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RESUMEN

El desarrollo de compuestos de fibras de carbono a partir de precursores de biomasa ha estimulado
el interés de los científicos debido a sus propiedades físicas y químicas únicas, pero sobre todo
por su biodegradabilidad, disponibilidad, peso ligero y bajo costo. Ecuador como uno de los
mayores exportadores de banano del mundo, produce una gran cantidad de residuos agroindus-
triales. En el presente estudio, las fibras de carbono (CF) obtenidas del tallo del banano se tratan
mediante un proceso de descomposición química inducido térmicamente, denominado pirólisis,
donde la biomasa se convierte en sus constituyentes simples por acción del calor. En este sentido,
con el fin de mejorar las interacciones de las CF y agregar funcionalidades suplementarias para
aplicaciones biomédicas, las CF se funcionalizan con nanopartículas de óxido de ceria (CeO2)
a concentraciones de 3.57 mM y 7.14 mM generando y/o uniendo grupos funcionales a la su-
perficie. Con la finalidad de realizar un análisis cuantitativo y cualitativo a nivel superficial se
utilizan dos técnicas de caracterización. La microscopía electrónica de barrido (SEM) se aplica
para dilucidar la morfología de la superficie, el tamaño de las partículas y su distribución así
como la información cuantitativa sobre los diámetros de las fibras. Con este análisis, se registra
un promedio de 1.35 µm para el diámetro de la fibra y los tamaños de las partículas se encuentran
entre 0 y 200 nm. Además, según la concentración, se puede evidenciar diferentes tamaños en las
aglomeraciones y la distribución de las partículas a lo largo de la fibra de carbono. Por otro lado,
la técnica de caracterización de espectroscopia Raman apoya la interpretación de la información
estructural, las interacciones de los grupos funcionales y los enlaces químicos. El análisis de
deconvolución de los datos obtenidos presenta cinco contribuciones (bandas D1, D2, D3, D4 y
G) mismas que exhiben una estructura desordenada o amorfa. Finalmente, según la relación de
intensidad máxima (ID/IG) se confirma la presencia de nanopartículas de (CeO2) a lo largo de las
fibras de carbono.

Palabras clave: Fibras de carbono, nanoparticulas de óxido de ceria, Microscopía electrónica
de barrido (SEM), Espectroscopía Raman.

vii



ABSTRACT

The development of carbon fibers composites from biomass precursors have stimulated the in-
terest of scientists due to their unique physical and chemical properties but above all by their
biodegradability, availability, lightweight and low cost. Ecuador, as one of the largest exporters
of bananas in the world, produces a large amount of agro-industrial waste. In the present study,
carbon fibers (CFs) obtained from banana stem are treated by thermally induced chemical decom-
position process, denominated pyrolysis, where biomass is converted in its simple constituents
by action of heat. In this regard, to enhance interactions of the CFs and add supplementary func-
tionalities for biomedical applications, CFs are functionalized with cerium oxide nanoparticles
(CeO2) at concentrations of 3.57 mM and 7.14 mM generating and/or attaching functional groups
to the surface. In order to perform a quantitative and qualitative analysis at the surface level,
two characterization techniques are used. Scanning electron microscopy (SEM) is applied to
elucidate surface morphology, particle size and distribution, as well as quantitative information
about the diameters of the fibers. With this analysis, an average of 1.35 µm is registered for fiber
diameter and the particle sizes between 0 to 200 nm. In addition, depending on the concentration,
different sizes can be evidenced in the agglomerations and the distribution of the particles along
the carbon structure. On the other hand, Raman spectroscopy characterization technique supports
interpretation of structural information, interactions of functional groups and chemical bonds.
The deconvolution analysis of obtained data presents five contributions (D1, D2, D3, D4 and
G bands) that exhibit a disordered or amorphous structure. Finally, according to the maximum
intensity ratio (ID/IG), the presence of nanoparticles of (CeO2) along the carbon fibers is confirmed.

Keywords: Carbon fibers, Cerium oxide nanoparticles, Scanning electron microscopy (SEM),
Raman spectroscopy.
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Chapter 1

Theoretical Background

1.1 The era of Biomaterials
1.1.1 Biomaterials: A historical perspective
The history of biomaterials dates back to antiquity. Many of the early thrusts were attempts by man to
repair abnormalities, as surgical techniques were restricted to the body surface in the days before anes-
thesia and asepsis. For dental applications, gold was utilized by the Aztecs, Romans and Chinese since
the beginning of civilization1. Dental implants made of sea shells were discovered by the Mayans, with
findings showing real bone integration1. With the evolution of human civilization, the field of biomaterials
evolved involving different materials at multiple length scales from nano- to micro- to macro level with a
simple focus to improve quality and extend human life2. Over 1000 years back, silver in different forms
was used as an antimicrobial agent to prevent infections. During early stages of civilization, different types
of surgical procedures were also found. However, the most significant developments took place in the
field of biomaterials over the years 1901–2000 were artificial joints, which improved the quality of life for
millions of people over the past 60 years, resorbable sutures to simplify surgical procedures, and many
cardiovascular devices saved millions of lives, just to name a few1.

Biomaterials as we know them now did not exist just over 70 years ago, even less the term “biomate-
rial”. There were no manufacturers of sophisticated medical devices, except those dedicated to external
prosthetics such as limbs, dental and fracture fixation devices, glass eyes and fairly rustic fillings, there
were no regulatory approval processes, biocompatibility studies, or academic courses on biomaterials2 1.
However, crude biomaterials have been utilized in the past, with typically poor to mixed outcomes, for that
reason it is convenient to organize the history of biomaterials in its four most representative eras, which
include prehistory, the era of the surgeon-hero, the era of designed biomaterials or those engineering
devices, and finally the contemporary era that leads us into the new millennium. The last era is positioning
the limits of science today by tissue engineering and organ regeneration, making the years 2001–2100 in
the field of biomaterials increasingly interesting1.

Throughout history, non-biological elements have been introduced into the human body. One example
could be the remains of a human, dated to be 9000 years old, which present a spear point embedded in
his hip. This unintended implant illustrates the body’s capacity to deal with implanted foreign materials.
Another example is the tattoo, as a technique of the introduction of foreign material into the skin, dated
at over 5000 years ago1. Also, according to one of the first surgical textbooks dated around 600 BC,
the earliest documented record of skin-graft methods include a technique for repairing damaged earlobes

1



2 1.1. THE ERA OF BIOMATERIALS

with cheek skin and reconstructing the nose from a flap of forehead skin3. In terms of dental implants
Mayan people fashioned nacre teeth from sea shells in roughly 600 AD1. Similarly, a wrought iron dental
implant discovered in a corpse in France was dated to the year 200 AD4. With the aforementioned,
two important points to consider beyond success and longevity is the adaptive nature of the body and the
need to restore some of the lost functions of certain physiological and / or anatomical parts with an implant.

Another of the most successful approaches are artificial hearts and organ perfusion. In the fourth cen-
tury BC, Aristotle named the heart as the most important organ in the body, highlighting the importance
of its study. Some years later, in 1628 the doctor William Harvey adopted a relatively modern view of the
function of the heart as a pump, which became a logical idea of thinking as a pump that could replace
the heart artificially1. This is how a large number of experiments on perfusion of organs with pumps
were carried out from 1828 to 18685. One of the key events in the history of artificial organs was the
publication of the book called "The Culture of Organs" in 1983, where Charles Lindbergh and Alexis
Carrel (Nobel prize) addressed questions about the design, sterility, blood damage, nutritional needs of the
perfused organs and the mechanics of the pump, also known as the Lindbergh pump. Leaving a precedent
that would lead Dr. Paul Winchell to patent the first artificial heart in the mid-1950s and Dr. Willem Jolff
and his entire team of scientists tested it on animals seven years later1.

During World War I, particularly at the end, the high performance of ceramic, metal and especially
polymeric materials that were developed in this period, transitioned from restricted to have high availabil-
ity6. For this reason, the possibilities for using these inert and durable materials grew exponentially in
health areas due to the need to replace damaged or diseased parts of the body. The materials that were
originally manufactured for airplanes, clocks, automobiles and radios, were taken by surgeons and applied
to solve medical problems. Among these early biomaterials included polyurethanes, silicones, teflon7,
methacrylates, nylon, stainless steel, and titanium1.

All of this historical context help us to understand the trajectory and contribution of biomaterials,
especially after World War II when doctors and dentists left a precedent for collaboration between health
professionals with scientists and engineers. In this period, many materials were tested, some were suc-
cessful while others fortuitously succeeded. In most cases, these were high-risk trials conducted where
other options were not available. At this point, the term “surgeon-hero” makes sense, since surgeons had
the responsibility of preserving the lives of thousands of people but had to make sure to provide them a
true quality of life, based on it they found necessary to give a great technological and professional leap1.

In this way, advances in the area of biomaterials led to crucial scientific and engineering contribu-
tions, marking a real change in decision-making before implementing new procedures, as well as different
government regulations regarding quality control. Thus, thanks to the growing collaboration between the
different areas of science with public and private entities important applications of biomaterials have been
developed for medical purposes such as intraocular lenses, hip and knee prostheses, vascular grafts, stents,
pacemakers, heart valves, breast and dental implants, artificial organs such as kidney and heart and several
medical devices for drug delivery and controlled release7.

In the 1960s, the field of biomaterials was establishing its principles regarding cell surface receptors,
growth factors, cell attachment proteins, control at the nuclear level for the expression of proteins and phe-
notypes, gene delivery and stem cells6. This is how the community of scientists and researchers receive
irrefutable credit for exploiting and embracing new ideas from biology and materials science, giving rise to
multiple manufacturing techniques and surface analysis that are part of the toolbox that is used and adopted
in the field of biomaterials. Thus, in the Modern Era, biomaterials have evolved by leaps and bounds due
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to scientific advances but also to rapid developments in research and technology. Boundaries in the field
of medical devices and many other areas continue to be expanded with the study and incorporation of
first-generation materials concepts with later-generation approaches1.

The base of ideas and materials developed for the biomaterials field was built by creative and com-
mitted individuals, so it is undoubtedly important to look at this base to understand many of the common
trends, attitudes and several factors related to materials that have led us to those that we actually have. So,
the main approaches to biomaterials science include therapeutics and diagnostics involving basic science,
engineering, and medicine. However, translation of biomaterials to medical devices depends on clinical
realities, in-vitro tests performed on both animals and humans, robust engineering-based designs, and the
involvement of the industry involved in manufacturing and commercialization1.

1.1.2 Biomaterials and Biocompatibility: Key Definitions

The words "biomaterial" and "biocompatibility" have been used in the previous paragraphs without giving
a formal definition, below are some definitions adopted during the last years. One of the definitions most
supported by experts in the field is:

"A biomaterial is a nonviable material used in a medical device, intended to interact with
biological systems".8

Analyzing the previous definition, when “medical” term is used it is mainly limited to applications that can
be therapeutic or diagnostic in the health area. However, by eliminating this word, the definition becomes
broader and can cover a wide variety of applications of biomaterials, as has been evidenced in recent
years. Additionally, by using the term "nonviable" the definition is limited to non-living cells, however, in
recent years new technologies have been used to develop hybrid artificial organs and the benefits of tissue
engineering that make use of living cells9.

Another of the concepts adopted by David Williams to define a biomaterial according to the National
Institute of Biomedical Imaging and Bioengineering (NIBIB) is given by the following expression:

“Any matter, surface, or construct that interacts with biological systems”.10

However, it does not specify medical applications and is imprecise for the context being used. The following
is another of the definitions suggested by Williams in 1999, which lost validity as it was considered too
cumbersome and due to its similarity to the definition adopted by the Food and Drug Administration (FDA)
that emphasized into very specific applications:

“A material intended to interface with biological systems to evaluate, treat, augment or replace
any tissue, organ, or function of the body”.11

Another valid option published by Williams in 2009, in one of his essays on the nature of biomaterials,
was given as follows:

“A substance that has been engineered to take a form which, alone or part of a complex
system, is used to direct, by control of interactions with components of living systems, the
course of any therapeutic or diagnostic procedure, in human or veterinary medicine”.9
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It refers to both human and veterinary applications, where the last one was relevant due to the number of
clinical trials involving animals. However, the importance of including the veterinary aspect to define a
biomaterial continues in endless debate. Given the foregoing arguments, David Williams recommended
that the more succinct derivative of the last definition should be used for consensus voting1. As a result,
the suggested definition of “Biomaterial” was as follows:

“A substance that has been engineered to take a form which can direct, by control of interac-
tions with living systems, the course of any therapeutic or diagnostic procedure”.9

After some minor grammatical alterations and slightly better wording, the definition for a biomaterial is
as follows:

“A substance that has been engineered to take a form which can direct, by control of interac-
tions with living systems, the course of any therapeutic or diagnostic procedure”.9

Over the years the definitions have been acquiring more specificity depending on the area of application.
The most widely accepted definition of biomaterial is the one adopted by the American National Institutes
of Health (NIH), which defines it as follows:

“any substance or combination of substances, other than drugs, synthetic or natural in origin,
which can be used for any period of time, which augments or replaces partially or totally any
tissue, organ or function of the body, in order to maintain or improve the quality of life of the
individual”.12

However, the majority of biomaterials (that fulfill the particular biocompatibility criteria) cause a non-
specific biological reaction known as the foreign-body reaction9. This leads to a commonly used definition
of biocompatibility.

“Biocompatibility is the ability of a material to perform with an appropriate host response8

in a specific application”.13

This definition has been adapted from the European Society of Biomaterials (ESB), it is used and will be
used internationally by regulatory agencies and experts working in the field of biomaterials. In this sense,
a biomaterial is considered biocompatible if it is friendly to the biological system or in other words, it
must not cause any type of damage either at the cellular or system level. Therefore, any material that is
biocompatible must elicit an appropriate response from the host and perform its intended function without
presenting any type of adverse reactions14.

With everything mentioned above, then a biomaterial can be defined as any systemically, pharmaco-
logically inactive substance or combination of substances used for implantation within or integration with a
biological system to augment or replace functions of live tissues or organs7. In order to do this, a biomate-
rial must be in contact with live tissues or bodily fluids, resulting in a living-nonliving interface. Also, many
authors define a biomaterial as a material, synthetic or natural, that can be used in medical applications to
perform a body function or replace a body part or tissue2. For that, a biomaterial is intended to interact at
the interface of biological systems or also it could be used as a delivery system for drug or biological factors.
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1.1.3 Biomaterials Classification

Once the broad meaning of biomaterials has been defined, it is necessary to recognize that there are a
great variety. Biomaterials are classified depending on their crystalline structure, bonds, macrostructures2,
atomic and molecular interactions, biomaterials-tissue responses among other aspects that give it certain
physical and chemical properties1 that allow their categorization. Each subgroup of biomaterials is orga-
nized based on certain properties that show evidence of some kind of similarity and in this way they can
be studied as a set for different applications.

Depending on the characteristics these present due to their crystalline structure, bonds and macrostruc-
tures, biomaterials can be classified into: metals, polymers, ceramics and composites.

Metals

Metals are materials that have a crystalline structure and are held together by metallic bonds. These possess
several qualities that are unique such as the ability to conduct heat and electricity, they have low ionization
energy and electronegativity, that is, they are prone to give up electrons to form cations. This last quality is
due to the availability of free electrons when forming metallic bonds. This is how all these characteristics
make them malleable, ductile and with a lustrous or shiny appearance2. But above all the aforementioned
characteristics, metals are used for their mechanical strength which is necessary to guarantee mechanical
stability in the early stages of fracture healing11. In general, metals are necessary for the design and
manufacture of many medical devices because they have the required mechanical properties that no other
biomaterial can replicate1.

