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“All life is an experiment. The more
experiments you make the better.”

- Ralph Waldo Emerson






SUMMARY

The development of new materials with antimicrobial properties has
attracted great interest in the healthcare industry due to the increasing use of
biomedical devices in an ever-aging population. In this PhD thesis, new
bionanocomposites have been developed presenting good thermal, mechanical
and permeability properties, as well as antimicrobial capacity, which boosts their
application in the biomedical field. To this end, different nanostructures or
nanohybrids have been synthesized, and later incorporated as reinforcements in
two different polymeric matrices, in both absence and presence of plasticizer.
Considering their exceptional and advantageous properties, graphene and its
derivatives have proved to be an interesting option for exploring and preparing
new nanomaterials, while chitosan (CS) with reported antimicrobial activity and
poly(vinyl alcohol) (PVA) with excellent film forming properties can be an

appropriate continuous phase of the bionanocomposites.

In the first part of this research, exfoliated graphene oxide (GO) was
obtained from natural graphite flakes by the modified Hummers method and
graphene sheets (GS) by chemical reduction of GO. Additionally, spherical silver
nanoparticles (AgNPs) with an average size lesser than 4 nm were produced and
homogeneously distributed on the surface of the partially reduced GO in the
absence of any stabilizing agent (GO-AgNPs), by means of a one-step approach.
According to the morphological results, the size of the AgNPs can be controlled
by the concentration of the metal precursor and the reaction temperature.
Additionally, the antimicrobial activity of graphene-based nanostructures against
Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa, Gram-
positive bacteria Staphylococcus aureus, and the yeast Candida albicans were

found to be concentration- and time-dependent.

In the second part, different GO contents were added to chitosan and PVA,
as well as to their blend (with 60% PVA and 40% CS) by the solution casting
method, whereas the GS through 7n situ reduction of graphene oxide in presence
of the polymers. SEM and TEM results revealed a good dispersion of the fillers in
the polymeric matrices except in the case of direct addition of GS previously
obtained in an isolated way. The exfoliated structure of GO and GS based
nanocomposites resulted in increased thermal stability, mechanical properties and
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water resistance. In addition, stiffness and tensile strength were accentuated by
the presence of glycerol. The effect of the storage time on antimicrobial activity

of CS against Escherichia coli was also analyzed.

Regarding GO-AgNPs nanohybrid as a reinforcing, in situand ex situroutes
were evaluated to be integrated in PVA matrix. Nanocomposites containing GO
with spherical AgNPs displayed a significant antibacterial activity against
Staphylococcus aureus and Escherichia coli. In contrast, PVA/GO films showed

no activity against both bacteria over the GO concentration range investigated.

This work demonstrates that the tailoring of the nanocomposite properties
is enabled by controlling filler type and content, as well as the use, or not, of
plasticizer. The new developed materials, particularly those containing glycerol,
could be employed for transdermal drug delivery and those with antibacterial

properties may be potential wound dressings.

VIII



RESUMEN

El desarrollo de nuevos materiales con propiedades antimicrobianas ha
suscitado un gran interés en la industria de la salud debido al constante aumento
del uso de dispositivos biomédicos en una poblacién cada vez mds envejecida. En
esta tesis doctoral se han desarrollado nuevos bionanocompuestos que combinan
buenas propiedades térmicas, mecdnicas y de permeabilidad, asi como capacidad
antimicrobiana, lo que permite su extensa aplicacién en el dmbito sanitario. Con
este fin, se han sintetizado diferentes nanoestructuras o nanohibridos, que mas
tarde han sido empleados como refuerzos en dos matrices poliméricas diferentes,
tanto en presencia como en ausencia de plastificante. Teniendo en cuenta sus
excepcionales y ventajosas propiedades, el grafeno y sus derivados han demostrado
ser una opcion interesante para explorar y preparar nuevos nanomateriales, del
mismo modo que el quitosano (CS), con actividad antimicrobiana documentada, y
el alcohol polivinilico (PVA), con excelentes propiedades de formacion de

peliculas, pueden ser una apropiada fase continua para los bionanocompuestos.

En la primera parte de esta investigacidn se sintetizé 6xido de grafeno
exfoliado (GO) a partir de grafito natural por el método modificado de Hummers,
y laminas de grafeno (GS) por reduccién quimica del GO. Ademas, se obtuvieron
nanoparticulas de plata (AgNPs) esféricas con un tamafio medio inferior a 4 nm
distribuidas homogéneamente en la superficie del GO parcialmente reducido y en
ausencia de cualquier agente estabilizador (GO-AgNPs), empleando el enfoque de
un solo paso. De acuerdo con los resultados morfoldgicos, el tamaifio de las AgNPs
puede ser controlado por medio de la concentracién de precursor del metal y por
la temperatura de reaccidon. También se determind la capacidad antimicrobiana de
las nanoestructuras basadas en grafeno contra las bacterias Gram-negativas
Escherichia coli y Pseudomonas aeruginosa, el Staphylococcus aureus Gram-
positivo y la levadura Candida albicans observandose una actividad dependiente

de la concentracion y el tiempo.

En la segunda parte, se afiadieron diferentes contenidos de GO al quitosano
y al PVA, asi como a su mezcla (60% de PVA y 40% de CS), por el método de
solucién-evaporacion, mientras que el GS fue incorporado a través de la reduccién
in situ del 6xido de grafeno en presencia de los polimeros. Los resultados del SEM
y el TEM revelaron una buena dispersién de los rellenos en las matrices
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poliméricas, excepto en el caso de la adicion directa del GS obtenido previamente
de forma aislada. La estructura exfoliada de los nanocompuestos basados en GO y
GS dio lugar a una mejora de la estabilidad térmica, propiedades mecdnicas y
resistencia al agua. Asimismo, la rigidez y la resistencia a la traccién se vieron
reforzadas con la presencia de glicerol. También se analizd el efecto del

almacenamiento en la actividad antimicrobiana del CS frente a Escherichia coli.

En cuanto al nanohibrido de GO-AgNPs como refuerzo, se evaluaron las
rutas in situy ex situpara su integracién en la matriz de PVA. Los nanocompuestos
que contienen GO con AgNPs esféricas mostraron una importante actividad
antibacteriana contra Staphylococcus aureus'y Escherichia coli. Por el contrario,
las peliculas de PVA/GO no mostraron actividad contra ambas bacterias en el

rango de concentracién de GO investigado.

Este trabajo demuestra que es posible ajustar las propiedades de los
nanocompuestos mediante el control del tipo y contenido de relleno, asi como del
uso o no de plastificante. Los nuevos materiales desarrollados, en particular los
que contienen glicerol, pueden ser empleados para la administracién transdérmica
de farmacos, del mismo modo que los materiales con propiedades antibacterianas

podrian ser potenciales apdsitos para heridas.
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General Introduction and Objectives

1.1. Background and Motivation

The advance of science and civilization has always been closely related to
the development of new materials and technologies [1]. Over the last century,
polymers and composite materials have provided enormous technological support
in diverse areas as automotive and aerospace industries [2], and have enabled the
progress in the field of medicine [3,4] and the development of new electronic
technologies [5-8]. One of the first and most common strategies for developing
new polymer materials has been to mix polymers whose properties were not
entirely desirable, but after combining them, they give rise to materials with
improved properties that exceed their previous limitations. Nowadays, the
strategies to design new materials are almost infinite, ranging from new synthesis
routes and architectures to copolymerization, functionalization, grafting and even

the addition of different reinforcements.

Common polymers by themselves cannot always completely satisfy the
needs that a specific application may require (high mechanical or thermal
properties) compared to other inorganic materials such as metals or ceramics.
Therefore, inorganic additives have traditionally been incorporated into polymers
as reinforcement, for example silicon oxide particles or glass fibers, resulting in

composite materials with several different phases and improved properties.

In recent years, materials science has focused on reducing the size of the
reinforcement phase to its nanometric structural unit, i.e. the development of
nanostructures or nanomaterials, and on the search for compatibility agents
between phases of different nature. Reinforcement with nano-sized fillers can
overcome many drawbacks if they are well dispersed in the polymer matrix and
most of the property improvements can be achieved with significantly smaller
fillers than conventional micro-sized glass fillers, resulting in what is known
today as nanocomposites [9]. These materials exhibit different behavior than
conventional composites due to the vast increase in the surface area to volume
ratio, which incorporates the possibilities of new quantum mechanical effects in
such materials [1,10,11].

Nanotechnology emerges as a relatively new scientific area focused on the
study of matter at the nanoscale, and which has meant a revolution in the field of

materials basically for two reasons: the fact that the behavior of a material at the
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nanoscale can be radically different from what is expected when extrapolating its
properties to the micrometric scale, and because of its absolutely multidisciplinary
nature. The revolution of nanocomposite polymeric materials lies in obtaining
materials with customized properties using very low concentrations of
reinforcement material and the utilization of conventional synthesis and

processing methods used in microcomposite materials.

Traditionally, polymer composites are materials obtained by combining
synthetic or petroleum-based polymers (matrix/continuous phase) with inorganic
additives. When the polymer is of natural origin (biopolymer), or instead the
filler, they can be classified as biocomposites or bioplastics. The composite differs
from the nanocomposites in the size of the filler (dispersed phase) being the latter
of nanometric size. However, the term nanocomposite can also be used to refer to
graphene-based nanostructures to which inorganic and/or organic species have
been incorporated through covalent or non-covalent bonds. Likewise,
nanocomposites can be called bionanocomposites when the polymer formed is of
natural origin (including polysaccharides, polypeptides and proteins, aliphatic
polyesters or polynucleic acids) or even biomass and organic/inorganic filler with
at least one dimension on the nanometer scale (1-100 nm). Figure 1.1 shows the
place of the bionanocomposites among the other composite materials according

to the above definitions.

Figure 1.1. Main types of composite materials and their constituents.
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Bionanocomposites, also known as 'manobiocomposites', 'biocomposites’,
'green compounds', 'biohybrids' or 'bioplastics’, offer many applications in fields
such as biomedical science, electronics, packaging, coating, textiles or cosmetics
[12-15] proving to be an exceptional alternative to petroleum-based compound
materials. These materials can be obtained from any biological source such as
plants, trees or crustacean exoskeletons, and their main advantages over non-
degradable petroleum-based materials are their high performance,
biocompatibility and biodegradability [12,16,17]. The different properties showed
by the bionanocomposites, such as thermal stability, solubility in water,
biocompatibility, or biodegradability, are determined by the methods of
preparation, functionalities, and the final areas of applications. Thus, composite
materials with biopolymers have also become a subject of an increasing interest
as an eco-friendly, cost-effective and renewable film material for food packaging
and tissue engineering. As shown in Figure 1.2, in the last 20 years, there is an
exponential growth in the number of annual publications dedicated not only to

bionanocomposites in particular, but also to bioplastics or biocomposites.

Figure 1.2. Number of publications per year according to the Web of Science (September 2020).

Keywords for search: bionanocomposites, bioplastics and biocomposites.

Regarding medical materials, when talking about biopolymers, or
biomaterials in general, it is dealing with materials strictly prepared to interact
with biological systems, either to evaluate, treat, replace tissues, organs, or various

organic functions [18]. As such, biomaterials will be in close contact with all types
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of biological material, making the word biocompatibility a key factor. Avoiding
any type of negative interaction with the immune system should be a priority,
such as inflammatory processes, rejection, or others. In addition to
biocompatibility, the maintenance of aseptic conditions of the material is of
crucial importance since a minimal microbial colonization can lead to serious
health problems in the host and even death. On the contrary, some functional
requirements also imply the absorption/dissolution of the biomaterial in the
organic environment. This process would be employed when the function of the
biomaterial is required to be temporal, with an expiration date in its effects. In

this case, these biomaterials are called bioabsorbable materials.

The interaction between the nanotechnology and medicine will support the
next generation of nanomedicine and facilitate a personalized and efficient
therapy [19,20]. Nanotechnology has demonstrated an incredible potential in
improving both biomedical research and clinical applications [21]. Likewise,
nanotechnology and the newest polymeric biomaterials converge in the
development of new nanocomposites with complementary properties. For
example, bioabsorbable polymers with hydroxyapatite are a classic example of
regenerating bone structures and cells, with the polymer serving as a
biodegradable support for this growth [22,23]. Nanosilver and other metallic
nanoparticles have historically exhibited outstanding antimicrobial properties
[24]. Also, graphene-based nanostructures have proven to be materials that
promote neuronal growth in brain injuries [25], and their versatility makes them
ideal for drug delivery, tissue engineering or the design of new materials with

antibacterial activity [26-31].

Graphene has caused a great revolution in the field of nanoscience and
technology. Since its first isolation in 2004, this material has attracted enormous
scientific attention because of its marvelous chemical and physical properties [32].
The incorporation of graphene-based nanofillers offers the possibility to improve
the mechanical properties of native materials, the possibility to add binding sites
for further bio-functionalization with biological molecules, and get additional
properties [33].

The need to develop new materials with more specific properties for

medical applications, such as the manufacture of prostheses, surgical materials,
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biomedical devices or wound dressings, is what has motivated the research of this
thesis that deal with the development and study of graphene-based
bionanocomposites with antimicrobial activity. The demand for this specific
property is due to the fact that the presence of a foreign body (catheters or
implants) considerably reduces the minimum number of microorganisms required
to produce an infection since the biomaterial is not irrigated and the cells of the
immune system would not access the area colonized by microorganisms. This
results in increasing rates of infections associated with the insertion of
biomaterials in health centers, which is one of the main causes of morbidity and

mortality in developed countries.

There are different strategies to obtain polymeric materials with
antimicrobial activity, apart from coating the surfaces of medical materials with
antibiotics [34]. One approach is to use polymers matrix that possess antimicrobial
properties because of the presence of certain functional groups in their chain that
can damage the microbial membrane. Another way is the incorporation of
inorganic antimicrobial compounds, such as clays or metallic nanoparticles or
new synthesized nano-hybrids that present them avoiding the use of antibiotics,

which promote the development of resistances.
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1.2. Objectives

The main objective of this doctoral thesis is the development of new

bionanocomposites with good thermal, mechanical and permeability properties,

as well as antimicrobial capabilities enabling their application in the biomedical

field. To this end, this research is focused on the design of different graphene-

based nanoadditives that are then incorporated into biocompatible polymers with

or without antimicrobial effect. Therefore, the following specific objectives are

proposed:

1.

To synthesize and to characterize: (a) graphite oxide, (b) graphene oxide,
(c) chemically reduced graphene oxide and (d) graphene oxide decorated
with silver nanoparticles.

To optimize and to develop synthesis methods that allow the physical
and homogeneous dispersion of the nanoadditives within the polymer

matrix.

To perform detailed morphological analysis of the composite materials
according to the nanoadditive type, polymer matrix type and
preparation method.

To study the influence of the addition of different contents of nanofillers
and their dispersion degree on the thermal, mechanical, electrical (in the
case of graphene), water absorption and permeability properties of the
obtained nanocomposites.

To evaluate the antimicrobial activity of graphene-based materials and
of their respective bionanocomposites.
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1.3. Overview of the Thesis

This thesis addresses the different synthesis routes, the morphological

characterization and the analysis of different properties such as mechanical,
thermal and permeability, along with the antimicrobial capacity of three types of

bionanocomposite films reinforced with nanostructures derived from graphene.

Chapter 2 focuses on the synthesis and characterization of graphene
derivatives which in the following chapters are used as reinforcement. Graphene
oxide (GO) is synthesized from natural graphite flakes by the modified Hummers
method and the relevant sonication. Then, chemically reduced graphene (GS) is
obtained with L-ascorbic acid as a GO reducing agent and by a one-step route. GO
sheets are also decorated with silver nanoparticles (GO-AgNPs) without the need
for a stabilizing agent. The physical and chemical characterization of these
derivatives is done by different spectroscopies and thermogravimetric analysis
(TGA). In this part, the antimicrobial properties of the synthesized nano-hybrids

are evaluated against four different microorganisms.

In Chapter 3, synthesis, morphological structure and properties of
chitosan/graphene nanocomposites are presented. GO is dispersed into chitosan
(CS) matrix wza solution casting method, while well-dispersed CS/GS
nanocomposites are obtained vza in situ chemical reduction of GO with L-ascorbic
acid. The structural, thermal and mechanical properties of the nanocomposite
films are compared, as well as the change in permeability and water absorption
capacity as a function of filler type and the presence of plasticizer. Likewise, being
the CS a material with antimicrobial activity, the effect of the storage in its

capacity to kill the gram-negative bacteria Escherichia coli is also examined.

In Chapter 4, the structural, thermal, mechanical, permeability and water
absorption analysis of different plasticized and unplasticized PVA/graphene based
nanocomposites is discussed. Apart from the addition of GO and GS to the PVA
matrix, PVA/silver nanoparticles-graphene oxide nanocomposites are also
developed through in situ and ex situ method and compared between them.
Moreover, antibacterial tests are performed against Staphylococcus aureus and
Escherichia coli to evaluate whether the integration of graphene-silver hybrids
provides a remarkable antibacterial activity in a polymer such as PVA that lacks

this property by itself.
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Chapter 5 presents the results of morphological, thermal and mechanical
analysis of different PVA/CS blends prepared to determine which composition is
the most favorable for the development of PVA/CS/graphene-based
nanocomposites. Then, GO and GS are intercalated or exfoliated in the PVA/CS
blend by the solution casting method and in situ reduction route. Structural and
morphological information of dispersed fillers are obtained with different
microscopies (TEM and SEM). Thermal and tensile test measurements are
recorded to evaluate the effect of fillers on the thermal behavior and mechanical
properties of biocomposites. Their influences on water vapor permeability, the

degree of swelling and dissolution of the films are also examined.

Finally, Chapter 6 summarizes all the key results of this research focused
on the development of a graphene-based bionanocomposite with antimicrobial
activity. Furthermore, this chapter includes the scientific articles published in

correlation with this PhD work.

In addition to the main chapters of this document, Annex A describes the
scientific and technical activities, as well as the results obtained during the three-

month stay at the University of Minnesota (USA).
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CHAPTER 2

(GRAPHENE — BASED MATERIALS

This chapter is centered on the study of different graphene derivatives.
First, the graphite oxide (GrO) has been synthesized from natural graphite flakes
by the modified Hummers’ method, and later, the reduction of graphene oxide
(GO) has been performed with L-ascorbic acid (L-AA). Fourier transform infrared
(FTIR), X-ray photoelectron (XPS), Raman and UV-Vis spectroscopy, X-ray
diffraction (XRD) and thermogravimetric analysis (TGA) were used to confirm
graphite oxidation and the production of chemically reduced graphite (GS) sheets
with different L-AA concentrations. Secondly, using a one-step approach, GO
sheets decorated with silver nanoparticles (GO-AgINPs) have been synthesized.
By this process, spherical AgNPs were obtained homogeneously distributed on
the surface of the partially reduced GO, in the absence of any stabilizing agent,
only with L-AA as reducing agent and AgNOs as metal precursor. The size of
AgNPs was examined as a function of AgNOs concentration and temperature. In
addition, the antimicrobial properties of the synthetized nanohybrids were
evaluated against the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa, Gram-positive bacteria Staphylococcus aureus and the yeast Candida
albicans. These nanohybrids can be used as nanofillers in polymeric
nanocomposites to develop materials with antimicrobial activity for applications
in different areas.

The results discussed in this chapter correspond to different parts of three
papers published previously in: Journal of Applied Polymer Science (2017),
International journal of biological macromolecules (2018) and Nanomaterials
(2020).
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Graphene — Based Materials

2.1. Introduction

There was a time when diamond and graphite represented the only and
abundant natural carbon allotropes. However, that changed significantly in 1985
when Kroto er al [1] reported the production of synthetic carbon allotropes
named fullerenes (Figure 2.1), and five years later Kritschmer and Huffman [2]

described the successful preparation in macroscopic amounts.

Regarding the atomic structure of the natural allotropes, diamond is
specifically formed by carbon atoms with a sp3-hybridization, where each atom is
joined to four other atoms in a tetrahedral arrangement that forms a three-
dimensional network. However, graphite is made up of flat layers of carbon atom
with sp?-hybridization. Each layer is a two-dimensional network where each
carbon atom is joined by strong covalent bonds to other three, forming six-
carbon-atoms rings. The fourth electron of each atom contributes to the formation
of extended delocalized electron clouds lying between the layers. This makes the
layers to be held together by Van der Waals forces. Both of these forms show
interesting traits such as high thermal conductivity and impressive hardness for
the diamond, and lubrication behavior for the graphite since its layers can slide

over each other or exfoliate easily.

Figure 2.1. Allotropes of carbon.

The first and smallest synthetic carbon allotrope, fullerene Ceo, consists of a
network of sixty structurally equivalent sp?-hybridized carbon atoms in the shape
of a ball. Among its interesting properties, it has been found that chemically
functionalized fullerenes vastly increase their solubility in any solvent and make
them desirable for biomedical applications [3]. The discovery of carbon nanotubes
(CNTs) in 1991 [4] and graphene in 2004 [5] was a scientific breakthrough in the
carbon family. In the CNTs, the carbon atoms are arranged in hexagons, as in the

graphite arrangement, but the structure consists of enrolled cylindrical graphitic
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sheet (or graphene) rolled up into a seamless cylinder with a diameter of the order

of one nanometer and a length of micrometric size.

2.1.1. Graphene

Graphene as a monoatomic two-dimensional structure of carbon atoms was
first achieved in 2004 by Andre K. Geim and Konstantin S. Novoselov at the
University of Manchester, for which they were honored with the Nobel Prize in
Physics in 2010. Highly oriented pyrolytic graphite monolayer samples were
isolated on solid support through mechanical exfoliation [5]. Up to that point, the
studies had progressed, resulting in fewer and fewer layers of graphite [6], but it
was assumed that a single layer of such a material did not exist in nature. This was
due to the belief that such atomic planes would be thermodynamically unstable
on that scale [7], and unsupported those planes would buckle and roll- up [8].
Therefore, this pioneering discovery of a single layer of carbon led to an explosion

of interest in the scientific community.

Nonetheless, it should be noted that graphene-like structures had already
been mentioned in 1840 by Schafhaeutl, a German scientist who first reported the
insertion of acid or alkali metal between the carbon lamellae and exfoliation of
graphite with sulfuric and nitric acids. Later, Brodie in 1855, Staudenmaier in
1898 and Hummers in 1958 also produced graphene oxide (GO) by exfoliating the
graphite via high oxidizing reagents [9]. In 1962, Boehm and co-workers
described thin and lamellar carbon structure that contained a small amount of
hydrogen and oxygen after the chemical reduction of GO-dispersions in dilute
alkaline media with hydrazine, hydrogen sulfide, or iron(Il) salts [10].
Afterwards, the thermal reduction of GO was also published by the same group,
which assumed that the achieved thinnest lamellae was a single layer of carbon.
This hypothesis was attempted to be confirmed through Transmission Electron
Microscopy (TEM) micrograph densitometry measurements, but the technology

at that time did not allow such verification.

In any case, it should be noted that reduced graphene oxide or chemically
derived graphene was first described by H. P. Boehm and co-workers, while
Andre K. Geim and Konstantin S. Novoselov were the first to obtain pristine

graphene, without heteroatomic defects.
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2.1.1.1. Structure and properties

Graphene is the name given to a flat monolayer (2D system) of carbon atoms
organized into hexagonal rings as honeycomb lattice with sp?-hybridization, or in
other words, is a single layer of graphite. Three valence electrons of carbon atoms
form o-bonds with their next neighbors with an interatomic carbon-carbon
length of 1.42 A, arranged in a trigonal plane geometry with a separation angle of
120°. The fourth electron of each carbon atom localized in the pz (m) orbitals
(perpendicular to the planar sheet) form highly delocalized m-bonds with the
others (Figure 2.2). The great mobility of the delocalized electrons in the parallel
directions to the plane is what determines the electrical properties of this material.
Electrons can flow through graphene more easily than even through copper,
being reported in literature an electrical conductivity up to 6,000 S/cm for a single

layer of graphene [11].

Figure 2.2. Structure of graphene: orbital representation and bonds.

Graphene can be considered as the parent material for all carbon allotropes
(Figure 2.3A). It can be stacked to form bulk graphite, rolled into cylindrical CNTs
or curved into spherical ball like fullerenes. It is assumed that a material
categorized as 0D is one that cannot grow in any dimension of space as it is the
case of fullerenes, while a 1D material is considered to be one that can grow in
one dimension of space, such as CNTs. Likewise, a 2D material is one restricted to
two dimensions of space, which is the case of graphene, and consequently, a 3D

material will be one that can grow in all the three dimensions of space.

Individual graphene sheets (2D) in a stack (graphite) are bound together by
Van der Waals forces at a distance of 0.34 nm, as shown in Figure 2.3B. These

forces are weak relative to the covalent interatomic bonds within a given lattice,
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and allow graphite to be stripped down to a few or even single layer sheets, by

mechanical cleavage or other means [5].

Figure 2.3. A) Graphene 2D building material for carbon materials of all other dimensionalities.

B) The hexagonal structure of tri-layer graphene.

Originally it was assumed that graphene was perfectly flat, but ripples in
the lattice were found to be present and caused by thermal fluctuations [12]. Since
the advancement of high resolution TEM, it has been possible to get directly
images of graphene honeycomb lattice structure [13]. In terms of optical

properties, graphene absorbs 2.3% of the incident light per layer [14].

Regarding the electrical conductivity, materials can be classified as
insulators, conductors or semiconductors. However, graphene is a special case of
semi-metal, since it shares properties of conductors and semiconductors. It has a
zero gap, like metals, with the peculiarity that the density of states at the Fermi
level is zero, as it happens in semiconductors. The positions of the energy bands
according to conductivity are shown in Figure 2.4. The plane drawn represents
the Fermi energy (ef), the maximum energy level that electrons reach in a solid at
zero temperature. When the Fermi level is in the conduction band (since the
valence band overlaps the conduction band), it is a metal, the electrons circulate
freely. In semiconductors and insulators, the Fermi level is between the valence
and conduction bands and both differ in the bandwidth, called gap.
Semiconductors do not exhibit too wide separation, so applying sufficient energy
the electrical current can be conducted. In the case of graphene, there is no gap,
but Fermi level is right at the connection between two energy bands, i.e. being
the density of states at the Fermi level zero as in semiconductors, electrons can
easily jump from the valence layer to the conduction layer and greatly facilitate

electrical conduction. However, high carrier mobility is not always ideal for all
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applications. Electronic circuits require small, but significant band gaps for “on”
and “off” states. Using graphene directly would imply not controlling and
stopping the electrons. With this purpose, researchers have been actively looking

for ways to achieve this band [12].

Figure 2.4. Graphene energy bands diagrams.

Graphene has become such interesting research subject because of its
outstanding and unique properties, which are directly related to the two-
dimensionally spread C=C resonance structure and the hybridized electrons,
which give it a high conductivity and great mechanical resistance in the plane. Its
carrier mobility is foretold to be 200,000 cm? Vs at room temperature [15],
however, for actual samples this value is reduced to around 15,000 cm?/Vs [12]
due to defects and substrate effects. The adsorption of molecules on graphene
surface results in the doping of the material (with electrons or voids depending
on the nature of the adsorbed material) and consequently small changes in its
resistivity. This variation along with its high specific surface area (2630 m?%g)
makes graphene a potential candidate for the development of highly sensitive
sensors [16]. At room temperature this material presents a thermal conductivity
above 5000 W/mK, higher than that of copper, diamond or silver, which allows it
to dissipate heat and withstand intense electrical currents without heating up [17].

