BPEBPA shows
only a 1% higher temperature curing window compared to its blend with MOF. The metal
hotspots present in the hybrid nanocomposites may be the reason for the decrease in the
thermal stability, and the % char residue is noted at 700°C. The TG-FTIR studies are done
to predict the gaseous products (CO,) evolved during thermal degradation.

Keywords: biscyanate ester, bispropargyl ether, aluminum fumarate MOF, thermal
properties, TG-FTIR

1. Introduction

The cyanate ester (CE) and the acetylene terminated (AT) resins are specialty
materials and find applications in several fields. Of which, the bisphenol-A-based
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dicyanate (BADCy) and the bispropargyl (BPEBPA) resins are advanced thermoset
materials due to the formation of triazine [1] (polycyanurate) from BADCy [2] and
products such as polyene, phenolic allenes by Claisen rearrangement, and chromene
from aromatic bispropargyl ether (BPEBPA). The polycyanurate materials have high
strength and toughness, high glass transition temperature, low water absorption, low
dielectric constant, and good adhesion to a variety of substrates [3], and they combine
the advantages of epoxies, fire resistance of phenolics, and high-temperature perfor-
mance of polyimides. Several authors studied thermal degradation [4], curing kinet-
ics, and blends of bismaleimides with bispropargyl ethers [5-8]. The authors already
have experience in synthesizing the bispropargyl ether with several swivel groups.
The most important study is copper-salt-assisted polymerization of bispropargyl of
bisphenol-A [9] and the blend of propargyl ether with bismaleimide [10].

Polymer blending with other thermosets (or) with inorganic salts/materials [10, 11]
has been studied by different research groups. This created a large scope for investing
in the materials through resin modification and reinforcements. The authors work
toward the influence of chain extension in BMIM composites and studied the effects of
chain extensions on thermal and mechanical properties [12]. In their investigation, Siva
Kaylasa Sundari et al. [13] studied the influence of nanoporous aluminum fumarate
in cyanate ester matrix. It was reported that the double bond of aluminum MOF was
involved in triazine formation. The synthesis, characterization, and thermal degrada-
tion kinetics by the model free approach of aluminum fumarate were already presented
[14]. This study compares the bulk polymerization and polymer thermal properties
having different functional group systems (bisphenol-A-based cyanate ester and
bispropargyl ether) with aluminum fumarate MOF as particulate reinforcements. The
structures of bisphenol-A-based monomers are presented in Figure 1.

The exponential increase in the design and development of Metal-Organic
Frameworks (MOFs) is due to their tailorable properties and unprecedented functional-
ity. The MOFs have a wide range of advantage and extend applications in several smart
fields [15, 16] and also in biomedical applications [17, 18]. MOFs are formed by strong
covalent bonds between inorganic metal salts and organic linkers. The author already
studied the detailed aspects of synthesis and procedure optimization of aluminum

Dicyanate (BADCy) Bispropargyl ether (BPEBPA)

Figure 1.
Structures of bisphenol-A-based monomers.
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fumarate and its isothermal model free [14] and model fitting kinetics. The formation
of MOF-polymer composites can be obtained by the in-situ polymerization reaction,
MOF construction using polymeric ligands, post-synthetic grafting of polymers onto
the reactive ligands, the post-synthetic introduction of pre-formed polymers and MOFs
self-assemble around polymers [19]. Markedly, this invention relates to the solvent-free
process for preparing the MOF-polymer composite by the post-synthetic grafting of
pre-formed polymers on reactive MOFs. The polymerized material contains allenes,
phenolic allenes by claisen rearrangement, chromenes from aromatic propargyl ether,
and also the linear polyene. The involvement of fumarate n-bonds in MOFs with reactive
double bonds of polymerized bispropargyl provides a complex bulk and random hybrid
polymer brushes, which makes the material applicable for functionalized applications.

2. Materials and methods
2.1 Materials

The compounds bisphenol A dicyanate (BADCy), bispropargyl ether (BPEBPA)
and the nanoporous aluminum fumarate MOF (Al_FA_A) were synthesized.
Bisphenol-A, sodium hydroxide, tetra butyl ammonium bromide, and isopropanol
were obtained from Merck India Ltd., Mumbai, India, and were used without any fur-
ther purification. Propargyl chloride obtained from Grauer & Weil (India) Limited,
Vapi, India, was distilled (Boiling point: 57°C) before use. The synthesis procedure
and the characterizations of bisphenol-A dicyanate [13] and the nanoporous alumi-
num fumarate MOF [14] were reported in our previous work.