Polymers

Polymers are materials that consist of long carbon chains formed by a large number of smaller units, called
monomers, which are principally linked by covalent bonds with other secondary bonding2. Due to the
versatility with which they are joined, polymers can be linear, branched or networks, which makes them
in the broadest category of materials used in medicine for their ability to adapt for specific molecular
architecture, molecular mass and chemical composition1. Furthermore, due to the presence of covalent
bonds, most polymers have low conductivity and can present multiple structures depending on their
crystalline structure2, the distribution and composition of the monomers1.

Ceramics

Ceramics are generally opaque, solid, inorganic and non-metallic materials formed by metallic, non-
metallic or metalloid atoms that are mainly linked by ionic and / or covalent bonds2. They can have
crystalline, semi-crystalline or non-crystalline atomic structures and, with the exception of glass, ceramics
do not have a glass transition behavior. Since ionic and covalent bonds do not have the ability to leave
free electrons, ceramics cannot conduct heat or electricity1. However, there are some types that show
conductivity as the temperature increases due to the movements of the defects15. Ceramics are utilized
to replace, repair, or regenerate skeletal system, joints, teeth or comprising bone because it contains a
variety of hard inorganic components1. Most clinical applications of bioceramics relate to the repair of
the skeletal system, comprising bone, joints and teeth, and to augment both hard and soft tissue16.
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Composites

Composites are materials that have two or more different phases or materials (mainly metals, ceramics and
polymers) in their minimal structure11, which maintain their inherent characteristics on a microscopic or
macroscopic size scale2.

In addition, if a focus is made on the unit cell or the basic building unit of the biomaterial, they can
be classified into three groups: crystalline, semi-crystalline and amorphous. Basically, if the unit cell
of the material is repeated in all direction axes and they maintain a wide range of order, they are called
crystalline. In contrast, there are many materials where the unit cell or minimum unit does not repeat in
all directions and has a minimum order range; these are called amorphous or vitreous. In general, these
glass-like materials have a glass transition temperature (Tg), which is a range for which certain material
that is in the liquid phase transforms to a more rubbery-solid phase1. Finally, those materials that share
both glassy and crystalline characteristics in their configuration are known as semi-crystalline2.

On the other hand, if the convergence for classification is made based on the source from which certain
materials come, they are classified in natural materials for those which are available in nature such as rocks,
wood, corals or bones; and are denominated synthetics, to those that are designed by humans for certain
functionality generally improving certain characteristics2. Besides, taking into account the macrostructure
or, in other words, the structure at the macroscopic level (greater than 1000 nm), biomaterials can be
classified according to their porosity as porous or dense biomaterials2, or give them broader classifications
depending on the surface coatings and internal or external microcracks17.
Depending on the responses between biomaterials and tissue, or vice versa these can be classified into four
different subgroups as follows: bioinert, toxic, bioactive and bioresorbable. Any nontoxic substance that,
once implanted in the human body, has minimal interaction with the surrounding tissue is referred to as
bioinert. Toxic materials are substances that may cause death to surrounding tissue if it is placed or enters
into the body. A material that is nontoxic but is capable of inducing a specific response that triggers the
formation of a bond between the tissue and the material due to the biological interaction between the parts
is called bioactive. Bioresorbable is the term used to describe a nontoxic material that upon placement
within the body dissolves (resorbed) and slowly replaces in vivo tissue2. In Figure 1.1 is illustrated
schematically the main classification of biomaterials, it is important to note that any type of biomaterial
can fit into several of these categories.

The relative significance of the different characteristics that are necessary for the intended medical
application widely influences the selection or design of a specific biomaterial. All mentioned before,
has direct consequences on the roadmap of biomaterials that includes the development, testing, clinical
applications and translational research phases. Therefore, the selection criteria of a biomaterial is based
mainly on most of the characteristics mentioned below, such as non-toxicity, biocompatibility, availability,
faculty to be processed in the desired form, mechanical properties, cost effectiveness, if it has the ability
to be sterilized under certain procedures, stability, degradability, among others.

1.1.4 Properties of Biomaterials

Experts in the field of biomaterials should have a good appreciation for materials science that includes
the use of metals, ceramics, polymers, composites, and biological materials. This can be influenced by
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Figure 1.1: Principal Classification of biomaterials

the domain of the theoretical part and the practice especially by the understanding of the properties of
biomaterials. Depending on the application to be given to a biomaterial, suitable combinations of specific
properties will be sought in order to adequately satisfy the design needs for the medical device under
manufacturing and development. Among various properties that are assigned to biomaterials, the most
important are chemical, physical, mechanical and biological that are directly related to their properties
both at the surface level and in bulk.

Chemical properties
Chemical properties describe the "potential" of materials to undergo some change in their chemical
composition, the bonds and the structures that compose them at the atomic level, as well as the type of
reaction that they can present under specific conditions of the environment in which they find. Thus, the
acidity or basicity, electronegativity, reactivity18 , ability to degrade and resistance to corrosion19 of a
biomaterial are chemical properties that are determined by information about its atomic structure.

Physical properties
Physical properties refer to those characteristics that can be observed or measured without altering the
composition of the materials, they are generally used to describe the materials depending on the size and
extension15. Thus, physical properties refer to density, color, conductivity15, malleability, microstruc-
tures18, phases, different types of porosity20, among other qualities that can be evidenced in a biomaterial.
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Mechanical properties
Mechanical properties are concerned with quantifying and describing those physical properties that a
material exhibits after the application of forces. Among the most studied mechanical properties are
toughness, tensile strength2, hardness, modulus of elasticity, elongation, fatigue limit20, among others that
biomaterials can present.

Biological properties
Biological properties are those characteristics that define the behavior of biomaterials under certain
conditions of a biological environment2. Depending on the biological environment, it is in-vitro if an
environment is recreated in a closed environment, usually a petri dish7. On the other hand, they are
called in-vivo properties if the characteristics are measured from the reactions that the material can trigger
within an animal or human body7. With the study of biological properties, relevant characteristics such as
biocompatibility, bioinertness and biofunctionality of biomaterials can be determined15.

Surface properties
Surface properties of the biomaterials can be determined in the outermost layer of a material where not
all the interactions and bonds are completed and there are many dangling bonds that can present qualities
very different from the inherent properties of the bulk material7.

1.1.5 Principal applications of biomaterials

Biomaterials are applied in multiple fields such as medicine, pharmaceutical industry, food and textile
industry, technology development, environmental remediation and many other applications that have sig-
nificantly transformed the quality of life of human beings. On the field of Biomedicine, biomaterials are
one of the areas of greatest interest due to their diverse application in the manufacture of implants, imple-
ments to improve drug delivery, prostheses, medical devices, artificial organs, as well as in the regenerative
medicine field with the use of specific scaffolds.

The selection of biomaterials depends on the use to be given, for example, if they need to be applied
to the dental and orthopedic area, they must meet certain conditions of stability, hardness, mechanical
strength, prolonged degradation periods, biocompatibility, even at an aesthetic level. Below, Table 1.1
presents some applications of modified synthetic and natural biomaterials in the medical and health area.

Table 1.1: Key Biomaterials applied in Medicine and Health

APPLICATION BIOMATERIAL USED
SKELETAL SYSTEM

Joint replacements
for hip, knee and
shoulder

Alumina, Zirconia, Ti pure and coated with ceramic alloys,
Cobalt-Chromium, Polyethylene1, Teflon or PTFE, Glass
UHMW-PE7, Steel, Ti and Co-Cr alloys, Aluminium oxide
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Devices used for
trauma fixation
(screws, pins,
plates, and rods)

Cobalt-Chromium, Titanium, Ni-Ti, Stainless steel1,
Polyetheretherketone (PEEKs), poly(lactic acid) (PLA)21,
Polyaryletherketones (PAEKs)

Intervertebral disc
regeneration and repair

Titanium, Nitinol22, Polyether ether ketone, Stainless steel,
Alginate, Agarose, Gelatin, Collagen23

Bone disease or
defect repairment

Calcium phosphates and sulfates,
Bone products from human samples1,
Bioactive glass, Hydroxyapatite (HA)24

Bone cement employed
for fixation

Glass polyalkenoate, Polymethyl methacrylate (PMMA),
Calcium phosphate cements1

Tendon, cartilage,
or ligament repair
and replacement

Decellularized porcine tissue, Collagen23,
Hyaluronic Acid lubricants, Poly(lactide)
and metallic fixation devices

Tooth fixation or
dental implant

Titanium (Ti) and its alloys (mainly Ti-6Al-4V)7,
Zirconium, Au alloys, Stainless steel,
Chromium alloys with Co and Ti7.

CIRCULATORY OR CARDIOVASCULAR SYSTEM
Vascular and stent
grafts, patches

Nitinol25, Cobalt-chromium, Stainless steel, Dacron,
expanded poly(tetrafluoroethylene)26, treated tissue

Heart valves Cobalt-chromium, fixed bovine and porcine tissue,
Dacron, Carbon based, stainless steel, Nitinol22

Pacemakers Titanium and polyurethane (PU)1

Implantable defibrillators Titanium and polyurethane (PU)1

Stents for coronary,
peripheral vasculature
and nonvascular

Stainless steel, Nitinol25, Cobalt-chromium, Pt,
tantalum, Mg alloys, poly(styrene-b-isobutylene-b-styrene),
poly(n-butyl methacrylate),
polyethylene-co-vinyl acetate1,
phosphoryl choline containing block copolymers,
poly(lactic-co-glycolic acid), PLA21

Catheters: cardiovascular,
urologic, and others

Polytetrafluoroethylene (PTFE)26,
poly(vinyl chloride), silicone, polyurethane1

Cardiac assist devices Titanium alloy, stainless steel, polycarbonate,
PTFE, poly(ethylene terephthalate)

Blood oxygenator Polycarbonate, polymethylpentene, polypropylene,
polysiloxane, poly(vinyl chloride)

Blood bags Poly(vinyl chloride) and antimicrobial coatings
ORGANS

Hemodialysis Silicone, polyvinyl chloride, Polysulfone1,
modified cellulose, polyacrylonitrile, polycarbonate26

Skin substitute for
wounds and burns

Collagen23, alginate, cadaver skin,
carboxymethylcellulose, polyurethane, nylon, silicone

OPHTHALMOLOGIC
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Contact lens
PMMA, silicone (polydimethylsiloxane [PDMS])27,
polyhydroxyethylmethacrylate (PHEMA)26,
polyvinyl alcohol, polyvinyl pyrrolidone1

Intraocular lens PDMS27, polyacrylate-PMMA, PHEMA, PMMA26

Glaucoma drains Cross-linked collagen23, stainless steel, silicone, polypropylene
DRUG DELIVERY SYSTEMS (DDS)

Oral Silk, fibrin, Polylactic acid (PLA)21

Ocular Hyaluronic acid, Silicone26

Pulmonary
Poly(lactide-co-glycolide) (PLGA),
poluvinylpyrrolidone (PVP)26,
Nanopolymeric particles consisting of (HPMC)

Implantable Silk fibrin, Hydroxyapatite (HA)24

Systemic Cholesterol-modified poly(ethylene glycol)–polylactide,
Lyophilized lettuce cells (ACE2/ANG-(1–7))28

Vaginal Palm oil and hyaluronic acid, Silicone matrix polymer
Topical Polylactic acid21, collagen, polyvinyl alcohol, carbopol

OTHER
Cochlear prostheses Titanium, aluminum oxide1, platinum, platinum–iridium, PDMS27

Breast implants Polydimethylsiloxane (PDMS)27

Hernia and body
wall repair meshes

Polypropylene, polyester, expanded PTFE,
decellularized porcine/bovine tissue1

Sutures Silk, nylon, polyester copolymers26, poly(glycolic acid), PLA21,
polydioxanone, polypropylene, PTFE, processed bovine tissue

Tympanostomy Silicone, PTFE1

Intrauterine device Stainless steel, PDMS, copper polyethylene29

1.1.6 Impact of Biomaterials and their relation with Bionanotechnology

Throughout the previous few decades, the increasing relevance of biomaterials in our society may
be seen from a variety of approaches, including the advance of biomaterials as an academic field
and a significant industry. The extraordinary ability to convert biological activity into synthetic
materials including the development of technologies, mainly for the research and manufacture of
biomaterials, made them one of the science and research areas with the greatest interest in recent
decades. Biomaterials is one of the major fields of study in the United States with approximately
16.000 enrolled students until 2005 in more than 75 biomedical engineering departments30. As a
result, in recent years, the number of medical devices, gene transfer, tissue engineering, biotech-
nology and drug delivery alternatives developed in order to improve the quality of human life
has grown exponentially. In the last few years, it has been clear that a common theme about
the influence of structural properties of biomaterials at the nanoscale has run across a lot of
publications published in these sections31
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Biomaterials is undergoing a revolutionary shift, with biological sciences taking equivalent
precedence over materials science and engineering. Simultaneously, advances in Nanotechnology
have considerably increased the sophistication with which biomaterials are designed allowing the
fabrication of biomaterials with more complex functionalities30. This is the case of Bionanotech-
nology, which emerged as an extraordinary fusion between Biotechnology and Nanotechnology,
debuting as a young subdiscipline of nanotechnology where biological interactions are the basis
for inspiring and creating solutions. To elucidate, nanotechnology or perhaps more precisely
the nanotechnologies, refer to the knowledge and manipulation of engineering approaches at the
nanoscale. The prefix nano- denotes a measure of 10−9 units, the nature of which is decided by the
following word. Nonetheless, the extraordinary attributes of these materials are summarized in
the properties they can offer unlike bulk material, which can be applied to positively influence the
quality of life through advances in medicine and biotechnology31. As we know, Biotechnology is
an interdisciplinary area where living organisms and biological systems use technology including
the principles of chemistry and biology to design novel products32.

Despite the variety of bionanotechnology fields, they have one fundamental thing in common:
the capacity to construct molecular machineries with atomic-scale accuracy or specifications33.
Bionanotechnology practice has much wider scope, it can be applied for biological self-assembly,
bio-nanorobotics, medicine, pharmaceutical, agriculture, food, cosmetical, cosmeceutical and
environmental alternatives. To emphasize, self-assembly combines the versatility of peptides,
proteins, ribosome and DNA complexes to design geometrical nanostructures with customized
morphologies as well as the creation of more stable complexes with preferred functionalities32.
Bio-nanorobotics are able to actuate, sense, process information and provide automatic intel-
ligence handling, for their adaptability, based on what occurs in nature, is principally used in
space applications to map and sense planetary terrains, enhance health management and also for
protection systems34. Bionanotechnology is also applied in electronics, biosensors and among
several other applications32, as an example utilizing DNA oligomers, fibrils of protein, or pep-
tide nanotubes can be create metal nanowires which can be interconnected with other physical
components at the nanoscale35.