Its exceptional mechanical properties make graphene the strongest material
known, with a tensile strength of 130 GPa and a high Young's modulus (=1 TPa)
[18]. It also presents a complete impermeability to any gases [18] and thermal
stability up to 600 °C. All these superlative properties of graphene make it suitable

for applications in a wide variety of fields which will be detailed in a later section.
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2.1.1.2. Nomenclature for 2D carbon materials

The term graphene is often used to refer to a material composed of carbon
structures in the form of sheets, but currently, there is an extensive variety of
similar materials. Despite their similarities, these materials have significant
differences in the number of layers, lateral dimension and chemical modification.
Therefore, the correct definition of the material when presenting the results is of
great importance. On this matter, the international editorial team of Carbon
magazine published in 2013 a proposed nomenclature for 2D carbon materials
[19]. The nomenclature used in this thesis is based on this proposal and is set out
below (Figure 2.5):

e Graphene (G): A single-atom thick sheet of hexagonally arranged sp*-
bonded carbon atoms that is not an integral part of a carbon material, but is freely
suspended or adhered on a foreign substrate, or in other words, one sheet of
graphite. It is also called pristine graphene (PG), when it has been obtained by

physical exfoliation and its electronic nature has not been altered.

o Graphite Oxide (GrO): A laminated material prepared by treating graphite
with strong oxidants, whereby the surface and edges of the graphite undergo
covalent chemical oxidation, resulting in an increase in the interlaminar distance

from the graphite.

e Graphene Oxide (GO): Chemically modified graphene prepared by

oxidation and exfoliation of graphite. Graphene oxide is a monolayer material
with a high oxygen content, typically characterized by C/O atomic ratios less than
3.0 and usually closer to 2.0.

¢ Reduced Graphene Oxide (rGO): Graphene oxide (as above) that has been
processed by chemical, thermal, microwave, photo-chemical, photo-thermal or

microbial/bacterial methods to reduce its oxygen content. In the specific case of
the chemically reduced graphene, GS abbreviation will be used and in thermally
reduced graphene oxide, TRGO. It must be distinguished from pristine graphene
because of the presence of heteroatoms and structural defects.

e Graphene materials (also graphene-based materials or graphene

nanomaterials): Terms for the collection of 2D materials defined above that

contain the word “graphene”, including multilayered materials, chemically
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modified forms (GO, rGO), and materials made using graphene, graphene oxide,

or another graphene material as a precursor.

Figure 2.5. Proposed nomenclature for graphene based materials.

In view of all the terms that exist in the field of graphene, the exhaustive
characterization of the same is an unavoidable step in the research of related

subjects, whether it has been purchased or has been obtained in the laboratory.

2.1.1.3. Graphene synthesis

The large-scale production of graphene with high-quality sheets and defect
free has become a crucial challenge. On this matter, to meet the demanding
requirements, extensive research efforts have focused on developing large-scale
methods of synthesis [20-23]. Graphene production can be classified in two groups
(Figure 2.6): “Top-down”, consisting in the obtaining of graphene from a bulk
material, and the “Bottom-up”, that involves the growth of the carbon lattice atom
by atom [11,24]. Some of the methods are described below:
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Figure 2.6. Schematic representation of the methods developed for graphene synthesis.

[{¢

Top-Down”

e Mechanical exfoliation: Micromechanical cleavage using adhesive tape to
peel thin graphitic layers from bulk graphite and depositing them on a silicon
substrate [5]. This method provides the highest quality, with no lattice damage.
However, the yield obtained is not suitable for large-scale production of graphene.

 Reduction of graphite oxide: Obtaining of graphite oxide by the Hummers
method [25] (described in section 2.1.2.2), followed by its exfoliation and

reduction. The reduction process can be carried out thermally, chemically,
solvothermally and electrochemically.
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1. Thermal annealing reduction: The fast temperature increment

makes the oxygen containing functional groups attached on carbon plane
decompose into gases (CO or COz2) generating a huge pressure between the stacked
layers, and thus the spacing of them. The rapid heating process not only exfoliates
graphite oxide, but also reduces the functionalized graphene sheets [26,27].
Nevertheless, the decomposition of the oxygen-containing groups also removes

the carbon atoms which affects properties such as electrical conductivity [27].

1. Chemical reduction: A cheaper and easily available way for the

mass production of graphene. Hydrazine was first employed to remove oxide
functional groups [28,29], but it also introduces heteroatom impurities such as
nitrogen that remains covalently bound to the surface of graphene sheets. Metal
hydrides, such as sodium hydride, sodium borohydride and lithium aluminium
hydride, have been accepted as strong reducing reagents in organic chemistry.
Hydriodic acid has also been reported as a strong reducing reagent for GO [30,31].
However, all these reduction agents are toxic, hazardous and corrosive, so that
other alternatives such as ascorbic acid (vitamin C) [32-35], amino acids [36] or
reducing sugar [37] have been developed. Other reductants including
hydroquinone [38], pyrogallol [35], hot strong alkaline solutions (KOH, NaOH)
[39], hydroxylamine [40], urea and thiourea have been also used, but these

reagents tend to be inferior to strong reductants.

111. Solvothermal reduction: This method is performed in a sealed

container, so that the solvent can be brought to a temperature well above its
boiling point by the increase of pressure resulting from heating [41]. In a
hydrothermal process, overheated supercritical (SC) water can play the role of
reducing agent because under high temperature and pressure conditions, high
reactive hydrogen ions are generated [41,42]. Other studies reported reduction of
GO by solvothermal reduction using /V,/N-dimethylformamide as the solvent [43]
and, unlike hydrothermal reduction, a small amount of hydrazine was added as
the reducing agent.

1v. Electrochemical reduction: In a standard three-electrode

electrochemical system at room temperature, GO sheets are directly reduced from
an aqueous colloidal suspension in the presence of buffer electrolyte to produce
graphene sheets on an electrode surface. The electrochemical reduction is
believed to take place when the GO sheets next to an electrode accept electrons,
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yielding the insoluble graphene that attach directly onto the electrode surface
[44,45]. This method can be also performed in two steps in which GO is firstly
deposited onto the surface of an electrode (by drop-casting, dip-coating, layer-by-
layer or spray-coating), and it is dried out to form a GO-coated electrode. This
prepared electrode is then subjected to electrochemical reduction using a standard
three-electrode electrochemical system in the presence of a supporting electrolyte

to produce graphene sheets films on the electrode substrate [46].

e Liquid-phase exfoliation of graphite: The process can be divided into three

steps: dispersion, exfoliation and purification. Ideal solvents are those that
minimize the interfacial tension between the liquid and the graphene flakes.
Water has been used by itself [47] and with the assistance of surfactants in order
to stabilize the exfoliated graphene sheets against re-aggregation. Solvents with a
surface tension of =40 mJ/m? such as N-methyl-pyrrolidone (NMP) and N,N-
dimethylformamide (DMF) have been confirmed as the best media for graphite
exfoliation [48,49], but it should be noted that they are toxic, expensive and not
so volatile. The exfoliation in ionic liquids have also been investigated [50,51].
The limitation of the phase exfoliation of graphite is the platelet size, since the

exfoliation procedure by means of ultrasonication induces in-plane fractures.

e Electrochemical exfoliation of graphite: A platinum wire is used as a

counter electrode, graphite as a working electrode (where the voltage is applied),
and aqueous sulfuric acid (H2SO4) as electrolyte solution. The mechanism consists
of the electrolysis of water at the electrode, producing hydroxyl radicals and
oxygen. These radicals, initially oxidize the edge and/or grain boundaries of the
graphite. Those defects at the edge and grain boundaries leads to depolarization
and expansion of the graphite layers which enables the interleaving of SO4*
anions within the graphite layers along with the water. Moreover, the reduction
of intercalated SO+ anions and self-oxidation of water produce gaseous species,
such as SO2 and O2, which exert a high force on the graphite layers, and thus
separate weakly bonded graphite layers from one another [52,53]. Generally, the
electrochemical method offers some advantages over the other methods, such as
the simple one-step operation and control of the synthesis, functionalization and
exfoliation process [54]. However, the graphene produced by this method
presents a number of defects, which modify its electronic properties [11].
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[(3

Bottom-up”

¢ Chemical vapor deposition (CVD): Is one of the most promising techniques

for large-scale production of graphene [55]. Generally, CVD of graphene is
performed in a gas phase where a precursor (usually a small hydrocarbon) reacts
with a catalyst in a reaction chamber at high temperature (temperature up to the
melting point of the catalyst metal). Consequently, the graphene is formed on the
catalyst surface. In this process, different metal substrates can be employed as
catalysts, but for large-scale production, Cu and Ni are the most commonly used
[23,56].

o Epitaxial growth on SiC: Based on the epitaxial growth of graphene film

on the surface of a silicon carbide (SiC) crystal by thermal decomposition [57].
The SiC is heated to temperatures exceeding 1100 °C in a low pressure
environment to be reduced to graphene. The size and properties of the SiC wafer
govern the properties of the formed graphene, such as its mobility and carrier
density. This method is very promising due to the production of large size
graphene sheets, elevated purity without defects, and uniform properties [58].
The high cost of the substrates and the requirement of highly specialized

equipment still remain as the most remarkable limitations.

e Carbon nanotube unzipping: Based on opening longitudinally and
unrolling carbon nanotubes by different methods such as the intercalation of

lithium and ammonia followed by exfoliation [59].

2.1.1.4. Graphene dispersions

Graphene is generally recognized as a hydrophobic material that is not
soluble in solvents, i.e. exfoliated sheets or multi-layer aggregates are phase
separated from any solvent. Graphene sheets tend to form irreversible
agglomerates or even restack to form graphite unless they are well separated from
each other, due to the important m-m interactions between the different layers. As
a result of this behavior, the excellent graphene properties worsen rapidly as more
layers are stacked. This can be avoided by solvent selection [60,61], or by the
modification of graphene either covalently or non-covalently [22].
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Commonly, the exfoliation of graphene in the absence of any surface
modifying agent, surfactant or polymer is performed using a suitable solvent and
applying some form of sonication, either in the bath or at the tip, in order to
provide high energy by shear stress and cavitation in the solvent, and thus
overcome interlayer adhesion. Both effects help to break the binding energy
between graphene surfaces. Some solvents have been identified as remarkably
good at dispersing graphene, such as N-mehtyl pyrrolidone (NMP), dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF) [60]. Ionic liquids (ILs) have
shown some promising results, however, they are not widely used in industry
[62]. Mainly, it is known that the concentration of graphene is related to both
sonication time and power. Nonetheless, long sonication times are generally
undesirable, as they can reduce the size of the sheet and introduce defects that

undermine the properties of graphene.

The chemical functionalization of the graphene surface is another strategy
that allows the solvation and exfoliation of the sheets. Concretely, this method
has offered many possibilities to overcome graphene's restrictions. As far as
dispersion is concerned, covalent modifications, non-covalent modifications and
atom substitutions have been studied [63]. The addition of certain functional
groups can enable the right incorporation of hydrophobic graphene monolayer to
multiple media. The most common way is the oxidation of graphene to GO. The
variety of functional groups containing oxygen makes an easier solvation in some
solvents. In the case of reduced graphene oxide, it should be noted that in the
process of reduction the structure of the graphene is restored, but some of the

functional groups are retained and they can facilitate dispersion [64].

The choice of solvent opens up a range of possibilities for achieving
dispersed graphene sheets. However, dispersions also have their own drawbacks
due to the instability of suspended graphene. Sheets tend to agglomerate with the
time (faster depending on the solvent chosen) when sonication-induced energy
ceases, leading to noticeable differences in graphene concentration for aliquots
taken from the same dispersion. Moreover, for many applications, exfoliation of
graphene in solvents is undesirable due to solvent high boiling point, toxicity,
incompatibility with other aspects of processing, etc. To address these issues, the
possibility of exfoliating graphene in water in the presence of a surfactant
stabilizer was studied. Surfactants can enclose the graphene surface and provide
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steric or electrostatic repulsions to avoid the close contact between different
layers. Most surfactants consist of a hydrophobic tail group and a hydrophilic head
group. The mentioned repulsions will depend on the nature of the head group
[65]. A great variety of studies have been carried out for the surfactant-stabilized
graphene exfoliation [64]. The first detailed study of surfactant-stabilized
graphene was described by the Coleman group [66] who used sodium
dodecylbenzenesulphate (SDBS) as a surfactant. In other works, sodium chlorate
and sodium deoxycholate have been widely used, being the last one five times
more effective [67]. Poly(vinylpyrrolidone) (PVP), an example of a non-ionic
surfactant, is also used to assist in the exfoliation of graphene and for the
dispersion of rGOs under aqueous conditions [68,69] or with organic solvents.
Other polymers have also been shown to stabilize graphene dispersions in water

and organic solvents [70,71].

Fundamentally, to get a useful graphene dispersion, sheets must be
dispersed at a suitable concentration, in an appropriate solvent for the selected

application and must remain dispersed for a reasonable period of time.

2.1.1.5. Chemistry and functionalization

Graphene is aromatic in nature and, as described in previous sections
(2.1.1.1), it has a dense electron cloud above and below the plane. With this
structure, the frontier molecular orbitals of organic molecules can easily interact
with the m-electrons of graphene making its electrophilic substitution much

easier than nucleophilic one.

The cycloadditions, the click reactions and carbide insertion reactions are
some of the types of reactions in which graphene can take part [72,73]. However,
reactions on the surfaces of graphene hamper its planar structure. The destruction
of the sp? structure leads to the formation of defects and thus to the loss of
electrical conductivity, thermal conductivity, etc. According to Loh et al. [74], the
chemical reactivity of geometrically strained regions of graphene lattices is much
higher in comparison with other regions due to the easier displacement of
electron density from the upper plane of the ring.
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The properties and applications of graphene can be adjusted by parameters,
such as number of layers, dimensions, and in particular, with surface
functionalization [75]. Surface modification is one of the foremost methods used
to reduce the cohesive force between the graphene sheets and also to manipulate
the physical and chemical properties [76,77]. It provides numerous additional
functions to the graphene sheets which play a crucial role in their commercial
applications. Generally speaking, functionalization of the carbonaceous structure
of graphene is a path with a wide variety of possibilities. For this reason, there has
been a huge increase in the number of research projects aimed at functionalization
of graphene. Multiple attempts from different perspectives have been reported

and can be summarize in the following groups:

1 Covalent bonding: The main objectives pursued with this type of
functionalization are the improvement of graphene sheets dispersion and the
addition of new properties related to the added groups. In most cases when
organic molecules are covalently attached on the graphene surface, its extended
aromatic character is perturbed, enabling changes or control of its electronic
properties. The covalent functionalization includes the formation of covalent
bonds between free radicals and C=C bonds of pristine graphene, as well as the
formation of covalent bonds between organic functional groups and the oxygen
groups of GO. The most attractive organic species for the reaction with sp?-
carbons of graphene are organic free radicals and dienophiles. This type of
reaction allows a variety of organic derivatives, which show interesting
applications in polymer compounds, biotechnology, nanoelectronic devices, drug
delivery and solar cells [78-80].

11. Non-covalent bonding: This functionalization offers the
possibility of attaching functional groups to graphene by minteractions without
disturbing its electronic network. It is defined as non-destructive method, since
the electronic, chemical, physical, and mechanical properties of the pristine

graphene are preserved after the modification [81].

111, Substitutional doping of graphene: This strategy involves the

substitution of some of the carbon atoms from the honeycomb lattice by other
atoms, frequently boron or nitrogen. Depending on the electrophilic character of

the atoms that substitute the carbon atoms, the doped graphene sheets show N-
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type (electron donor) or P-type (electron acceptor) behavior. Furthermore, the
control in the degree of the doping modification can be used to regulate the
electrical properties of graphene, thereby expanding extraordinarily the
application of graphene in nanoelectronics. The most studied one is nitrogen
doped graphene [82-84]. In this process, nitrogen atoms use their three sp? orbitals
to incorporate into the sheet, what makes their lone pair electrons to conjugate
with the graphitic 7-system. The N-doped graphene sheets are electron-rich so
that N-type semiconducting behavior is expected [85].

1v. Functionalization of graphene with nanoparticles: It is based on

the immobilization of metallic or metal-oxide nanoparticles over the graphene
sheet surface. A pristine graphene sheet can be considered as an ideal substrate
for the dispersion of nanoparticles due to its large active surface area per mass
unit, in comparison with carbon nanotubes or graphite, which have a lower active
surface area because only the external surface is active. Frequently, the precursors
for nanoparticles (NPs) are metal salts, which are reduced in a solvent that
contains dispersed GO, rGO, or pristine graphene sheets. This strategy presents
great variety of applications in catalysis, optoelectronics and energy storage
devices such as fuel cells, batteries and supercapacitors as well as in medical or
biological fields [86]. Taking into account the aims established for this thesis,
different researches in relation to the metallic nanoparticles deposited on the

surface of graphene will be described in more detail in a later section (2.1.3.1).

2.1.1.6. Potential applications of graphene

The excellent properties of graphene as the lightest and strongest material,
and its ability to conduct heat and electricity make it an outstanding candidate for
a wide variety of applications in fields such as bioengineering, composite
materials, energy technology and nanotechnology. A review of 2014 shows the
increase in patent applications on graphene for a very diverse range of
applications, including characterization, polymer compounds, transparent
screens, transistors, capacitors, solar cells, biosensors, conductive inks or photo
detectors (Figure 2.7) [87].
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A recent interesting graphene application is on DNA sequencing [88]. The
main concept is to create a membrane of graphene with nanopores, immerse it in
a conductive fluid and apply a voltage to one end in order to extract the DNA
through the miniscule pores of graphene. The base pairs C, G, A, T cross the pore
affecting the electronic structure of the graphene and the electric field in different
degrees, distinguishing and sequencing them. In the field of biotechnology, the
large surface area, chemical purity and the possibility of easy functionalization of
graphene offer opportunities for drug delivery [89]. Likewise, its unique
mechanical properties suggest the use of graphene in tissue engineering and
regenerative medicine [90], and its thinness and conductivity impart it as an ideal

support for imaging biomolecules in transmission electron microscopy [91].

Chemically functionalized graphene may lead to fast and ultrasensitive
measurement devices, capable of detecting a range of biological molecules [85].
Graphene is used to develop enzyme biosensors [92], electrochemical
immunosensor electrodes [93], as well as gas sensors [16]. The simplest and
common configuration for graphene-based sensors is the field-effect transistor
(FET) [94]. Likewise, graphene is a good candidate to function as a part of the
optical fiber [95], which is used in a variety of advanced sensors as refractive index

Sensor, pressure sensor, acoustic sensor, current sensor and so on.

Regarding environmental issues, membrane separation has turned into a
technology of great importance where the graphene offers the advantage of
achieving size-selective separation membrane. Selective permeability can be
obtained by adjusting the structure or chemical properties of graphene, generating
nanopores. These membranes are useful as ion separation membranes for

desalination [96] and water disinfection [97].

One field in which graphene is becoming increasingly essential is
optoelectronics [98]. In particular, it is present in touch screens, liquid crystal
displays (LCD) and organic light-emitting diodes (OLED) [99]. In these devices,
graphene functions as a transparent conductor because of its low resistance and
high transparency. Up to now, indium tin oxide (ITO) has been used for this
function, however, graphene has emerged as a promising material. The optical
transmittance of monolayer or few-layer graphene grown by chemical vapor
deposition (CVD) is superior to that of ITO. In addition, high quality graphene
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has high tensile strength and is flexible meanwhile ITO tends to crack when bent
or stretched, causing deterioration of its electrical properties.

Figure 2.7. Graphene potential applications.

It is undeniable that in the last few decades the area of electronics has
advanced rapidly and will continue to do so, however, batteries and capacitors
have progressed more slowly due to energy storage problems. Currently, Li-ion
battery technology offers the best source of energy, and therefore governs the
global mobile electronics market being graphite used as the anode material for
these batteries. However, fulfill the growing demand for high energy density and
durable systems, new electrode materials need to be developed. Graphene-based
nanomaterials have been reviewed as a potential alternative to Li-ion batteries

due to their greater chemical stability, greater surface area and higher
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conductivity compared to graphite [100], causing a reduction in the amount of
material and improving the mechanical integrity of the electrode, which could
achieve good performance, high capacity and flexibility during the charge and
discharge process [101]. Lithium-ion batteries enhanced with graphene could be
used in energy-intensive applications such as electric vehicles. In electronic field,
graphene transistors on the basis of graphene grown on Cu films has been
proposed as a method to achieve large-scale transistor arrays with uniform

electrical properties [102].

Photovoltaic cells, or solar cells, are another potential application of
graphene. At present, silicon is mainly used in the production of these devices,
thus increasing their price. Since graphene offers high electron mobility and very
low levels of light absorption, it can be a cheap alternative to silicon. When
materials such as silicon convert light into electricity, it produces one electron for
each photon received, which means that a lot of potential energy is lost in the
form of heat. In contrast, a different research has proved that when graphene
absorbs a photon, it actually generates multiple electrons [103]. In addition,
graphene is capable of generating electricity from all wavelengths unlike silicon

which is efficient with certain wavelength of light.

From the perspective of materials science, graphene plays an important role
in the development of different and new nanocomposites due to its excellent
properties. Besides, its large surface area compared with other nano-structural
materials makes it ideal as nano multifunctional reinforcement for many polymer
composites [104,105]. In this way, graphene sheets can provide, for instance,
percolated pathways for electron transfer, making the composites electrically
conductive. Moreover, this reinforcement can significantly improve the
mechanical properties of the polymeric matrix at extremely small loading, as well

as thermal stability and gas barrier properties [11].
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2.1.2. Graphene Oxide

Graphene oxide (GO) is not a natural compound. Its development dates
back more than 150 years, when in an attempt to determine the “atomic weight”
of graphite, Brodie first reported the preparation of graphite oxide through
chemical treatments using potassium chlorate (KClOs3) and nitric acid (HNOs) [9].
Later, Sraudenmaier modified this method adding one more acid, H2SO4, as the
oxidizing agent [9]. However, these two methods were time consuming and
hazardous. In 1958, Hummers and Offeman [25] developed a more rapid and safer
method to prepare graphite oxide from graphite, in which an essentially
anhydrous mixture of NaNOs, H2SOs and KMnOs was used as the oxidizing agent.
This method provided a substantial C/O ratio in the final product. Graphite oxide
preparation has been revived and Hummers’ method has been modified to become

more effective by adding pre-oxidation steps [106,107].

The chemical reduction of GO to graphene is one of the most important
topic in GO research. GO is an electrical insulator, and after reduction, it becomes
electrically conductive. Usually some orders of magnitude of the electrical
conductivity increase during the reduction process. However, graphene materials
derived from GO have much lower crystallinity and much lower carrier mobility
[5,108,109]. The harsh environment of chemical oxidation in GO synthesis
processes creates many defects and vacancies within the sp? carbon network,
which are almost impossible to recover by subsequent chemical treatments [109].
Despite defects, GOs, rGOs and their derivatives have shown some promising
applications in catalysis, compounds, energy storage, detection, water

purification, electronics, etc.

2.1.2.1. Structure and properties

In terms of chemistry, GO is a new kind of nonstoichiometric
macromolecule that is chemically labile and hygroscopic in ambient conditions.
As mentioned above, synthesis of GO has been adapted several times with
different chemicals such as potassium permanganate, concentrated sulfuric acid,
and even phosphoric acid. The resulted compounds differ slightly in their
chemical composition depending on the reaction used.
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Graphene oxide is a single layer of graphite consisting of aromatic regions
(carbon atoms sp?) and oxygenated aliphatic regions (carbon atoms sp?) containing
epoxy, hydroxyl, carbonyl and carboxyl functional groups in random order along
the basal plane. Generally, the functional epoxy and hydroxyl groups extend
above the graphene while the carboxylic functional groups tend to lie at the edges
of the graphene oxide layers (Figure 2.8). However, it should be highlighted that
throughout many decades the exact chemical structure of GO has been the subject
of considerable debate. The detailed structure of GO and its oxidation mechanism
are still not completely understood due to its complex structure (with irregular
packing of the layers, strong disorder, nonstoichiometric atomic composition and
lack of consistent and reproducible samples) [63]. What is clear is that the
structure and properties of GO mainly depend on the preparation method, the

degree of oxidation achieved and the source of graphite used.

During the oxidation, polar oxygen functional groups are induced to the
surface and render it hydrophilic. These groups are chemically active and ready
to be functionalized making GO a suitable material for biomedical applications.
For instance, covalent attachment of GO to chitosan [110], folic acid [111] or PEG
[112] provides a platform for the delivery of anti-inflammatory and water-
insoluble anticancer drugs [113]. Moreover, the abundant surface functional
groups are also used as nucleation site to grow nanoparticles [97]. In short, thanks
to the rich chemistry of the oxygenated groups, GO can be functionalized through

covalent and non-covalent bonds.

Figure 2.8. Scheme of GO sheet and oxygen-containing groups.

On the other hand, unlike graphene, the functional groups present on the
surface of the GO enables it to disperse easier in a wide variety of solvents. Some

authors have detailed that homogeneous colloidal suspensions of graphene oxide
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in aqueous and organic solvents can be achieved by simple sonication of graphite
oxide [28,29,114]. In particular, complete exfoliation of graphite oxide into
individual GO sheets can be achieved in water, giving brown/dark-brown
suspension. Organic solvents such as ethylene glycol, DMF, NMP and THF have
proven to be ideal for preparing GO dispersions. However, as with graphene, as
time goes by exfoliated GO sheets tend to aggregate through m-m stacking,
although in the case of GO in a less pronounced way. Therefore, some protective
agents such as large aromatic molecules or octadecylamine have been presented
for the stabilization of GO sheets in the solution [115,116].

Regarding the electrical conductivity, as mentioned above, graphene oxide
works as an electrical insulator, due to the disturbance of its sp>-bonding network.
It is essential to reduce the graphene oxide to recover the hexagonal graphite
network (rGO) in order to restore electrical conductivity. The reduction process,
as described in the section on graphene synthesis (2.1.1.3), can be done by
thermal, chemical, solvothermal and electrochemical methods, although it has
not yet been possible to reduce the material fully back to graphene. The C/O ratio

of the resulting rGO must be greater than 6 to restore conductivity.

2.1.2.2. Synthesis methods

¢ Brodie and Staudermaier method: The first batch of graphite oxide (GrO)
was prepared in 1859 by the British chemist Benjamin Collins Brodie when he
was studying graphite chemistry. A new product consisting of carbon, oxygen and
hydrogen was obtained by adding potassium chlorate (KCIOs3) to a graphite/nitric
acid (HNOs) mixture. After repeatedly washing, drying and re-oxidation, the
graphite oxide was light yellow and stable. Based on their research and analysis,
the empirical formula for the final product obtained was CuH:Os. His
observations and conclusions were limited by the theories and characterization
technology available at the time [117-119].