2.1.1 Synthesis of bispropargyl ether of bisphenol-A (BPEBPA)

A mixture of 0.2 mol of bisphenol-A, 200 mL of 20% aqueous sodium hydrox-
ide (NaOH), and 0.01mol of tetrabutyl ammonium bromide was kept at room

CH;
(‘JH—@—(::OOH + 2 Cl—CH;

CH,

C=CH

Bisphenol-A Propairgyl chlonde

-2HC1

{j‘|H s
H(_TE(_‘—(_‘Hz—(:14®764®70—CH3—<;ECH
CH,

Bispropargyl ether of Bisphenal-A (BPEBPA)

Figure 2.
Synthesis of bispropargyl ether of bisphenol-A.
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temperature. About 0.6 mol of propargyl chloride was added over 10 min to the
above mixture with constant stirring, and the resultant reaction mixture was stirred
for 16 h. The resulting white crystals were filtered and washed twice with 200 mL of
water and then with 50 mL of isopropanol. This results in a yield of 95% of BPEBPA.
The reaction for the synthesis is presented in Figure 2.

2.1.2 Preparation of hybrid nanocomposites

The dried BADCy/BPEBPA and the Al_FA_A (99:1, w/w) were taken in an agate
mortar, and the mixture was ground repeatedly to have effective mixing. The mixture

CH,
H2C'=('=('H—04©7C' O—CH :C=(!H2
ch,

(A) Allene
CHjs
HO J,‘ H
(?J-ls
H,;C=—=C=CH HC=—=C=—=CH,
(B) Claisen Rearrangement
CH,
! o

CH;

(C) Chromene

H,C—O—R—0

(D) Polyvene

CH;

R= C

CH;

Figure 3.
The products formed during the polymerization of bisphenol-A-based bispropargyl ether (BPEBPA).
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was then dried and preserved for polymerization. The pure BADCy/BPEBPA and
their blends with nanoporous aluminum MOF were taken in separate borosilicate
glass test tubes and flushed with dry oxygen-free-nitrogen gas and polymerized at
240°C for 6 h. After the polymerization, the samples were allowed to cool to room
temperature, removed from the test tubes, ground to a coarse powder, packed, and
stored for further analysis. The reaction mechanism for the involvement of fumarate
in triazine formation is presented in our previous work [13]. The possible products
during the polymerization of bispropargyl ether are presented in Figure 3.

2.2 Methods

The Fourier Transform Infrared Spectrum (FTIR) of the material was recorded
on a Fourier transform infrared-8400S spectrophotometer, Shimadzu, Japan, using
the potassium bromide disc technique. The differential scanning calorimetric (DSC)
curves were recorded using TA Instruments DSC Q20 using a non-hermetic alumi-
num pan. The samples were heated from ambient to 350°C at 10°C min ™" in a nitrogen
atmosphere (50 mL min ™). The thermal degradation behavior of the material was
examined using TGA Model Q50 supplied by TA Instruments, Waters India Pvt., Ltd.,
Bengaluru - 560,086, India. The measurements were carried out using approximately
3-4 mg of the sample in a high-purity nitrogen atmosphere, and the flow of nitrogen
to the balance area was 40 mL min™’, and the sample was swept with a nitrogen flow
of 60 mL min~". The obtained TG and DTG curves were analyzed using the universal
analysis 2000 software provided by TA instruments. The TG-FTIR study of polymer-
ized samples was carried out in a TA Instruments TGA Q5000 V3.10 Build 258 at a
heating rate of 10°C min ™" from ambient to 800°C. Nearly, 3-4 mg samples was used
for the analysis in the nitrogen atmosphere (balance flow: 10 mL min™" and sample
flow: 25 mL min™"), and the FTIR spectra of the volatiles formed during the thermal
degradation were recorded every 30 s.

3. Results and discussion
3.1 Aluminum fumarate

The Fourier Transform Infrared Spectroscopy was done for Al_FA_A to find
the existence of intermolecular hydrogen bonding between the layers of aluminum
fumarate. The Al_FA_A shows an onset degradation temperature at 410°C, attains a
maximum at 484°C, and ends at 561°C. The material Al_FA_A is stable up to 400°C,
and the amount of residue noted at 700°C is 33%. The crystallinity of Al FA_A is
89% (Scherrer equation), and the average mean particle diameter of 50 nm. The
Brunauer-Emmett-Teller (BET) surface area of Al_FA_A was found to be 937 ng’lg
monolayer volume (V,,) of 215.21 cm3g’1; total pore volume (Vp,) of 0.38 cm3g'1;
and a mean pore diameter of 1.63 nm. The thermal degradation behavior of the
aluminum fumarate by model free kinetics [14] and the curing behavior of BADCy
and BADCy+Al_FA_A were already presented [13].