To sum up, advances in biomaterials and bionanotechnology, above all in the health area, need
the exceptional combination of more functional medical biomaterials including the understanding
of biological complex and dynamic behaviours to assure the reproduction of functionalities and
properties that are currently unavailable. The creation of smart and multifunctional biomaterials
for usage in human bodies will most likely be focused on research in the new generation of
bioinspired materials that fulfill fundamental inputs from chemical and physical stimuli. Surely
this type of biomaterials will be applied in anatomical regions that allow real-time monitoring
which can help to report and activate responses in the midst of biological crises32. For that, it
is undoubtedly to ensure that future generations of biomaterials will be critical components in
many applications that modern society demands.
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1.2 State of the art of Carbon Fibers as Biomaterials
During the last few decades, biomaterials made up of nanomaterials have emerged as an alter-
native to many issues with potential applications in multidisciplinary science. Nanomaterials
are materials with at least one external dimension that is smaller than 100 nanometers and their
properties are substantially influenced by their size. For the manufacturing and synthesis of
nanomaterials, the methodology is chosen depending on the properties, morphology and appli-
cations of each material. There are different approaches to synthesize nanomaterials, including
the bottom-up and the top-down approaches (see Figure 1.2). A bulk material is trimmed down
to the necessary NPs using various methods in the top-down approach, whereas NPs are gen-
erated at the atomic level and then integrated into the desired material in the bottom-up approach36.

Figure 1.2: Diagram illustrating the top-down and bottom-up approaches for nanoparticle syn-
thesis

In addition, nanomaterials are categorized as follows based on spatial dimensionality: as zero-
dimensional (0D) nanomaterials for those that have all their dimensions in nanoscale (sized below
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100 nm) where spherical, hollow sphere, nanorod, cube, polygon, metal, core-shell materials and
also quantum dots are included37. One-dimensional (1D) materials comprehend two dimensions
at nanoscale and only one not, these materials include ceramic, metallic, polymeric, nanotubes,
nanorod filament, nanofibers and nanowires36. In addition, two-dimensional nanomaterials (2D)
consist of one dimension in nanoscale while the other two are not. 2D incorporate single and
multi layered materials, with crystalline or amorphous structure, and also thin films, patterned
surfaces, nanocoating and nanoplates37. On the other hand, three-dimensional (3D) materials are
structures with many dimensions apart from 100 nm, these materials comprehend a combination
of multiple nanocrystals in several directions e.g. polycrystals, pillars, fibers, foams, nanotubes,
nanobuds, fullerenes, honeycombs and multiple designs of layer skeletons36. For the above
mentioned reasons, the surface area of nanoscale materials is intimately related to chemical
reactivity and electrical properties. As well as their behavior is dominated by quantum theory
which involves the optical, magnetic and electrical behavior.

1.2.1 Carbon fibers: an approach
According to their chemical composition, nanomaterials are divided into several groups, such as
single constituent NPs and composites, under which are further types. Carbon-based nanomate-
rials are one of the main subdivisions; these materials have unique properties and play a crucial
role in a variety of fields. Carbon is a solid-state allotrope that exists in a variety of shapes and
sizes, including graphite, amorphous carbon, and diamond38.

Following the previous definition, carbon fibers (CFs) are a 3D strand material of intercon-
nected hexagonal carbon atoms, in most of cases present a diameter size between 1-10 µm. CFs
can adopt forms like filaments, rovings, yams or tows that contain at least 92 percent by weight of
carbon which is presented at non-graphitic state39. Also, these materials can be crystalline, amor-
phous, or partially crystalline depending on the production conditions. The crystalline region
resembles to graphite because the carbon atoms present a sp2 hybridization and are bonded by
covalent interactions forming a honey-comb lattice which constitute the graphene layer. The sp2

hybridization of orbitals allows the overlapping and delocalization of π electrons in each graphene
layer, similar to metallic bonding. In fact, the remarkable electrical and thermal conductivity
of CFs is due to these hybridized π-bonds and, by using weak van der Waals interactions these
graphene layers are layered parallel to one another. Nonetheless, flawless crystalline carbon in
carbon fibers is difficult to obtain, and most carbon fibers have a turbostratic layer stack as their
basic unit40.

Carbon fibers have been categorized into the following classes based on parameters like the
fiber structure and degree of crystallite orientation, as well as mechanical performance: Low
elastic modulus type (LM), Standard elastic modulus type (HT), Intermediate-modulus (IM),
High-modulus (HM) and Ultrahigh-modulus (UHM)41. Following the tensile elastic modulus,
UHM and HM are the type of CFs with a high modulus (>350 GPa) while the IM and HT types
are considered as high strength fibers but characterized by their low modulus due to the lower
thermal treatment temperature (∼1500 - 2000 °C). Finally, but not least, LM is the CF subclass
with lowest modulus (<100 GPa) due to their random crystallite orientation, also denominated as
isotropic carbon fibers40.
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As expected, CFs are also classified according to their precursors such as poly(acrylonitrile)
(PAN), pitch42, cellulose and lignin as well as those graphene and carbon nanotubes (CNTs) based
CFs. Thus cellulosic, pitch and PAN precursors are the most popular for carbon fiber manufac-
turing while others precursors such as phenolic resins, poly(vinylidene chloride), and graphene
have been investigated but do not easily reach the standards for large scale of manufacturing.
Easy carbonization, a high carbon yield, and a simple fiber processing are all requirements for
carbon fiber precursors. In most cases, CFs are manufactured by polymerization of the precursors,
then drawing and solidifying a precursor polymer to form the fiber which is followed by thermal
stabilization process, carbonization and finally graphitization (at very high temperatures) per-
formed in vacuum conditions40. The high-thermal process cause a violent vibration at molecular
level and expel a great amount of non-carbon atoms i.e. carbonization1.

According to historical background, Thomas A. Edison was the first one to use carbon
fibers. Edison carbonized cotton threads into pure carbon fiber filament43 for his incandescent
light bulb tests in 1897. Years later, Roger Bacon designed the first high-performance carbon
fibers44 in the late 1950s. For manufacture process of carbon fibers, PAN was the first precursor
recognized by Shindo in 1961 and still today it constitutes the most important precursor for CFs40.

Nowadays, CFs were not commonly established in industrial applications by themselves,
these were generally used to reinforce or give special function to materials composed mainly
of plastic, ceramic, metal, and so on42. Carbon fibers are now being used extensively in the
aerospace sector due to their unique qualities of being lighter and stronger than metal equivalents.
However, depending on the properties which are directly related to the manufacturing process
and the starting precursor, not all CFs are strong enough for the aerospace industry40 but can
be successfully applied for other purposes. A remarkable characteristic of CFs is their specific
strength45 and modulus which is roughly four times greater than steel46. The applications of
carbon fibers have diversified over time, they continue leading alternatives in the field of fibers
due to their properties as their tensile strength, low densities, mechanical resistance, considerable
thermal1 and electrical conductivity but above all by their high thermal and chemical properties
in order to maintain stability40.

Carbon fibers (CFs) have received increasing attention because of their specific strength and
stiffness, above all in the field of lightweight composites. Nonetheless, their high cost and de-
pendency on fossil-based raw resources evidence the need for more cost-effective and renewable
alternatives47. As mentioned above, more than 96% of the commercial CFs for composite applica-
tions are made from PAN, an expensive fossil-based polymer. Only minor amounts are produced
from petroleum and Rayon48, a type of regenerated cellulose. PAN precursors are manufactured
using spinning techniques in solution and then through a series of thermal processes such as
oxidative stabilization (between 200 and 350 °C) and carbonization (greater than 1000 °C) are
converted into CFs. In order to improve Young’s modulus the CFs are graphitized at temperatures
above 2000 °C, giving it a notable advantage with Young’s modulus value greater than 350 GPa47.

However, as a result of thermal treatments the toxic byproducts of the process accompanied by
the amount of organic solvent with hazardous characteristics determines that CFs obtained from
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PAN is not an eco-friendly procedure46. Therefore, the expensive costs of manufacturing CFs,
along with environmental concerns over PAN, is accelerating research into alternative bio-based
precursors and green processing methods. With the motivation to develop cost-efficient and high
availability alternatives based on renewable resources, lignin and cellulose are in growing interest
as carbon fiber precursors49. The relevance of recent studies are focused on the most abundant
and renewable biomass constituents, cellulose and lignin to appropriately convert into precursor
or carbon fibers. However, the major limitation that present this type of constituents are based on
the maximum yield reached at large scale production, for example upon thermal decomposition
of cellulose rarely is reached a 44.4% of carbon content50. Likewise, lignin has a mass carbon
yield of 55% which presents a thermoplastic nature compared with PAN and residence times
above 100 hours51 which involve challenges in the melt spinning and higher production costs49.

In addition to the aforementioned, CFs based on lignin and cellulose exhibit limited mechani-
cal properties but, interestingly they may be used in other applications that do not require a tensile
strength greater than 3 GPa52. As a result, interest in developing cellulose or lignin as precursors
has resurfaced. Recently, some studies have shown that using 1,5-diazabicyclo[4.3.0]non-5-ene-
1-ium acetate ([DBNH]OAc) for solvent-based spinning technique allows the continuous spin of
cellulose and lignin filaments with considerable molecular orientation and improved mechanical
properties53. This resulted in a whole new approach to the use of lignin and cellulose as potential
precursors because of their carbon-forming chemical structure and low cost. A great example
is the new bio based hybrid precursor manufactured by blending cellulose with lignin and then
dry-jet wet spun using [DBNH]OAc as the solvent for its qualities as an ionic solution. Thus,
limitations of the separated constituents in terms of carbon fiber development can be overcome
by appropriate combination of cellulose and lignin in a single hybrid composite49.

1.2.2 Application of carbon fibers as biomaterials in biomedicine

Since the late 1970s, carbon fibers have been extensively utilized and also studied for their use
as biomaterials. One of the most important benefits of carbon fibers, as biomaterials, are their
mechanical properties (light weight, high strength, flexibility) but also they are easy to combine
due to their variety of morphologies and radiolucency origin carbon fiber composites. In terms
of biocompatibility, CFs present high affinity and considerable in vivo stability42. In order to
take advantage of these characteristics, multiple studies of medical applications have been carried
out, mainly focused on the reinforcement of pre-existing conventional biomaterials as well as
the incorporation of carbon fibers for certain medical devices and orthopedic implants42, such as
spinal fixation cages.

The vast majority of applications that have been registered are based on composites designed
on the basis of biomaterials used regularly. Much research has been reported emphasizing the
use of carbon fibers with other carbon materials, some polymers, and certain metals. The main
objective of making these combinations is to reinforce the material, reduce its weight, high
strength, fixation power, add flexibility, and so on. In Table 1.2 are mentioned some carbon
fiber composites according to their secondary constituents. It is important to emphasize that
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the most commonly used carbon composites in the medical area, specifically in orthopedics, are
those that include polyether ether ketone (PEEK) in their composition42. As matter of fact, CFs
can be braided with fibers of multiple polymers to develop artificial ligaments and tendons. As
mentioned above, a common example are the CFs reinforced with PEEK or polysulfone (PSU)
polymers to improve the stem of hip prostheses1.

In addition, regenerative medicine for distinct tissues has experienced exponential growth
during the last years. Depending on the technique or method, this field is directly related to
cytokine therapy, cell and gene therapy, and many studies of these are applied separately or in
combination54. However, to achieve great regeneration performance in any of these techniques,
effective scaffold material with specific properties that holds cells or cytokines at the local site
and facilitates the regeneration of new tissue is required55. In this way, CFs are good candidates
for regenerative medicine, specifically in scaffolds42 because they exhibit two opposing proper-
ties in interaction with biological systems: bioinertness and bioactivity56. CFs are denominated
as a bioinertness biomaterials because they present a high strength like metals but they do not
corrode in applications directed in-vivo, so this is favorable both for scaffolding and for any type
of biomaterial.

On the other hand, in response to their location in the live organism, CFs can exhibit a variety
of bioactivities. For example, for damaged bone tissue these areas are easily regenerated in
presence of CFs and in-vitro studies have shown that surrounding osteoblasts are activated and
present an improvement in their cell adhesion56. However, it is now being investigated whether
the bioactivity of CFs is caused by some surface properties, or structure, among many other
factors that allow researching possible interactions of CFs with other tissues. Without a doubt, if
these properties of carbon fibers can be successfully exploited, they will be extremely helpful as
scaffolds in regenerative medicine.

Table 1.2: Principal characteristics and clinical applications of
carbon fiber composite biomaterials.

Types of carbon
fiber composite

biomaterials
Base materials Characteristics Applications

Carbon Fiber
+

Carbon composite
Carbon

Light weight, high strength,
chemical stability, durability,

and good in-vivo and
in-vitro, biocompatibility

Artificial joint57,
Middle ear implant,

Plate58 and screws for
fracture fixation,

Maxillofacial implants59

Co-Cr-Ni
alloy

Good biocompatibility
and mechanical properties Aneurism clip60

Other carbon fiber
composites Hydroxyapatite

(HA) Good bone ingrowth Artificial trachea61

Epoxy resin

Superior adhesive force,
high dimensional stability,

high resistance to water
and chemicals

Fracture treatment
plates, housing

of pacemakers62
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Polyether ether
ketone (PEEK)

Specific modulus similar
to bone which avoids
interface disruption

and bone loss

Fracture fixation plates,
femoral stem of hip joint

prostheses63, sliding parts
of artificial joint and
spinal fixation cages1

Carbon fiber
+

Polymer composite

Ultra high
molecular weight

polyethylene
(UHMWPE
or UHMW)

Not compatible with
metallic surfaces, low

adherence with
polyethylene surface

Sliding parts of artificial
joint, artificial hip and

knee joints64

Polyamide 12
(Nylon 12)

Good compatibility with
the surrounding bones

and high fixation
between stem and bone

Femoral stem prostheses65

Polysulfone

Light weight, high
strength, good

biocompatibility,
and superior

mechanical properties

Fracture treatment screws,
Femoral stem prostheses66

Polycarbonate
polyurethane

(PC-PU)
High flex fatigue

Artificial joint, catheters,
general purpose tubing,

hospital bedding, surgical
drapes, wound dressings,

short-term implants67

Polymethyl
methacrylate

(PMMA)

Impact resistance and
prolonged load-carrying

ability

Replacement of
neoplastic bone,

tougher bone cement68

Biodegradable
polymer

Green synthesis and
high biocompatibility

Scaffold for tendon repair69,
screws, pins, and rods and

filler after a tooth extraction

1.2.3 Synthesis of carbon fibers derived from biobased precursors
According to Ogale et.al PAN the synthetic precursor is used to make the vast majority of
high-performance commercial carbon fibers. However, employing bio-based precursors can help
alleviate some of the environmental issues and related costs involved with this method. In this
regard, cellulose and lignin are considered as potential biomass precursors because of their low
cost and the ability to form carbon chemical structures. One the most abundant source of biomass
is raw wood which is constituted of about 40-50% of cellulose, 23-32 percentage of hemicellulose
and only 15 to 30% belongs to lignin constituent70.

A simplified schematic of lignin, cellulose, poly(acrylonitrile) PAN and mesophase pitch
precursors with their respective final carbon structure is presented in Figure 1.3. Indeed, lignin,
cellulose, and PAN produce CFs with nongraphitic or turbostratic structures70 that elucidates a
noncrystalline configuration i.e. at the molecular and atomic level are not organized in a definite
lattice pattern structure. In contrast, mesophase pitch after thermal process at temperatures above
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2400 °C generates a high graphitic with a characteristic crystalline structure71

Figure 1.3: Schematic representation of principal CFs precursors (Lignin, cellulose, PAN and
mesophase pitch) with their final carbon structure.