The improvement of Brodie's work occurred in 1898 by L. Staudenmaier
who introduced two important changes: the addition of concentrated sulfuric acid
(H2SOs) to increase the acidity of the mixture and the addition of multiple aliquots

of potassium chlorate (KClOs) solution to the reaction mixture during the reaction
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process. With these modifications, the synthesis process was simplified and the
GO product obtained was highly oxidized in a single reaction vessel. However, in
terms of security, this method was time consuming as the addition of KCIO3
typically took more than a week and the evolved chlorine dioxide (ClO2) needed
to be removed by an inert gas, while the explosion was a constant danger.

Therefore, an improvement was needed to develop this oxidation process [118].

e Hummers’ method and its modifications: Almost 60 years after

Staudenmaier’s strategy, Hummer and his colleagues developed the oxidation
process for the preparation of GO known nowadays as Hummers’ Method. The
proposed graphite oxide preparation consisted of a water-free combination of
sodium nitrate (NaNOs), concentrated sulfuric acid (H2SOs) and potassium
permanganate (KMnOs) that was kept under 45 °C for 2 hours. The final product
was found to have a higher degree of oxidation than the Staudenmaier product.
However, it was noted that the product obtained by the Hummers’ method had
an incompletely oxidized graphite core. As a result, a pre-expansion process was
necessary for excellent oxidation with this method. Kovtyukhova [120] developed
the pre-treatment by adding graphite to the mixture of concentrated sulfuric acid
(H2SOs4), potassium persulfate (K2S:0s) and phosphorus pentoxide (P20s) and
leaving it at 80 °C for several hours. The pre-treated mixture was diluted, filtered,
washed and dried before the real Hummers’ oxidation took place. It was later
learned that pre-treatment may be omitted if the graphite samples have a smaller

flake size or have thermally expanded.

Currently, the most commonly used method for the preparation of GO is
known as the modified Hummers’ method. It is based on the same reagents as the
conventional method, but with different conditions and quantities. Additionally,
it implies using hydrogen peroxide (H202) to reduce residual ions from
permanganate (KMnOs) and manganese dioxide (MnOz2). A series of washes is
required for the removal of impurities, including sulfate ions with the use of
hydrochloric acid (HCl). The chloride ions are dissolved in the distilled water
during washing. The solution is centrifuged with a high-speed centrifuge and
washed to a pH of 5 to 7 in the supernatant. The final product is dispersed in

deionized water.
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However, it is noteworthy that different reaction conditions or different
versions of the modified Hummers’ method are also reported in the literature, in
which the amounts of reagents, reaction time or even the addition of phosphoric
acid (HsPOs) to increase the acidity of the medium, vary significantly from study
to study. In other synthesis processes the removal of NaNOs (which together with
KMnO: acts as oxidant agent) is also proposed, since it can form toxic gases like
NOz2 and N204, as well as residual Na* and NOs- ions [106,121].

In view of all the possible variants of the Hummers’ method, there is no
doubt that an exhaustive characterization of the final product is necessary, since
depending on the chosen synthesis conditions, both the degree of oxidation and

the size of GO sheets can significantly differ.

2.1.3. Graphene nanocomposites

Considering the exceptional and advantageous properties of graphene and
its derivatives (GO and rGO), in the last decades many efforts have been made in
the implementation of these materials alone or in combination with other
materials to obtain new composites for particular applications. Generally,
graphene-based nanomaterials are composed of two components, but multi-
component composites have also been prepared for specific applications. The
incorporation of inorganic species and/or cross-linking of organic species through
covalent and/or non-covalent interactions in graphene are known as hybrid
materials. Based on the architecture of nanocomposites (Figure 2.9), graphene-

based nanocomposites can be classified into four groups [122]:

1. Graphene-supported nanocomposites: Where graphene sheets form a
continuous phase and act as a substrate to support the second component, which
adheres to the sheets. Frequently, the second components are inorganic
nanoparticles such as metals, metal oxides or carbon building blocks, as CNT,
fullerene, etc. Therefore, this group can also be named as graphene-based
inorganic nanocomposites. It should be highlighted that this thesis will mainly
focus on graphene-metal nanocomposites, where the secondary component is a
noble metal, concretely for this work silver nanoparticles (AgNPs). This subgroup
will be detailed in the following section (2.1.3.1).
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2. Graphene-encapsulated nanocomposites: In this type of nanocomposite
graphene sheets are enwrapping a second component and working as a protective
layer which could prevent the aggregation of the other component. These

structures are used as high performance lithium storage electrode materials.

3. Graphene-incorporated nanocomposites: Graphene sheets or graphene
composites work as fillers in a continuous polymeric matrix in order to improve
the properties of the material. Likewise, they are known as graphene-based
polymer nanocomposites (more detailed in section 2.1.3.2). The polymeric
compounds prepared and studied in this thesis work are classified within this
group since graphene and synthesized graphene hybrids have been used as

additives.

4. Graphene-based multilayered nanocomposites: Obtained by stacking
graphene sheets with a second component alternatively. These structures are

frequently employed for charge generation, transfer and separation.

Figure 2.9. Scheme of graphene-based nanocomposite architectures.

2.1.3.1. Graphene — metal nanocomposites

The integration of metallic nanostructures onto graphene have attracted
great interest in the scientific community due to numerous potential applications,
including energy storage and energy conversion devices, biosensors, catalysts,
photocatalysts, surface enhanced Raman scattering (SERS), diagnostics, imaging,

drug delivery or antibacterial agents. For instance, in the case of biosensor

42



Graphene — Based Materials

applications, graphene/metal nanocomposites not only overcome the limitations
of using a single component, but also provide greater effective surface area,
increased the surface/volume ratio, etc. [123,124]. Therefore, nanoparticles (NPs)
of Au, Ag, Ni, Cu, Ru, Pt etc., and graphene have become essential components

in the formation of new hybrids [125].

Nanoparticles are defined as agglomerations of atoms in the range of 1-100
nm. Their outstanding properties make them suitable for application in different
fields, such as optoelectronics, catalysis, environment and biomedicine [126]. NPs
of noble metals are attracting a great deal of attention because of their
antimicrobial activity against many pathogens, making them attractive potential
alternatives to antibiotics. Particularly, silver nanoparticles (AgNPs) have
emerged as the most exploited nano-antimicrobials for different commercial
applications [127,128]. Currently, they are commonly used in healthcare
products, cosmetics, women’s hygiene products, medical devices, sunscreen, in
food industry, colloidal coating, biosensors, filtration membranes of water and
electronics [129,130]. Compared to silver bulk form, AgNPs have novel biological,
chemical and physical characteristics. Several physical, chemical, and biological
methods have been reported to synthesize AgNPs [131-135]. Among chemical
processes, the chemical reduction, based on the reduction of a silver salt solution
by a reducing agent, is the simplest, cost-effective and frequently applied method.
Borohydride, sodium citrate, ascorbic acid, alcohol, and hydrazine compounds
have been used as reducing agents. The reduction of silver ions (Ag*) results in
silver atoms (Ag®), which agglomerates into oligomeric clusters leading to the
formation of colloidal AgNPs. However, they have low colloidal stability when
used in liquid systems and aggregations to form clusters occurs owing to the high
surface area of nanoparticles. The stabilization of nanoparticles in a dispersant
medium can be achieved by creating sufficient repulsive forces to counteract the
Van der Waals interactions, which are acting on the nanoparticle surface. This
can be accomplished by an electrostatic and/or a steric mechanism. In the first
case, a surface charge on the nanoparticle is developed, while in the second case
nonionic surfactants or polymer layers can be chemically anchored or physically

adsorbed on the surface of nanoparticle.

The experimental conditions (temperature, pH), the kinetics of the
interaction of metal ions with reducing agents and the stabilizing agents play a
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crucial role in the synthesis of AgNPs with controlled size, a well-defined shape
and stability, and therefore the final physicochemical properties of nanoparticles
[136-139]. In general, the use of different synthesis methods results in
nanoparticles of different sizes and shapes, such as spherical, triangular, square,
cubic, rectangular, rod, oval, and floral. The characterization of these
morphological parameters is of great importance since they determine the
antimicrobial activity of the AgNPs. Different researches have proved that small
size AgNPs against bacteria, exhibit higher antibacterial activity compared to
higher size nanoparticles due to the high specific surface area and easy cell
penetration [126,140-143]. On the other hand, the effect of shape has been less
reported and the results show that silver nanoparticles undergo shape-dependent
interaction with the bacteria [136,144]. Consequently, the development of AgNPs
with well-controlled morphological features is essential for biomedical

applications.

Among the graphitic structures, GO is known to be an appropriate substrate
to disperse and stabilize metal nanoparticles due to the oxygen-containing groups
present on the surface, in addition to a large surface area, and ability to yield stable
dispersions in water due to its hydrophilic nature. These properties enable GO to
act as a suitable platform for growing metal nanoparticles (nucleation center) and
their stabilization [145-147]. In general, the use of graphene as a substrate for NPs

dispersion provides the following advantages:

L The limited growth of nanoparticles, and their better stability and
dispersion on the surface.

11. The attached nanoparticles are also useful for extending the interplanar
spacing of GO or rGO in solid state, and for avoiding the aggregation of GO or
rGO sheets.

111, A highly-specific surface which could prevent the aggregation of NPs.

1v. The excellent properties of individual GO or rGO sheets, such as thermal

conductivity, high mobility of charge carriers, optical transmission, etc. are added.

Graphene oxide-nanoparticle composites can be obtained by means of two

types of synthesis: ex situ and in situ (Figure 2.10). Moreover, within these two

groups, other synthesis methods can be found as described below:
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Figure 2.10. Schematic diagram of graphene/metal-NPs synthesis procedures.

e Ex situapproach: Solutions of pre-synthetized nanoparticles and graphene
material nanosheets are mixed. The success of the synthesis of NPs is established
by the ability to get a uniform size distribution, as well as a long stability, given
their tendency to agglomerate in an aqueous solution. Consequently, prior to
mixing, NPs and/or graphene sheets are usually functionalized to increase
solubility and thus facilitate handling during the process. The anchoring of the
nanoparticles takes place by either covalent or non-covalent interactions. A large
number of functional groups are required for covalent bonding, so GO is preferred
to rGO. Non-covalent attachment can occur by -7 stacking, where aromatic
compounds are usually adhered to the nanoparticle surface [148], and by
electrostatic interactions based on the inherent negative charge of the GO and
rGO surface (a result of the ionization of oxygen functional groups) which is
utilized to assemble positively charged NPs. Likewise, it can be, though, layer-by-
layer self-assembling where two layers are generated by altering the graphene
sheets and nanoparticles with opposite charges. The ex situ method has the

disadvantage of low density and non-uniform coverage of the nanostructures over
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the graphene sheets. This is attributed to the non-uniformity of the surface of the
sheets (defects, sheets with low lateral dimension depending on the production
method). In contrast, this method allows a precise control of the size and shape of
NPs.

e In situ approach: A one-step method, where the chemical reduction of an
aqueous solution of both metal precursor and GO sheets with reductants is carried
out simultaneously to generate metal nanoparticles on the graphene material
surface. The groups and defects on the GO or rGO can not only improve the
solubility of the nanosheets, but also offer the nucleation sites of nanoparticles.
More concretely, the negative charges in the GO sheets due to oxygen rich
functional groups, allow strong electrostatic interactions with free metal ions.
Once the attachment of the metal ions to the graphene oxide surface has taken
place, these ions can be reduced by the reducing agents, enabling the growth of
metal nanoparticles on the graphene surface. The presence of the oxygen
functionalities at the graphene oxide surface plays an important role on the
nucleation, growth and stabilization of the metal nanoparticles. In this sense, as

in the previous strategy GO and rGO sheets act as stabilizers of NPs.

Among the possibilities offered by in situ strategy, the reduction in mixed
solution has been the most popular way for growing metal particles on graphene.
Precursors for noble metals, such as AgNOs, K2PtCls and so on can be easily
reduced by chemical reducers [149-151]. The free metal ions obtained are adhered
through electrostatic interactions. As an alternative, microwave irradiation can
also be used to unleash a uniform and rapid heating that allows the fast reduction
of metal ions and GO [152,153] in presence or absence of the reducing agent.
Other supports for this reduction could be the use of high-frequency ultrasound,
UV radiation known as photo-assisted deposition [154] and radiofrequency.
Compared to ex situ approach, this process gives uniform surface coverage by
controlling the nucleation sites on GO through surface modification, but the size

and morphology control is hard to achieve.

The deposition of graphene sheets on an electrode, followed by immersion
of that electrode in an electrolytic solution with the metallic precursor, and then
the application of an electrochemical potential to reduce and assemble both

components is another 7n situ route, identified as electrochemical method [155].
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The hydrothermal reduction [156] and the physical vapor deposition methods
[157] are other different alternatives to get graphene-metal nanocomposites.

Regarding the synthesis of GO-AgNPs hybrids, different strategies have
been reported as well as the use of different reducing and stabilizing agents. Bao
et al. used hydroquinone as the reductant and citrate as the stabilizer [97]. Das et
al. employed NaBH: in the absence and presence of trisodium citrate as a
stabilizing agent [158,159]. Shen et al used a mixed reducing agent, ethylene
glycol and NaBHs4 [150]. In the study of Chook et al. a microwave approach with
glucose as a reducing agent was used [153]. Ma ez al. also reported the preparation
of Ag-GO composites under ultrasonication using glucose as a reducing agent
[160]. Tang et al [161], Fonseca de Faria et al [162], and Yuan et al. [163] used
sodium citrate as a reducing and stabilizing agent at boiling temperature, 130 °C
and 95 °C, respectively. Hydrazine monohydrate was used as a reductant by Cai
et al. to prepare polyethyleneimine-modified reduced graphene oxide-AgNP
hybrids [164]. KOH was used as a reducing agent at boiling temperature in the
work reported by Pasricha et al [151]. In the study by Hui er al AgNP-GO
composites were fabricated under ultrasonication with ascorbic acid as the
reductant [146]. Shen et al synthesized Ag-GO composites at 160 °C with ascorbic
acid as the reductant and an ionic liquid as a dispersing agent [165]. Several of the
mentioned methods have the disadvantage of using toxic reducing agents in the

synthesis process.

It has been demonstrated that in these nanostructures GO and AgNPs work
synergistically to enhance their properties, such as higher antimicrobial and
catalytic activities and thermal conductivity. Therefore, these hybrids have
proven to be useful in a variety of applications (electronics, catalysis,

electrochemical biosensing, drug delivery, and antimicrobial agents) [166-171].

2.1.3.2. Graphene/polymer nanocomposites

Nanocomposites are mainly composed of a polymer matrix,
organic/inorganic fillers, and plasticizers. The good dispersion and distribution of
nanofillers in the matrix is one of the essential conditions for obtaining

nanocomposite materials with enhanced properties. Commonly, the
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improvement is attributed to the high interfacial area between nanofillers and
polymer matrices. For all these reasons, the literature includes different
preparation processes to achieve a homogeneous and well-dispersed graphene

polymer nanocomposite [172]:

e Solution casting: Mainly due to its simplicity, the solution casting is one of
the most widely used methods to manufacture uniformly dispersed
nanocomposites. Graphene is dispersed in a solvent by sonication before being
added to the polymer solution. Then, the solvent is removed by evaporation at
high or room temperature. The chosen solvent must be capable of dissolving the
host polymer and be volatile to promote rapid evaporation [173]. The challenge
of this procedure comes from the need for a correct initial dispersion of the

graphene, where the choice of solvent is a key factor (section 2.1.1.4).

e In situ polymerization: The monomer and graphene are initially dissolved

in a common solvent and subjected to ultrasound to achieve a uniform dispersion.
Then, the polymerization reaction proceeds by adding initiator and adjusting

parameters such as temperature and time [105].

e Melt processing: This process is more commercially attractive than the
other two methods, considering that both solvent processing and in situ
polymerization process are less environmentally friendly and versatile. This
strategy involves the direct inclusion of the graphene sheets into the melted
polymer using a twin-screw extruder and adjusting parameters such as screw
speed, temperature and time [174]. The main shortcomings of this procedure are
the low bulk density of exfoliated graphene that makes extruder feeding a
troublesome task and the lower degree of dispersion compared to solvent

blending.

In addition to providing a support for the above-mentioned metal-graphene
nanocomposites (2.1.3.1), GO has been successfully used as a filler material for
polymers owing to its remarkable thermal, mechanical, and electrical properties.
GO has proven to be an ideal precursor for the cost-effective and mass production
of polymer/graphene nanocomposites. The different strategies for obtaining this
type of compounds are shown in Figure 2.11.
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The ex situ processes involve first the reduction of graphite oxide through
the techniques described in section 2.1.1.3, and then the mixing with the polymer,
both in solution and in melting. However, this strategy has the disadvantage of
the possible phenomenon of flocculation (irreversible precipitation and
agglomeration) during reduction, since graphene sheets naturally tend to
rearrange as in the parent graphite structure, which makes it difficult to disperse
within a polymer matrix at the individual sheet level. Consequently, GO
reduction in the presence of the polymer matrix seems to be the best alternative
to achieve polymer/graphene nanocomposites with well-dispersed graphene. The
presence of the polymer prevents the agglomeration of the graphene sheets.

Within the in situ strategy, four processes can be distinguished.

L In situ polymerization: With polar or hydrophilic monomers that

can interact and intercalate between the GO sheets. For this process, the GO is
initially dispersed in a polar solvent using ultrasonication. The dispersed sheets
are then mixed with the monomer and the polymerization reaction is carried out
at high temperature and under inert atmosphere [175]. High temperatures help to
achieve correct dispersion and ensure the reduction of GO. This method generally
provides a homogeneous dispersion of graphene into polymer matrix and
consequently, the electrical and thermal conductivity of the composite is

significantly increased.

1. GO reduction during the compositing process: This strategy

involves the dispersion of GO in the polymer followed by thermal reduction
resulting in a monolayer rGO compound. In this process the polymer/GO
compound is first prepared by solution mixing and then dried overnight in order
to immobilize the graphene oxide sheets in the rigid polymer matrix. The
reduction process is then carried out by hot pressing or compression molding of
polymer/GO film at temperatures exceeding 200 °C, yielding nanocomposites
with isolated single layers of TRGO [176,177].

111, In situ GO-reduction in quiescent melt and under shear: A recent

research work has shown that composite materials that are sheared in the melt
have a greater degree of reduction compared to the resting condition [178].

49



Chapter 2

Figure 2.11. Outline of strategies to obtain graphene polymer nanocomposites through GO.

1v. In situ GO-reduction using reducing agents: This method is the

one carried out and studied in this thesis (in the following chapters). The process
consists of preparing a stable dispersion of GO in a previously dissolved polymer,
followed by the addition of the reducing agent when the solution mixture is at

high temperature.
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2.1.4. Antimicrobial properties of graphene based materials

The antimicrobial properties of graphene based materials have been proven
to be influenced by its intrinsic physicochemical properties (size, surface area,
functional groups, oxygen content, surface roughness, layer number, purity and
arrangement mode), as well as the interacting conditions between graphene
materials and bacterial or fungi cells, such as concentration, incubation time,
medium and the characteristics of microorganisms used. Both the graphite source
and the level of oxidation/exfoliation (governed by the preparation method)
determine most of these features. These numerous variations are the reason why

the reported results in literature show discrepancies [179-182].

Different studies have demonstrated that the antibacterial activity of GO is
lateral dimension dependent and, furthermore, the effect of GO in suspension is
different from that of GO film. Large sheets displayed stronger activity against
Escherichia coli and Staphylococcus aureus than smaller ones when GO was in
suspension [183], whereas the antibacterial activity of GO-coated surface
produced with smaller GO sheets was higher [184]. In addition, it has been
reported that highly purified GO did not show antibacterial properties against £.
coli and S. aureus over a broad concentration, and that the size of GO did not
impact the bacterial growth [185]. The study of Ruiz er al [179] demonstrated
that pure graphene oxide did not have intrinsic antibacterial properties, and
indeed an increase in bacterial growth was observed. This was explained by the
stimulation of bacterial proliferation via GO, which acts as a surface for cellular
attachment and growth. The number of layers, the density of functional groups
and dispersion state of the graphene material are factors that have been shown to
influence the antibacterial activity of graphene materials [181,186]. Additionally,
GO has shown concentration- and time-dependent antimicrobial activity
[181,182,187-189].

Several mechanisms of microbial inactivation by graphene-based materials
have been proposed, which can be classified into two groups: physical and
chemical interactions (Figure 2.12). These mechanisms can act separately or
together to either bactericidally or bacteriostatically inhibit bacterial growth.
Physical mechanisms are based on the physical interaction of graphene with

microorganisms. When bacterial cells come into direct contact with the sharp
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edges or basal planes of GO, membrane stress of bacteria can be induced, resulting
in disruption and physical damage to cell membranes. The sharp edges of
graphene sheets act as nanoknives, cutting the bacterial cell membrane, which
leads to the leakage of intracellular components followed by cell death [190].
Wrapping and trapping of bacterial membranes by the flexible thin sheets of GO
after their direct contact has also been proposed as another antimicrobial
mechanism of the graphene materials [183,184,190,191]. In this situation,
bacterial cells die by being isolated from the growth medium. However, cell
inhibition by GO embedding can be reversible and all the originally viable cells
may possibly be recovered by their separation from GO nanosheets via several
techniques, e.g. sonication. Regarding chemical mechanisms, the high oxidation
capacity of graphene material plays a key role, with oxidative stress being the
main mechanism of bacterial inactivation [190,192]. Oxidative stress can occur
through either a reactive oxygen species (ROS)-dependent or a ROS-independent
pathway. In the first case oxidative stress is mediated by production of reactive
oxygen species (ROS), which can damage cellular components. In the second one,
however, the production of ROS is not involved, being the charge transfer from

the cellular membrane to graphene surface which induces cell death.

Figure 2.12. Scheme for physical and chemical mechanisms for antimicrobial activity of

graphene-based materials.
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2.2. Experimental section

2.2.1. Materials

Graphite flakes were purchased from Alfa Aesar (99.8%, 325 mesh) and
sodium nitrate (NaNQOs) was obtained from Merck. Sulfuric acid (H2S04, 98%),
potassium permanganate (KMnOs), hydrogen peroxide (H202, 30 wt% aq.),
hydrochloric acid (HCI, 37% aq.) and ammonium hydroxide (NH«OH) were
acquired from Panreac (Spain). L-Ascorbic acid (L-AA), silver nitrate (AgNO3),
phosphate-buffered saline (PBS), and RPMI were supplied by Sigma-Aldrich. All
chemicals were used as received without further purification. Gram-negative
bacteria Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853,
and Gram-positive bacteria Staphylococcus aureus ATCC 25923 were obtained
from CECT (Spanish Type Culture Collection, Valencia, Spain). Yeast Candida
albicans SC5314 was obtained from the American Type Culture Collection
(ATCC, Manassas, Virginia, WV, USA), and brain heart infusion (BHI) broth and
Mueller—Hinton broth were supplied by Condalab.

2.2.2. Synthesis of Graphene oxide (GO)

To obtain graphene oxide, first, graphite oxide (GrO) was prepared from the
oxidation of graphite, which was then exfoliated to obtain graphene oxide. GrO
was synthesized from natural graphite flakes by the modified Hummers method.
1 g NaNOs, 2 g graphite, and 50 mL H2SO4 were mixed in an ice bath. KMnOs (6
g) was slowly added while stirring for 1 h at 0 °C. The mixture was stirred with a
magnetic stirring bar for another 2 hours and kept at 0 °C. The mixture was then
transferred to a water bath at 35 °C and stirred for approximately 1 hour.
Subsequently, 100 mL of deionized water was added gradually (3 h of addition)
into the mixture at 0 °C, and right after, 5 mL of H202 (30% by weight in water)
slowly. The solution was washed with warm water under centrifugation and then
with HCl solution (3 M) to remove the sulphate ions. Finally, the graphite oxide
was washed with deionized water under centrifugation until the absence of
chloride ions was confirmed (AgNOs test and neutral pH). Finally, the solid was
separated by centrifugation and re-dispersed in water to obtain GrO by freeze-

drying. The exfoliation of GrO by ultrasonication led to GO.
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2.2.3. Chemical reduction of graphite oxide (GS)

GS was obtained by chemical reduction of the exfoliated graphene oxide
sheets. In a typical procedure, GO was dispersed in deionized water at a
concentration of 0.1 mg/ml, and the mixture was sonicated with a tip sonicator
for 15 min. The dispersion mixture was then placed into an oil bath at 60 °C and
different appropriate amounts of the reducing agent (L-AA) were added under
magnetic stirring. The mixture was left for 6 h with constant agitation and in the
absence of light. After the completion of the reaction time, the reaction medium
was cooled to room temperature. Next, 4 mL of H202 (30% by weight in water)
were added to the black suspension and stirred for 30 min at 60 °C in order to
oxide the remaining L-ascorbic acid. The product was isolated by filtration,
washed with deionized water four times and then vacuum dried overnight at
room temperature to yield chemically reduced graphene powders. The reduction
reaction was accomplished at different molar concentrations of reducing agent in
the dispersions to assess its effect on the reduction level of graphene oxide and to

establish the optimal amount of L-AA required.

2.2.4. Graphene oxide — Silver nanoparticles (GO-AgNPs)

GO-AgNP nanohybrids were synthetized via the in situ method, through
the simultaneous reduction of the metal precursor and GO using L-ascorbic acid
as green reducing agent (Figure 2.13). Graphite oxide powder was dispersed in
deionized water (190 mL) by sonication in a water bath for 1 h achieving a yellow-
brown suspension of graphene oxide sheets (0.5 mg/mL). Next, ammonium
hydroxide was added until the pH value reach approximately 10. The dispersion
became dark-brown and was placed in an oil bath which was heated at 60 °C. The
desired amount of aqueous silver nitrate solution was slowly added to the
dispersion under vigorous stirring and in the absence of light. Then, aqueous
solution of L-AA was added at a concentration that maintained the weight ratio
between L-AA and AgNO:s fixed at 2.07. The reaction mixture was held at 60 °C
for 1 hour with constant stirring and in the absence of light. During this period of
time, small aliquots were extracted and diluted to record UV-Vis spectra. The
dark-brown color of the solution immediately turned dark-blue, suggesting that
Tollen's reagent formation, [Ag(NHs):2]*, had occurred. The mixture of the
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aqueous solution of GO and ammonia with the aqueous silver nitrate solution led
to metallic silver NPs in the presence of L-AA. Subsequently, the reaction mixture
was cooled and dialyzed for one week to remove the residual salts. The suspension
was then washed with deionized water and centrifuged at high speed repeatedly.
Finally, GO-AgNPs powder was obtained by freezing the solution and
lyophilizing.

Figure 2.13. Illustration of in situ binding mechanism of NPs onto GO sheets.

AgNPs were prepared at two different concentrations of AgNOs, 1.50 and
2.00 mM, while keeping the GO amount and the weight ratios of L-AA constant.
The reaction was also carried out at 80 °C in order to analyze the effect of
temperature on the process. Likewise, one experiment was carried out where no
reducing agent was used to confirm that the synthesis does not take place. The
nomenclature used to name GO-AgNPs hybrids is shown in Table 2.1 where the

reaction temperature and silver nitrate concentration are specified.