3.2 FTIR studies

The FTIR spectra for synthesized and polymerized materials are given in
Figure 4, and the bands were reported in Table 1. The FTIR bands for the pre and
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Figure 4.
FTIR spectra for monomers and polymers.

S.No. Frequency (ecm™) Bands (BADCy) Bands (BPEBPA)

1. 3259 — =C-H stretching

2. 3100 Phenolic -OH stretching —

3. 2970 C-H stretching in CHj C-H stretching in CHj

4. 2120 — C = Cstretching

5. 2240 to 2260 C = N stretching —

6. 1510 C=N-C stretching of triazine ring —

7. 1400 O-C=N stretching of triazine ring —

8. 1100 to 1200 C-O-C stretching C-O-C stretching

9. 820 C-H out of plane deformation C-H out of plane deformation
Table 1.

The frequency and corvesponding bands of cyanate ester and bispropargyl system.

post-polymerization of BADCy and BADCy+Al_FA_A at different temperatures were
discussed in detail in our previous work [13]. The compound BPEBPA shows a char-
acteristic band at 2120 cm™ for C = C stretching, 3259 cm™" for =C-H stretching, and
700cm ™ for =C-H deformation. The blending of fumarate MOFs in BPEBPA showed
similar spectra to monomers. The polymerization that happened via the claisen
polymerization was confirmed by the presence of the ketone group in IR spectra. The
propargyl/bispropargyl involved in allene rearrangement then follows the claisen
rearrangement to form keto-allene, which undergoes enolization for phenolic allene.
The keto-allene further reacts to form the chromene structure [8], which shows a
band at 1630 cm ™ and a cyclic ether group at 1150 cm ™.

3.3 DSC studies

The DSC thermograms for the monomers and the blends are given in Figure 5.
The details regarding the melting and curing behavior values for materials are given

in Table 2.

The BADCy shows the onset curing temperature (Ts) at 196°C, the temperature
at which the curing rate is maximum (Tp,,y) at 252°C, and the endset temperature
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Figure 5.
DSC thermaograms of monomers and blends.

Sample Code T AH¢ Ts Trax Tg Te-Ts AHc¢ AHc/ Tg-Ts
(°C) Jgh (°C) (°C) (°C) (°C) Jgh (Jgtec™h

BADCy 82 31 196 252 334 138 211 1.53

BADCy+Al_ 80 16 192 243 329 137 86 0.63

FA_A

BPEBPA 82 45 205 274 332 127 207 1.63

BPEBPA+Al_ 81 43 211 273 335 124 184 148

FA_A

Table 2.

Parameters from DSC curves.

(Tg) at 334°C. The addition of nanoporous material decreases the Tg to 192°C, Ty, to
243°C and the T to 329°C. The BPEBPA shows the T at 205°C, the T, at 274°C, and
the Ty at 332°C. But the addition of Al_FA_A increases the T to 211°C for BPEBPA.
The enthalpy of curing (AHc) for BADCy is 211 ] g™, whereas incorporation of
Al_FA_A in BADCy drastically decreases the value to 86 ] g'l, which amounts to a
decrease of 59%. The addition of aluminum fumarate in bisphenol-A-based thermoset
decreases the enthalpy of fusion (50%) for BADCy and shows a negligible change in
the BPEBPA matrix. The addition of aluminum fumarate increases the glass transition
temperature (T,) of polymer.

The enthalpy of combustion decreases by 60% for BADCy and by 10% for
BPEBPA systems. The reduction in the AH¢ and AH, values for the blend indicates
the interaction existing between the organic and inorganic components in the blend.
The Tg-Ts values of both the pure resins and the blends show an almost similar rate of
curing. The amount of heat released for every increase in 1°C during the temperature
window of curing (AH./Tg-Ts) of the neat BADCy resin is approximately 2.4 times
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higher than the blend (BADCy+Al_FA_A). But BPEBPA shows only a 1% higher-
temperature curing window compared to its blend with MOF. From the DSC curves, a
profound effect was observed during the physical blending of aluminum fumarate in
bisphenol-A-based thermosets.