However, unlike carbon fibers that include synthetic precursors in their manufacture, most
cases biomass has a high content of ash and minerals. This triggers a series of drawbacks with
the tensile strength and purity of the resulting CFs because generate defects within the structure
of the fibers. Based on these criterion, it can be assured that the separation of lignin and cellulose
from biomass is very important. Also, due to the cross-linked form of lignin, it is necessary
to break it down and separate it from cellulosic fibers. This process requires a drastic chemical
decomposition treatment that is achieved by chemical pulp70.

1.3 Pyrolization as thermal decomposition process

Pyrolization, also known as pyrolysis process, is a thermally induced chemical decomposition
process where biomass is converted in its simple constituents by action of heat. This process is
carried out in the absence of oxidizing agents e.g. oxygen, nitric oxide, nitrogen dioxide, and
generally takes place in the temperature range from 300 to 650 °C at atmospheric pressure72.
However, the product yield depends on several parameters including the heating rate, the final
temperature reached and the residence time73.
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Typically, in pyrolysis applied for biomass feedstock the decomposition of the matrix produces
polyaromatic chars, biochar (solid), bio-oils (liquid), and syngas (gaseous) as a result of the
breakdown of organic materials72. In other words, large and complex hydrocarbon molecules
of components stemming from cellulose, hemicellulose and lignin are broken down into smaller
and simpler gaseous, liquid, and solid products during the pyrolysis process. To summarize, a
general reaction can be used to illustrate the pyrolysis process, as follows:

CxHyOz(biomass)
heat
−→
∑
liquid

CaHbOc +
∑
gas

CpHqOr + H2O +C(char) (1.1)

As mentioned above, pyrolysis involves the breakdown of complex to single molecules into
the products. In concordance to the previous reaction, there are three principal types of products:
Liquids that are presented as tars, water and heavier hydrocarbons such as benzene, ethyl benzene,
toluene, and phenols74. Solid products that are commonly char or carbon in the form of fillers and
fibres and the last but not the least, gaseous products, that are generallyCO2,H2O,CO,C2H2,C2H4
and C6H6

75. Also, biomass is constituted by three principal structural components as hemicellu-
lose (C5H8O4)m, cellulose (C6H10O5)n and lignin (C81H92O28), but also presents minor amounts
of extractives.

These constituents depend directly on the pyrolysis variations in terms of mechanisms, path-
ways, different rates, size of particles, temperature, residence time, but above all the products of
interest. Specifically, because lignin decomposes across a larger temperature range than cellulose
and hemicelluloses, which breakdown fast over smaller temperature ranges, it seems to be more
thermally stable during pyrolysis75. For example, from cellulose can be obtained several sub-
products like methane, hydrogen, carbon dioxide, carbon monoxide, steam, phenol, acetic acid
and benzene as a result of the pyrolysis process72.

Thus, in accordance with the above, the properties of these principal constituents under a
thermal decomposition process can be summarized as follows76:

Thermal decomposition of Hemicellulose > of cellulose > of lignin (1.2)

Lignin decomposes over a wider temperature range compared to cellulose and hemicellulose,
which rapidly degrade over narrower temperature ranges, hence the apparent thermal stability of
lignin during pyrolysis. So, the rate and extent of degradation is dependent on several parameters
of the process like the reactor type, particle size, temperature, heating rates and pressure75.

To our knowledge, dehydration, depolymerisation, isomerisation, aromatisation, decarboxy-
lation, and charring are just a few of the reactions that take place during pyrolysis. These reactions
can be categorised in primary and secondary but also there are reactions that comes from dif-
ferent conditions.In primary reactions, char formation, depolymerisation and fragmentation are
included77. More in detail, charring is the result of condensation or combination of benzene rings
during pyrolysis78 while during depolymerisation bond connections between the monomers are
cracked obtaining derivatives such as volatiles and gases79. Moreover, in secondary reactions,
are contemplated those reactions triggered due to the low stability of the primary compounds
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Table 1.3: Characteristics of Pyrolysis Processes based on their main operating parameters
Pyrolysis Process Final Temperature (°C) Heating Rate Residence Time Products

Torrefaction 280 Very small 10 - 60 min Torrefied Biomass
Carbonization / Slow >400 Very low Days Charcoal75

Conventional >575 Low 5 - 30 min Gas, bio-oil and char
Fast ∼500 Very high <2 s Bio-oil82

Flash <650 High <1 s Bio-oil, chemicals, gas83

Ultrarapid ∼1000 Very high <0.5 s Chemicals, gas
Vacuum 400 Medium 2-30 s Bio-oil
Hydropyrolysis <500 High <10 s Bio-oil
Methanopyrolysis >700 High <10 s Chemicals

formed during primary reactions, such as the recombination or cracking processes. In this regard,
from cracking lighter products will be produced while heavier compounds will result from the
recombination80.

On the other hand, reactions from different conditions refer to those which impact the reaction
network. For instance, higher production of char can be determined by lower heating rate, while
more volatile compounds can be the result of fast heating. Following this definition, also
temperature has a major impact on product dispersion. To sum up, and based on all of the study
that has been conducted thus far, it can be determined that secondary reactions are the governing
processes that can result in the formation of products with specific properties81.

1.3.1 Types of pyrolysis
For the above mentioned reasons, in all pyrolysis processes, parameters such as the biomass
composition, pyrolysis temperature, heating rate, particle size and the effect of catalyst are crucial
to determine the final properties of a material or obtained products. In relation to the effect of
temperature, it affects both the composition and yield of the pyrolysis product because temperature
has a direct influence on the gases production and release rates. The effect of rate of heating
and residence time apart from generating compositional and yielding changes, has a substantial
implication of secondary reactions which induces a secondary product formation. In regard
to biomass particles, finer or smaller particles offer less resistance to release gases preventing
secondary cracking. Larger particles, oppositely, promote secondary cracking by the higher
resistance to escape first products. And, the catalyst effect exert a considerable influence in liquid
yielding75. In this sense, according to the range of the main operating parameters for the thermal
decomposition process of pyrolysis, it is classified into torrefaction, conventional, carbonization
or slow, fast, flash, ultrarapid, vacuum, hydropyrolysis and methanopyrolysis75. In Table 1.3 are
compared some specifications about each of the different pyrolysis processes in relation to the
principal parameters and their products72.
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1.3.2 Pyrolysis applied for Cellulose-based Carbon Fibers

Studying the chemical processes of each main component of biomass is an effective and necessary
first step in figuring out how pyrolysis works. According to Suhani et.al the analysis of chemical
composition of banana trunk fibers report about 59% of high cellulose, 15% of hemicellulose and
a characteristic low content of lignin of 13% related to nonwood fiber type. The low content of
lignin in nonwood fibers is due to it function as adhesive to bind the cellulose in fiber increasing
strength which make it unbreakable84.

In this regard, cellulose is a polymer chain formed by linked linearly D-glucose units con-
nected via β(1 −→ 4) glycosidic bonds85. Thus, the degree of polymerisation of cellulose varies
depending on the source. It might reach above 5000 units depending on the source81. When
compared to other carbon fiber precursors such as PAN and pitch, the cellulose structures reveal
a low carbon content and challenging carbonization.For that, many efforts have been made to
understand how cellulose is pyrolyzed and carbonized40. Moreover is necessary to understand
that requires of three principal steps for a correct pyrolysis as follows: stabilization, carbonization
and graphitization steps.

For the first step, according to Tang and Bacon, stabilization is analyzed into four stages: First,
water is desorbed from cellulose at temperatures from 25 to 150°C. Second, at temperatures be-
tween 150 - 240 °C dehydration from the -OH and -H fragments occurs. Thus, at intra-molecular
level the formation of new C-C bonds and ketone groups take place86. The thermal breakage of
the glycosidic bond and production of tar, H2O, CO, and CO2 happened in stage III with the free
radical reaction at temperatures from 240 to 400 °C. Finally, at temperatures exceeding 400 °C,
each cellulose unit eventually broke down into four carbon atoms and condensed into a graphite-
like structure87. For the above mentioned reasons, in the past years pyrolysis for cellulose-based
carbon fibers suggested that a slow heating rate is the best option to reduce carbon lost due to the
elimination of oxygenated compounds, aldehydes and so on in the depolymerization reaction88

which also prevents the formation of levoglucosan86. Also, slow pyrolysis was proposed to im-
prove microstructure, density and porosity of fibers as well as pyrolysis in reactive atmosphere,
use of organosilicon compounds and flame retardants40.

According to Frank et.al, for the second step pyrolysis stops and the key chemical reactions
are finished at temperatures about 400°C with a carbon content of about 60 - 70%. Thereby, the
carbonization process is carried out at temperatures ranging from 900 to 1500 degrees Celsius in
an inert gas environment. When non-carbon atoms are released, a carbon-rich residue (95%) is
formed86. Generally, the processes that occur during carbonization are difficult and complex to
see using analytical techniques. In theory, during pyrolysis, the depolymerized, amorphous char
is reorganized and condensed to create polycyclic rings, aromatic structures, and then graphite-
like layers. As a result, a micro crystalline material composed of sp3- and sp2-hybridized carbon
is formed. Fiber shrinkage, density gain, and an increase in tenacity are all linked to the creation
of the aromatic structure after carbonization89.

Finally, temperatures between 1500 and 3000 °C are necessary for graphitization, which
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results in a carbon content of more than 99 percent and the formation of graphitic layers. This
process is a highly power-consuming and strongly depends of the desired application of CFs. In
order to improve mechanical properties of the final carbon fiber, graphitization under stress, or
hot stretching, is carried out by improving the alignment of the carbon ribbons along the fiber
axis86.

1.4 Cerium oxide NPs: properties, synthesis, characterization
and applications

The term nano denotes a billionth of a unit quantity. Particles of size ranging from 1 to 100 nm
are denominated nanoparticles, and they exhibit higher surface ratio as well as unique electronic,
magnetic, optical and mechanical properties due to their shape and size90. Cerium is non-toxic,
cheap and the most abundant of the rare earth alkali metals. It belongs to the group of Lanthanides
with an atomic number equal to 58, is located in the period 6 within block f. Cerium oxide is an
n-type semiconductor with a wide-bandgap of 3.19 eV and a high excitation energy91. However,
the most important property is attributed to the ability of ceria to store and release oxygen via
simple Ce4+/Ce3+ redox cycles, which is highly dependent on the concentration and kinds of
oxygen vacancies in the lattice, as well as surface structures and states. Above mentioned easily
reduction is due to at bulk state CeO2 exists in both +3 and +4 oxidation states. For that, at low
oxygen partial pressures, cerium oxide may be readily reduced from CeO2 to CeO2−δ by surface
reduction92.

1.4.1 Physicochemical and Biological properties
Cerium has a density of 6.77 g/cm−3 and a molar mass of approximately 140.12 g/mol−1. At
room temperature it is malleable and oxidizes easily. Also, cerium shows excellent thermal
properties with a boiling point of 3424 °C and a melting point equivalent to 798 °C91. It can
be found in minerals such as hydroxyl bastnasite, zircon, synchysite, monazite, rhabdophane,
bastnasite and sallanite. As previously stated, it has a remarkable ability to cycle between the
two ionic forms of Ce4+ and Ce3+. This is owing to the existence of a ground-state electron in
the 4f orbital in concordance with its electronic configuration [Xe] 4 f 15d16s2, which allows it
to display redox properties. Further, the cerium in its oxide form is made up of a face-centered
cubic (fcc) typical fluorite lattice with eight oxygen atoms bound to the cerium atom91 as shown
in Figure 1.4.At nanoscale it maintains the same structure with oxygen deficiencies. In other
words, as a result of great efforts undertaken toward a better understanding, the building blocks
of nanoparticles is directly related to the crystallite nature of the particle. For that, in the cerium
oxide nanoparticle polycrystallinity is more common, but evidently crystal structure depends on
the synthesis method91.

Hence, the relationship between the ceria atom and oxygen vacancies is directly associated to
the reduction of the cation of Ce+4 resulting in a triplet due to the location of the atom of Ce+3.
The main reason behind oxygen vacancies is due to the method of synthesis and the size of ceria
crystals94.

In addition, to mention electrochemical properties cerium oxide is one of the most suitable
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Figure 1.4: Crystal structure for ceria (Ce4O8) nanoparticles. Yellow color is attributed to eight-
folds of cerium atoms and red represents four-fold atoms of oxygen for both (a) and (b). The
basic fcc fluorite lattice structure of (Ce4O8) is presented in (c). Adapted from Reed et.al93

intern transition metal candidates to be used as electrode, sensors and supercapacitor constituents
because show outstanding electrochemical properties such as higher thermal stability, exceptional
oxygen storage, conductivity and electrical diffusivity95.

Ceria nanoparticles have demonstrated three crucial biological properties such as Superoxide
Dismutase (SOD) and Phosphatase mimetic activity. Cerium oxide nanoparticles, by their high
ratio of +3 and +4 affect significantly the SOD-mimetic activity because present similarities at
Ce+3 fraction activities. Also, Seal et al. revealed that nanoparticles ranged between 3 and 5 nm
manifest stable catalytic rate which translates into excellent SOD activity even much higher than
the SOD enzyme activity96. In addition, several studies determined that the existence of Ce (+3)
sites in cerium oxide NPs are suitable to break phosphate bonds of O-phospho-L-tyrosine and
para-nitrophenylphosphate. Furthermore, the application of these nanoparticles with plasmids
of DNA produce bonds without hydrolysis products. As a result, it may be argued that several
proteins and ATP molecules can be phosphorylated without causing any type of DNA damage97.

1.4.2 Synthesis and Characterization alternatives
As mentioned before, there are two approaches applied to the synthesis process such as bottom-
up and top-down. Also, most parameters related to the capping and reducing agents play
an important role in the synthesis methods because it determines the physical, chemical and
biological properties of nanoparticles98. As a result, every day are created new strategies for
the synthesis of nanoparticles with specific characteristics based on the two last mentioned
approaches. In this regard, between the methods for NPs synthesis are included biological,
physical and chemical procedures. Many of these implicate the use of chemicals and precursors
of biological origin. However, over the years and with regard to the large amount of research
studies; the best method for NPs synthesis is the biological alternative due to that it reduces
the difficulties related to biocompatibility and originate non-toxic and environmentally friendly
nanoparticles without neglecting that it is simpler and cost-effective91. Among the chemical
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methods are sol-gel process, pyrolysis, hydrothermal synthesis, sonochemical synthesis, co-
precipitation and mechano-chemical processes. On the other hand, for biosynthesis the use
of plant, fungus, nutrients and natural polymer mediated alternatives are booming due to the
countless benefits91.

The appropriate characterization requires powerful equipment and high-precision techniques
to ensure the highest quality in the design and manufacturing processes of nanoparticles. To
date, thanks to the advances that result from research and technological development, there are a
large number of characterization techniques that can be used for the analysis of the properties of
nanomaterials. These can be categorized into qualitative and quantitative or based upon nanoma-
terial properties. For qualitative analysis, are included Fourier transform infrared spectroscopy
(FT-IR), UV–Vis spectrophotometry, Scanning electron microscopy (SEM), X-ray diffraction
(XRD), Raman scattering and Atomic force microscopy (AFM)99, while quantitative consists of
Transmission electron microscopy (TEM), Annular dark-field imaging (HAADF), Liquid Chro-
matography - Mass Spectrometry ( LC-MS/MS), Intracranial pressure (ICP), Thermogravimetric
Analysis (TGA), Dynamic Light Scattering (DLS) and Zeta potential98. Arguably, this classifi-
cation may be controversial since many of the equipment that has been designed are combining
quantitative and qualitative techniques in a single device. And, it has been possible to evidence
the design of external devices that adapt to several of these in order to obtain a better study of the
properties of the new materials.