Table 2.1. Nomenclature and reaction conditions for GO-AgNPs.

Sample Temperature (°C) AgNOs (mM)
GO-AgNPs-A 60 1.50
GO-AgNPs-B 60 2.00
GO-AgNPs-C 80 1.50
GO-AgNPs-D 80 2.00
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2.2.5. Characterization

The structural and morphological characterization of graphite, GO, GS and
GO-AgNPs hybrids was performed by UV-Vis spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). In
addition, a thermogravimetric analysis (TGA) was carried out to study the

stability of the different graphene-based nanocomposites.

A complete description of the different procedures for structural,
morphological and thermal characterization is given in Appendix I and the

section of each technique or method is detailed in Table 2.2.

Table 2.2. Characterization methods used for the analysis of graphene-based nanocomposites.

Analysis Technique or Method Appendix Section

Formation of AgNPs UV-Vis L1.2
Chemical structure FTIR [.1.3
Surface Chemistry XPS I.1.4
Chemical structure Raman I.15
Interlayer separation XRD L1.6
AFM I.1.7

Nanostructure and
SEM I.1.8

morphology

TEM I.1.9
Thermal behavior TGA 1.2.1
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2.2.6. Antimicrobial activity assays

2.2.6.1. Microbial strains and culture

Three well-described bacterial species and one clinically relevant yeast
were evaluated: Gram-negative bacteria £. coli ATCC 25922 and P. aeruginosa
ATCC 27853, the Gram-positive bacterium S. aureus ATCC 25923, and C. albicans
SC5314. Briefly, microorganisms were harvested on plate count agar (PCA) for 24
h at 37 °C from frozen stock, and inoculum was prepared from single colonies
grown to stationary phase in BHI broth at 37 °C overnight in an orbital incubator
under 100 rpm. Cultures were centrifuged (3000 x g, 10 min) and washed twice
in PBS. A cell suspension adjusted to a cell density equivalent to 0.5 McFarland
(representing approximately 1-5 x 108 cells/mL) was prepared using sterile saline
for bacteria, and C. albicans was adjusted at 1 x 10° cells/mL upon counting cells
in a hemocytometer. Viable counts were enumerated using PCA after overnight

incubation at 37 °C.

2.2.6.2. Determination of the minimum inhibitory concentrations
(MICs)

The minimum inhibitory concentration (MIC) is defined as the lowest
concentration, recorded in mg/L or ug/mL, of an agent that inhibits the growth of
a microorganism. In the present study, the MIC of GO, GS and GO-AgNPs was
determined for four different microorganisms: C. albicans SC5314, S. aureus
ATCC 25923, E. coli ATCC 25922, and P. aeruginosa ATCC 27853. The EUCAST
broth microdilution method (EUCAST EDef 7.3.1) was used to stablish these
MICs, since it is a reference method for antimicrobial susceptibility testing, and

one of its main purposes is to establish the activity of new antimicrobial agents.

Firstly, to maintain the same concentration of culture medium in each well
of the 96-well polystyrene microdilution plates, stock solutions of graphene
derivatives, 200 times more concentrated than the concentrations to be analyzed,
were prepared. Next, these solutions were diluted 100 times (in tubes, dilution
vol. 10 mL) in the corresponding culture medium which was previously prepared
at double concentration. The culture medium was RPMI with 2% of glucose
(RPMI 2% G) and Muller-Hinton broth (recommended by EUCAST) for Candida
and bacteria, respectively. Subsequently, 100 pL of each dilution was added to
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each well of columns 1 to 10 of the plate (Figure 2.14). The final test concentration
for each compound ranged from 0.25 pg/mL to 128 pg/mL. The columns 11 and
12, which contained the growth control (GC) and a sterility control (SC),
respectively, were filled with 100 puL of the medium. Then, the microbial
suspensions were diluted 1:10 for C. albicans and 1:100 for bacteria in sterile
distilled water, and 100 pL was pipetted into each well (except in column 12
where 100 pL of sterile distilled water where added) obtaining the final inoculum
concentration of 5 x10* CFU/mL and 5 x 10> CFU/mL, respectively. Finally, the
microdilution plates were read using a microdilution plate reader (iMark
Microplate Reader) at a wavelength of 450 nm at 0 h and 24 h at 37 °C. The MIC
corresponds to the concentration of the compound that resulted in an absorbance
reduction of 50% or greater with respect to the absorbance found in the wells of

the growth control. This test was conducted in triplicate.

Figure 2.14. Diagram of the microdilution plate for each microorganism.

2.2.6.3. Microbial growth kinetics in the presence of GO-AgNPs.

This assay was focused on the assessment of the microbial growth in the
presence of GO-AgNPs and GO. Since GS had the same behavior as GO in the

determination of MIC, it was not considered in this test.

The four previously mentioned microorganisms were analyzed at a final
inoculum density of 5 x 10* CFU/mL and 5 x 10> CFU/mL for yeast and bacteria,
respectively. The highest GO concentration in the MIC determination assay (128
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pg/mL) was tested along with three concentrations of GO-AgNPs, selected on the
basis of its MIC value for each microorganism: 64 pg/mlL, 32 ug/mL, and 16 ug/mL
for C. albicans and S. aureus, and 128 pug/mL, 64 pg/mL, and 32 pg/mL for E. col,
and P. aeruginosa. Briefly, a microplate was loaded with culture medium, the GO-
AgNP hybrid, and the microorganism as mentioned above. The microorganism in
the culture medium was considered the growth control (GC), and the different
concentrations of the compounds without microorganisms but with the culture
medium, the blank. The microplates (100-well honeycomb polystyrene plates,
Labsystems) were placed in a microplate reader (BioScreen C) configured to read
the absorbance at 430-580 nm every hour for 72 hours at 37 °C. Five wells for
each compound concentration were used, and the assay was performed in
duplicate (Figure 2.15).

Figure 2.15. Diagram of the 100-well microplates for BioScreen C.
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2.3. Results and discussion

In this thesis, GO production was performed three times. In this section the
characterization results for one of the three GO samples are shown, since all

exhibited similar results.

2.3.1. Structural and morphological characterization

UV—vis spectroscopy

The UV—vis spectroscopy was used to confirm the formation of GS and GO-
AgNPs from GO. The UV-vis spectra of GO and the reduced GO by 2.00 mM
L-AA are shown in Figure 2.16A. The spectrum obtained for the GO sheets
dispersion exhibits a maximum at 233 nm attributed to the ™ — " transitions of
the aromatic C=C bonds and a shoulder at =300 nm, ascribed to n — T* transitions
of C=0 bonds. The maximum absorption peak of GS is located at 270 nm, and the
absorption in the whole spectral region increases, indicating that the electronic
conjugation inside the reduced graphene sheets has been restored. The absorption
spectrum of GO-AgNPs-A (60 °C, 1.50 mM L-AA) hybrid exhibits the red shift of
the maximum peak of GO, from 230 to 265 nm, suggesting the simultaneous
partial reduction of GO during the preparation of the GO-AgNPs nanohybrids,

and therefore the recovery of the electronic conjugation of the graphene sheets.

Figure 2.16. UV-Vis absorption spectra. (A) GO and GS aqueous suspensions. (B) GO-AgNPs-

A aqueous suspension at different time intervals.

In addition, the presence of the characteristic Surface Plasmon Resonance
(SPR) band at 404 nm indicates the reduction of silver nitrate to AgNPs [193]. As

60



Graphene — Based Materials

it can be seen in Figure 2.16B, the Plasmon resonance did not change during the
reaction time. The intensity, wavelength and shape of the SPR absorption band
depend on particle size, shape, aggregation state and the dielectric constant of the
surrounding medium [194]. The peak position found for the different prepared
GO-AgNPs is characteristic of small roughly spherical AgNPs. The intense SPR
band is responsible for bluish color of the [Ag(NHs):]* and GO solution after
adding L-AA.

UV-Vis spectroscopy was also employed to analyze the effect of reaction
temperature and the AgNPs precursor concentration on the synthesis of AgNPs
hybrids. As can be seen from Figure 2.17, the intensity, wavelength and shape of
the SPR absorption band remain similar at both temperatures when 1.50 mM
AgNOs was used. However, the absorbance peak becomes more intense as
temperature increases in the case of 2.00 mM AgNOs. The increase in intensity
can be due to an increase of the number of the nanoparticles formed. The position
of the SPR band remains practically unchanged as the temperature and silver

precursor concentration increase.

Figure 2.17. UV-vis spectra of GO-AgNPs suspensions synthetized with different AgNOs

concentrations at 60 °C and 80 °C.

Aliquots were extracted during the reaction and diluted in order to record
the UV-spectrum as shown in Figure 2.18A. Considering the stability of the
dispersions, agglomeration and precipitation are visible for the suspension of GO-
AgNPs-D, while for GO-AgNPs-A this phenomenon has not occurred (Figure
2.18B).
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Figure 2.18. (A) Photographs of the dilutions of the aliquots extracted of GO-AgNPs-A at
different times during synthesis. (B) Dilutions of the GO-AgNPs-D and GO-AgNPs-A.

Fourier-transform infrared (FTIR) spectroscopy

The Fourier transform infrared (FTIR) spectroscopy has been used to
identify the oxygenated functional groups attached to the basal plane of graphene
derivatives. Figure 2.19A shows the FTIR spectra of graphite, GO, different GS
and GO-AgNPs samples.

Natural graphite shows two peaks at 3433 cm! for O-H stretching and at
1630 cm! assigned to the vibrations of the adsorbed water molecules, and a
shoulder at 1577 cm™' due to the C=C bond stretching vibration. In the case of
GO, the overlapping bands in the 3800-3000 cm' range correspond to the
stretching vibrations of structural OH groups and physisorbed water molecules.
The strong band at 1734 cm™! is related to the C=O carbonyl stretching of COOH
groups situated at the edges of the oxidized graphenes, and the peak located at
1621 cm™' is attributed to the deformation vibration of water molecules. The
absence of the peak at 1577 cm™' reflects the absence of unoxidized aromatic
regions in GO. The absorption peak at 1362 cm! is assigned to the bending of
tertiary C-OH groups, while the peak at 1052 cm™! arises from the vibration of C—
O of epoxide groups (C-O-C). Finally, the peak at 980 cm™! is attributed to epoxide
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or peroxide group. Thus, the FTIR data verify the existence of epoxy groups in
GO and demonstrate that -C=O and —OH groups are present.

Figure 2.19. Infrared spectra of (A) graphite, GO, GS (2.00 mM) and GO-AgNPs-A. (B) GS
obtained at different concentrations of L-AA: 0.57 mM, 1.14 mM, 2.00 mM and 6.32 mM.

In the spectrum for GS samples (Figure 2.19B) there is a signal at 3417 cm ™!
due to the intercalated water. In the case of GO this signal is wider due to the
contribution of two peaks at about 3584 cm! and 3194 cm™! associated to hydroxyl
and —COOH groups. The intensities of the bands assigned to carbonyl stretching,
epoxides and hydroxyls weakened substantially, and the band at 1621 cm™!
disappears upon reduction. Two new bands appear in the GS samples, one at 1558
cm! and another one at 1117 cm™! associated to the aromatic C=C stretching and
the in plane bending vibrations, respectively, evidencing the restoration of the sp?
structure. The spectra of GS samples when reduction was carried out with 2.00
mM and 6.32 mM L-AA are similar, and show a higher decrease in the intensities
of the bands associated to oxygen functional groups compared to the other

reduced materials.
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For GO-AgNPs nanohybrids, the signals obtained are very closed to those
of the GS. Specifically, as in the case of the chemical reduction of GO, the
intensities of the bands assigned to carbonyl, epoxides and hydroxyl are
considerably weakened, and the band at 1621 cm™ disappears. These results
indicate the simultaneous partial reduction of GO. The interaction of AgNPs with

graphene cannot be clearly distinguished with this technique.

X-ray photoelectron spectroscopy (XPS)

The chemical change of natural graphite during the reactions was followed
by the analysis of X-ray photoelectron spectroscopy (XPS), a technique that allows
the determination of the relative amount of carbon, oxygen and other functional
groups present in graphene-based materials [195]. Figure 2.20A shows the XPS
survey spectra of graphite, GO, GS and GO-AgNPs, and Figures 2.20B-E present
high resolution C1s XPS spectra for GO, GS and GO-AgNPs, and Ag3d for GO-
AgNPs. In the XPS spectrum of graphite, it can be seen an intense peak
corresponding to C—C stretching (284.6 eV), and the peak corresponding to Ols
(532.3 eV) which intensity is very small, associated with atmospheric oxidation.
Both Ols and Cls signals are used to calculate the peak intensity ratio, e.i. the
atomic C/O ratio. Thus, the intensity of the peaks (O1s/Cls) of GS decreases
significantly in comparison with that of GO. The presence of silver nanoparticles
in GO-AgNPs is observed in the doublet associated with Ag3d (368.4 - 374.4 eV).

In order to carry out the quantitative analysis, Cls and Ols peaks are
separated into their individual components. This is performed by fitting the total
spectrum into a linear superposition for all elements. Gaussian—Lorentzian peak
method is used to fit the Cls and Ols curves after performing the Shirley
background correction [196]. This separation helps to calculate the fractions of
every single element present in the sheet. The Cls XPS spectrum of GO clearly
indicates a considerable degree of oxidation (Figure 2.20B). The binding energy
of 284.6 eV is attributed to the C-C/C-H bonds, and the ones of 286.6 and 288.9
eV are typically assigned to the C-O (including epoxy and hydroxyl groups) and
—O—-C=0 functional groups, respectively. This result suggests that GO is heavily
oxidized, which is in good agreement with previous reports [197].
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Figure 2.20. (A) XPS survey spectra of natural graphite, GO, GS and GO-AgNPs. High-
resolution Cls XPS for (B) GO, (C) GS and (D) GO-AgNPs. High-resolution Ag3d XPS of (E)
GO-AgNPs.

After the reduction of GO with L-AA (2.00 mM) for 6 h, the C1s spectrum
of GS (Figure 2.20C) reveals that the graphitic C—C signal (284.6 V) is narrower
than in GO, FWHM (full width at half maximum) value of 1.117 eV compared to
2.976 eV, which indicates the development of a more homogeneous chemical
environment and/or ordered graphitic structure. Moreover, XPS spectrum of GS
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exhibits the same oxygen functionalities that have been assigned for GO, while
the intensities of all Cls peaks of the carbons binding to oxygen, especially the
peak of C-O (epoxy and alkoxy), decrease dramatically, revealing that most
oxygen-containing functional groups were removed after the reduction. In
addition, the peak at the binding energy 291.1 eV, assigned to the m — w*
transition of the aromatic C—C bonds, appears after the chemical reduction. The
relative C/O atomic ratio increases from 2.05 for GO to 5.61 for GS. XPS results
suggest significant removal of oxygen functional groups in the chemical

reduction.

The Cl1s XPS spectrum of the GO-AgNPs-A (60 °C, 1.50 mM L-AA) shows
signals very similar to those of GS (Figure 2.20D) revealing that functional groups
containing oxygen were removed during the reaction, although to a lesser extent
than in the case of GS. The relative C/O atomic ratio for GO-AgNPs-A is 3.09.
High-resolution Ag3d spectra shows two separate peaks at 368.4 and 374.4 eV that
are correlated to Ag3ds2 and Ag3ds» (Figure 2.20E). These peak positions are
typical of Ag’, confirming the formation of silver nanoparticles on the graphene
surface. XPS analysis have demonstrated the presence of silver for all the different
GO-AgNPs hybrids prepared in this work.

Raman spectroscopy

The structural changes underwent by graphene sheets during the different
reactions was also monitored through Raman spectroscopy. This is a non-
destructive technique based on the inelastic scattering of monochromatic light.
There are two kinds of inelastic scattering: stokes (output energy is smaller than
input energy) and anti-stokes scattering (output energy larger than input energy).
The difference between the output and input light provides the data of vibrational

modes, which are materials fingerprints.

In order to investigate the spectral reproducibility, spectra were collected
from different positions on each sample. Raman spectra of graphite, GO, GS (2.00
mM L-AA) and GO-AgNPs-A (60 °C, 1.50 mM L-AA) are shown in Figure 2.21.
From this figure, two characteristic bands can be seen in the first-order region,
the D band at around 1353 cm, and the G band at around 1598 cm-. The D band,

66



Graphene — Based Materials

typical for sp3-hybridized carbon atoms (graphitic domains), is associated with the
presence of defects in the graphite material derived from vacancies, bond-angle
disorder, bond-length disorder, edge defects, etc., [198] and the G band is due to
the first order scattering of the E2; phonon of sp? carbon atoms [199,200].

Figure 2.21. Raman spectra of graphite, GO, GS and GO-AgNPs.

Table 2.3 lists the Raman data for the mentioned samples. The D band for
GO becomes broader and more prominent and shifts to lower wavenumber
compared to that of graphite. This can be attributed to the introduction of oxygen
groups and other structural defects in the graphitic structure. The intensity of the
D band is related to the size of the in-plane sp? domains. The increase in the D
peak intensity indicates the reduction in size of sp? domains, or what is the same,
the formation of more sp? domains. On the other hand, the G band for GO is
broadened and shifted towards a higher wavenumber compared to that of
graphite, due to the high oxidation level of graphite. This shift in G band is
associated with the presence of isolated double bonds, which shows higher
resonance frequencies than that of G band in graphite [199,200].

Comparison of Raman spectra of GS and GO shows significant changes. The
G band of GS shifts to lower wavenumber due to the recovery of the hexagonal
network of carbon atoms with defects [29,31,201], and the D band becomes
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narrow and the intensity is significantly increased, indicating the presence of
lattice distortions of graphene basal planes [202], structural defects are introduced.
The intensity ratio of D and G peaks (In/Ic) is a measure of disorder degree and is
inversely proportional to the average size of the sp? clusters [29,203]. The In/Ic
ratio for GS (1.23 + 0.03) is larger than that for GO (0.83 + 0.02). This suggests that
the areas formed by sp? hybridized carbon atoms are smaller in size, but higher in
quantity than what is shown in GO before reduction. The conjugated graphene
network (sp? carbon) is re-established, but the size of the restored network is

smaller than the original one.

Table 2.3. Raman peak positions and intensity of In/Ic.

Material D G D D+G 26 In/Ic Lp/Inc

(cm?) (cm?) (cm?) (cm?) (cm?)

Graphite 1355 1579 2723 - 3244  0.03+0.02 -
GO 1353 1598 2741 2944 3181 0.83+0.02  0.74+0.03
GS 1350 1585 2691 2939 3187 1.23+0.03  0.90+0.07

GO-AgNPs-A 1345 1594 2712 2934 3176 1.03+0.01  0.70+0.03

The D and G bands of GO-AgNPs shift to lower wavenumbers, 1345 and
1594 cm™, respectively, when compared to GO. This is due to the partial reduction
of GO during the AgNPs binding process, in which structural defects are added in
addition to NPs. However, the position of G band is not as low as that of GS, since
the reduction is not complete and some oxygenated groups of the initial GO
remain. In addition, the Io/Ic ratio for GO-AgNPs is higher (1.03 + 0.01) than that
for GO. The insertion of AgNPs on graphene sheets contributes to an increase in
the degree of disorder of the GO matrix, in part due to the interactions between
the carbon matrix and the NPs, which causes a decrease in the average size of the
sp? domains in the plane [97]. Additionally, it should be highlighted that D and G
peak intensities of GO-AgNPs increased considerably due to the surface-
enhanced Raman scattering effect of AgNPs [204,205].

The second-order region of the Raman spectra includes several bands at
~2400 cm™, at 2700 cm™ (2D band, typical for sp?>-hybridized carbon atoms,
overtone of the D band), at =2900 cm™! (D + G band) and at =3200 cm! (2G band),
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depending on the graphenic material. In a defect-free graphitic structure, D band
is not present, while a large 2D band is seen. This band is highly sensitive to the
number of graphene layers [9,206]. The 2D band (2723 c¢cm™) broadens and
reduces its intensity after oxidation, and suggests a significant reduction of sp?
domains, while after the reduction process the band is more intense and defined.
It has been reported in the literature [207] that the I:p/Ib:c ratio is another
indicator for the aromatic C-structural order of the graphitic materials, since the
2D mode is sensitive to the electronic structure in the graphene, whereas the D+G
combination mode is induced by disorder. The data displayed in Table 2.3 show
an increase in the Iop/Ip.c ratio from GO to GS (about 1.2 times), indicating the
restoration of graphitic electronic conjugation upon reduction of GO by L-AA
[200,208,209]. The IL/Ip.c ratio for GO and GO-AgNPs is practically similar
confirming the low reduction of GO during the reaction to obtain graphene-silver
hybrids.

X-ray diffraction (XRD)

This is a non-destructive method of characterization that deals with the

space between the layers and the crystalline structure of graphene. Bragg's law
described in Appendix I (Eqn. [.1.6) was used to calculate the distance between
the sheets. Figure 2.22 shows the obtained X-ray diffraction patterns. For natural
graphite, the sharp strong peak at 26.7° of 26 corresponds to the (002) diffraction
line with the interlayer spacing along the c-axis of 0.33 nm [38,210]. In contrast
to the XRD spectrum of graphite, GO displays a broad peak at 26 = 11.1°, and
lower in intensity which clearly indicates the damage of the regular crystalline
of natural graphite during the oxidation. The exact position of this peak
(between 9- 11°) depends on the oxidation method used, as it increases directly
with the increase in the degree of oxidation. From this result, it can be said that
the inter layer spacing of graphene material is proportional to the degree of

oxidation.

According to Bragg diffraction formula, the d spacing of GO was 0.79 nm.
The intercalation of epoxide and hydroxyl groups between the GO layers during
oxidation process and a conversion of hybridization of the oxidized carbon atoms
from sp? to sp? leads to the increase of the dspacing [26]. Compared with natural
graphite and the parent GO, the XRD pattern of GS shows a broad peak (26=
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24.3°%; dspacing ~0.37 nm) with the disappearance of the characteristic peaks. This
indicates that chemically reduced graphene has been exfoliated into a few layers.

Figure 2.22. XRD of graphite, GO, GS and GO-AgNPs.

Regarding GO-AgNPs, the XRD pattern shows strong Bragg reflections at
38.3°, 44.2°, 64.5°, 77.3° and 81.7° of 26, which correspond to the (111), (200),
(220), (311) and (222) crystal planes of face centred cubic crystal structure of
AgNPs. These results corroborate the formation of AgNPs on GO surface. In
addition, the non-appearance of the GO diffraction peak after the attachment of
AgNPs onto its surface, suggest the exfoliation of GO-AgNPs sheets [211].
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Nanostructure and Morphology

In order to investigate the morphology of synthesized graphene-based
fillers Atomic Force Microscopy (AFM), Transmission Electros Microscopy (TEM)
and Scanning Electron Microscopy (SEM) measurements were performed.

AFM allows to analyze morphology and texture of the graphene materials
at a nanometric scale. It also helps to measure the height, lateral size and number
of layers in the specimen. The AFM image provides topographic contrast, making
it difficult to distinguish between graphene oxide and graphite layers in normal
operation mode. Phase imaging is one of the attractive features of tapping-mode
AFM. This facilitates to distinguish between a defect free pristine graphene and
its functionalized version due to the difference in the interaction forces between
the AFM tip and the attached functional group [212]. The different AFM modes
allow the study of mechanical, frictional, electrical, magnetic and even elastic
properties of graphene sheets. However, in our case the AFM was used to measure
the size of GO sheets (Figure 2.23A). For this purpose, the lyophilized graphene
oxide was exfoliated in aqueous medium vza bath-sonication. The analysis of the
AFM images revealed GO sheets with lateral dimensions of 0.2 to 1.4 pm, and
thickness in the range from 0.8 to 1.4 nm. Considering the size distribution, Figure
2.23B, more than 65% of the GO sheets have a lateral dimension of <0.5 pm, and
a mean lateral dimension of ~0.48 ym is observed. A mean thickness of 1.11 nm is
measured for the obtained graphene oxide sheets (Figure 2.23C), which is typical
for a one-atom-thick GO nanolayer [29,213-215]. It can be seen that about 83%
of GO sheets have thickness lesser than 1.2 nm.
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Figure 2.23. (A) AFM image of GO sheets. (B) Histogram distribution of sheet lateral sizes. (C)

Histogram distribution of sheet thickness.

Figure 2.24. Microscopy images of GO and GS. (A) SEM (left) and TEM (right) images of GO.
(B) SEM (left) and TEM (right) images of GS.
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TEM is often used to image nano-sized materials at atomic scale resolution.
This technique is based on the diffraction patterns emitted by the samples after a
high-energy electron beam is transmitted through the sheets. The scattered
electrons are captured and processed by an electromagnetic lens to display an
image. The low magnification TEM image is pretty useful in sheet visualization,
but they are unable to provide complete information about the internal atomic
structure of the sheets. Particularly, high resolution transmission electron
microscopy (HR-TEM) is able to exhibition the number of layers. Likewise, SEM
microscopy is also frequently used to study the surface morphology of graphene,
GO and graphite. Figure 2.24 shows SEM and TEM images of exfoliated GO and
GS aqueous suspension prepared by ultrasonic bath sonication. GO sheets
appeared as thin flexible sheets randomly aggregated, with wrinkled surfaces, and
folding. In the case of GS, SEM image reveals that sheets are crumpled, aggregated,
entangled with each other and forming a solid with big pores. TEM image shows
a general view of GS nanosheets, clearly illustrating a large wrinkled and folded

sheet of graphene.

Regarding the GO-AgNPs nanohybrids, the morphology of the synthesized
nanostructures was investigated by TEM. Figure 2.25 shows TEM images, selected
area electron diffraction (SAED) patterns of GO-AgNPs nanohybrids and particle
size distributions of AgNPs on GO sheets. The micrographs confirm the
decoration of GO with AgNPs. For all samples, spherical AgNPs well dispersed
throughout the GO surface are observed. For each sample 1200 nanoparticles in
several GO-AgNPs micrographs were analyzed to determine the AgNPs sizes.
Table 2.4 summarizes the characterization of AgNPs by TEM analysis and the
position of SRP absorption band obtained by UV-Vis. The results indicate that the
size of the AgNPs is dependent on the AgNOs concentration and temperature.
The smallest AgNPs are formed at the lowest silver precursor concentration and
temperature. Under these conditions (1.50 mM AgNOs and 60 °C), the reaction
leads to silver nanoparticles whose size ranges from 0.9 nm to 5.8 nm, with an
average size of 3.1 + 0.8 nm (Figure 2.25A, Table 2.4), where about 90% of the
AgNPs counted are under 4 nm in diameter. An increase in the silver precursor
concentration results in an increase of the particle size and a broader size
distribution when the reaction temperature is 60 °C (Figure 2.25B). Thus, for GO-
AgNPs-B nanohybrid the particle size ranges from 0.7 nm to 10.8 nm, with an
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average size of 4.1 £ 1.5 nm, where only 51% of nanoparticles exhibit diameters
lesser than 4 nm. These findings are in accordance with previous studies reported
by other authors [146,158,216-218]. On the other hand, in Figures 2.25C,D it can
be seen that both the size and size distribution are unaffected by the AgNOs3
concentration when the reaction temperature is maintained at 80 °C.
Consequently, the effect of AgNOs concentration on AgNPs size and size

distribution is significant when the synthesis is performed at lower temperature.