3.4 TG studies

The thermal analyses of the polymerized samples are presented in Figure 6.
The polymers are less stable than the nanoporous aluminum MOFs. The details
regarding the onset and endset degradation temperatures, Tg-Ts value, mass loss
(%) and the residue (%) at 700°C are given in Table 3. Compared to the BADCy,
the BPEBPA matrix shows broad degradation. The influence of nanoporous
material does not affect the degradation pattern in BADCy, but it shows a drastic
difference in the BPEBPA polymer. The effect of copper salts (CuCl: cuprous
chloride; CuCl,.2H,0: cupric chloride dihydrate; CuSO,4.5H,0: copper sulfate
pentahydrate; CuCO;.Cu(OH),: basic copper carbonate; (CH;CO0),Cu.H,0:
cupric acetate monohydrate; CuO: cupric oxide) in the BPEBPA matrix reported
that the addition of copper salts decreases the onset degradation temperature
[9]. Similarly, the addition of Al_FA_A decreases the thermal stability in both
cyanate (BADCy) and the bispropargyl (BPEBPA) systems. The limiting oxygen

0.0 — - ————
02} ’
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& 04 H
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E 0.6
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=
20— ‘:IEFT)_(J?) 08| :
cooo-- P(BA 'y "
. -+ P(BADCY)
-~ - -P(BADCy+AL FA_A) ---- P(B,\D(:i-+.-\| FA_A)
0 L L 1 L L -1.0 L L L 1 ST AL
100 200 300 400 500 GO0 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
10 === ==
80+ '
F 60}
=3 4'] L 1
20— ALFA_A
P(BPEBPA) P(BPEBPA)
----P(BPEBPA+Al_FA_A) o P(BPEBPA+Al FA A)
0 Il Il 1 Il I 0. L L L L
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
Figure 6.

TG and DTG curves of polymers.
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Sample Code First Degradation Stage Second Degradation Stage ~ Residue LOI
T, Tue Te Tp  Mass T, Tpy T Mass (03t
Ts Loss Loss 700°C
(%) (%)
AL FA_A 410 484 548 138 65 — — — — 33 0.31
P(BADCy) 376 443 623 247 45 — — — — 53 0.39
P(BADCy+Al_ 327 439 658 331 55 — — — — 42 0.34
FA_A)
P(BPEBPA) 220 476 672 452 42 672 751 797 4 52 0.38
P(BPEBPA+AlL_ 206 435* 662 456 55 — — — — 40 0.34
FA_A)

*Overlapped degradation.

Table 3.
Degradation parameters of Al_FA_A and polymers.

index (LOI) for the nanoporous MOF and the polymers was calculated using Van
Krevelen method [20] eq. (1).

17.5+(0.4 * Char Residue)
100

LOI = 1)

3.5 TG-FTIR studies

The 3D TG-FTIR spectrum of aluminum fumarate is presented in Figure 7.
The major compounds released from the Al_FA_A were water (H,0), carbon

026

o
8

0.15
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Wavenumbers (cm-1] 1500

Figure7.
3D: TG-FTIR spectra of aluminum fumarate.
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Figure 8.
3D: TG-FTIR spectra of polymer blends.

dioxide (CO;), carbon monoxide (CO), and acetylene. A detailed discussion
regarding the bond dissociation energies of the aluminum fumarate is provided in
the previous work [14]. The 3D TG-FTIR spectra for polymer blends are presented
in Figure 8.

Compared to P(BADCy) and P(BADCy+Al_FA_A), the polymers P(BPEBPA)
and P(BPEBPA+Al FA_A) release more carbon dioxide (CO,) at 2350 cm ™! at
all temperatures. The intensity of CO, evolution in P(BADCy) and P(BPEBPA)
decreases due to the addition of nanoporous MOF, it indicates that the CO, can be
captured in the tunnels of the MOF. Vinayagamoorthy et al. [6] and Dhanalakshmi
et al. [9] studied the off-line pyrolysis and the evolved gas analysis technique of
the bispropargyl ethers, and they concluded that the obtained gaseous degradation
products should be able to liberate by cleavage at an activated benzylic (or) propar-
gylic site in BPEBPA system. The thermal, mechanical, and electrical effects of Al
MOFs in the di/trifunctional epoxies of epoxy resin composites were studied in our
previous work [21, 22].

4. Conclusion

The nanoporous aluminum fumarate (Al_FA_A), bisphenol-A-based cyanate
ester (BADCy), and bispropargyl ether (BPEBPA) were synthesized. The high-
temperature thermoset polymers were obtained from the monomers and blended
with Al_FA_A. The addition of aluminum fumarate MOF decreases the onset cur-
ing temperature (Ts) for BADCy and increases T for the BPEBPA system without
affecting the melting point. The influence of n-fumarate bonds of Al_FA_A in the
polymer matrix was observed from the drastic changes in the enthalpy of fusion
and enthalpy of combustion values. The onset thermal degradation temperature
of polymers was decreased by the influence of MOF. The influence of nanoporous
material does not affect the degradation pattern in BADCy, but it shows a sub-
stantial difference in the BPEBPA matrix. The major products released from the
polymers are water (H,0), carbon dioxide (CO,), carbon monoxide (CO), and
acetylene.
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