1.4.3 Biomedical applications
Cerium oxide nanoparticles, after silver oxide NPs, are one of the most promising metal oxide
nanoparticles that have attracted attention in recent decades. They may be used in a wide number
of fields, including agriculture, industry, environment, and biomedicine. According to the scope
of this study will focus only in biomedical research.

In Figure 1.5 the possible applications of cerium oxide NPs in the field of Biomedicine are
summarized. Among the most relevant applications in recent years can be found: Theragnostic
agent for cancer, Bio-scaffold, Anti-oxidative agent, Biosensors, Antimicrobial agent, Drug and
gene delivery, Therapeutic agent and Anti-inflammatory.

To mention a few examples, as theragnostic agent for cancer treatment, cerium oxide NPs
exhibit cytoprotective properties that induce the formation of reactive oxygen species (ROS)
making them a potential anticancer agent due to changes in the regulation of antioxidant enzyme
expression and the resulting acidic environment at the level of cancer cells91. This leads to the
production of reactive nitrogen species (RNS) that act together with ROS to cause nitrosative
stress in damaged100.

As already mention, cerium oxide nanoparticles exhibit outstanding properties such as non-
toxicity, large surface area, large capacity of storage, biocompatibility, good conductivity for
oxygen ions, as well as high mechanical strength. These properties allow the development of
biosensors, a good example is the biosensor manufactured from a film of indium-tin-oxide (ITO)
coated glass where cholesterol oxidase was immobilized for the detection of cholesterol which
become in a cost-effective alternative for coronary diseases101.

As antibacterial or antimicrobial agent, in concordance with the ability of cerium oxide NPs
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Figure 1.5: Potential biomedical applications of cerium oxide nanoparticles.

to produce ROS, when NPs interacts with bacterial cells they release some ions that reacts with
thiol functional groups characteristic of the protein structure of bacterial cell membrane. As a
result, this generated acidic environment decrease the permeability of the membrane and produce
the cell death102. In addition, ceria nanoparticles exhibit anti-oxidant potential properties and
act as a neuroprotective agent. When NPs are exposed to rat brain tissue, shows a substantially
increasing of thiol content and trigger caspase-3 protein expression, decreasing oxidative DNA
damage and lipid peroxidation103.

Undoubtedly, cerium oxide NPs shows pharmacological potential due to their oxygen buffer-
ing qualities, a suitable example is the pororus bioactive glass scaffolds used for regeneration
and enhance of osteoblastic differentiation without requirement of additional osteogenic supple-
ments104. Just as some examples have been mentioned, multiple applications can still be listed in
which cerium oxide nanoparticles demonstrate a high potential to be used in biomedical applica-
tions.





Chapter 2

Introduction

The development of natural fiber composite (NFC) is based on two primary strategies: preventing
the loss of forest resources and delivering high economic returns105. Thus, natural fiber com-
posites have stimulated the interest of scientists due to their biodegradability, multifunctionality,
lightweight106, specific strength properties, low cost, enhanced energy recovery5, and, most sig-
nificantly, their ease availability6. For reinforcing composites, natural fibers come in a variety
of forms, including continuous, random oriented, and woven fabric. Furthermore, experts have
been searching for the ideal material for certain purposes for years. There is growing interest in
the development of carbon fibers composites from biomass precursors in different applications
such as supercapacitors107, aerospace applications, polymer and adhesion research, automotive
industry, biosciences, electronics, metallurgy, energy, medical and pharmaceutical industry108 .

Due to their large-scale availability, simplicity of processing, and low cost, a plethora of nat-
ural fibers has been studied as fillers in composites. These include biomass from oil palm empty
fruit bunches (EFB), rubber wood sawdust, borassus fruit, bamboo109, coconut husk, pineapple
leafs, jute110, and many others111 have been investigated as viable precursors for the production
of activated carbon fibers. Among the large number of plants available which can be grown by
nature, not all are suitable either for reinforcement use or as a natural fiber for the manufacture of
composites. In order to choose an adequate type of fiber, certain conditions must be taken into
account. The fibers must be easily extracted from various parts of the concerned plant such as
the seeds, stems, leaves, fruits and other grass fibres112. Additionally, they must adhere easily
with the matrix that is being developed. Finally, but not least, according to several studies the
strength and some physical and chemical characteristics of all fibers from natural origin depend
on the content of cellulose and lignin111. For a natural fiber to be more suitable it must have a
cellulose content of at least between 6 - 80% and a lignin content between 5 - 20% by weight113.

In this sense, composite materials made from diverse natural fibers are rapidly growing.
Banana fibers derived from the banana stem and fruit which are consumed by all humans world-
wide, is one such natural source106. Because of its high strength and stiffness114, banana carbon
fiber would be used as a reinforcement in both thermoplastic and thermoset matrices or as an
eco-friendly alternative for biomedical purposes115. In terms of composition of banana fiber,
which has a high cellulose concentration of 63 - 64% and a lignin content of 5%, it represents an

27
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interesting aspect that makes these fibers a potential reinforcing replacement for existing ones106.
Every day, the world moves closer to adopting improved technology, which has an indirect impact
on the usage of outdated materials. In this regard, researchers are concentrating on the creation
of new novel materials from a variety of renewable sources. For that, metals, polymers, and
ceramics are all used in the production of biocomposites, which is a challenging process to be
applied as drug/gene delivery, orthopedics, tissue engineering, and aesthetic orthodontics among
other biomedical applications. The acceptance of these materials as biomaterials by the human
body is the first and most important requirement. In order to be used in the human body, a
biomaterial must possess a number of key common properties, which can be used alone or in
combination to replace or act as a framework for the regeneration of damaged or degraded tissues
or organs, therefore enhancing the quality of life for patients116.

In recent decades, nanoparticles and nanocomposites have opened bright horizons to develop
new alternatives for potential-biomedical-applications in order to improve clinical performances
and reduce toxic or adverse side effects. More specifically, a new era of nano-level control of
carbon fibers after 30-years of development42. For this purpose, coupling agents and/or surface
modification techniques can increase fiber/matrix interfacial adhesion in polymer composites.
This research project addresses the characterization and utilization of carbon fibers from banana
stem decorated with cerium oxide (CeO2) nanoparticles as a potential future research directed
at eco-friendly and biodegradable composites for biomedical applications. Ecuador, being a
country with a high banana production level, it may be feasible to manage waste treatment while
gaining research and technical benefit to the biomedical field.

2.1 Problem Statement
Because recent technological advancements have enabled nano-level management of carbon
fibers, biomaterials applications have likewise moved to the nano-size era. Carbon fibers (CFs)
are fibers with microscale diameters that substantially improve the functionalities of traditional
biomaterials and enable the production of novel composite materials. According to Holmes in
their research conducted in 2014, the demand for carbon fibers (CFs) is increasing each year
at a 10% rate and is expected to reach 89000 tons by 2020117. In this context, as science and
technology develop, it is important to consider natural and renewable resources for the production
of fibers from natural precursors. It should be noted that poly(acrylonitrile) (PAN) is used as a
precursor in approximately 98% of CFs. Essentially, this material is made up of extremely thin
and fragile acrylic fibers, the majority of which are made up of carbon atoms118. Thus, natural
fiber composites have stimulated the interest of scientists due to their biodegradability, multifunc-
tionality, lightweight, specific strength properties117, low cost, enhanced energy recovery, and,
most significantly, their ease availability118.

According to the Food and Agriculture Organization of the United Nations (FAO), in 2020
the preliminary results of the Banana Market Review based on the geography and dynamics
of economic activities, Ecuador reached an unprecedented high of approximately 6.9 million
tons in bananas making it the largest exporter of bananas in the world119. Therefore, being a
country with a high level of banana production, it immediately translates into a large amount of
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agro-industrial waste. It may be feasible to manage waste treatment while obtaining research
and technological benefits for the biomedical field. In order to achieve this, it is indispensable
to assure that carbon fibers present chemical and physical properties that translate in biologi-
cally essential characteristics and supplementary functionalities. All this is possible thanks to
the benefits of functionalization, a process of adding new functions, capabilities, features, or
properties to a material by changing the surface chemistry of it. For that reason, carbon fibers
from banana stems decorated with Ceria (CeO2) nanoparticles can be considered as a potential
future research directed at eco-friendly and biodegradable composites for biomedical applications.

In order to elucidate the properties of this novel composite, it is essential to carry out a
significant surface description that requires the capacity of characterization techniques such as
Raman spectroscopy and Scanning Electron Microscopy (SEM). Raman Spectroscopy may be
used to determine the chemical composition of materials by detecting vibrational120, rotational,
and other states in a molecular system121. On the other hand, SEM is a high resolution surface
analysis method that elucidates and images the microstructure122, morphology, topography and
composition of the outermost layer of the biomaterial123. The more parameters are measured,
the description about the surface of carbon fibers from banana stems decorated with (CeO2)
nanoparticles will be more complete, allowing for more effective applications.

2.2 Motivation and Research Objectives
2.2.1 General Objective
To synthesize and characterize carbon fibers obtained from banana stem and decorated with
cerium oxide (CeO2) nanoparticles for biomedical applications.

2.2.2 Specific Objectives
• To obtain information about the morphological composition and surface topography of the

banana carbon fibers decorated with cerium oxide (CeO2) nanoparticles using Scanning
electron microscopy (SEM) characterization technique.

• To detect vibrational, rotational, and other states in the molecular system to probe and iden-
tify the chemical composition of the carbon fibers decorated with ceria (CeO2) nanoparticles
using Raman Spectroscopy characterization technique.

• To reveal the chemical environment where carbon fibers decorated with cerium oxide
nanoparticles exist by the speciation of the respective elements observed to determine the
surface specificity of it.

• To quantify chemical composition, relative and absolute concentrations of certain elements
and chemical functional groups near the interface between banana carbon fibers and cerium
oxide nanoparticles.





Chapter 3

Methodology

This chapter presents a descriptive summary of the methodology carried out in this study. It
provides information about the recollection of banana fibers, upon the different parameters for
thermal decomposition process (i.e. pyrolysis). As well as, the top-down approach for the synthe-
sis of cerium oxide nanoparticles at concentrations of 3.57 and 7.14 mM. The process carried out
for the decoration of the banana fibers with the nanoparticles obtained is described more in detail.
Finally, specifications about Scanning Electron Microscopy (SEM) and Raman Spectroscopy
characterization techniques that were applied for the characterization of the nanocomposite are
described. In this regard, the analysis of characterization techniques start with the fundamental
principles and experimental system set-up for proper data collection, qualification and quantifi-
cation.

3.1 Synthesis of carbon fibers functionalized with (CeO2) NPs
3.1.1 Recollection and Pyrolysis of carbon fibers
For this study, previous recollected banana carbon fibers were chosen as substrates for pyrolysis.
According to Gaona, S. et.al, two types of banana tree samples were used, both belonging to the
Family: Musaceae, to the Genus: Musa and to the Species: Musa Paradisíaca124. In relation to
geographic location, the first sample is obtained from the province of Imbabura (Urcuquí) and the
second one from Santo Domingo de los Tsáchilas (Santo Domingo). The first sample is obtained
from the pseudo-stem of the banana tree; it presents characteristics of a too young species that
does not present fruits with a diameter of trunk equivalent to 20 mm. The second sample belongs
to a species that has produced fruits, which were previously cultivated with a trunk diameter
equal to 35 mm. To obtain the fibers, after removing the protective layers from the banana trunk,
a scalpel was used to make a shallow cut to help break the trunk. Thus, two magnificent batches
of raw fibers were obtained from the trunk of the banana bunch124.

Raw carbon fibers go through a thermal decomposition process denominated as pyrolysis. In
this regard, a system of spike mounting is used which keeps the fibers anchored and thus avoids
fiber shrinkage during the thermal treatments inside the tubular furnace. In Figure 3.1 is shown
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the contrasting appearance of raw carbon fibers before (a) and after (b) the thermal decomposition
process.

Figure 3.1: Banana fibers characteristics: (a) before and (b) after pyrolysis.

Pyrolysis process is carried out in an Argon (Ar) atmosphere with a precision mass flow of
0.3 L/min in a tubular furnace OTF-1200X shown in Figure 3.2.

Figure 3.2: Tubular Furnace, OTF-1200X at Yachay Tech University, Ecuador

To study the effect of pyrolysis temperature over the time, as evidenced in Table 3.1, all batches
worked at a maximum temperature of 900 °C with 60 minutes residence time. A total of three
batches of fibers were pyrolyzed according to the conditions specified in Table 3.1 which also
can be seen in Figure 3.3.
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Table 3.1: Pyrolysis treatment and heating ramp parameters for batch of raw banana carbon fibers.

Heating ramp
Time (mins) 0 10 20 30 40 50 60 80 140
Temperature (°C) 0 100 200 300 500 700 800 900 900

Figure 3.3: Heating ramp for batch of raw banana carbon fibers

3.1.2 Synthesis of Ceria (CeO2) nanoparticles
Synthesis of cerium oxide nanoparticles follow a top-down also known as destructive approach
because large molecules are decomposed into smaller form. For this research, previous synthe-
sized cerium oxide NPs powder were chosen as substrate for solutions used for future immersion
process. Method of synthesis of cerium oxide NPs powder was carried out by Maldonado, P.
et.al125, using cerium sulfate at a concentration of 0.05 M and ammonium hydroxide at 0.5 M. The
synthesis procedure started with the addition of 10 mL of cerium sulfate (Ce(SO4)2) in a beaker
with constant stirring, this step is followed by the addition of 50 mL of ammonium hydroxide
(NH4OH) dropwise to the solution, as a result is evidenced the gradual production of a precipitate.
Then, the solution was drained into a hydrothermal autoclave reactor and placed into a furnace for
5 h at 180 °C. After several minutes, until that reactor reaches an appropriate room temperature,
the solution is placed in falcon tubes to be centrifuged for a period of 5 minutes at 2000 rpm.
Subsequently, the supernatant is discarded in an appropriate container and the pellet was washed
with 40 mL of pure water. Then, each tube is shacked until obtain a homogeneous solution and
centrifuged at the same conditions as before. As already mentioned above, the liquid phase was
also discarded and the procedure is repeated four times before drying the pellet at 80 °C for 4
hours.

Powdered ceria oxide nanoparticles were used to prepare two type of colloidal solutions
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in which previously pyrolyzed banana fibers were placed. To prepare the dispersions, a 0.1%
(w/v) solution of SDS (Sodium Lauryl Sulphate Extra Pure) was first prepared in 25 mL of
distilled pure water. An aliquot of the dilution (2 mL) was taken to prepare the variants in
nanoparticle concentration. In this way, two types of colloidal nanoparticle solutions were
obtained after ultrasound assisted extraction as follows: the first one at a concentration of 3.5684
mM when add 1 mg in 2 mL of the 0.1% (w/v) SDS solution and the second variation at a
concentration of 7.1369 mM when adding 2 mg in 2 mL of the 0.1% (w/v) SDS solution. At
greater concentration of cerium oxide nanoparticles the solution appears with less transparency.
Thus, clearly in Figure 3.4 the solutions with dispersed nanoparticles where is evidenced a
variation in nanoparticles concentration as well as a particle size distribution that decreases from
left to right can be observed.