The effect of temperature on silver nanoparticles size can be seen
comparing particle size distribution shown in Figure 2.25. It may be noted that as
the temperature increases to 80 °C, the nanoparticles size increases and the size
distribution becomes broader. For the samples GO-AgNPs-C and GO-AgNPs-D,
~89% of nanoparticles have diameters lesser than 9 nm. Similar effect have been
reported in the literature [219,220]. The nucleation of AgNPs on graphene oxide
surface has been explained through the interaction of silver cations with the
oxygen functional groups. The negatively charged GO sheets allow the
attachment of positively charged metal ions via electrostatic interactions. The
addition of L-AA reduces both the Ag* species to AgNPs and GO to rGO. At higher
temperature, the reduction rate of silver precursor increases, and the nanoparticle
growth reaction rate is faster. From the above results, it can be inferred that both
silver precursor concentration and temperature are the key parameters for
controlling the size of AgNPs. The sizes of the nanoparticles synthesized in this
work are smaller than those reported in the literature using the solution phase
chemical reduction method, either with or without the stabilizing agent. In the
present part of the thesis, only the silver precursor and the reducing agent have
been used to prepare the nanohybrids, whereas in most of the reported studies a

stabilizing agent, ultrasonication or a dispersing agent have also been employed.

The insets in the TEM images of Figure 2.25 present the SAED patterns of
the AgNPs synthesized in the GO sheets. They show diffraction rings and bright
spots attributed to the cubic metallic silver centered on the face (fcc). The rings
correspond to the crystallographic planes (111), (200), (220) and (311) of the
AgNPs. These results are consistent with those of XRD and indicate the

polycrystalline nature of silver.
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Figure 2.25. TEM images of the GO-AgNPs nanohybrids, where the insets present the SAED
of the nanoparticles (rings and spots). (A) GO-AgNPs-A; (B) GO-AgNPs-B; (C) GO-AgNPs-C;
(D) GO-AgNPs-D; and particle size distributions of nanoparticles.
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Table 2.4. Characterization of AgNPs using TEM analysis.

Sample UV-Vis Absorption Particle size (um)
Amax Mean + SD Size Range
GO-AgNPs-A 407 3.1+£0.8 09t05.8
GO-AgNPs-B 405 41+15 0.7 t0 10.8
GO-AgNPs-C 408 6.7 2.4 0.9 to 13.2
GO-AgNPs-D 403 6.1+23 0.9 to 14.7

Several research has reported the synthesis of AgNPs supported on
graphene oxide by using the solution phase chemical reduction method. Shen et
al. synthesized Ag-chemically converted graphene (CCG) by an in situ solution
based chemical approach with mixed reducing agents at 110 °C [150]. The AgNPs
on CCG sheets had a size in the range of 5-10 nm. Pasricha ez al. reported the
synthesis of Ag-GO nanocomposites by chemical reduction of silver sulfate
precursor by GO in the presence of aqueous KOH at boiling temperature [151].
The results revealed the formation of silver nanoparticles with sizes in the range
of 3-12 nm. Das et al. reported the preparation of AgNPs using AgNOs with
sodium borohydride in the presence of GO [158]. The size of the AgNPs obtained
by this method was in the range of 5-25 nm. Later, Das et al. informed about the
synthesis of AgNPs on GO sheets by chemical reduction of silver metal ions by
sodium borohydride in the presence of trisodium citrate as stabilizing agent,
which showed the formation of silver nanoparticles with particle size of 2-25
[159]. Tang et al. prepared GO-Ag nanocomposites with different Ag/GO ratios
by chemical reduction of AgNOs precursor with sodium citrate, at boiling
temperature [161]. The AgNPs attached onto the GO sheet surface were found to
have an average diameter of about 46 nm and 68 nm depending on the Ag/GO
ratio. The results reported by Fonseca de Faria et a/ showed GO sheets decorated
with 7.5 nm sized Ag nanoparticles [162]. In their study the GO-Ag
nanocomposite was prepared in the presence of silver nitrate and sodium citrate
at 130 °C. Hui et al. reported the formation of AgNPs with an average size ranging
from 15 to 55 nm, depending on the ultrasonication time of the mixture of AgNOs,
GO and vitamin C [146].
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2.3.2. Thermal characterization of GO, GS and GO-AgNPs

Thermogravimetric analysis (TGA)

TGA measurement was performed under nitrogen atmosphere to study the
thermal stability of natural graphite, GO, GS and GO-AgNPs (Figure 2.26). This
characterization provided information about the ability of the reducing agent to
restore the structure of graphene, as well as the accuracy of the C/O ratio of GO

and GS obtained by XPS spectroscopy.

Graphite is highly stable up to 600 °C and exhibits a very small weight loss
step, it is almost flat. The GO decomposes in two steps, the first weight loss at 50—
120 °C is associated with the elimination of loosely bound or adsorbed water and
gas molecules. The major mass loss for GO (32%) takes place between 125 °C and
300 °C due to the decomposition of the most labile oxygen functionalities present
in the material, which is very close to the value obtained by XPS (32.6% of O).
Besides, a steady mass loss is observed in the whole temperature range above 300
°C, which can be ascribed to the removal of more stable oxygen functionalities
and the decomposition of the carbon structure [221,222]. The GS samples show
similar thermograms but with lower amount of weight loss, compared to that of
GO (Figure 2.26A). This could be explained by a smaller amount of oxygen
functional groups in the structure as a result of the removal of those groups from
the surface of GO sheets during the reduction process. The mass loss for GS, from
125 °C to 300 °C, attributed to unreduced GO functional groups is between 19%
and 7% depending on the amount of reducing agent used in the reduction process.
GS samples obtained after reduction with 2.00 mM and 6.32 mM L-AA exhibit
similar mass loss. The thermograms of chemically reduced graphenes obtained
with high levels of L-AA, show a continuous weight loss with a relatively constant
rate, revealing a higher stability compared to those obtained with the low levels
of L-AA (0.57 mM and 1.14 mM). At 700 °C, the chemically reduced graphenes
obtained with the highest levels of L-AA exhibit a much smaller weight loss
(=18%) than GO (=50%) but still higher than graphite (=3%). These results suggest
that a certain fraction of oxygen functionalities remain even after reduction of
GO with the highest levels of L-AA. These findings are in accordance with results
in the literature [35].
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Figure 2.26. TG curves: (A) Graphite, GO, and chemically reduced graphenes by 0.57 mM, 1.14
mM, 2.00 mM and 6.32 mM L-AA, and (B) different GO-AgNPs.

The decomposition pattern of all synthesized GO-AgNPs nanohybrids is
shown in Figure 2.26B. The first mass loss, attributed to the elimination of
interlaminar water, is found at 50-120 °C, and the second, where the
decomposition of the oxygen groups occurs, at 140-300 °C. The mass loss for GO-
AgNPs-A and GO-AgNPs-Bis 16.1% and 7.7% respectively, which decreases with
the increase in the amount of silver nitrate used, and consequently, also with a
higher amount of reducing agent (the weight ratio between L-AA and AgNOs is
always 2.07). Regarding GO-AgNPs-C and GO-AgNPs-D, the weight loss is 12.2%
and 5.4% respectively. From these results, it can be concluded that the most stable
hybrid is the one obtained at the highest silver precursor concentration and the
highest temperature (GO-AgNPs-D). The improvement in the thermal stability is
attributed to the deoxygenation and better graphitization of the hybrids, because
of the partial reduction of GO. Therefore, GO-AgNPs-D would be the most stable
product, but also the most difficult to re-disperse in an aqueous medium since

many functional groups have been removed.
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2.3.3. Antimicrobial activity assessment

The study of materials in the healthcare area is a topic of increasing interest
since biomedical devices are responsible for a high percentage of healthcare-
associated infections. These infections place an enormous economic burden on
both patients and healthcare services and are related to increased patient
morbidity and mortality. The main problem lies in the fact that biomedical
devices are inert materials where the immune system's defenses cannot reach, so
the number of microorganisms needed to generate an infection is greatly reduced.
In addition, these microorganisms usually produce biofilms that protect them
from antimicrobial drugs, which ends up causing an increase in multi-drug

resistant microorganisms.

The microorganisms chosen in this doctoral thesis are some of the most
frequent etiological agents of healthcare-associated infections: Gram-negative (£
coli and P. aeruginosa) and Gram-positive bacteria (S. aureus), and yeasts (C.
albicans) [223,224]. They were selected in order to understand the behavior of
synthesized graphene nanocomposites on different microbial structures. These
infectious agents are transmitted mainly by contact with people who carry or are
infected by them, as well as through objects (fomites), food, water and animals.
These four microorganisms can become part of the human microbiota and
subsequently cause opportunistic infections. Epidemic strains of these species
have also been described to cause moderate and severe infections in people

without any underlying disease or immunodeficiency [225].

Gram-positive S. aureusis a major human pathogen that causes a wide range
of clinical infections. It is a leading cause of bacteremia and one of the most
important causes of death associated with bloodstream infection [226]. Antibiotic
resistance is common, with the most problematic strains being those called MRSA
(methicillin-resistant S. aureus). Gram-negative E. coli is a major cause of
bloodstream infection, as well as the most common pathogen causing urinary tract
infection and catheter-associated urinary tract infections, and a critical
antimicrobial resistance issue [227]. Gram-negative P. aeruginosa is the main
cause of ventilated-associated pneumonia in the intensive care unit and a common
cause of other nosocomial infections exhibiting innate antibiotic multi-drug

resistance [228]. C. albicans was also included because it is the most important
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cause of healthcare-associated fungal diseases, ranked as the fourth or fifth most
common nosocomial bloodstream pathogen in USA and some European countries
with mortality rates as high as 45% [223,229].

In this context, the antimicrobial properties of GO, GS and GO-AgNPs were
studied on £ coli ATCC 25922, P. aeruginosa ATCC 27853, S. aureus ATCC 25923
and C. albicans SC5314. The antimicrobial activity was analyzed by means of the
Minimal Inhibitory Concentration (MIC), defined as the lowest concentration of
antimicrobial drug capable of inhibiting the microbial growth by at least 50%, and
by the microbial growth kinetics assay. In line with other studies [126,141,142]
which reveal that the antibacterial activity of AgNPs decreases with increasing
particle size, only GO-AgNPs-A was selected to characterize its antimicrobial

activity. MIC values are shown in Table 2.5

Table 2.5. Minimum inhibition concentrations of GO, GS and GO-AgNPs-A.

MICso (pg/mL)
Microorganism GO GS GO-AgNPs-A
Escherichia coli >128 >128 64
Pseudomonas aeruginosa >128 >128 64
Staphylococcus aureus >128 >128 32
Candida albicans >128 >128 32

For GO and GS samples with concentrations within the range of 0.25 pg/mL
to 128 pg/mL, the MIC was not determined as there was not a 50% reduction in
absorbance in comparison to the growth control for any of the four
microorganisms studied. Hence, they were not considered to exert antimicrobial
activity at these concentrations. However, in the case of GO-AgNPs-A, the MIC
value varied depending on the microorganism. Gram-positive bacteria S. aureus
and yeast C. albicans were more susceptible to the effect of GO-AgNPs-A (MIC =
32 pg/mL) than Gram-negative bacteria (MIC = 64 pg/mL), after 24 h to exposure.
The variation in MIC found may be due to the different cell wall structure of the
four microorganisms, as indicated by Tang er al [161] (further explanation of the
differences cell wall in Chapter 4).
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The microbial growth kinetics test offers an interesting approach to study
the antimicrobial activity, since it takes into consideration the influence of two
important variables: the amount of nanomaterial and the exposure time (longer
than in the MIC test) of microbial cells to the nanomaterial. The absorbance of
the microplate wells was monitored every hour, which allowed us to create the
growth curve for each microorganism. Owing the lack of antimicrobial activity
found for GO in the previous assay, it was used as a negative inhibition control in
this test. The growth kinetics of the microorganisms were obtained in the
presence of the highest GO concentration previously tested (128 pg/mL) for 72 h
(Figure 2.27). Confirming once again the lack of antimicrobial activity in the
concentration range studied, not only did GO not prevent the growth of any of
this microorganisms, but also it seemed that GO acted as a growth stimulator. This
is in accordance with the results reported in the literature [179,180], since the
growth curve of microorganisms in contact with the nanomaterial exceeded the

absorbance of those which had not been in contact.

However, controversial results regarding the antimicrobial properties of
GO are reported in the literature [179,181-184]. Both the physicochemical
properties of GO, (sheet size, functional groups, oxygen content, surface
roughness, number of layers, purity, etc.) and the interaction graphene-
microorganism (concentration, incubation time and culture medium) have been
shown to affect its antimicrobial properties. Liu er al [181]
[181][181][181][181](181)reported that various dispersions of graphene material
had a concentration- and time-dependent antibacterial effect. In their study, GO
dispersions (at concentrations from 10 to 80 pg/mL) showed the highest
antibacterial activity in £. coli among all the different graphene-base materials
studied, and an almost complete loss of cell viability at a concentration of 80
pg/mL. Moreover, most of the bacterial inactivation was observed in the first hour
of incubation. Hu er al showed that the growth inhibition of £. coli by GO was
almost completely suppressed when treated with 85 pg/mL GO for 2 h [186].
Other studies, however, have concluded otherwise. In the study by Nguyen et al,
the ineffectiveness of GO (up to 400 pg/mL) against £. coli was demonstrated
[191]. The lack of antifungal activity against C. a/bicans by GO was demonstrated
in the studies carried out by Li er al [192], and Al-Thani et al [193]. Ruiz et al.
reported a rapid and irreversible attachment of bacterial cells to GO [183].
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Figure 2.27. Microbial growth kinetics in contact with GO. (A) C. albicans, (B) S. aureus, (C)
P. aeruginosa and (D) E. Coli.

It has also been suggested that the culture medium can play a key role in
the toxicity of GO against bacteria. Hui et al [230] studied the antimicrobial
properties of GO in saline and Luria-Bertani (LB) broth. They concluded that LB
broth rendered GO inactive observing an increased bacterial growth. The loss of
antibacterial activity was attributed to non-covalent adsorption of the LB
components in GO basal planes. Likewise, Ruiz et a/ [183] investigated the effect
of colloidal GO on E. coli growth in LB nutrient broth, observing a significant
increase in microbial cell proliferation and GO precipitation. Scanning electron
microscopy (SEM) analysis revealed that the precipitated GO observed was
covered by a thick bacterial biofilm containing a large mass of aggregate cells and
extracellular polymeric material. The authors suggested that the GO precipitates
acted as scaffolds for cell surface attachment, proliferation, and biofilm formation.
Chen er al [184] also found that GO acted as scaffold promoting proliferation of

gut bacteria such as Bifidobacterium adolescentis. More recently, Gusev et al
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[231] in their study of the interaction of E£. coli with reduced graphene oxide
(rGO) also have demonstrated the important role of the culture medium in the

antimicrobial properties of rGO.

Regarding the GO-AgNPs-A sample, MIC, half of the MIC concentration
(MIC/2) and twice the MIC concentration (MICx2) were the nanomaterial
concentrations analyzed for each microorganism. The results obtained are
presented in Figure 2.28, where it can be observed that microbial growth is
completely prevented at one of the concentrations for all the microorganisms. The
curves show four distinct growth phases: latent period (lag), exponential (log),
stationary, and death phases. Lag phase corresponds to the delay before
exponential growth begins. In the log or exponential phase, cell division proceeds
at a constant rate, whereas in the stationary phase, the conditions become
unfavorable for growth and microbes stop replicating, and reach an equilibrium
level. Finally, in the death phase cells lose viability. The length of the lag phase is
the time it takes for the inoculum to increase its cell number when introduced
into a fresh medium. When microorganisms have to face environmental changes,
they enter the lag phase during which cell growth is stopped since the have to
adapt to the new situation and to synthesize the cellular components necessary
for growth such as RNA, enzymes and other molecules. Depending on the cell
structure, the type of antimicrobial agent and its concentration the growth profile
differs. Our results are in line with Theophel et al. [232] showing longer lag phases

as the concentration of antimicrobial agent increases.

According to Table 2.5, the MIC value for C. a/bicansis 32 ug/mL, and this
concurs with the degree of inhibition shown in its growth curve at 24 h for this
concentration (Figure 2.28A). However, 64 pg/mL (MICx2) of GO-AgNPs-A was
required to fully inhibit the growth of C. albicans after 72 h of incubation with
the nanomaterial. For S. aureus, the concentration that inhibited its growth by at
least 50% at 24 h (MIC) was 32 pg/mL. Nonetheless, from its growth curve (Figure
2.28B) it can also be seen that the growth during 72 h of expose to the
nanomaterial was similar to the growth at lower GO-AgNPs-A concentration (16
pg/mL). Thus, the concentration of 32 ug/mL of GO-AgNPs-A led to a longer lag
phase due to the adaptation of the microorganism to this concentration and the
killing effect in the inoculum. This effect was enhanced by increasing

concentrations of the nanomaterial.
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Figure 2.28. Microbial growth kinetics in contact with GO-AgNPS-A. (A) C. albicans, (B) S.
aureus, (C) P. aeruginosa and (D) E. Coli.

Considering, the two Gram-negative bacteria, both displayed a MIC value
of 64 pg/mL. However, the antibacterial effect of this concentration on P.
aeruginosa caused a prolonged lag phase, whereas the growth of E. coli was fully
inhibited (Figures 2.28C and D). These results also suggested an increased
susceptibility to GO-AgNPs-A nanohybrid by C. albicans and S. aureus at 32
pg/mL confirming our MIC assay.

Taking together, these findings lead to the conclusion that GO-AgNPs-A
nanohybrid exhibits a dose- and exposure time-dependent antimicrobial activity.
The concentration of GO-AgNPs-A that would hinder at least the 50% growth of
any of these microorganisms for 72 hours, should be higher than 64 pg/mL.
Several authors have studied the antimicrobial behavior of GO-AgNPs, recording
low exposure time ranges compared to our 72-hour-assay. Fonseca de Faria er al

reported that GO dispersion lacks antibacterial activity against P. aeruginosa at

84



Graphene — Based Materials

the evaluated concentrations in the study (from 0.1 pg/mL to 5.0 ug/mlL) after O-
6 hours range, whereas 100% of P. aeruginosa cells were fully inhibited after
contact with GO/Ag concentrations of 2.5 and 5.0 ng/mL for 30-60 min [166]. Cui
et al. investigated the inhibitory effect against C. a/bicansof both GO and the GO-
Ag composite [233]. They concluded that GO did not show growth inhibition in
fungal cells, but the antifungal effect of GO-Ag was confirmed and was even
improved when compared to the activity of bare AgNPs. Jaworski et al studied
the antimicrobial activity of GO-, AgNPs- and GO-AgNPs-coated polyurethane
foils against E. coli, S. aureus, S. epidermidis, and C. albicans at 37 °C for 24 h
[234]. The foil coated with GO-Ag showed the strongest antibacterial effect
against all tested microorganisms, being the growth of bacterial cells greatly
inhibited, while the GO and AgNPs coated films only slightly reduced it. The
yeast C. albicanswas the most resistant to the effect of GO-Ag, followed by Gram-
positive and Gram-negative bacteria. The study carried out by Tang et al. revealed
that both pure GO and AgNPs and the simple mixture of both had no effect on £
coliand S. aureus at the concentrations studied, whereas the nanocomposite GO-
Ag showed dose- and Ag:GO ratio-dependent antibacterial activity [165]. In
addition, the results showed that the antibacterial effect of GO-AgNPs was species
dependent. The enhanced antimicrobial activity of GO-AgNPs compared to GO
and AgNPs is attributed to a synergistic effect of GO an AgNPs and not to an
additive effect of both components. Shao et al investigated the antibacterial
activity of GO-Ag nanocomposite against E. coli and S. aureus [235]. The
synthesized GO-Ag showed a dose-dependent antimicrobial effect, and stronger
towards E. coli than towards S. aureus. Das et al. investigated the antibacterial
activity of Ag-GO against E. coli and P. aeruginosa [162]. They found that P.
aeruginosa was more sensitive than E. coli to Ag-GO. The investigation on the
antibacterial activity of GO-Ag hybrid by Mohammadnejad et al. showed a higher
toxicity against £. coli than against S. aureus [236].

The results of the present study indicate that AgNPs play an essential role
in the antimicrobial activity of GO-AgNPs hybrids. The activity of AgNPs is
dependent on several parameters, including those inherent to them such as size
and shape. The size dependency has been investigated in different works studies
[140,144-147,237] and it has been concluded that the smaller the size, the greater
the toxicity. This was the reason why GO-AgNPs-A was selected for the
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antimicrobial assay. Small sized AgNPs can cover a larger surface area, resulting
in more efficient cell-particle contact. Bare-silver nanoparticles tend to aggregate
not being stable in aqueous suspensions, which limit their applications. GO plays
an active role in the enhancement of the stability of the AgNPs, acting as a
platform to prevent their agglomeration. The formation mechanism of the GO-
AgNP hybrids seems to be through electrostatic interactions between the
negatively charged oxygen-containing functional groups on the GO surface and
the free silver ions, which are then reduced by the reducing agent, leading to the
formation of AgNPs attached to the GO surface [97,150,155,166,235].

The antimicrobial mechanism of action of AgNPs has been described in
several studies, but it is not completely elucidated [144,238-242]. It is assumed
that the attachment of AgNPs to the microbial surface could be mediated by the
electrostatic interaction between the negative charged cell membrane of many
microbes and the positive surface charged nanoparticles. Silver nanoparticles are
able to enter the cell interior after adhering to the cell surface. This results in
irreparable damage to different internal components. In addition, the cellular
internalization of AgNPs can also generate reactive oxygen species (ROS) and
induce oxidative stress in bacterial cells due to the release of Ag* ions. In the
presence of dissolved oxygen (in aqueous solutions) the surface of silver
nanoparticles is oxidized, and the AgNPs oxidative dissolution leads to Ag* ions.
Both AgNPs and Ag* ions damage microbial cells by interacting with sulfur-
containing proteins present in both microbial membranes or cytosol as well as
with phosphorous-containing compounds such as DNA. All these processes will
lead finally to the death of microorganisms. Consequently, the antimicrobial
effect of GO-AgNPs nanohybrid could be explained by the combine action of
direct contact between the AgNPs and the microbial cells, and the dissolution of

Ag*ions from AgNPs.

The antimicrobial properties make GO-AgNPs potential candidates as
materials for biomedicine as well as for the preparation of antimicrobial polymer
nanocomposites. A particularly important aspect to consider about nanomaterials
is their cytotoxicity, which is governed by physicochemical properties such as
size, shape, surface load, coating and concentration [243]. AgNPs have been found
to be toxic to several human cell lines, and their cytotoxicity occurs in a dose—,
size- and time-response manner (especially for those with sizes <10 nm) by
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creating ROS, oxidative stress, and DNA damage [244,245]. The smaller silver
nanoparticles showed higher biological activity in comparison with the larger
ones. Similarly, toxicity threshold for the same cell line was higher for small
particles than for large ones [246]. However, no cytotoxicity has been observed
when AgNPs are coated with appropriate polymers at certain concentrations
[247]. Several research suggest that reasonable doses of AgNPs present many
beneficial effects in different applications without any adverse effects on human
cells [248]. As for cytotoxicity of GO-AgNPs, it has been reported that also occurs
in a dose-dependent manner and that is affected by the mass ratio of GO:Ag. It
has been found that GO-AgNPs is more toxic than its pristine counterparts. The
reported studies revealed that the cytotoxicity of GO-AgNPs towards human cell
is related to the synergistic effect between GO and AgNPs [244]. As with any
other compounds, the concentration of GO-AgNPs present in the materials and
the final applications should be considered to avoid adverse effects. Moreover, it
has been reported the anticancer activity of GO, AgNPs and GO-AgNPs
nanohybrids [249], especially, nanohybrids of GO-AgNPs seem to show increased
anticancer activity compared to GO [250] making these nano-hybrids potential

candidates in cancer therapy.
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2.4, Conclusions

In this work, GO was successfully produced from natural graphite flakes by
the modified Hummers method. In addition, GS was obtained effectively through
chemical reduction of the exfoliated graphene oxide sheets by adding different
amounts of reducing agent (L-AA) in order to determine the optimum
concentration to obtain the highest level of reduction of GO. The characterization
results of FTIR and TGA suggested that 2.00 mM L-AA was the appropriate
concentration. On the other hand, GO-AgNPs nanohybrids were successfully
synthesized by an environmentally friendly one step approach in the absence of
any stabilizer. The simultaneous reduction of AgNOs and GO in the presence of
ascorbic acid resulted in the decoration of partially reduced graphene oxide with
uniformly distributed AgNPs of an average size lesser than 4 nm. The size of the
silver nanoparticles was altered by the concentration of silver precursor and
temperature. The lower the concentration of silver precursor and the lower the
temperature, the smaller the size of the silver nanoparticles anchored on GO
surface. GO and GS dispersions showed lack of antimicrobial activity against four
common pathogens, E. coli, P. aeruginosa, S. aureus and C. albicans over the
concentration range investigated, while the nanohybrids exhibited species-
specific antimicrobial activity. GO-AgNPs displayed the highest activity against
C. albicans and S. aureus. GO-AgNPs nanohybrids induce a dose- and exposure
time-dependent toxicity to the four microorganisms. This class of nanohybrids
can be used as antimicrobial fillers for the preparation of polymer nanocomposites

with antimicrobial properties, which can find applications in different fields.
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CHAPTER 3

CHITOSAN/GRAPHENE NANOCOMPOSITES

The previous chapter is based on the synthesis and characterization of
different graphene-based materials. The optimal ratio of reagents and the ideal
reaction conditions were studied in order to achieve high stability and
antimicrobial properties in the filler. In this connection, this chapter is focused
on the intercalation or exfoliation of GO and GS fillers in chitosan polymer matrix
in order to prepare different nanocomposites. Unplasticized and glycerol
plasticized chitosan/graphene oxide (CS/GO) nanocomposites with different GO
loadings have been prepared by solution casting. Likewise, unplasticized and
glycerol plasticized chitosan/graphene (CS/GS) nanocomposites have been
synthesized via in situ chemical reduction of GO with L-ascorbic acid as
reductant. The combined effect of the fillers and glycerol on structural, thermal
and mechanical properties of nanocomposite films was studied, as well as the
change in permeability and water absorption capacity. Electrical properties of
CS/GS nanocomposites were evaluated. Furthermore, the storage effect on
antimicrobial activity of CS against Escherichia Coli was also analyzed. This study
reveals how chitosan and graphene-based nanocomposites properties can be

tailored by controlling filler and plasticizer content.