Figure 3.4: Dispersions of nanoparticles of varying nanoparticles concentration, with the particle
size distribution decreasing from left to right. (a) At concentration of 7.14 and (b) 3.57mM.

3.1.3 Decorating carbon fibers with (CeO2) NPs
As explained earlier, after the thermal decomposition process all carbon fibers obtained from
banana stem were decorated with (CeO2) NPs at 7.1369 and 3.5684 mM nanoparticles concen-
trations. In-situ functionalization of CFs was performed by the principles of immersion method,
in other words carbon fibers were introduced in ceria nanoparticles solutions for 3 days to be
late dried at room temperature until the fibers appears more separated from each others with
a hair-like shape. With the previous step, it is expected to obtain significantly adhesion of the
(CeO2) NPs along the surface of the CFs, thanks to the interaction between the functional groups
and the nature of the nanoparticles.
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3.2 Fundamentals of Characterization Techniques
For characterization purpose, SEM-EDS images or micrographs were obtained from a Phenom-
ProX with software Pro-Suite detector fast SDD from AMPTEK and the Raman spectra for the
different samples of pristine and decorated CFs was obtained from a Horiba scientific LabRAM
HR evolution Raman spectrometer.

3.2.1 Surface analysis
The elements present (the types of atoms) and how these constituents link to one another establish
the characteristics of matter in one way or another. The shape of the outer layer therefore deter-
mines how a solid or liquid is seen by the outside world. Most types of matter in the solid or liquid
state have a surface layer that is distinct from the underlying material. Chemical (composition
and/or speciation) or structural (variations in bond angles or bond lengths) differences, or both,
might be the cause of this difference and these properties are mainly determined by the physical
and chemical properties of its surface layer108.

This is the appropriate point to discuss general points about surfaces, particularly solid sur-
faces. First, it should be noted that the surface region of a material exhibits unique reactivity.
This characteristic allows the development of catalysis and microelectronics studies that mainly
take advantage of the reactivity and the structure of the surface and in the field of biology, this
characteristic is also used and improved to understand the behavior of some materials with other
substances. Second, the surface has a minimal amount compared to the total mass of the mate-
rial. Third, the surface of a material is completely different from the bulk. Within the traditional
characterization techniques that are used to elucidate the characteristics of the material, none are
found that are suitable for the surface, since they do not have the necessary sensitivity to analyze
the minimum amount of the material that allows adding information about its composition and
chemical structure. Fourth, the surface molecules of a material often can exhibit reasonable
mobility. Finally, it is important to take into account that the surfaces of the materials are prone
to being easily contaminated with components that are present in the vapor phase (among them
it is quite common to find silicones, hydrocarbons, iodine and sulfur compounds). If materials
are placed under ultra-high vacuum conditions, that is, at pressures lower than 10−7 Pa, any type
of contamination can be delayed. However, the vast majority of medical devices are used at
normal atmospheric pressure conditions, which leads us to learn to live with a certain amount of
contaminants2.

More specifically, the surface can differ in composition and/or structure from that of the un-
derlying bulk material in most forms of matter and its fact depends on two agents, external forces
of the outer layer or those related to internal forces. As a result of these agents modifications,
adhesion, adsorption, biocompatibility, corrosion, desorption, interfacial electrical properties,
reactivity, texture, wear and tear, wettability among other physical and chemical properties can
be changed. A characterization gives the ability to modify (tailor) some specific properties of the
surface and/or the formulation of new biomaterials as needed becomes available. Besides, the
surface of a solid or liquid, as the term is most generally used, can be defined as the outermost
layer or the upper limit of an object that is the region that determines the behavior of a solid or
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liquid with its surroundings. Applying this concept, a surface can span as little as one atomic layer
(0.1–0.3 nm) to several hundreds of atomic layers (100 nm or more) depending on the material,
its environment, and the property of interest108. Considering a single strand of human hair to put
these measurements into context, it has a diameter of 50 - 100 µm (0.05 - 0.1 mm). The outer
surface is made up of atoms with a diameter of around 0.2 nm108. Hence, the manner in which
a specific solid or liquid interacts with its environment can be better understood if the surface
composition and speciation can be characterized.

However, due to the scale that these surfaces handle, the magnification needed (∼30.000.000×)
can only be reached using a very limited number of techniques to reveal the physical structure
of the object in question108. In terms of chemical properties, spectroscopy or spectrometry tech-
niques are needed. Despite the existence of a large number of spectroscopies and spectrometries,
there are really few that provide information on the active chemistry of the outermost surface,
that is, within the outer 10 nm of a solid.

Among the available techniques, which require relative ease and minimal sample preparation,
and fit perfectly with the objectives of this study are Scanning Electron Microscopy (SEM) and
Raman Spectroscopy. Raman Spectroscopy by detecting vibrational, rotational, and other states
in a molecular system may be used to determine the chemical composition of materials. Further-
more, Scanning Electron Microscopy (SEM) is a high resolution surface analysis method that
elucidates and images the microstructure, topography, morphology and composition of the out-
ermost layer of the biomaterial2. To sum up, having in mind the great efforts undertaken toward
a better understanding the more parameters are measured, the description about the surface of
biomaterial will be more complete, allowing research into more effective biomedical applications.

3.2.2 Scanning Electron Microscopy (SEM)
Over the years, due to the limitations in the resolving power of human eyes, multiple instruments
have been developed, but the most relevant is the microscope for its magnificent efficiency to
study and characterize a wide variety of materials. This instrument depends on the quality and
number of lenses you have in your setup, but especially on the wavelength of the light from the
source to produce the image122. Based on the above, the microscope can be classified into optical
or light microscope (OM) and electron microscope (EM) depending on the resource that produces
the image123. Basically both have the same operating principle, the main difference lies in the
resource, OM uses visible light while EM uses a focused accelerated electrons beam31.

In terms of resolution, optical microscope is limited due to diffraction properties while elec-
tron microscopy exhibits much higher resolution because the electrons are more energetic than
photons in visible range as a result of their shorter wavelength. Thereby, two main types of elec-
tron microscopes are available, transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). The first, TEM, was conceived by Knoll and Ruska in 1931 and seven years
later Von Ardenne introduced the first SEM, which only in 1965 came to market as a powerful
tool to understand scientific phenomena123.
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Scanning Electron Microscopy (SEM) is a multipurpose, versatile and advanced instrument
which is able to examine and analyse surface phenomena of the materials under vacuum con-
ditions. The pressure inside the SEM chamber is usually low in the range of 0.1 to 10−4Pa122.
Basically, the sample is hit by a high energy electron beam exciting and ejecting X-ray electrons
to be analysed at the outcoming. These capted electrons provide information about composi-
tion, morphology, topography, orientation of grains, crystallographic information, magnetic and
electrical features, among other characteristics from the sample’s material123. In other words,
this characterization technique indicates parameters such as the shape and size, how the surface
looks, providing high resolution images of its texture, roughness or smoothness. But also, gives
information about chemical composition and the arrangement of atoms at the outermost layer
of material. The chemical information consists in the analysis of their relative ratios as well as
the degree and arrangement of atoms in the single crystal particle122. In that regard, scanning
electron microscope (SEM) is the most advanced instrument for obtaining a high-quality visual
picture of a particle with a spatial resolution of 1 nm and magnifications extended 300.000 times
over the normal range126.

2.2.2.1. Fundamental principles of SEM

Scanning electron microscopy is based on the releasing of primary and secondary electrons.
Primary electrons are emitted from the source by providing heat or energy in the range of 1 to
40 keV , while secondary electrons are released from the source as a result of the atomic energy
provided by the energy interaction at atomic levels. The high resolution image is obtained by the
collection of secondary electrons from the specimen, but is necessary to highlight that all these
interactions are only achieved under vacuum conditions. This last requirement avoids interactions
with gas molecules or impurities with the electrons of interest123.

In addition, the atomic number, specific concentration of atoms in the specimen, and the input
electron energy directly influence electron scattering and interaction volume. This interaction
between volume and scattering process will increase if the electron energy or the accelerating
applied voltage is also increased122. In contrast, if the atom concentration and atomic number
are high, the interaction volume and scattering will be low. Another factor to take into account is
the angle of incidence of the electron beam which induces the interaction volume and scattering
process123.

2.2.2.2. Experimental set-up for SEM

SEM is an optical and electronic system that consists of four principal components: (1) electron
gun (electron source and accelerating anode), (2) electromagnetic lenses, (3) vacuum chamber
housing the specimen and (3) the column. The last one is basically the set of several detectors
to collect the signals emitted from the material sample123. Briefly, inside the vacuum chamber,
the gun emits the electron beam in a vertical direction traveling through electromagnetic fields
and lenses. Then, the electron beam is directed on the specimen by the objective lens. The
focused beam is then rastered over a specific area of the specimen surface with the assistance of
deflector coils, which in turn are controlled by the scan generator127. Thus, the focused beam
scans across a specified region of the specimen surface. After that, the electron beam hits the
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material producing a huge number of emitting signals (electron-sample interaction), i.e. x-rays
and electrons which are detected and further converted to signals by the detector122. These signals
provide detailed information about the material to characterize. To illustrate, Figure 3.5 shows
the typical structural components of an SEM.

Figure 3.5: Schematic diagram of the principal components of an SEM microscope

2.2.2.3. SEM Data collection, Qualification and Quantification

The morphology and other surface characteristics of the samples were carried out with a Phenom-
ProX with software Pro-Suite detector fast SDD scanning electron microscope. Figure 3.6 shows
the Phenom-ProX scanning electron microscope at School of Earth Sciences, Energy and Envi-
ronment at Yachay Tech University (Ecuador). For the sample preparation, all SEM stubs were
labeled previously and using a double-sided carbon masking tape, the respective decorated carbon
fibers samples were placed.

During SEM analysis, all samples were exposed to a 15.0 kV acceleration voltage and the
elastically scattered electrons were detected by a back-scattered electron detector (BSD). Samples
imaged with the SEM were taken at 2000x and 20000x with a Field of View (FOV) of 134 and
13.4 µm, respectively. As a result, the micrographs for the pristine fibers and those with nanoceria
bound to the surface of the banana carbon fibers illustrate representative characteristics; which
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could be explained in terms of physical and chemical interactions between the functional groups
at the surface of carbon fibers.

Figure 3.6: Phenom-ProX model scanning electron microscope with software Pro-Suite detector
fast SDD at Yachay Tech University, Ecuador

Additionally, in order to measure the fiber diameter, average size of the particles and to determine
the distribution along the fiber, the image processing software ImageJ was used. The distribution
of fiber diameters was determined from a random sampling of approximately 110 different zones
from micrograph while for average particles size about a 80 different structures. The data obtained
from aggregates and freely particles, were analyzed separately to avoid the deviation of real data
due to the presence of bigger structures.

3.2.3 Raman Spectroscopy
Raman scattering was discovered in 1928 by Krishna and Raman. This technique provides a
quantitative and qualitative chemical analysis through the vibrational modes of molecules. Typi-
cally, in Raman, a monochromatic light (laser invisible, near-infrared, or near ultraviolet range) is
employed, which stimulates the molecules to reach the high-energy states of excitation denomi-
nated as “virtual states”. In other words, Raman is based on inelastic scattering between incoming
photons and phonons in materials128. This characterization technique is a non-destructive, ef-
ficient, powerful and favorable to sample preparation that provides information about chemical
structure, polymorphy, crystallinity, and molecular interactions which are essential to understand
the interaction of light with the chemical bonds of materials in order to elucidate related residual
stress, impurities, microstructural changes, among several others129. Indeed, to characterize cer-
tain specimens it is necessary to analyze Raman spectra according to position and position shift
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bands but also full width at half maximum (FWHM) and their respective intensities. Basically,
when light interacts with the materials a more deep explanation is given by the synergy of photons
and the vibration phonons where the difference in frequency between the incident light and the
scattered one gives particular information on the vibrations of the lattice130.Therefore, Raman
spectroscopy is widely used to contribute for structural fingerprint analysis and identification of
specific molecules.

2.2.3.1. Physical principle

As mentioned before, the principle of Raman effect is based on the inelastic scattering mechanism
between incident light and the irradiated specimen due to the interaction of chemical structure
within the material with the properties of the incident light131. It all comes down to the distortion
process that the electron cloud experiences until it reaches its stability, in other words, the pho-
tons will scatter until they find a relatively more stable energy state120. As shown in Figure 3.7,
when photons fall back to the ground level, also named as initial energy state, there is no energy
transfer between the incident light and the dispersed light and consequently photon frequency and
wavelength remain unchanged132. This process where an elastic collision occurs, is denominated
as Rayleigh scattering represented as (a) in Figure 3.7.

As would be expected, when photons move towards a new energy state different from the
initial one, an energy transfer takes place, the same that can occur due to the loss or gain of
photons120. These variations are evidenced in the spectrum by the rise and fall of the laser energy
photons providing information about the vibrational system121. However, Raman scattering can
be classified into Stokes Raman scattering and anti-Stokes Raman scattering shown as (b) and (c)
respectively in Figure 3.7. In Stokes Raman scattering, the photons are excited going towards a
higher energy level (starting from the initial initial energy level) causing that scattering light to
have a lower frequency than the incident light. In contrast, in anti-Stokes Raman scattering, pho-
tons fall at a lower energy level, so, the frequency of dispersed light is higher than incident light121.

The intensity of Raman spectrum is proportional to the concentration of each constituent
and each peak represents specific shift due to vibrational frequencies which are further used to
describe chemical structures. In mathematical terms, Raman shift is defined as the frequency
difference (∆ν) between the excitation radiation and the Raman scattered133. Raman shifts are
typically expressed in wavenumbers (cm−1). It is defined as:

Raman S hi f t [cm−1] =
107

λ0[nm]
−

107

λ f [nm]
(3.1)

where both are wavelengths, λ0 is for the laser and λ f is for Raman peak. Besides, in order to
convert wavenumbers to wavelength, the following equation is used:

λ0[nm] =
1
1

λ f [nm]

−
Raman S hi f t [cm−1]

107 (3.2)
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Figure 3.7: Schematic representation of the Rayleigh and Raman scattering processes:(a) Rayleigh
scattering, (b) Stokes Raman scattering and (c) Anti-Stokes Raman scattering.

Using wavelength values, an absolute wavelength scale can be plotted. In contrast, using
wavenumbers, a relative scale is represented134.

2.2.3.2. Experimental set-up for Raman Spectroscopy

A Raman spectrometer is composed of four principal components like the (1) light source, (2)
monochromator, (3) sample holder and (4) detector. However, in relation to the characteristics
that might impact Raman spectra analysis like high signal-to-noise ratio, instrument stability, and
adequate resolution many technologically improved Raman spectroscopy models have been made
in the last decades. For example, the development of detectors with highly sensitive coupling with
optical fibres and microscopes enhanced significantly the analytical capability. As an excitation
source a great variety of lasers can be used like argon and krypton ions, He:Ne, Nd:YAG and
diode lasers. Furthermore, many spectrometers use near-IR (NIR) excitation lasers, which have
a lesser fluorescence impact than visible wavelength lasers120. To elucidate, some applications
depending on lasers: Visible lasers (488 nm - 541 nm or 633 nm) are employed for semiconductor,
catalyst, biological, mineral, and polymer samples. UV lasers (from 244 nm to 325 nm) are used
for biological and catalysts specimens while NIR lasers (785 nm or 830 nm) are used for polymer
and biological samples.

As shown in Figure 3.8 the mechanism of Raman spectroscopy is governed by the (1) light
source, (2) monochromator, (3) sample holder and (4) detector. The light from laser origin is
collected with the diverse optical components and finally the scattering light is reached by the
detector to be analyzed as the software spectra obtained. Generally, bandpass and rayleigh filters
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Figure 3.8: Schematic diagram of experimental set-up for Raman Spectroscopy adapted from
Baker, M. et.al.134

are applied to avoid the pass of undesired wavelengths that are not representative in final chemical
analysis.

In addition, to control the frequency stay a bandpass filter is used within a certain range and
rejects the other. Besides, the beam splitter, in the component that splits a beam of light in two
parts. In this way, the first path goes to the sample and the second one, which comes from the
optical microscope, passes to the CCD detector. A diffraction grating is similar to a super prism
which divides light into distinct wavelengths while maintaining a high level of resolution134.

2.2.3.3. Parameters for Raman Data collection

Raman measurements were carried out with a LabRam HR Evolution microscope, shown in
Figure 3.9. Before all experiments, the instrument was calibrated by measuring the Raman peak
position of a reference silicon wafer. An excitation from a continuous-wave helium-neon laser
at wavelength of 532 nm was used. For the instrument set-up, an objective with a hole and a
magnification of 100 as well as a ND Filter of 3.2% were used. Each spectrum is the result
of accumulation of 10 spectra, each acquired over 3 seconds from - 20 cm−1 to 3000 cm−1 to
eliminate the noise of the final Raman spectra.

All collected Raman spectra were pre-processed by a baseline correction, normalizing and
fitted using PeakFit v4.12 software. After subtracting the background using a lineal function as
baseline, the peak fitting procedure was completed with the addition, substraction of redundant
peaks, editing parameters and/or functions. Finally, Raman peaks were fitted iteratively until the
overall residuals were minimized and a not significant improvement is possible as indicated in the
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R2. Five Fano peaks (D1, D2 D3 D4 and G) were used, nevertheless as a result of fitting procedure
due to the final peak amplitude and large asymmetry these can be classified as Lorentzian peaks.

Figure 3.9: LabRam HR Evolution microscope at Yachay Tech University, Ecuador





Chapter 4

Results and Discussion

The results analysis of pristine and decorated banana carbon fibers samples start with the identifi-
cation of morphology and the main structures present in the pristine fibers, specifically the major
presence of (CeO2) nanoparticles and aggregates after the immersion treatment. To evaluate the
distribution and the effectiveness of decoration all of those samples were characterized first by
Scanning Electron Microscopy (SEM), to analyze the morphology, distribution and quantitative
information about diameter fiber and particle size. Then, for an appropriate characterization,
Raman spectroscopy supports interpretation of interactions of functional groups, chemical bonds
and structural information at the surface of biomaterial with the light source based on their unique
vibrational characteristics (fingerprints) represented in the form of a spectrum.

4.1 Scanning Electron Microscopy (SEM)
Pristine and decorated banana carbon fibers samples analyzed through Scanning Electron Mi-
croscopy (SEM) technique, allows to elucidate and observe the surface microstructure and mor-
phology of the samples, giving preliminary information about shape and size of the outermost
layer constituents. A SEM micrograph is created by recording the interaction of the electron beam
with the specimen, thus the criteria for visibility is tied directly to the contrast represented by a
numerical value and the electrical conductivity. Compositional or Atomic Number (Z) Contrast
is the principal type of contrast distinguished in micrographs, where the higher atomic number
of the element represents higher intensity in the image scanning127.

Hence, to identify each specimen in samples, cerium oxide nanoparticles will exhibit more
brightness due to their higher atomic number (Z=58) compared with carbon fibers which are
composed mainly of carbon atoms (Z=6). According to a series of studies performed by Tschöpe
et al., an enhancement of four orders of magnitude related to electronic conductivity when the
particle size transitioned from the micro to nanoscale is demonstrated135. For that, cerium oxide
nanoparticles will show more brightness compared with carbon due to their higher electrical
conductivity which depends on the properties of the constitutive atoms and the ways of those are
assembled to pass current. In other words, the electrical conductivity of cerium oxide depends
both on the structure with many electrons bonded by weak interactions that allow and facilitate
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their movement at nanoscale.

4.1.1 Pristine CFs
In Figure 4.1, SEM micrographs elucidates morphology details of pristine CFs samples. Each
fiber is composed by several fibrils that maintain a hair-like structure and are parallel grouped
forming a kind of bundles. Figure 4.1 (a) shows a micrograph of banana carbon fibers composed
by long fibrils that are grouped together which evidence small variations in diameter and minimal
curvature along their length. At the surface level, apparently pristine CFs appears straight and
homogeneous with a cylindrical structure. Besides, the magnification of the red-highlighted area
shown in Figure 4.1 (a) is observed in micrograph (b). Figure 4.1 (b) reveals that each fibril is
slender and elongated with an evident variation in diameter scale along their extension. In this
regard, in each one of the fibrils is important to note the predominance of some interruptions in
their morphology which induces to occasional undulations or crimps of different sizes as well as
an adoption of helical waveform.

Figure 4.1: Morphological characteristics of pristine CFs. (a) SEM images of pristine carbon
fibers. (b) Higher magnification view of the red-highlighted area in (a).

4.1.2 Carbon Fibers decorated with (CeO2) NPs

At 3.57 mM concentration of (CeO2) NPs

Figure 4.2 presents the SEM micrographs of nanoceria at a concentration of 3.57 mM bound to
CFs samples. The magnification of the red highlighted area shown in Figure 4.2 (a) is observed in
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micrograph (b). In depth analysis, in Figure 4.2 (a) banana CFs samples maintain a hair-like shape
where each cylindrical fibril presents apparently straight and smooth morphology surfaces with
particle deposition. Fibrils are slender, and elongated structures with hierarchical diameter scales
that are in parallel, forming a network of aligned fibrils grouped in bundles. In the same way,
along the fibrils, some interruptions are observed in their structure due to occasional undulations
or crimps of different sizes and others that adopt a helical waveform. As well as, particles of
different sizes seems that maintain spherical form and are deposited indistinctly on the surface of
carbon fibers.

Besides, Figure 4.2 (b) reveals about twelve smooth-looking cylindrical fibrils, multiple free
particles as well as aggregates of them that are randomly dispersed. The particles and aggregates
have different shapes, textures and sizes, are distributed and deposited along the fibrils surface.
Moreover, the fibers are slightly aligned, some of them have undulations in the form of a fold
along their length slightly changing their direction. Mostly, fibers consist largely of fibrils orga-
nized in an essentially parallel array along the long axis of the bundle. Probably, the majority of
these undulations in the fibers occur due to helical twisting of the constituent fibrils. For that, at
both magnifications it is possible to visualize, in terms of contrast and electronic conductivity,
the remarkable difference in brightness intensities which confirm the presence of (CeO2) NPs by
reason of higher atomic number and the ability to pass current such as constituents as cerium oxide.

Also, Figure 4.2 (c) shows the histogram of the fiber diameter for decorated CFs at 3.57 mM
concentration of nanoceria. Briefly, the fibers were seen to be approximately 0.84 − 2.13 µm in
diameter. In detail, the fiber diameters follow a typical Gaussian distribution with an average
fiber diameter of 1.354 µm. Observations on the carbon fiber diameters determines that 46.4% of
all measured structures have sizes from 1.4 to 1.6 µm. Further, 35.5% related with sizes between
1.0− 1.4 µm, 10.9% associated with diameters between 0.8− 1.0 µm, and 7.2% shows sizes from
1.6 to 2.2 µm.

Finally, Figure 4.2 (d) reports the shape and distribution of particle size frequency of the
most visible cerium oxide nanoparticles. According to the analysis of SEM images is possible to
determine that 80% of all measured structures have sizes between 100-200 nm. Then, 11.25% is
related with sizes from 200 to 300 nm, about 5% shows particles from 0 to 100 nm, also 2.5%
related with the formation of the biggest structures from 300-500 nm, and 1.25% are related to
aggregates from 800-900 nm observed in the micrograph.

At 7.14 mM concentration of (CeO2) NPs

Figure 4.3 shows SEM micrographs of cerium oxide nanoparticles at [7.14] mM bound to CFs
samples. Higher magnification view of the region indicated with the red box in Figure 4.3 (a)
is presented in (b). SEM image, Figure 4.3 (a), shows thin and elongated banana CFs with
evident set of fibrils that are indistinctly aligned forming bundles. Each fibril maintain a hair-like
shape with minimal helical waveform that is running in a longitudinal and oblique course. Also,
is shown a high proportion of rounded fibrils with evident amounts of deformations (wrinkles,
kinks and curls) which follows the helical path of the fibrils around the fiber. Gradations in fibril
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Figure 4.2: Characteristics of banana CFs decorated with (CeO2) NPs at 3.57 mM. (a) SEM
micrographs of nanoceria bound to CFs samples. (b) Higher magnification view of the region
indicated with the red box in (a). (c) Histogram of the fiber diameter for decorated CFs extracted
from (b). (d) Histogram for the major features of the distribution of cerium oxide NPs size.

thickness can easily be seen while observing whole fibers, but when a magnification is applied are
even more evident. About the morphology of the surface of the fibrils, they preserve a cylinder
shape with smooth and homogeneous texture. As well as, lustrous-small particles of different
shapes and sizes deposited on the surface of CFs can be seen.

Also, in Figure 4.3 (b) smooth-looking cylindrical fibrils with multiple free particles as well
as cloud-like aggregates of them are randomly disperse. Those, are spread and deposited along
the fibrils surface in a variety of forms, textures, and sizes. As mentioned above, gradations in
fibril thickness are more visible at higher magnifications, and effectively fibrils presents a variable
diameter along their length. Mostly, fibrils appears with a longitudinal course, that are organized
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in an essentially parallel way along the bundle. Also, fibrils show a high proportion of rounded
edges with some deformations like wrinkles, kinks and curls. Many of these fiber undulations are
most likely caused by helical twisting of the constituent fibrils. In this way, is possible to confirm
the existence of cerium oxide nanoparticles, due to Z-contrast and electronic conduction, where
(CeO2) NPs can be identified as free and aggregated structures with a considerably different
magnitude of brightness compared with carbon constituents.

In order to report the shape and distribution of fiber diameter and particle size, Figure 4.3
(c) and (d) respectively, shows the percentage of occurrences in the data for each variable. The
histogram of the fiber diameter for decorated CFs at [7.14]mM concentration of nanoceria is
shown in Figure 4.2 (c). The fibers were seen to be approximately 0.84 − 2.25 µm in diameter.
Moreover, fiber sizes follow a standard Gaussian distribution, with a 1.363 µm average diameter
from a statistical sample equivalent to 110 random measurements. According to observations
of fiber diameters, 37.2 % of all measured structures have sizes between 0.8 and 1.2 µm. Thor-
oughly, 32.7 % related with sizes between 1.2−1.6 µm, while 23.6 % is associated with diameters
between 1.6 − 1.8 µm, and just 6.4 % shows sizes from 1.8 to 2.4 µm.

Finally, Figure 4.2 (d) presents the shape and particle size frequency distribution of the most
visible cerium oxide nanoparticles. Based on SEM image analysis is possible to determine that
63.3 % of all measured structures have diameters between 0 and 200 nm. Then, 23.3 percent is
related to aggregates from 200-400 nm, about 8.33 % is related to particles from 400 to 600 nm,
while 1.67 % is associated to the formation of the largest structures from 600-800 nm. A small
percentage, specifically, 1.67 % is related to aggregates from 1200 to 1400 nm and the largest
aggregates are ranged from 1600 to 1800 nm with just a 1.67 % of the total of measurements.

Because of the scanning electron microscope (SEM) allows for direct inspection of complete
fibers, it also allows for the detection of changes in fiber shape and distribution of particles
over their surface. Regarding the diameter of the carbon fibers, the distribution shows similar
intervals for both concentrations that is, we have fibers between 0.8 and 2.25 µm with an average
of 1.3585 µm. According to the analysis on the size of particles that have been deposited on
the surface of the fibers a large percentage is related to particles between 0 and 400 nm. With a
concentration of 3.57 mM, it is evident that the particles are smaller therefore the agglomerations
have a smaller size. With all this, it can be said that there is a lower concentration of CeO2
nanoparticles with a better distribution along the fibers. In contrast, with a concentration of 7.14
mM, it is evident that the particles are of relatively larger size as well as that of the agglomerations.
With all this, it can be concluded that there is a higher concentration of nanoparticles distributed
indistinctly but agglomerated mostly, in other words there is little distribution on the surface of
the fibers forming larger structures. For that, the micrographs appears more lustrous than those
at concentration of 3.57 mM and pristine samples.

According to Tanvir and Qiao136, as the amount of nanoparticles in a fluid increases, more
NPs are carried to the surface of the liquid and try to get closer to each other. As a consequence,
the cohesion forces that occur between the molecules are stronger which results in an increase in
the surface tension of the solution with nanoparticles. In addition, by increasing the concentration
of nanoparticles it is possible to show that the space between them and the molecules is reduced.
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Figure 4.3: Characteristics surface morphology of banana CFs decorated with (CeO2) NPs at
[7.14] mM. (a) SEM images of CFs decorated with nanoceria. (b) Higher magnification view of
the highlighted region in (a). (c) Histogram of the size distribution for (CeO2)NPs/CFs extracted
from (b).(d) Histogram for the distribution of cerium oxide particle size.

Thus, applying the attractive Van der Waals forces with respect to the electrostatic repulsion
typical of molecules increases the surface tension of the nanofluid.
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4.2 Raman Spectroscopy
As mentioned before, Raman spectroscopy aids the identification of crystalline phases present
in most materials depending on the number of bands and wavenumbers detected. These charac-
teristics are related to their bonds force constants and space group. According to the literature,
pure cerium oxide exhibits a sharp intense peak at 464.8 cm−1 which is attributed to the F2g cubic
fluorite structure peak of (CeO2)137.

In this study, Raman spectra of decorated CFs at both concentrations shows a slight peak at
450.30 cm−1. The normalized Raman spectra of the pristine and decorated carbon fibers samples
are displayed in Figure 4.4. Each spectrum is characterized by two main broad bands, the D band
located at 1318.11 cm−1 and G band situated at 1588.63 cm−1. In general, for the three different
samples, the intensity of G band dominates which is originated from the interactions between
C-C bonds assigned to the in-plane tangential stretching of all pairs of sp2 atoms138. In contrast,
D band is related to the scattering from defects or disorders present in the carbon structure139.

Figure 4.4: Raman spectra of banana CFs decorated with (CeO2) NPs at 3.57 mM and 7.14 mM
excited with 532 nm laser.

The G band nearly to 1588 cm−1 presents a sharp peak for pristine CFs, while it broadens
along with the appearance of a shoulder at approximately 1560 cm−1 or a D’ band due to the
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presence of defects in the decorated carbon fiber structure. Concomitantly, an increase in the
intensity of the D band at approximately 1318 cm−1 is observed for decorated samples. In this
regard, the intensity of the D defect band can be attributed to the typical oxygen vacancies of
cerium crystal structure140.