Most of the results presented in this chapter have been previously published
in two different publications: Journal of Applied Polymer Science (2017) and
International journal of biological (2018). Additionally, part of the work discussed
in this chapter has also been presented at 3 International Conference on Bio-
based Polymers and Composites in Szeged (Hungary), at 5" International
Symposium “Frontiers in Polymer Science” in Seville (Spain) and at 10" ECNP
International Conference on Nanostructured Polymers and Nanocomposites in
San Sebastian (Spain).
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Chitosan/Graphene Nanocomposites

3.1. Introduction

The increased use of petroleum-based polymers has led to ecological
problems due to their non-biodegradability. This has initiated the need for
biodegradable polymers that are compatible with the ecosystem. Among these
polymers, chitin (CT) and chitosan (CS) have attracted the attention of both
scientists and industries, not only because of their biodegradability, but also
because of their wide availability in nature, biocompatibility, bioactivity, non-
toxicity and antimicrobial activity. Both polymers have potential applications in
biomedicine, agriculture, paper manufacturing and the food and the textile

industries [1-5].

Historically, chitin was the first polysaccharide isolated from the cell walls
of mushrooms in 1811 by Henry Braconnot, who named it as "fungine".
Afterwards, in 1823, Odier isolated an insoluble compound from beetles in
alkaline solutions that was called chitin, almost three decades before the isolation
of cellulose. In 1859, Prof. C. Rouget subjected chitin to alkali treatment, which
resulted in a substance that could, unlike chitin itself, be dissolved in acids [6].
Later, in 1894 Hoppe-Seiler gave the term "chitosan" to deacetylated chitin [7].
While chitin remained an unusual natural resource for a long time, the interest
in this polymer and its derivatives, such as chitosan and chitooligosaccharides
(COS), has increased in recent years because of its versatile biological, chemical

and physical properties [8,9].

Chitin is a linear polysaccharide composed of N-acetyl-D-glucosamine
units linked by B-(1->4), in the same way as glucose units compose cellulose
(Figure 3.1). This biopolymer is synthesized by an enormous number of living
organisms and, in terms of abundance, it is estimated that around 100 billion tons
are produced in nature each year, being therefore, one of the most abundant
polymers in the world [10]. Chitin is white-yellowish, rigid, linear polymer and
it occurs in nature as ordered crystalline microfibrils forming structural
components in the exoskeleton of arthropods or in the cell wall of fungi and
yeasts. There are two allomorphic forms of chitin, known as a-chitin and f-chitin,

which differ in packing and polarities of adjacent chains in successive sheets.
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Figure 3.1. Molecular structure of (A) cellulose, (B) chitin and (C) chitosan.

The most important derivative of chitin is chitosan (Figure 3.1C). Although
it has been found in some types of fungi, chitosan is mostly obtained by (partial)
deacetylation of chitin under alkaline conditions or by enzymatic hydrolysis in
the presence of chitin deacetylase. The deacetylation process can be performed at
room temperature (homogeneous deacetylation) or at high temperature
(heterogeneous deacetylation) depending on the desired properties for the final
product, being the latter process the preferred one for industrial purposes.
Chitosan is one of the few natural cationic polysaccharides, which is a peculiar
feature, since in an acidic environment most polysaccharides are usually neutral
or negatively charged. It is a biodegradable, non-toxic and biocompatible polymer
with good film-forming, adhesive and antimicrobial properties, making it a
versatile material with great potential for food packaging [11]. CS is insoluble in
either organic solvents or water, but almost all aqueous acids dissolve it readily.
The primary -NH: groups in chitosan (Figure 3.1) are very useful in
pharmaceutical applications in comparison to other natural polymers.
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3.1.1. Sources of chitin and chitosan

The production of chitin via chemical synthesis is not technically possible,
although small quantities of chitooligomers can be reached by appropriate
procedures. Likewise, the biotechnological production of chitin is currently not
economically attractive. Therefore, the primary sources of chitin and chitosan are

aquatic and terrestrial organisms and some microorganisms.

Chitin is the main structural polysaccharide found in many invertebrate
animals. Insects, mushrooms and crustaceans are probably the best-known
sources [12]. Despite the wide distribution of chitin in nature, from a practical
viewpoint, the shells of marine crustaceans such as crabs and shrimps are
appropriate since they are available as waste from the seafood processing industry.
The main components of crustacean shells are chitin (15-40%), protein (20-40%),
calcium and magnesium carbonate (20-50%), together with other minor
constituents, such as astaxanthin, lipids and other minerals. This polysaccharide,
in smaller quantities, exists in numerous other species. It is an important
component of the spikes of marine diatoms, of the skeletal tissue of squid), and it

is also found in many lower marine plants and animals and in terrestrial plants.

Chitosan exists naturally in some fungi, but in a lower proportion than
chitin, so it is necessary to undergo a deacetylation process to obtain it. The most
common production process is the thermochemical transformation of chitin
extracted from exoskeletons of discarded crustaceans. However, chitosan can be
found naturally in the cell walls of Zygomycetesfungi, also in Basidiomycetesand

in some Ascomycetes, in algae, cuticles of insects and in some arachnids [13].

Chitin and chitosan extraction techniques found in the literature are very
varied as they depend largely on the characteristics of the source, in particular the
composition of the starting material which varies considerably from one species
to another. Most of the techniques developed are based on chemical processes of
hydrolysis and the removal of inorganic matter. Some include a discoloration step
of the extracted chitin by solvent extraction or oxidation of the remaining
pigments. The procedure for the extraction of chitin and chitosan from the raw

materials is illustrated in Figure 3.2.
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In general, the protocol includes demineralization, deproteinization,
discoloration and deacetylation steps which can be carried out by chemical or
biological methods [14-19]. The conversion of chitin to chitosan can be achieved
either by enzymatic or chemical deacetylation [20-22]. Due to economic issues
and the feasibility of mass production, chemical deacetylation is generally used in
commercial preparation. This process consists of the hydrolysis of acetamide
groups in a strongly alkaline medium, at high temperatures. Regularly, the
reaction is carried out in a heterogeneous phase using concentrated solutions of
NaOH or KOH (30-50%) at 100 °C, preferably in an inert atmosphere or in the
presence of reducing agents such as NaBH4 or Na2SOs to avoid depolymerization.
Prolonged treatments usually cause degradation of the polymer without resulting

in a significant increase in the degree of deacetylation.

Figure 3.2. Chemical and biological extraction of chitin and chitosan from marine sources.
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3.1.2. Physical, chemical and biological properties

Native chitin (B-(1->4)-poly-N-acetyl-D-glucosamine) samples may
contain different amounts of N-acetyl groups, depending on their origin and
isolation procedure [23]. In general, the degree of N-acetylation of native chitin
is in the range of 0.9-0.95. Similar to cellulose, chitin is characterized by an
ordered fibrillar structure, a developed system of intra- and intermolecular

hydrogen bonds, a high degree of crystallinity, and polymorphism [24,25].

Chitosan (CS) is a heteropolysaccharide composed of two repeating units,
D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit)
randomly distributed along the polymer chain and linked by B-(1->4)-bonds.
Although, a sharp nomenclature border does not exist between chitin and
chitosan, the term “chitosan” can also be found as copolymer of 2-amino-2-deoxy-
D-glucopyranose and 2-acetamido-2-deoxy-D-glucopyranose, where the degree
of deacetylation is usually more than 60% (Figure 3.3). It should be noted that
chitin deacetylation is rarely complete, so it still contains acetamide groups to
some extent. Heterogeneous conditions during deacetylation provide a block-wise
distribution [26], whereas under homogeneous conditions, random distribution
of acetyl groups appears in CS [27]. In the solid state, chitosan is a semicrystalline

polymer which exhibits polymorphism [3].

Figure 3.3. Chemical structure of chitosan composed of 3-(1 — 4)-linked 2-amino-2-deoxy-D-

glucopyranose (m) and 2-acetamido-2-deoxy-D-glucopyranose (n).

At molecular level, chitin and chitosan appear similar as both possess
reactive hydroxyl and amino groups. However, chitosan, being less crystalline, is

more accessible to reagents. These two biopolymers after heating, decompose
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before melting, so these polymers do not have melting points. Probably the most
striking difference between chitin and chitosan lies in their solubility. While
there are few solvents for chitin, almost all aqueous acids easily dissolve chitosan,
being formic acid and acetic acid the most commonly used [10]. CS forms salts

with organic and inorganic acids, such as chitosan acetate or chitosan lactate [28].

Chitosan is a basic polysaccharide, while most of the natural
polysaccharides such as pectin, dextrin, agar, agarose, carragenas and cellulose are
of an acidic nature. Owing to the presence of one -NH2 and two -OH reactive
groups, chitosan exhibits marvelous chemical as well as biological properties. The
active primary amino group provides a specific platform for the fixation of side
groups under mild reaction conditions. Therefore, chitosan is an ideal candidate
for bio-fabrication [29]. This polymer is inert in the intestinal tract of mammals
and biodegradable due to the presence of chitinases widely distributed in nature,
in bacteria, fungi and plants, as well as in the digestive system of various animals.

The products of the degradation are non-toxic.

The physicochemical and biological properties of CS differ significantly
depending on the production process, conditions and the natural source.
Concretely, the important chemical characteristics that influence the properties,
and hence the applications of chitosan are molecular weight, solubility, degree of
deacetylation (DD), charge and viscosity. The techniques for studying some of the

above mentioned properties are summarized in Table 3.1.

Commercially, the average molecular weight (A4) of chitosan may range
from 3.8 to 2000 kDa depending on the source and the method of preparation
[30,31]. In some chitosan derivatives such as chitosan oligosaccharides, the A
can be aslow as 1.5 kDa. Due to this extensive range of molecular weight, chitosan
can be categorized into low molecular weight chitosan of 3.8-20 kDa, medium
molecular weight chitosan of =100 kDa and high molecular weight chitosan of
higher than 300 kDa. The average molecular weight can be obtained by steric
exclusion chromatography equipped with a viscometer and light scattering

detector [32] or by matrix-assisted laser desorption/ionization-mass spectrometer.
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Table 3.1. Physicochemical characteristics of chitosan and their methods of determination.

Physicochemical
y31co.c e Determination Methods
Properties
- Viscometry
- Gel permeation chromatography
- Light scatterin
Molecular weight 1N SCATIETINg

- High performance liquid chromatography
- Matrix-assisted laser desorption/ionization —

mass spectrometer.

- Infrared spectroscopy

- Ultra violet spectrophotometry

- Nuclear magnetic resonance spectroscopy (‘H-

i NMR and *C-NMR)

Degree of deacetylation e

- Conductometric titration
- Potentiometric titration
- Enzymatic degradation

- Differential scanning calorimetry

Crystallinity - X-ray diffraction

The pH considerably alters the state of charge and properties of the
chitosan. At low pH, the amino groups present in the chemical structure are
protonated and positively charged, causing this polymer to become a water-
soluble cationic polyelectrolyte. However, at high pH, the amino groups are
deprotonated and the polymer loses its charge and becomes insoluble (Figure 3.4).
It is important to mention that chitosan pKa is almost neutral, and the soluble-
insoluble transition occurs at pHs between 6 and 6.5, which is a particularly
suitable range for biological applications. At a high pH, the electrostatic repulsions
of the chitosan are reduced, which allows the formation of polymer associations
(e.g. liquid crystal domains or net bonds) that can give rise to fibers, films or
hydrogels, depending on the conditions used to initiate the soluble-insoluble
transition. CS solubility is also dependent on the distribution pattern of acetyl
group along the main chain and molecular weight of polymer. Formic acid is

considered to be the best solvent for chitosan and solutions are acquired in

117



Chapter 3

aqueous systems with 0.2-100% of formic acid [29]. The most widespread solvent
is 1% acetic acid (as a reference) at a pH near 4. In addition, chitosan is soluble in
1% hydrochloric acid and dilute nitric acid, but it is insoluble in sulfuric and
phosphoric acids. Sulfuric acid would react with chitosan to form chitosan sulfate,

which is a white crystalline solid.

Figure 3.4. Chitosan protonated and deprotonated molecular structure.

The degree of deacetylation (DD) is one of the most important parameters
that affects the physical and chemical properties of chitin and chitosan. Samples
of these polymers commonly require the determination of the ratio of 2-
acetamido-2-deoxy-D-glucopyranose to 2-amino-2-deoxy-D-glucopyranose
structural units. Different methods of analysis have been suggested to measure
this feature, such as elemental analysis, hydrolysis of acetamide groups, free
amino group titration [33], infrared spectroscopy (IR) [34,35], UV spectroscopy
[36], circular dichroism measurements, 'H-NMR spectroscopy [37], 13C solid state
NMR [38,39], enzymatic degradation [40] and pyrolysis. Currently, 'H-NMR
seems to be the most suitable technique for obtaining the correct acetylation
degree (DA) for soluble samples and '3C-NMR to establish the distribution of
acetyl groups along the chitosan chains [41,42]. The degree of deacetylation of
commercial chitosan generally ranges from 66 to 95%.

The viscosity of chitosan is largely affected by chitosan A, ionic strength,
pH and temperature of solution. Low molecular weight chitosan oligomers
provide a low solution viscosity. Under a similar pH environment, the viscosity
of the solution of chitosan varied with the use of different organic acids [43].
Chitosan solutions exhibit pseudo-plastic behavior since their viscosity decreases

by increasing shear rate.
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3.1.2.1. Antimicrobial activity of chitosan

Chitin and chitosan have excellent and beneficial properties such as
biocompatibility, biodegradability and non-toxicity, as well as interesting
biological activity, qualities that are very beneficial for their application in the
biomedical, biotechnological, pharmaceutical and food fields [44-46]. The
biological activities include antimicrobial, antioxidant and anti-tumor activities,
which are relevant for applications in the field of packaging, food preservation
and health. The good film-forming properties and antimicrobial activity make

chitosan a good substitute for the use of chemical preservatives.

The antimicrobial activity of chitin, chitosan and their derivatives have
been widely analyzed since 1980s, either in solution, film or composite form
against different microorganisms (bacteria, yeast and fungi). Many studies have
demonstrated the antimicrobial activity of chitosan, but the mechanism by which
it acts as an antimicrobial compound is not fully clarified. Three main hypotheses

have been proposed in the literature [47-53].

The first, and most accepted mechanism, states that the polycationic nature
of chitosan and the charge of the microbial cell surface are the reason for the
antimicrobial activity. The electrostatic interaction between the protonated
groups of CS (-NHs*) and the negative charge of the bacterial membranes
interferes with bacterial metabolism [50]. Specifically, this interaction involves
changes in membrane wall permeability causing internal osmotic imbalances that
inhibit the growth of microorganisms. Additionally, peptidoglycans of the
bacterial cell wall can be hydrolyzed resulting in leakage of intracellular material
(potassium ions, proteins, nucleic acids, etc.). Both alterations cause the death of
the microorganism. This hypothesis assumes that the greater the number of
cationic aminos, the greater the antimicrobial activity [54]. However, it should be
noted that the amount of cationic CS available to bind to a charged bacterial
surface seems to be reduced as the concentration of chitosan increases [55]. This
is because in the presence of a greater number of charged sites, the chains tend to

form clusters by aggregation of molecules while they are still in solution [56].

The second mechanism states that chitosan inhibits the action of several

enzymes, as it interferes with protein synthesis. It is supposed that low molecular
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weight chitosan is able to enter the cell nucleus and interact with DNA, interfere

with messenger RNA (mRNA) synthesis, and thus affect protein synthesis [51].

The third mechanism suggests that chitosan acts as a chelating agent,
forming complexes with traces of metals essential for cell metabolism, since it has
been shown that chitosan attracts certain metals [52] that inhibit microbial
growth. Generally, this hypothesis would be more consistent at high pH because
CS positive ions are restricted, since the amino groups are unprotonated and the

electron pair on the amino nitrogen would be available for donation to metal ions.

These three mechanisms have been proposed for chitosan in solution and
in direct contact with the microorganism. However, the antimicrobial mechanism
of action of chitosan film has not been completely elucidated. Among the physical
properties mentioned above, molecular weight (M) [57,58] and degree of
deacetylation (DD) [59] are the characteristics that significantly influence the

antimicrobial activity of chitosan.

3.1.3. Chitin and chitosan applications

Due to its multifunctional properties mentioned throughout this chapter,
chitin and chitosan find applications in many fields, such as food preservation
[60,61], drug delivery and antimicrobial agents in biomedical field [62,63], in the
cosmetics industry [3,8], in wastewater treatment [64,65], chemical industries

[66], in tissue engineering [67-69] and biotechnology [70].

Biomedical and pharmaceutical applications

Chitosan and its derivatives are widely used in the field of biomedicine and
pharmacology. In particular, their biodegradability and non-toxicity make them
ideal for applications such as surgical sutures, biodegradable bandages and
sponges, matrices (in microspheres, microcapsules, membranes and compressed
tablets) for drug delivery systems [71]. CS improves drug absorption, stabilizes the
ingredients and prolongs the duration of activity, in addition to improving
therapeutic efficiency [72,73]. These natural polymers have also been used in

various medical devices and as orthopaedic and dental materials.
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Chitosan simultaneously with chitin has been employed in the treatment
of wounds, ulcers and burns, because of its haemostatic characteristics and its
accelerating effect on wound healing. Chitosan activates the formation of clots in
contact with the blood, due to the interaction of the amino groups with the acid
groups of the blood cells. In addition, it has been reported that CS is highly
thrombogenic [74] because it has the ability to activate both complement [75] and
blood coagulation systems [76].

Both natural polymers are promising materials to support tissue
regeneration and restoration, including their use as scaffolds in tissue engineering
[67-69] due to their cell affinity, low immunogenic activity, and controlled
biodegradability [63]. Chitosan serves as a potential material for nerve
regeneration, cancer treatment, artificial kidney membrane, bioartificial liver
(BAL), artificial skin, artificial tendon, articular cartilage, blood anticoagulation,

bone damage and antimicrobial applications.

Agricultural applications and Packaging material

In recent years, increasing attention has been given to the development of
films with improve food safety and shelf life. In the field of food preservation,
chitosan and its derivatives have proven to play an important role in view of their
antimicrobial activity and biodegradability. In agriculture, these biopolymers
provide: a) plant protection against plagues and diseases, (b) enhancing antagonist
microorganism action and biological control, (c) support of beneficial plant-
microorganism symbiotic relationships and (d) plant growth regulation and
development. Chitin and chitosan have fungicidal activity against many
phytopathogenic (an organism parasitic on a plant host) fungi. This property and
its outstanding film-creating aptitude have been exploited in the post-harvest
preservation of fruits and vegetables to enhance shelf life [77,78]. Chitosan causes
desirable changes in the metabolism of plants and fruits. The incorporation of
chitosan biomass into soil stimulates natural microbes that provide protection to

certain crops. This brings about improved germination and higher crop yields.

There are many studies in this field and all agree that chitosan can be
defined as a versatile and promising biodegradable and antimicrobial food
packaging material. Chitosan films show resistance to fat diffusion and selective

permeability to gases [79], but low resistance to the transmission of water and
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water vapor due to its hydrophilic character [80]. That is why chitosan tends to
be used in polymer blends, biocomposites or multilayer systems. In these

situations, this polymer does not migrate out of the protective film [81].

Cosmetics

A natural amino-polysaccharide such as chitosan can be included in the
class of hydrocolloids. However, unlike most other hydrocolloids which are
polyanions, chitosan is the only natural cationic that becomes viscous once
neutralized with acid. This behavior enables its interaction with common skin
covers and hair. Chitosan is compatible with many biologically active components
incorporated into cosmetic product compositions [82]. Chitosan and its
derivatives have two advantages that make it a good candidate for skin care: its
positive charge and the fact that it does not penetrate the skin. Most chitosan
products have such high molecular weights that prevent the product from
penetrating the skin, and therefore remain on the surface as a moisturizer or skin
protector. Because of its lower costs, it might compete with hyaluronic acid in this
application. Both chitin and chitosan can be used in toothpaste, mouthwashes and
chewing gum. They freshen the breath, prevent the formation of plaque, and

tooth decay.

Wastewater treatment

Due to its inert, safe, non-toxic, biocompatible, biodegradable, low cost,
eco-friendly and abundant nature, CS is regarded as one of the most efficient
materials for adsorption of pollutants in water treatment systems. The presence of
amino and hydroxyl groups allows adsorption interactions with pollutants such
as dyes [83], metals [84] and organic compounds [85]. Moreover, these functional
groups are subjected to modifications, which enhance the absorption efficiency
and specificity [86]. The United State Environmental Protection has approved the
use of commercially available chitosan for potable water purification. Chitosan,
carboxymethyl chitosan, and cross-linked chitosan have been shown to be
effective in the removal of Pb%*, Cu*, and Cd?** from drinking water [87,88].
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3.1.4. Chitosan films and plasticizers

Chitosan has a good ability to form films that are generally clear,
transparent and non-porous. The films show moderate values of water and oxygen
permeability. Commonly, both the mechanical properties and the permeability
vary according to the molecular weight, the degree of deacetylation and the
selected solvent system [89]. For example, an increase in the molecular weight of
chitosan would increase the tensile strength and elongation as well as the
moisture absorption capacity of the resulting films [90]. In general, the
mechanical properties of commercial polymers with medium strength, such as
cellulose, are comparable to those of chitosan films [91]. The most popular method
of producing CS films is solution casting, and films produced by this technique are
rigid and brittle. Consequently, the addition of plasticizers is necessary to

overcome the brittleness of chitosan films [92].

Plasticizers are substances widely used as polymeric additives to improve
their flexibility and processability. Typically, plasticizers reduce the
intermolecular forces among polymer chains and the energy required for
molecular motion and the formation of hydrogen bonds between chains, thus
increasing free volume and, hence, the molecular mobility. Plasticizers modify
the physical properties of the polymers, such as thermal and mechanical, as well
as affect the antimicrobial properties. In biopolymer-based films and coatings
production, plasticizers are also essential additives since they can improve
flexibility, thereby allowing deformation without rupture, and handling of films,
decrease brittleness, maintain integrity and avoid pores and cracks in the polymer
matrix. Water is the most powerful plasticizer for hydrophilic polymers. In
addition to water, the most commonly used plasticizers are monosachcharides,
oligosaccharides, polyols, lipids and derivatives [93]. Polyols have been found to
be particularly effective to plasticize hydrophilic polymers such as CS, producing
flexible, easy-to-handle films [49,94-96]. Concretely it is known that a glycerol
(GLY) concentration of 20% (w/w) is enough to obtain flexible chitosan films with
stable properties during 5 months of storage [96]. Ideal plasticizers are miscible
and compatible in all proportions with plastic components. The efficiency of these
plasticizers is related to their molecular size, shape, number of oxygen atoms,

spacing of oxygen atoms and water holding capacity [97].
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3.1.5. Chitosan nanocomposites

Chitosan has low to moderate mechanical properties that currently limit its
wide range of applications. Several efforts to improve physical and mechanical
properties of chitosan films by incorporating several fillers such as nanoclays [98-
101], cellulose whiskers [102,103], and carbon nanotubes [104-106] have been
reported. Graphene and graphene derivatives have also been successfully

incorporated into biopolymers such as chitosan.

Various studies have confirmed that GO incorporated into CS via simple
solution mixing, is a novel reinforcing filler [107-112]. These studies reported the
preparation of CS/GO composite films containing varying GO contents uniformly
distributed and finely dispersed in CS matrix, with greatly improved physical and
mechanical properties. The authors concluded that these nanocomposites could
have promising new applications as biomaterials. Several reports have been
published on biological and medical applications of the CS/GO hybrid systems.
Justin and Chen [112] studied the effects of GO on the drug release profiles of
chitosan and the results proved high potential applications of CS/GO
nanocomposites as microneedle array materials for transdermal drug delivery. Bao
et al. [113] and Rana et al [114] reported the covalent functionalization of GO
with CS and the application of the CS-grafted GO for drug and gene delivery.

As for graphene, different strategies have been reported for its
incorporation into the matrix, such as in situ chemical reduction of GO by CS
[115], by hydrazine [116] or by L-ascorbic acid in the presence of CS [117], as well
as the addition of graphene sheets prepared through ex situ processes such as
cryogenic graphene powder [118], GS [108,119], thermally expanded graphite
[120,121], sulfonated rGO [122], silane-functionalized graphene [123], chitosan-
grafted rGO sheets [124], chemically reduced GO (by NaOH [111], hydrazine
[125-127], tea polyphenol [128]), non-covalently functionalized of graphene by
chitosan-ionic liquid conjugation [129], reduced GO with hydrazine in the
presence of stabilizers [130,131] and dispersion of thermally reduced GO in DMF
by ultra-sonication [132]. In the studies focused on the effect of graphene on the
physical and mechanical properties of CS films, improvements have been
observed. However, Justin and Chen [115] claim that CS/rGO nanocomposites

with rGO concentrations higher than 5 wt% were too brittle to form into tensile-
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test specimens. The enhanced mechanical properties, electrical conductivity and
antibacterial activity observed in CS/graphene nanocomposites make these
materials suitable for biomedical applications such as antibacterial materials in
biomedical devices, drug delivery systems [115], electrochemical sensors and
biosensors [122,125-127,132-136].

3.2. Experimental Section

3.2.1. Materials

Glycerol and chitosan powder (A4=190,000-310,000 Da) were supplied by
Sigma-Aldrich. We have applied a method based on the NMR spectrum of a
chitosan sample to estimate the chitosan degree of deacetylation (DD) [137] and
confirmed a DD of 82%. All chemicals were used as received without further

purification.

3.2.2. Preparation of CS films

Two grams of chitosan powder were dissolved in 120 mL 2% (v/v) acetic
acid aqueous solution upon stirring overnight. After that, the chitosan solution
was poured into a leveled plastic plate that was left at room temperature to
evaporate water and acetic acid. The as-prepared film was dried under vacuum at
40 °C for 2 days. CS film containing glycerol (20% weight) as plasticizer was
prepared in the same manner. In addition, CS and CS/GLY films in an oil bath at
60 °C for 6 h with constant stirring were prepared to compare with CS/GS

nanocomposites prepared through 7n situ method.

3.2.3. Preparation of CS/GO nanocomposite films

GO suspension was prepared by dispersing the desired amount of graphite
oxide in 120 mL 2% (v/v) aqueous acetic acid solution and treated with a tip
sonicator for 15 min. Then 2 g of chitosan powder was added into the GO
suspension while stirring. The mixture was left stirring overnight until CS was
completely dissolved, and then was sonicated for 2 h at room temperature in a

bath-type ultrasound sonicator. The homogeneous solution was then cast onto a
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leveled plastic plate, left to dry at room temperature and subsequently peeled off
as a free-standing film. The film was dried under vacuum at 40 °C for 2 days.
CS/GO films containing glycerol (20% weight) as plasticizer were prepared in the
same manner. Glycerol was added to the mixture CS/GO after the complete
dissolution of polysaccharide. The nanocomposites were named CS/GO-x, where
x denotes the weight percentage of GO.