Additionally, for those samples decorated with cerium oxide nanoparticles is shown a third
peak that confirms the presence of nanoparticles along the carbon fiber surface. Raman spectra
reported in Figure 4.4 contain shoulders on both sides of the F2g band which explain minimal
distortions at the typical fluorite structure140. For CFs decorated at a concentration of 3.57 mM,
the typical cerium oxide peak is narrower and redshifted at about 510 cm−1 which becomes a
clear indicator of changes at crystalline composition140. On the other hand, for CFs decorated
with CeO2 NPs at concentration of 7.14 mM the F2g band was broader than the previous one.

4.2.1 Pristine CFs
In order to obtain an appropriate curve fitting and deconvolution of the spectral line profile, the
Lorentzian functions are used to adjust the G and D bands successfully. According to Fung et
al.141 and Hecht et al.142 it describes the shape of spectral lines which undergo homogeneous
broadening, in which all atoms interact with the frequency range included in the line shape that
allows us to obtain information on the contribution of both the sample and the spectrum.

Figure 4.5 compares the experimental spectra with the fitting curves as well as presents
the proposed deconvolution of each band for Pristine carbon fibers measured at 532 nm laser
excitation. After testing some deconvolution pathways with three and five contributions, the
most accurate results (R2 = 0.9907) were obtained using five peaks (G, D1, D2, D3 and D4)
shown in Figure 4.5 (b) and summarized in Table 4.1. The main bands D and G are located at
approximately 1318.11 cm−1 and 1588.63 cm−1, respectively.

Table 4.1: Fitted parameters for D4, D3, D2, D1 and G bands.

Band Amplitude Center FWHM
D4 32.6417197 418.002567 512.698815
D3 5.70534776 1087.12845 59.2825640
D1 271.631482 1338.91124 248.593092
D2 2.82159724 1393.31550 120.000000
G 286.975079 1584.35731 122.318343

D1 band, centered at 1338.91 cm−1, is indexed to the vibration mode of mycrocrystalline
graphite while D2, at approximately 1393.31 cm−1, is assigned to the vibration mode typical
of disordered graphitic lattice139. Moreover, D3 band around 1087.13 cm−1 is attributed to an
amorphous carbon contribution139 and for D4 band centered at 418.00 cm−1 is qualified by a rich
phase of sp3 hybridized atoms that are related to C-H termination groups or, in general terms to
adsorbed molecules or molecular fragments143.
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4.2.2 Carbon Fibers decorated with (CeO2) NPs
The normalized Raman spectra, with a laser excitation of 532 nm for decorated carbon fibers
samples with cerium oxide nanoparticles at a concentration of 3.57 and 7.14 mM are presented
in Figure 4.6 and Figure 4.7, respectively. For both, in (a) is displayed the experimental Raman
spectra with its respective Fitting curve and in (b) the proposed spectra deconvolution.

After testing some deconvolution pathways, the most accurate results in relation to their
Pearson’s coefficient for 3.57 mM (R2 = 0.9890) and for 7.14 mM (R2 = 0.9830) were obtained
with five contributions for carbon constituents and three for cerium oxide. G, D1, D2, D3, and D4
bands as well as their related with presence of nanoparticles are shown in Figure 4.6 (b) for NPs
at a concentration of 3.57 mM and in Figure 4.7 (b) for the variation at 7.14 mM. Additionally,
to compare fitting parameters such as Amplitude, Center and the Full Width at Half Maximum
(FWHM) measured for deconvolution are summarized in Table 4.2.

Table 4.2: Summarized Fitted parameters for D4, D3, D2, D1 and G bands of decorated carbon
fibers at both concentrations 3.57 and 7.14 mM.

At 7.14 mM At 3.57 mMBand Amplitude Center FWHM Amplitude Center FWHM
D4 11.9535880 1146.37797 273.073055 14.2961793 1146.37818 316.160216
D3 27.8532738 1450.00052 104.040548 23.2533989 1450.00058 116.432048
D2 59.6220195 1556.49682 83.5437341 50.9025056 1556.49691 94.4876549
D1 93.1786211 1340.91093 187.308661 83.5494583 1340.91099 199.979013
G 72.3340551 1605.00028 56.2877081 62.7749768 1605.00034 67.3410062

At 3.57 mM and 7.14 mM, the main bands for D and G are located at 1340.91 cm−1 and
1605.00 cm−1, respectively. As mentioned before, G band is assigned to planar sp2 configured
carbon atoms while D band is related to sp2 carbon atoms with disorder and defects. According
to Ammar and Rouzaud144, in highly-oriented pyrolytic graphite (HOPG) is not exhibit the D
band because of presents the highest degree of order at its three-dimensions.
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Figure 4.5: Raman spectroscopy of Pristine carbon fibers excited with 532 nm laser. In (a)
Measured Raman spectra with respective Fitting curve and in (b) proposed spectra deconvolution.



CHAPTER 4. RESULTS AND DISCUSSION 55

Figure 4.6: Raman spectroscopy of decorated carbon fibers at 3.57 mM excited with laser
wavelength of 532 nm. In (a) Measured Raman spectra with respective Fitting curve and in (b)
proposed spectra deconvolution.
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Figure 4.7: Raman spectroscopy of decorated carbon fibers at 7.14 mM excited with laser
wavelength of 532 nm. In (a) measured Raman spectra with respective Fitting curve and in (b)
proposed spectra deconvolution.
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For that, in this study carbon contributions refers to a disordered or amorphous structure. In
this regard, with respect to HOPG, the D bands for CFs samples are shown with a representative
intensity that allows to determine that the carbon fibers maintain a disordered or amorphous
structure. Interestingly, and attached to the real configuration for both concentrations each peak
maintains the same position and very similar results for amplitude and FWHM.

D1 band is centered at 1340.91 cm−1, D2 band is located at approximately 1556.49 cm−1.
Moreover, D3 and D4 bands, centered around 1450.00 cm−1 and 1146.37 cm−1, respectively. As
discussed earlier, D1 band is assigned to the vibration mode of mycrocrystalline graphite, while
D2 band is attributed to the vibration mode typical of disordered graphitic lattice139. Besides,
D3 and D4 bands are indexed to the presence of amorphous carbon contributions139 and as a rich
phase of sp3 hybridized atoms related with C-H terminations, respectively143.

Besides, considering the crystal structure of ceria (cubic fluorite), Raman spectra provide cru-
cial information for interpretation and analysis based on wave number, intensity and width of the
F2g band. To understand how the concentrations of cerium oxide nanoparticles affect the spectra
and elucidates about structural configuration it is necessary to zoom in on the deconvoluted area
between 250 - 800 cm−1. In Table 4.3 are reported the amplitude or intensity, center and FWHM
parameters for cerium oxide at both concentrations.

Also, Figure 4.8 compares the Raman spectra for both concentrations, in (a) a symmetrical
peak with low intensity is shown at ∼494.096 cm−1, which also presents a slight displacement to
the right (red-shift) compared to the one with the highest concentration and the literature for pure
cerium oxide 464.8cm−1. The last change can be attributed to the reduction of CeO2 that leads to
the formation of vacancies of oxygen and Ce+3 cations. In this regard, it leads to decreasing of
bonds forces and increasing unit cell parameters which induces to red-shift of the F2g band145.

Table 4.3: Fitted parameters for cerium oxide contribution at 3.57 and 7.14 mM.

At 7.14 mM At 3.57 mMPeak Amplitude Center FWHM Amplitude Center FWHM
C1 18.5143654 377.926010 200.000000 11.6908810 339.696029 1205.83026
C2 10.2957852 436.001000 200.000000 0.86921447 459.920185 36.9546250
C3 6.07408390 439.999205 40.9464110 5.18604356 494.095906 1181.17895
C4 8.91511536 466.627087 35.4318751 16.0694551 503.000144 28.7450876

In Figure 4.8 (b) there is an asymmetrical peak, with an amplitude lower than the previous
one and a much higher FWHM centered at 439.999 cm−1. Also, it presents a slight displacement
to the left (blue-shift) compared to the one with the lowest concentration and the literature for
pure cerium oxide (464.8 cm−1). This can be explained with an earlier study146, which reports
that peak of cerium oxide or fluorite structure band exhibits a low frequency as a consequence
of the stabilizing effect of the oxygen structure in cerium oxide. According to the literature, the
bands located at approximately 466 cm−1 are attributed to the F2g band. This bands are related
to symmetrical stretching vibrations of the Ce−O8 units, that involves both O-O and Ce-O force
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constants, where the contribution between oxygen species is larger than the stretching between
cerium and oxygen140.

The peak intensity ratios, which are assigned to compare the defect in carbon structures, are
reported in Table 4.4. The ID/IG for pristine carbon fibers presents a value around 0.936, while
for decorated carbon fibers are obtained a ratio of ID/IG = 1.330 and ID/IG = 1.288 for samples at
3.57 mM and 7.14 mM, respectively.

Table 4.4: Comparative intensity ratio for Pristine CFs and decorated CFs at 3.57 and 7.14 mM.

Pristine CFs At 3.57 mM At 7.14 mM
Center 1338.91124 1340.91099 1340.91093D band Intensity 271.631482 83.5494583 93.1786211
Center 1584.35731 1605.00034 1605.00028G band Intensity 286.975079 62.7749768 72.3340551

ID/IG 0.936740781 1.33093571 1.28817085

Therefore, it can be assumed that cerium oxide nanoparticles are on the surface of banana stem
carbon fibers. Having a greater intensity ratio at a concentration of 3.57 mM, can be assumed
that this defect is due to a greater distribution of nanoparticles due to its smaller size and reduced
amount of agglomerates on the carbon fibers. As evidenced in the study of morphology with
SEM micrographs, at a higher concentration of nanoparticles during the immersion process it is
possible to observe a lower distribution of NPs on the surface of the fiber.
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Figure 4.8: Raman spectroscopy of CeO2 contribution at 3.57 and 7.14 mM excited with λ =
532nm. In (a) Measured Raman spectra with respective Fitting curve and deconvolution for 3.57
mM and in (b) measured spectra, fitting curve and proposed deconvolution for 7.14 mM.





Chapter 5

Conclusions and Outlook

In general, carbon fibers obtained from lignin or cellulose-based precursors need several studies
for synthesis and thermal treatment conditions as well as many other parameters to enhance
manufacturing of high-performance carbon fibers due to their low degree of orientation, amor-
phous structure and discontinuities. To summarize, this research project reports a comprehensive
approach that involves Scanning electron microscopy as well as Raman spectroscopy supported
by deconvolution of the different lattice vibrations to consider all the contributions of the different
constituents. Indeed, morphological characteristics for CFs obtained from biomass precursors
were determined.

Banana carbon fibers maintain a hair-like shape with several slender and elongated fibrils, that
demonstrates hierarchical diameter scales which are generally arranged in networks of aligned
and grouped in bundles. In relation of particles size, at lower concentration of cerium oxide
nanoparticles there is a better distribution along the fibers, while at higher concentration is ev-
ident that particles are of relatively lower distribution because of presence of agglomerations.
More in detail, if the concentration of nanoparticles is too high, there will be greater agglomera-
tion. This tendency to come together and form agglomerations can be explained by the stronger
cohesion forces that occur between the molecules when the spaces are reduced between them.
All this is consistent with the results that tell us that having a higher concentration there are more
agglomerations and therefore a low-grade of distribution along the fibers. On the contrary, at
lower concentration the surfactant acts and allows the nanoparticles to be better distributed and
therefore there are not so many agglomerations. With the above mentioned it is possible to report
that concentration of nanoparticles maintain a direct influence on the formation of agglomerations
and the final distribution at the surface of the fibers.

On the other hand, with vibrational analysis performed by Raman spectroscopy five contribu-
tions are presented (D1, D2, D3, D4 and G bands). The spectrum is characterized by two main
broad bands (D1 and G), characteristic of carbon material constituents. The G band dominates
and is related to the in-plane vibrational mode of graphene. As a result of carbon fiber structure
there is a little bit disordered and the D1 band is related to the scattering from defects or disorders
present in the carbon constituent. Which is not a bad feature since a high concentration of defects
in the structure allows us to have an extremely high volume and density that is of great impor-
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tance for biomedical applications. D2 bands are assigned to the vibration mode of disordered
graphitic lattice. Besides, D3 and D4 bands are indexed to amorphous carbon contributions
and sp3 hybridized atoms in C-H terminations. With this, it can be determined that there is an
interaction between the NPs and the hexagonal structure of the carbon atoms corresponding to
the fibers. Furthermore, based on the crystal structure of cerium oxide (cubic fluorite), Raman
spectra provide a characteristic peak which provides information on the wavenumber, intensity
and width of the F2g band. Also, due to the presence of shoulders in the intermediate structure
between D1 and G bands it can be said that the nanoparticles are attached to the fibers.

Carbon fibers obtained from banana stem and functionalized with cerium oxide nanoparticles
has been found to possess great potential for a broad range of biomedical applications, particu-
larly as their similarity with hard carbon structure. However, there is a lot of work which has not
achieved in this study to elucidate the intrinsic relation between the synthesis parameters and the
final structure properties to propose a specific application. Therefore, it is necessary to conduct
scientific research efforts to elucidate the precise relation between the synthesis parameters and
the structural properties. In that way, the optimization of the hydrothermal carbonization process
as well as that of graphitization at different temperatures and residence times become an important
approach to define the final properties. Another significant approach to this research is related to
the activation and post treatment process as well as the pre-functionalization of carbon fibers to
obtain a better attachment of functional groups at the surface.

In this regard, multiple characterization techniques can be applied to obtain more detail about
physical and chemical properties. In addition, the biosynthesis of ceria nanoparticles from natural
precursors, in order to being an ecological alternative, will considerably improve acceptance in
living organisms, guaranteeing the bio-availability of this nanocomposite in biomedical applica-
tions. Because of their phenomenal physicochemical properties, banana carbon fiber would be
used as a reinforcement in both thermoplastic and thermoset matrices as an eco-friendly alter-
native for multiple purposes. In the future, these CFs can be combined with certain polymers,
ceramics, metals and other composites for the reinforcement and/or to add functionalities in car-
bon fiber manufacturing applied for medical devices and orthopedic implants. Without a doubt,
for a Latin American country and the society in general, through the management and waste
treatment a new era of research, innovation and technological benefits is possible. In order to
achieve this, it is indispensable to assure that carbon fibers present specific chemical and physical
properties.
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CNTs carbon nanotubes 14

DNA deoxyribonucleic acid 11

EFB empty fruit bunches 27
ESB European Society of Biomaterials 4

FAO Food and Agriculture Organization of the United Nations 28
FDA Food and Drug Administration 3
FOV Field of View 38
FT-IR Fourier transform infrared spectroscopy 24
FWHM full width at half maximum 40, 57

HA Hydroxyapatite 16
HM High-modulus 13
HT Standard elastic modulus type 13

IM Intermediate-modulus 13

LM Low elastic modulus type 13

NFC natural fiber composite 27
NIBIB National Institute of Biomedical Imaging and Bioengineering 3
NIH National Institutes of Health 4
NPs nanoparticles 12, 13, 23, 25, 33

PAN poly(acrylonitrile) 14, 15, 17, 21, 28
PEEK polyether ether ketone 16
PSU polysulfone 16

RNS reactive nitrogen species 24
ROS reactive oxygen species 24

SEM Scanning Electron Microscopy 29, 38, 45
SOD Superoxide Dismutase 23
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76 Abbreviations

TEM Transmission electron microscopy 24

UHM Ultrahigh-modulus 13

XRD X-ray diffraction 24
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