3.2.4. Synthesis of CS/GS nanocomposite films by in situ
reduction

Following the above procedure, GO homogeneous suspension was prepared
by dissolving the desired amount of graphite oxide in 120 mL 2% (v/v) aqueous
acetic acid solution and treated with a tip sonicator for 15 min. Then 2 g of
chitosan powder was added into the GO suspension while stirring. The mixture
was left stirring overnight until CS was completely dissolved, and then was
sonicated for 2 h at room temperature in a bath-type ultrasound sonicator. After
that, the mixture was heated in an oil bath at 60 °C. In order to maintain the
weight relationship between the L-AA and the GO fixed at 3.5, the desired
amount of a water solution of L-AA was subsequently added to the CS/graphene
oxide sheets mixture under vigorous stirring. The mixture was then held at 60 °C
for 6 h with constant stirring and in the absence of light, to reduce the graphene
oxide sheets into graphene sheets (GS). The homogeneous solution was then cast
onto a levelled plastic plate, left to dry at room temperature and subsequently
peeled off as a free-standing film. The film was dried under vacuum at 40 °C for
two days. Chitosan/graphene (CS/GS) films containing glycerol (20% weight) as
plasticizer were prepared in the same manner. Glycerol was added to CS/graphene
mixture after the complete dissolution of CS. In this case, the nanocomposites
were named CS/GS-x, where x denotes the weight percentage of GS.

3.2.5. Characterization

The structural and morphological characterization of unplasticized and
plasticized CS, CS/GO and CS/GS nanocomposites was performed by Fourier-
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning
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electron microscopy (SEM) and transmission electron microscopy (TEM). Solid

state 13C -NMR was used to evaluate the degree of acetylation (DA) of chitosan.

Thermal characterization of the chitosan-based nanocomposites films was
carried out by thermogravimetric analysis (TGA) and the mechanical properties
were measured by means of tensile tests (MTS). Water vapor permeability (WVP)
of the nanocomposites was determined according to the ASTM E96 standard,
using the upright cup method (UCM), and water absorption capacity (WAC) was
calculated by applying a specific equation (Appendix I, Eqn. 16) with the weights
of the samples before and after being immersed in deionized water at room
temperature for 24 h. Finally, the electrical conductivity was measured using a
four-point resistivity meter (FPR).

The complete description of the structural, morphological, thermal,
mechanical and electrical characterization methods is provided in Appendix I and
the section of each technique or method is detailed in the Table 3.2.

Table 3.2. Characterization methods used for the analysis of chitosan-based nanocomposites.

Analysis Technique or Method Appendix Section

CS acetylation degree (DA) BC-NMR I.1.1

Chemical structure FTIR I.1.3

Crystalline structure XRD L.1.6

Nanostructure and SEM L1.8

morphology TEM 1.1.9
Thermal behavior TGA 2.1
Mechanical Properties MTS 1.3
Permeability UCM L5
Water Absorption WAC L.6
Electrical conductivity FPR 1.4
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3.2.6. Antimicrobial activity assay

The antimicrobial activity of CS was evaluated using broth diffusion
method. For this procedure, 20 mm diameter discs of CS film were cut out and
introduced into a tube containing 4,950 pL of Mueller-Hinton broth. Then 50 pL
of a 0.5 McFarland inoculum (approx. 1-5 x 108 cell/mL) of Escherichia coli ATCC
25922 was pipetted. The tubes were incubated for 48 h in an orbital shaker
incubator at 100 rpm and 37 °C. Finally, the inhibition of the growth was
determined by colony count method in plate count agar (PCA). These assay was
performed with four replicates and repeated three times at different days using
either CS films stored for a year at room temperature and CS films stored for 7
days at room temperature in order to analyze the effect of storage period on the

antimicrobial activity.

Bacterial growth was presented as the mean of the logarithms of colony-
forming units (CFU) per milliliter. Data were analyzed using analysis of variance
(ANOVA) with Tukey's post hoc test, and significant differences between CS and
stored-CS were determined (p value < 0.05). Calculations were performed with
statistical software SPSS 24 (IBM SPSS statistic, USA).
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3.3. Results and discussion

3.3.1. Structural and morphological characterization

3C CP/MAS-RMN spectroscopy analysis

The acetylation degree (DA) of chitosan was determined by 3C CP/MAS-
NMR. As shown in Figure 3.5, the 3C CP/MAS-NMR spectrum of the chitosan

contains six signals. The C1-C6 carbons of N-acetylglucosamine monomeric unit

are observed between 50 and 110 ppm, the methyl group of the acetyl group
produces a peak at around 23 ppm, while the carbonyl group is not detected. The
less the peaks of carbonyl and acetyl groups, the less the degree of acetylation.
CPMAS 3C NMR has been shown to give reliable results when the acetyl CHs
signal is used to estimate the acetyl content in solid samples [38-40].
Corresponding chemical shifts appear in Table 3.3. The chemical shift
assignments have been done according to the literature [38,138,139]. The degree
of acetylation determined using equation I.1.1 (NMR spectroscopy section of
Appendix I) was 18%, which is equal to a degree of deacetylation, DD, (DD=100
—DA), of 82%.

Figure 3.5. 3C CP-MAS NMR spectrum and chemical structure of chitosan.
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Table 3.3. Chemical shifts of chitosan obtained by *C CP-MAS.

C=0 Cl C4 C3-5 Cé C2 CHs

Shift (ppm) | ND | 1046 | 83.3 75 60.7 | 58.1 | 238

Fourier-transform infrared (FTIR) spectroscopy

The spectrum of commercial chitosan powder, Figures 3.6A-B(a), displays
a strong and broad band in the range of 3800 to 3000 cm™!' which is attributed to
O-H, N-H, hydrogen-bonded OH, and hydrogen-bonded NH stretching
vibrations. The C-H stretching vibrations appear at 2926 and 2873 cm™'. The band
registered at 1644 cm™ is attributed to the carbonyl (C=O) asymmetrical
stretching of the secondary amide (Amide I band), while that at 1567 cm! is
assigned to the N-H bending vibration from amine (N-H2) overlapping the amide
vibration (Amide II band). The peaks at 1420 and 1375 cm™ belong to the
asymmetrical C-H bending vibration of the CH20H group and CHs symmetrical
deformation in acetamide group (NHCOCHSs), respectively. The band at
1316 cm! belongs to the stretching vibrations of C-N in secondary amide group
HNCO (Amide III band). The weak band at 1261 cm! results from interaction
between the N-H bending and C-N stretching. The bands at 1150, 1062, and 1026
cm! are assigned to C-O-C antisymmetric, N-H stretching vibrations, and to C-O
stretching vibrations in secondary and primary OH groups, respectively. Finally,
the bands situated in the range of 1000 to 900 cm! (990, 946, and 894 cm™) are

characteristic of the vibrations from the carbohydrate ring of saccharide.

The spectrum of the chitosan film cast from acetic acid solution, after being
peeled off from the Petri dish and before storage and further drying, is shown in
Figures 3.6A-B(b). The FTIR spectra of the film and the powder show similar
patterns, however, the film displays a higher intensity of the absorption bands in
the 3700 to 2700 cm™ and in the 1800 to 1200 cm™ regions. Furthermore, a new
peak appears in the spectrum of chitosan film at 1538 cm! due to the symmetric
deformation vibration of cationic group (NHs*) obtained by protonation of the
amino group of chitosan in acidic conditions, while the peak which corresponds
to the N-H: band at 1567 cm™! present in the FTIR spectrum of chitosan powder
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disappears in the spectrum of the film, and the carbonyl band shifts from 1644 to
1632 cm™ due to the antisymmetric deformation of protonated amino. This band
observed at 1632 cm™ can be assigned to the amide I and to the antisymmetric
deformation of NHs*, while the band at 1538 cm! is due to the amide II, N-H
bending vibration and the symmetric NHs* deformation [140]. Also, a new band

around 1404 cm™ arises from the symmetric carboxylate ion stretching mode.

Figure 3.6. FTIR spectra (A) and (B) enlarged FTIR spectra in the 1750 to 1200 cm! region of:
(a) CS powder, (b) CS freshly cast film, (c) CS dried film 27 °C 48 h, (d) CS dried film 40 °C 24
h, (e) CS dried film 60 °C 24 h, and (f) CS dried film 60 °C 7 days.

Figures 3.6A-B(c—f) display the infrared spectra of chitosan after ageing at
different temperatures (27, 40, and 60 °C) and specific exposure times. The main
changes observed between those spectra and the spectrum obtained before ageing
are a decrease in relative intensity of the NHs* and carboxylate bands at 1538 and
1404 cm™, respectively. In the case of the CS film before ageing, the intensity of
the peak at 1404 cm™ is higher than the intensity of the band around 1377 cm™,
while the relative intensity of the carboxylate peak decreases with ageing
temperature and time (Figure 3.6B). In the case of ageing at 60 °C for 7 days, the
intensity of the peak at around 1377 cm! is higher than the intensity of the band
at 1404 cm™. This result indicates that the NHs* groups decrease when the CS films

are stored.

The FTIR spectra of plasticized and unplasticized CS/GO nanocomposite
films cast from acetic acid solution are shown Figure 3.7A. All the samples exhibit

the characteristic absorption peaks of the neat CS, but subtle differences in the
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position of some individual bands are observed. The presence of glycerol affects
the position of the carbonyl group (Amide I) and the NHs3* group bands of
unplasticized chitosan film. These bands move at a higher frequency, 1643 and
1556 cm!, respectively. Likewise, for the CS/GO-1 nanocomposite, the amide I
and NHs3* bands shift from 1632 to 1644 cm! and from 1538 cm™ to 1557 cm’l,
respectively. For the plasticized CS/GO nanocomposite, the FTIR spectrum is
similar to that of the glycerol-plasticized CS, but the amide I and NHs* bands shift
slightly to a higher wavelength.

Figure 3.7. FTIR spectra in the 2000 to 900 cm region of (A): CS powder, CS, CS/GO-1,
CS/GLY, and CS/GLY/GO-1. (B) CS powder, CS, CS/GS-1, CS/GLY, and CS/GS-1/GLY.
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The typical bands of CS shift back to the positions of CS powder (i.e., CS
without acetic acid) with addition of GO and glycerol. This shift indicates a
change from symmetric deformation vibration of NHs* to N-H bending vibration
from NH2 in the CS molecules. These results confirm that GO and glycerol
displace bound acetic acid from CS (amino nitrogen in CS interacts with the
protons in the acetic acid). Due to the interaction of GO and glycerol with CS
throughout hydrogen bonding with amino groups, a lower amount of NH2 groups
would be available to interact with acetic acid. Thus, the amide II band would be
less shifted than in CS film. However, in CS/GO/GLY nanocomposite, the addition
of GO to the plasticized CS does not exhibits this effect due to the low amount of
GO relative to that of glycerol. In the CS/GO nanocomposites there can be two
types of interactions: (i) interactions through hydrogen bonding of NH: groups
and primary OH groups of the CS to the functional groups on the graphene oxide
surface, and (ii) electrostatic interaction between the protonated NHs* groups of
CS and negative surface charge of graphene oxide due to its acidic groups. Thus,
part of protonated amino groups disappears due to the interaction through
hydrogen bonding between chitosan and GO, and another part of the amino
groups remains in the protonated form bound, through electrostatic interactions,
to the surfaces of GO.

Regarding CS/GS nanocomposites (Figure 3.7B), the FTIR spectrum of
CS/GS-2 nanocomposite shows the characteristic absorption peaks of neat CS film.
However, the absorption band due to the NHs* shifts from 1548 cm to 1539 cm.
In the FTIR spectrum of plasticized CS/GS-2 the NH3* band shifts from 1552 cm!
to 1539 cm! in comparison with the pure plasticized chitosan. The shift of the
NHs* band towards a lower frequency which takes place in the case of the glycerol
plasticized and unplasticized CS/GS is due to the electrostatic interaction of

negatively charged surface of GS and positively charged chitosan.

X-ray diffraction (XRD)

The XRD patterns of pure chitosan powder, neat unplasticized and glycerol-

plasticized CS films are presented in Figure 3.8. Chitosan powder exhibits two
main peaks at 9.7° and 20.1°. The peaks correspond to a hydrated crystalline
structure (“tendon form”) and regular crystal lattice, respectively [104,141]. The
XRD pattern of unplasticized chitosan film shows peaks at 8.8°, 11.8°, 16.3°, 18.6°,
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and 23.5°. Such a pattern characterizes a chitosan polymorph (“tendon” hydrated
polymorph) [142]. The first two peaks are assigned to the hydrated crystals due to
the integration of water molecules in the crystal lattice, the peak located at 18.6°
is attributed to the regular crystal lattice of chitosan, while the peak at 23.5°
indicates the existence of an amorphous structure. The very weak diffraction peak
at 20=16.3° indicates the existence of a very small amount of anhydrous crystals.
The addition of glycerol produces an effect on the XRD pattern of CS film
manifested by an increase in the reflections at 11.3° 16.2°, 18.1°, and 22.7°.
Glycerol molecules interact with CS macromolecules, which favors the chains

mobility and thus the chitosan crystallization process.

Figure 3.8. XDR patterns of CS powder, unplasticized CS film and glycerol-plasticized CS film.

Figure 3.9. XDR patterns of neat CS and CS/GO nanocomposite films: (A) unplasticized and (B)
glycerol-plasticized.
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XRD results of neat CS film and its unplasticized nanocomposite films with
the addition of 0.5, 1, 1.5, and 2 wt% of GO are shown in Figure 3.9A. XRD pattern
of the unplasticized chitosan nanocomposite films with GO content keeps the
characteristic peaks of neat chitosan. By increasing the GO content beyond 1
wt%, the intensity of the crystalline peaks diminishes. The XRD analysis indicates
that the incorporation of the GO within the chitosan matrix leads to a decrease of
the chitosan crystallinity at the highest GO contents used in the present work.
Similarly, Figure 3.9B presents X-ray diffraction patterns of neat plasticized CS
film and CS/GO nanocomposite films plasticized with 20 wt% of glycerol. The
combined addition of glycerol and GO results in a weakening of reflection at 26=
8.8°,20=11.3°% 26=18.1°, and 20 = 22.7°, indicating a decrease of the chitosan

crystallinity with the incorporation of GO within the polysaccharide matrix.

Figure 3.10. XDR patterns of neat CS and CS/GS nanocomposite films: (A) unplasticized and
(B) glycerol-plasticized.

Regarding GS nanocomposites, Figures 3.10A,B show the XRD patterns of
the CS film and the unplasticized and plasticized nanocomposites with 0.5, 1, 1.5,
2 and 2.5 wt% of GS. Compared with the original CS, the unplasticized and
glycerol plasticized chitosan nanocomposite samples show only the peak at 26 =
23°. The XRD analysis shows that the incorporation of the GS within the chitosan

matrix leads to a decrease of the chitosan crystallinity.
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Nanostructure and morphology

TEM images of unplasticized and plasticized CS, CS/GO and CS/GS
nanocomposites are shown in Figure 3.11. It can be appreciated that the GO and

GS nanosheets are well dispersed throughout the polymeric matrix.

Figure 3.12 displays SEM images of fractured surfaces of the unplasticized
and glycerol plasticized CS, CS/GO-1 and CS/GS-1 nanocomposites at different
magnifications. CS shows a very clean and smooth fractured surface. The cross-
sectional image of glycerol-free CS with 1 wt% GO content shows a rough
fractured surface without any aggregates of GO, and has a wave-like morphology,
confirming that GO nanosheets are dispersed homogeneously in CS matrix. The
plasticized nanocomposite exhibits a stratified surface, and the direction of the
layers is parallel to the film surface. The cross-sectional image of CS with 1 wt%
GS content shows a rough fractured surface without any aggregates of GS, and has
a wave-like morphology. It confirms that graphene sheets are dispersed

homogeneously in CS matrix.

Figure 3.11. TEM images of: (a) CS/GO-1, (b) CS/GO-1/GLY, (c) CS/GS-1 and (d) CS/GS-1/GLY.
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Figure 3.12. SEM images of the fracture surfaces of unplasticized and glycerol-plasticized CS,
CS/GO-1 and CS/GS-1 nanocomposite at different magnifications.

3.3.2. Thermal characterization of chitosan nanocomposites

Thermogravimetric analysis
TGA has been used to evaluate the effect of addition of GO and GS on the
thermal stability of chitosan. Figure 3.13 shows thermogravimetric (TG) and

derivative thermogravimetric (DTG) curves of unplasticized and plasticized CS
and CS/GO-1 nanocomposites. Chitosan, in inert atmosphere is degraded in a
three stage process as can be seen from Figure 3.13A. The first stage observed
below 145 °C with a weight loss of about 5% is ascribed to the evaporation of
physically adsorbed water and/or chemisorbed water through hydrogen bonds.
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The second stage, that takes place between 150 °C and 215 °C with a weight loss
of 5%, represents the weight loss of methane and a weight loss of NH3 from an
elimination reaction between -NH2 and —H groups [143]. The third stage between
215 and 460 °C, with its maximum at 294 °C, and a weight loss of 47%, represents
the decomposition of the main chain, decomposition of pyranose rings through
dehydration and deamination and finally ring-opening reaction with the
production of H20, CO, and CO2 and some other fragments from the glucosaminic
ring [144-147]. Finally, a carbonaceous residue from the remaining degraded
structures of about 36% is found at 600 °C that is constant at least up to 800 °C.
The chitosan film is degraded in nitrogen maintaining its original shape and
leaving a residue of about 34% at 800 °C.

Figure 3.13. TG and DTG curves: (A) unplasticized and (B) glycerol-plasticized in nitrogen, (C)
unplasticized and (D) glycerol-plasticized in air of CS and CS/GO-1.

The presence of GO does not significantly alter the degradation mechanism
of CS matrix, since its degradation profile is similar to that of neat CS. The thermal

decomposition temperatures for 5 and 50% weight loss (75% and 750%), the
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temperature of the maximum loss rate (7max) and the fraction of solid residue at
800 °C of the thermograms obtained in nitrogen are reported in Table 3.4. The
T5% and T50% increase with the addition of GO, the 75% value of the nanocomposite
with 1% GO is 16 °C higher than that of neat CS and the 750%value is 20 °C higher
than that of neat CS. However, the 7mx value is almost unaffected by the
incorporation of GO. The nanocomposite containing 1 wt% GO exhibits the
highest thermal stability. In addition, the water loss that takes place in the first
stage of decomposition process decreases as the GO loading increases, from 5 wt%
in the case of CS to less than 3 wt% in the case of CS/GO nanocomposite
containing 2 wt% GO. The CS/GO nanocomposites leave higher char residue at
800 °C as compared with neat CS.

Table 3.4. TGA data for unplasticized and glycerol plasticized CS and CS/GO nanocomposites.

T (°C) Too% (°C) Toex (°C)
Sample inN2 inO2 inN2  inOz in N2 in Oz
(@ (@ (®)

CS 213 218 344 345 294 295 617
CS/GO-0.5 221 225 353 350 290 294 605
CS/GO-1 229 231 364 364 291 292 656
CS/GO-1.5 218 226 359 348 287 290 659
CS/GO-2 216 213 358 364 289 287 661
CS/GLY 195 206 325 335 301 305 660
CS/GO-0.5/GLY 201 210 335 346 302 306 671
CS/GO-1/GLY 199 210 334 345 302 306 659
CS/GO-15/GLY 198 206 337 347 303 307 658
CS/GO-2/GLY 193 208 335 346 303 306 661

@ 3rd stage; ®) 4 stage

TGA curves of plasticized CS and its nanocomposite containing 1 wt % GO,
under inert atmosphere, are displayed in Figure 3.13B. The thermograms of
plasticized CS and unplasticized CS exhibit a similar shape, although there are
certain differences in 75% and 750% values. Plasticized CS exhibits lower 75% and

T50%, about 19 °C lower than that of unplasticized CS, whereas the 7max value is
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slightly higher for plasticized CS (7 °C). As far as the thermal decomposition of
plasticized CS and its nanocomposites is concerned, the 75% and 7max are almost
unaffected with the addition of GO, whereas the 750% value of the nanocomposites
is 10 °C higher than that of neat CS (Table 3.4). However, the 7max value of the
third stage is almost unaffected by the incorporation of GO. In addition, as with
unplasticized CS/GO, the water loss decreases as the GO loading increases. As in
the case of the unplasticized nanocomposites, the glycerol plasticized CS/GO

nanocomposites leave higher char residue at 800 °C as compared with neat CS.

Consequently, it leads to the conclusion that the addition of GO in the
chitosan matrix leads to an improvement of thermal stability of CS under inert
conditions, especially in the case of unplasticized samples. The improved thermal
stability of chitosan may rise from the formation of the carbonaceous layer that
would protect the underlying polymer from the flux of degradation product and
heat. Furthermore, strong interaction between CS and GO enhances the
dispersion as well as the interfacial adhesion and could also restrict the polymer

motion during heating.

The weight loss thermograms of CS and CS/GO-1 obtained under oxygen
are shown in Figure 3.13C. The thermal oxidation of CS takes place in four stages.
In the first stage below 150 °C takes place the evaporation of water (6%). The
second stage, between 150 and 215 °C with a weight loss of 5%, is not as well
separated as in nitrogen analysis. The third decomposition stage, the main
decomposition step, occurs almost over the same temperature range (215-430 °C)
as in nitrogen atmosphere; also the weight loss of this step (45%) is similar as in
nitrogen (Table 3.4). The fourth decomposition step in the range of 430 to 690 °C
is the main difference in thermal degradation in both atmospheres, which can be
associated to the oxidative degradation of the carbonaceous residue formed during
the second step. Total degradation of chitosan ring is close to 650 °C. The
degradation profile of the CS/GO nanocomposites is similar to that of neat CS,
indicating that the presence of GO does not significantly alter the oxidative
degradation mechanism of CS matrix. 75% and 7Z50% increase with the addition of
GO, the T5% value of the nanocomposite with 1% GO is 13 °C higher than that of
neat CS and the 750% value is 19 °C higher than that of neat CS (Table 3.4). The
nanocomposite containing 1 wt% GO exhibits the highest thermal stability.
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The weight loss thermograms of plasticized CS and its nanocomposite with
1 wt% GO, under oxygen, are displayed in Figure 3.13D. The thermograms of
plasticized CS and unplasticized CS exhibit a similar shape, although there are
certain differences in 75% and 750% values. Plasticized CS exhibits lower 75% and
T50%, about 10 °C lower than that of unplasticized CS, whereas the 7max values for
the third and fourth stages are higher for plasticized CS (10 °C and 40 °C). As far
as the thermal decomposition of plasticized CS and its nanocomposites is
concerned, the 75% and 7max (third and fourth stages) are almost unaffected with
the addition of GO, whereas the 750% value of the nanocomposites is 10 °C higher
than that of CS/GLY (Table 3.4). In addition, as with unplasticized CS/GO, the
water loss decreases as the GO loading increases. This part of thermogravimetric
analysis permits to conclude that unplasticized chitosan and chitosan/GO
nanocomposites are more thermo-oxidative stable than the glycerol-plasticized
samples. The effect of carbon nanotubes (CNT) on the thermal stability of CS
composites has been reported in the literature [148-150]. Azeez et al. [148] and
He et al. [149] found that the addition of CNT to CS slightly improved the thermal
stability of the nanocomposites, while Tang ez al [150] observed that 750% value
of CS was improved by 12 °C after adding 3 wt% CNTs. As it is shown in the
present study, 750 value, in nitrogen and air atmosphere, of plasticized and
unplasticized CS is improved by 10-20 °C after adding 1 wt% of GO.

Figure 3.14 shows the TG and DTG curves of unplasticized and plasticized
CS and CS/GS nanocomposites in inert and oxidative atmosphere. Chitosan
prepared at 60 °C for 6 h, presents a degradation profile similar to that of the film
prepared from CS unheated solution. The presence of GS does not significantly
alter the degradation mechanism of CS matrix, since its degradation profile is
similar to that of neat CS (Figure 3.14A). The thermal decomposition
temperatures obtained in nitrogen are reported in Table 3.5. The 75% increases
with increase in GS content up to 1% and then decreases. 750% increases with
increase in GS content and 750% value of the nanocomposite with 2% of GS is 35
°C higher than that of neat CS. In addition, the water loss that takes place in the
first stage of decomposition process decreases with increase in GS content, from 4
wt% in the case of CS to less than 0.5 wt% in the case of CS/GS nanocomposite

containing 2.5 wt% of GS.
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Figure 3.14. TG and DTG curves: (A) unplasticized and (B) glycerol-plasticized in nitrogen, (C)
unplasticized and (D) glycerol-plasticized in air of CS and CS/GS-1.

TG and DTG curves of plasticized CS and its nanocomposite containing 1
wt% GS, under inert atmosphere, are displayed in Figure 3.14B. The thermograms
of plasticized CS and unplasticized CS exhibit a similar shape. The 75% 7Z50% and
Tmax values are almost unaffected by the GS loading in the plasticized CS (Table
3.5). As with unplasticized CS/GS, the presence of GS resulted in a decrease of the
water weight loss, from 5.5 wt% in the case of CS to less than 1 wt% in the case
of CS/GS nanocomposite containing 2.5 wt% GS. Consequently, thermal stability

of CS under inert conditions is unaffected by the presence of GS.

Figure 3.14C presents the TG and DTG curves of the CS and CS/GS
nanocomposite with 1 wt% of GS obtained under oxygen. The thermal oxidation
of CS (6 h at 60 °C) takes place in two stages. The first stage takes place between
100-450 °C with a weight loss of 56%. The second decomposition stage that occurs
over the temperature range of 470-700 °C with a weight loss of about 45%. Total
degradation of chitosan ring is close to the 700 °C. The degradation profile of the
CS/GS nanocomposites is similar to that of neat CS, however, the presence of GS
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shifts significantly the temperature of the second degradation step to higher
values. The addition of GS results in a slight increase in 75% and 750% values, and
in a significant increase in the 7max value of the second step of decomposition,
about 60 °C (Table 3.5). Neither in the case of CS nor in the case of CS/GS
nanocomposites detectable water loss is observed.

Table 3.5. TGA data for unplasticized and glycerol plasticized CS and CS/GS nanocomposites.

T (°C) T (°C) Trnax (°C)
Sample inN2  inO2 inN2 inO2 in N2 in Oz
® © 0
CS 215 186 362 370 286 281 597
CS/GS-0.5 211 195 362 390 305 304 662
CS/GS-1 222 193 384 385 286 286 669
CS/GS-1.5 204 197 387 390 281 281 655
CS/GS-2 200 190 396 396 282 279 650
CS/GS-2.5 205 190 398 395 270 279 670
CS/GLY 213 179 350 362 308 306 574 643©
CS/GS-0.5/GLY 212 215 361 369 303 303 657
CS/GS-1/GLY 207 218 350 359 301 301 660
CS/GS-1.5/GLY 212 214 353 350 305 306 665
CS/GS-2/GLY 214 218 360 371 303 302 669
CS/GS-2.5/GLY 216 219 361 372 304 303 669

@ 1 stage; ® 2nd stage; © 3 stage

The weight loss thermograms of plasticized CS and its nanocomposite with
1 wt% GS, under oxygen, are displayed in Figure 3.14D. The thermogram of
plasticized CS (6 h at 60 °C) takes place in three steps: the first one in the
temperature range of 150450 °C, the second and third ones are overlapped in the
region 460-700 °C. The addition of glycerol results in slight differences in the 7max
values of the degradation steps. As far as the thermal decomposition of plasticized

nanocomposites is concerned, the degradation takes place in two steps. The 75% of
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the nanocomposites are 36 °C higher than that of CS/GLY, while 7Z50% values are
only slightly higher. The 7maxvalue of the second step of the degradation of CS/GS
nanocomposites is higher than that of the third step of CS decomposition. These
results suggest that glycerol plasticized CS/GS nanocomposites are more thermo-

oxidative stable than the neat plasticized CS.

Comparing the results in inert atmosphere for both types of unplasticized
and plasticized nanocomposites, it can be highlighted that the improvement in
thermal stability is higher for unplasticized CS/GO nanocomposite, while in
oxidative atmosphere the higher enhancement is found for plasticized CS/GS

nanocomposites.

3.3.3. Mechanical characterization

Mechanical properties were studied by means of tensile tests performed at
an extension rate of 5 mm/min under room temperature. The typical stress-strain
curves of unplasticized and plasticized CS, CS/GO and CS/GS nanocomposites are
displayed in Figure 3.15. The plotted specimens undergo elastic deformation and
plastic behavior with the exception of unplasticized CS/GS nanocomposite, which
breaks before performance. The obtained results for CS/GO nanocomposites are
presented in Table 3.6 and Figure 3.16, while the values for CS/GS
nanocomposites are shown in Table 3.7 and Figure 3.18. In addition, Figure 3.17
shows the rate of change of properties, calculated from equation 1.3 described in

the mechanical characterization section of Appendix I.

The presence of glycerol in films exerts a great influence over Young’s
modulus, yield stress, break stress, and elongation at break. The presence of
glycerol in chitosan films results in a decrease of Young’s modulus around 62%, a
decrease of yield stress around 65%, a decrease of break stress of 38%, and an
increase in elongation at break around 111%. Plasticizer reduces drastically the
intermolecular forces in the chitosan, increasing the mobility of the polymer
chains, thus decreasing the elastic modulus, tensile strength at yield and at break,
and increasing elongation at break of the films. The presence of glycerol leads to

a decrease in the material stiffness and brittleness.
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Figure 3.15. Stress-strain plots of unplasticized and plasticized CS, CS/GO-1 and CS/GS

nanocomposites.

Table 3.6. Mechanical properties of unplasticized and glycerol-plasticized CS and CS/GO

nanocomposites.

Sample Young’s modulus  Yield stress Break Stress Elongation at
(MPa) (MPa) (MPa) break (%)
CS 1511467 33.7+3.0 31.8+4.0 19.5+3.6
CS/GO-0.5 2069+190 34.7+0.9 34.4£1.5 16.9+1.5
CS/GO-1 2164+123 35.9+5.7 36.4+6.1 14.0+3.5
CS/GO-1.5 2486174 39.5+5.2 42.5+7.6 11.3+3.6
CS/GO-2 2715+230 44.4+0.5 48.9+2.1 12.9+2.9
CS/GLY 571+78 11.8+1.7 19.7+4.3 41.1+6.0
CS/GO-0.5/GLY 927+107 18.4+3.0 25.8+2.6 28.1+4.8
CS/GO-1/GLY 948+60 18.5+2.9 26.4+4.6 33.4+6.9
CS/GO-1.5/GLY 1108+102 19.6+1.7 26.1+2.2 30.6+2.4
CS/GO-2/GLY 1428+123 23.5+3.3 29.6+4.0 28.4+4.9
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The elastic modulus of all CS/GO nanocomposites is higher than that of CS,
and the GO content affects the elasticity of the nanocomposites. It is found that
the Young’s modulus of CS/GO nanocomposites increases gradually with the
increase of GO content for unplasticized and glycerol plasticized films (Figure
3.16A). The addition of GO results in an increase of the stiffness of the chitosan
and chitosan/glycerol. It can be seen that for glycerol-free films with 2 wt% of
GO, the tensile modulus increases by about 80% compared with neat CS (Figure
3.17A). For CS/GO films with glycerol, the maximum increment of Young’s
modulus is reached for the nanocomposite containing 2 wt% of GO about 150%
in comparison with neat chitosan (Figure 3.17A). The results obtained suggest that
the GO effect is emphasized by the glycerol influence. Thus, the presence of GO

leads to a higher increase in the material stiffness when glycerol is present.

Figure 3.16. Mechanical properties of CS/GO nanocomposites: (A) Young’s modulus, (B) Yield
stress, (C) Break stress and (D) Elongation at break.

Yield stress and break stress of the composite films increase gradually with
the increasing loading of GO (Table 3.6). With incorporation of 2 wt% of GO,

146



Chitosan/Graphene Nanocomposites

yield stress increases by 32% and 100% for unplasticized and glycerol plasticized
films, respectively. These results reveal that the presence of glycerol accentuates
the GO effect on yield stress (Figure 3.17B). In the case of unplasticized films,
break stress also increased gradually as GO content increases (Figure 3.16C), but
this pattern is somewhat different for plasticizers. CS/GO plasticized films with
0.5 wt% of GO show an increase in tensile strength at break, remaining the value
constant up to 1.5 wt% and, at a higher content (2 wt%), a further increase is
observed. The incorporation of 2 wt% of GO to unplasticized and plasticized CS
leads to an increase of break stress values of about 51%, when compared with neat
CS (Figure 3.17C). However, at low contents of GO (less than 1.5 wt%) break
stress enhancement is significantly higher in the presence of plasticizer. Glycerol
reduces the hydrogen bonding interactions along the CS chains and favors the

formation of intermolecular hydrogen bonds between GO and CS matrix.

The elongation at break of unplasticized and plasticized CS decreases with
the addition of GO (Figure 3.16D). The lowest elongation at break is obtained for
unplasticized films with 1.5 wt% of GO (Table 3.6), the reduction is about 42% in
comparison with neat chitosan. These results indicate that the addition of GO
results in more brittle materials when compared with the pure chitosan film.
These results are in agreement with other graphene oxide reinforced polymer
composites [151-153]. Hussein et al. [151] observed that functionalized graphene
oxide as reinforced filler for epoxy resin showed significant improvements in
mechanical properties. Morimune et al [152] and Yang et al [153] observed a
significant increase in both the elastic modulus and tensile strength in poly(vinyl

alcohol) by the incorporation of GO.

Overall, it can be concluded that the improvement of mechanical
properties for CS/GO nanocomposites is probably owing to the reinforcing effect
of graphene oxide nanosheets dispersed homogeneously throughout the chitosan
matrix and, the good adhesion between graphene oxide sheets and the chitosan,
which efficiently transfer the load between the filler and the matrix. Graphene
oxide contains hydroxyl and carboxylic groups, and chitosan in a glucosamine
unit contains amino, primary and secondary hydroxyl groups. Therefore, a strong
hydrogen-bond between the chitosan and the surface of graphene oxide may be
formed, as it has been discussed previously from the FTIR results. Consequently,
the mechanical properties of the matrix are enhanced by the addition of GO.
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Figure 3.17. Change ratio of: (A) Young’s modulus, (B) Yield stress, (C) Break stress and (D)
Elongation at break for unplasticized and plasticized CS/GO and CS/GS nanocomposites.

As far as CS/GS nanocomposites are concerned, the difference in the values
of tensile properties of CS and CS/GLY given in Table 3.6 and Table 3.7 can be
attributed to the changes in crystallinity as a result of heat treatment of the
samples in Table 3.7. The elastic modulus of all non-plasticized nanocomposites is
slightly higher than that of CS and increases with increasing GS content (Figure
3.18A). The nanocomposite films with 1 wt% GS exhibits 10% increase in elastic
modulus compared with neat chitosan. The Young's modulus then remains
practically constant with further increase in the GS content (Figure 3.17A). The
yield stress of unplasticized CS/GS nanocomposites increases by 41% with the
addition of 0.5 wt% of GS, but at higher contents a reduction is observed (Figure
3.18B). The incorporation of contents higher than 1 wt% GS makes CS less elastic.
The break stress of unplasticized CS nanocomposites is enhanced by increasing
the GS content (Figure 3.18C). The addition of 1 wt% of GS into unplasticized CS
leads to a 50% increase in the tensile strength at break (Figure 3.17C), with respect

to CS, whereas it decreases as GS content increases up to 2 wt%, and it tends to
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levelled off at higher GS content. Regarding the elongation at break of
unplasticized CS/GS composite films (Figure 3.18D), it can be observed that the
increase of GS content is accompanied by a very rapid decrease in elongation at
break values, 91% of reduction with the addition of 2.5 wt% of GS as compared
with neat chitosan (Figure 3.17D, Table 3.7). Reports in the literature have shown
an enhancement in mechanical properties of chitosan nanocomposites with

graphene loading similar to that found in the present work [115,154].

Figure 3.18. Mechanical properties of CS/GS nanocomposites: (A) Young’s modulus, (B) Yield
stress, (C) Break stress and (D) Elongation at break.

As can be appreciated in Figure 3.17, for CS/GS nanocomposites the
mechanical properties are also substantially enhanced with plasticizer
incorporation. The Young's modulus is greatly improved (63%), as well as break
(45%) and yield stress (99%), while the elongation at break is reduced (56%).
Thus, the presence of GS leads to an increase in the material stiffness when
glycerol is present, while if the plasticizer is not present the materials become less
stiff. It is worth noting that the yield and break stress values of plasticized CS/GS
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nanocomposites with 2 and 2.5 wt% GS are somewhat higher than unplasticized
counterparts (Table 3.7). Furthermore, the elongation at break values of the
plasticized nanocomposites with those GS contents are 87% higher than the
values obtained for the unplasticized nanocomposite films. The presence of

glycerol favors the incorporation of high GS contents without losing properties.

Table 3.7. Mechanical properties of unplasticized and glycerol-plasticized CS and CS/GS

nanocomposites.
Sample Young’s modulus Yield stress Break Stress Elongation at
(MPa) (MPa) (MPa) break (%)
CS 1050+96 30.7+3.7 29.7+3.8 25.2+4.3
CS/GS-0.5 1108+102 43.2+5.0 42.7+1.6 12.7+0.6
CS/GS-1 1154453 31.9+6.6 445+1.8 8.3+1.7
CS/GS-1.5 1140+100 25.6+7.6 32.1+0.8 7.3+0.2
CS/GS-2 1105+123 28.5+1.5 27.5£2.5 2.9+0.0
CS/GS-2.5 1085+150 27.7+3.2 27.7+3.2 2.3+0.3
CS/GLY 611+47 16.4+2.0 22.7+2.9 42.8+4.4
CS/GS-0.5/GLY 674451 19.4+1.4 23.2+1.7 35.8+3.4
CS/GS-1/GLY 758+66 25.7+1.3 27.5+2.4 33.2+3.0
CS/GS-1.5/GLY 873+45 29.0+3.1 29.2+3.3 24.9+2.3
CS/GS-2/GLY 97152 31.1+1.7 30.3+1.8 21.5¢5.2
CS/GS-2.5/GLY 993+27 32.0£2.9 33.0+2.2 18.6+1.9

Overall, from this mechanical properties analysis it can be inferred that
good dispersion of graphene sheets throughout the plasticized biopolymer matrix
and strong interfacial adhesion with the plasticized matrix enhance the
mechanical properties of plasticized CS with the addition of GS. On the other
hand, the less improvement achieved in mechanical properties of CS in the
absence of the plasticizer, may be attributed to the lower degree of interaction
between GS and CS matrix. These results show that it could be obtained CS/GS
nanocomposites with different mechanical properties by adjusting the GS content

and incorporating a plasticizer.
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The tensile properties of CS improve with the addition of GO and GS,
achieving the highest increase for GO nanocomposites. The improved mechanical
strength of wunplasticized and glycerol plasticized CS/GO and CS/GS
nanocomposite films is very important for their potential application as
biomaterials in bone tissue engineering. The range of values of the Young's
modulus for both the unplasticized and glycerol plasticized CS/nanocomposites
are lower than literature values of cortical bone (12-20 GPa), but comparable to
trabecular bone (0.3—-10 GPa) [155]. The biomaterial to be implanted should have
mechanical properties comparable to those of the tissue to be regenerated.
Glycerol plasticized CS/GO and CS/GS nanocomposite films could be suitable for
wound dressing applications due to their higher elasticity [156]. For these
biomedical applications, one of the major concerns is the cytotoxicity of graphene.
The studies of the in vitro and in vivo cyto- and bio- compatibility of graphene-
based nanomaterials have shown that toxicity of graphene is dependent on several
physiochemical properties such as shape, size, composition, dispersion state,
synthesis methods, route and dose of administration, and exposure times [157-
159]. When graphene is incorporated in chitosan matrix, the studies on the toxic
effects of graphene have revealed that its cytotoxicity effects are attenuated
[108,157]. With respect to glycerol, Guitian er al [160] examined the toxicity of
glycerol plasticized chitosan. They concluded that glycerol is an effective and
biocompatible plasticizer for chitosan without any impact on cytotoxicity. On the
basis of the above observations, CS/GO and CS/GS nanocomposites with 0.5-1
wt% GO and GS could be considered as the most suitable materials for the above

mentioned applications.

3.3.4. Water vapor permeability

Water vapor permeability (WVP) of unplasticized and plasticized CS/GO
and plasticized CS/GS nanocomposites with different filler contents was measured
at a vapor pressure difference of 100/58% RH (i.e. at a RH gradient of 100/58)
across the film. WVP data are shown in Figure 3.19. CS films show significant
differences (p < 0.05) with respect to CS/GLY. The WVP of CS increases by about
97% with the addition of glycerol. This can be ascribed to the hydrophilic nature
of glycerol, its hydroxyl functions interact with the hydroxyl groups of CS,

decreasing the intermolecular attractions along the CS chains and, consequently,
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the chain mobility increases thus facilitating the water vapor diffusivity through

the CS film and accelerating the water vapor transmission [161].

The addition of 1 and 2 wt% of GO into unplasticized CS leads to
statistically significant changes (p < 0.05) in permeability, compared to the pure
polymer, giving an increase of 9.2% and 9.9%, respectively, whereas for 0.5 wt%
of GO no significant modifications are registered. This small increase in
permeability can be due to the reduction in the crystallinity of CS with the
addition of the filler. The results shown in the XRD spectra (Figure 3.9) where the
increase in GO content decreases the crystallinity of the polymer, support this
behavior in permeability. As for the plasticized CS/GO films, there are no
statistically significant differences compared to CS/GLY.

Figure 3.19. Water vapor permeability (WVP) for: (A) unplasticized and glycerol plasticized
CS and CS/GO nanocomposites and (B) plasticized CS/GS nanocomposites.

It is important to note that the permeability of unplasticized CS/GS films
could not be measured. The brittleness of these nanocomposites prevents the films
from being cut into small discs without cracking. However, the addition of
glycerol allowed permeability measurements. The WVP values for plasticized
CS/GS nanocomposites do not present statistically significant variations with
respect to the CS/GLY subjected to a heating of 60 °C during 6 h.

Comparing water vapor permeability values for GO and GS chitosan
nanocomposites, it can be highlighted that the WVP is higher for heat-treated
nanocomposites. This difference can be attributed to the fact that heating causes
a decrease in the crystallinity of CS, making it more amorphous and,

consequently, increasing permeability.
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3.3.5. Water absorption

The total water absorbed by CS and its nanocomposites as a function of
type and content of filler is showed in Figure 3.20. Neat unplasticized CS film
exhibits the highest water absorption value, whilst in the presence of glycerol a
significantly reduction in the water uptake (=80%) is observed (Figure 3.20A).
This reduction can be attributed to the interaction between glycerol and CS.
Hydroxyl and amino groups of CS form hydrogen bonds with hydroxyl groups of
plasticizer and they are unable to fix water molecules, and therefore the insertion
of water molecules is hindered. Heated-CS film (60 °C, 6 h) shown lower
absorption value (=17%) than neat-CS film and in presence of glycerol water
absorption decreases in 68% (Figure 3.20B). This difference can be attributed to
the fact that heating causes a decrease in the crystallinity of CS, and therefore

makes it difficult to keep the water molecules.

Figure 3.20. Water Absorption of plasticized and unplasticized (A) CS/GO and (B) CS/GS

nanocomposites.

The incorporation of GO into unplasticized CS nanocomposites leads to a
reduction in the amount of water uptake. With the addition of 1 wt% GO the
lowest decrease is obtained, exactly the water absorption of the nanocomposite
decreases by 19% when compared with CS film. The water absorption remains
practically constant with the incorporation of higher GO contents. On the
contrary, the water absorption of plasticized CS nanocomposites increases by
~31%, ~84% and ~121% after the incorporation of 1 wt%, 1.5 wt%, and 2 wt% of
GO respectively, when compared with CS/GLY. This behavior can be explained

through the polar functional groups that the graphene oxide contains in random

153



Chapter 3

order along the basal plane (hydrophilic surface) that serves as anchor to fix water
molecules. Therefore, increasing the GO content increases the number of
functional groups that can hold water molecules. However, in the absence of
plasticizer this behavior is not appreciated because the functional groups of GO
interact with the hydroxyl and amino groups of CS. When the plasticizer is added,
the polymer-filler interaction competes with the polymer-plasticizer interaction,
and significantly more plasticizer (20 wt%) is added than filler (higher content
2.5 wt%). The presence of the plasticizer allows the GO to be available to interact

with the water.

The incorporation of GS into unplasticized and glycerol plasticized CS by
in situ method leads to a reduction in the amount of water uptake (Figure 3.20B).
The water absorption of CS/GS nanocomposites decreases by =56%, ~64% and
~66% after incorporation of 0.5 wt%, 1 wt% and 1.5 wt% of GS, respectively,
when compared with CS/GLY. Incorporating a GS content of over 1.5 wt%, the
water absorption remains almost constant. Similarly, the incorporation of these
quantities of GS into the glycerol-plasticized CS reduces water absorption by up

to 40%, with 1.5 wt% of GS and with higher contents remaining constant.

The water resistance increase found for the CS nanocomposites can be
attributed to different factors. First, the strong interfacial adhesion between the
polymer matrix and fillers through hydrogen bonding leads to less free
hydrophilic groups and therefore less absorption sites for lodging of water.
Secondly, due to the reduction of polar functional groups in GS, being material
more hydrophobic. Finally, because of the interactions between the polymer and
the filler, a constrained polymer region is formed in which a restriction of

polymer motion occurs, which inhibits the absorption of water [162,163].

3.3.6. Electrical conductivity

For unplasticized and glycerol plasticized CS and CS/GS nanocomposites
containing 0.5 wt% GS, the conductivity was measured to be below 10-% S/cm,
which is lower measurable limit by our four-point-probe set-up. The conductivity
of the composites containing a GS content higher than 0.5 wt% satisfied the

antistatic criterion (10® S/cm) for thin films. The maximum electrical
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conductivity of =7.7 x10# S/cm was achieved for the composite containing 2.5
wt% GS (Figure 3.21). The conductivity of CS composites with GS is low.
However, the reported conductivity of pure unplasticized CS was approximately
1.19 x 10-1° S/cm [164]. The results presented in this work are similar to those
reported by Justin and Chen [115] for chitosan and rGO nanocomposites at higher
concentrations of reduced GO, and higher than the values obtained by Zhou et al.
[165] for CS-rGO films with similar rGO contents. The low values of electrical
conductivity can be attributed to the oxygen content in GS, due to the presence
of oxygenated functional groups, since with chemical reduction it is difficult to
achieve a complete reduction of GO. Furthermore, chitosan may coat the surfaces
of well-dispersed GS and prevent direct interparticle contact, since as inferred by
SEM and TEM analysis, a good dispersion of GS in CS matrix has been obtained
in the CS/GS nanocomposites prepared by the in situ reduction of graphite oxide.
It has been reported that the best dispersions not necessarily lead to the highest
conductivities [166], since the conductive network formation requires direct
contact between conductive filler particles, that is their slight aggregation
[167,168].

Figure 3.21. Electrical conductivity of CS/GS nanocomposites.
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3.3.7. Antimicrobial activity assessment

The effect of the storage period of CS films on the antibacterial activity was
studied using the broth diffusion method. The results obtained are shown in
Figure 3.22A, where both CS films stored in different time periods show a
significant reduction in Escherichia coli growth (p < 0.05). However, chitosan
films stored for one year were statistically less active than CS films stored for 7
days (p < 0.001), indicating the low long-term stability of chitosan. This change
can be explained by the reduction of cationic amino group (NHs*) in the chitosan

as previously reported [50].

Figure 3.22. (A) Inhibition of £.coli growth by CS films stored for two different time periods.
(B) FTIR spectra of CS stored at 60 °C and at RT for 7 days and 1 year.

FTIR spectroscopy was used to support this result (Figure 3.22B). The FTIR
spectrum of the CS film stored for one year and that of stored at 60 °C for one
week were similar. However, CS film spectrum stored for a year (at RT) shows a
decrease in relative intensity of the NHs* and carboxylate bands at 1538 and 1404
cm’!, respectively. These results are in agreement with those obtained in the
previous section of structural and morphological characterization suggesting that
NHs* groups decrease with the storage time of CS films [169,170].

Therefore, the higher amount of positive charges on the CS film stored for
7 days allows it to interfere more actively with the negatively charged residues of
the macromolecules on the cell surface. It mainly competes with Ca? for
electronegative sites, preventing the entry of this cation into the cell which

triggers a loss in the integrity of the cell membrane [50].
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3.4. Conclusions

GO was successfully incorporated to CS and glycerol plasticized CS,
obtaining new nanocomposites via solution casting method. Non-plasticized and
glycerol plasticized CS/GS nanocomposite films were effectively prepared via in
situreduction of graphene oxide sheets using an environmentally friendly method
that employs L-ascorbic acid as the reducing agent. FTIR analysis demonstrated
the existence of interactions between the amino and hydroxyl groups in the units
of CS and the oxygenated groups on the surface of GO, as well as the interactions
between CS and the residual oxygen groups present in GS vzahydrogen bonds and
electrostatic attractions. GO and GS were well dispersed and oriented along the

surface of the nanocomposite films as revealed by SEM and TEM.

The addition of glycerol, GO and GS altered the crystallinity, thermal and
mechanical properties of CS, as well as the electrical conductivity with GS.
Unplasticized CS/GO nanocomposites showed a significant improvement in
thermal stability, while thermo-oxidative stability was improved in plasticized
CS/GS nanocomposites. The homogenous dispersion of GO and GS, and the strong
interfacial adhesion with the matrix enhanced their mechanical properties being
this improvement significantly higher in the presence of plasticizer. Glycerol has
a remarkable impact on Young's modulus and break stress due to the reduction of
hydrogen interactions between chitosan chains, which leads to improved
interfacial interactions between CS and GO, or between CS and GS. An increase
in electrical conductivity was observed with increasing GS content. The water
vapor permeability of nanocomposites increased with the presence of glycerol,
being higher for nanocomposites undergoing thermal treatment due to the
decrease in the crystallinity of the matrix. However, the permeability of CS was
not affected by the increase in GO or GS content. The strong interfacial adhesion
between the CS and fillers through hydrogen bonding led to less water absorption.
The antibacterial activity of CS against Escherichia coli decreased with the storage
period. Consequently, due to their characteristics, these plasticized
bionanocomposites can be potentially used for biomedical applications, such as
tissue engineering, in which good physicochemical properties are essential for an

efficient performance.
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CHAPTER 4

POLY(VINYL ALCOHOL)/GRAPHENE
NANOCOMPOSITES

In the last chapter, the reinforcing effect of GO and GS on the chitosan
polymer matrix was discussed. The properties of the unplasticized and plasticized
nanocomposite films were altered depending on the type and content of the
fillers. In the same manner, this chapter will assess the structural, thermal,
mechanical, permeability and water absorption analysis of the poly(vinyl
alcohol)/graphene-based nanocomposites. Specifically, glycerol-plasticized and
unplasticized nanocomposites containing GO were prepared, as well as
nanocomposites with chemically reduced graphene (GS), achieved by in situ
reduction of GO in a PVA solution using L-AA as an environmentally friendly
reducer. Furthermore, in order to provide the PVA matrix with antimicrobial
character, ~ PVA/silver  nanoparticles-graphene  oxide  nanocomposites
(PVA/AgNPs-GO) were also developed and studied. For the synthesis, one-step
process was used (with L-AA as a reducing agent and AgNOs), and also a solution
casting method incorporating a partially reduced graphene oxide decorated with
silver nanoparticles (GO-AgNPs) hybrid as a reinforcing filler (the hybrid
synthetized and described in Chapter 2). Thus, exhaustive antimicrobial assays
were conducted to examine the antibacterial activity of the films against
Staphylococcus aureus and Escherichia colli.

Part of the results presented in this chapter have allowed the publication of
three different papers in the following journals: Nanomaterials (2018), Carbon
(2019) and Polymers (2020).
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Poly(vinyl alcohol)/Graphene Nanocomposites

4.1. Introduction

Poly(vinyl alcohol) (PVA) is a synthetic and highly hydrophilic polymer
whose chemical structure contains mainly 1,3-diol units (Figure 4.1). Being a
polyhydroxy, polymer chains are capable of undergoing both intra and
intermolecular hydrogen bonding. The small size and the strong hydrogen bond
interactions of the hydroxyl groups force the polymer chains into a crystal lattice
resulting in partially crystalline PVA. Over the last decade, much attention has
been recorded in PVA as biocompatible, low cytotoxic and biodegradable (under
both aerobic and anaerobic conditions) polymer for biomedical and biomaterial

research fields.

OH| |,

Figure 4.1. Chemical structure of PVA.

PVA is unique among polymers in the sense that it cannot be synthesized
directly by traditional polymerization because its monomer, vinyl alcohol, is not
stable and tautomerizes to more stable acetaldehyde (Figure 4.2A). This polymer
was first synthesized in 1924 by Hermann and Haehnel via saponification of
poly(vinyl ester) with a sodium hydroxide solution [1]. However, the
conventional method for the synthesis consists of two-step process, being the first
the synthesis of the precursor, poly(vinyl acetate) (PVAc), and the second, the
conversion of PVAc to PVA (Figure 4.2B). The method used is free radical
polymerization of vinyl acetate, followed by different conversion methods to
reach PVA. Conversion involves partial or total replacement of the ester group of
vinyl acetate by hydroxyl groups. Finally, PVA is washed and dried.

Polyvinyl acetate can be converted to PVA by transesterification,
hydrolysis or aminolysis (Figure 4.2C) [2]. Transesterification and hydrolysis can
be either base or acid catalyzed. The usual base catalysts are sodium or potassium
hydroxide and sodium methoxide, while the acid catalysts are hydrochloric and
sulphuric acids. The degree of hydrolysis achieved depends on the amount of
catalyst/hydrolyser, the duration and temperature of the reaction.
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Figure 4.2. (A) Tautomerization of vinyl alcohol to acetaldehyde. (B) Conventional method for
the synthesis of PVA. (C) Conversion of poly(vinyl acetate) to poly(vinyl alcohol).

In the field of chemistry, PVA is used for the synthesis of poly(vinyl
butyral) (PVB) and vinyl fibers. PVB is a low-cost flexible thermoplastic that is
employed as a strong adhesive in many applications. Vinyl is a heat and chemical

resistant fiber that is widely used in textiles, quilting and rope.
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4.1.1. Physical and chemical properties of PVA

Poly(vinyl alcohol) is one of the few linear non-halogenated aliphatic
polymers with excellent film forming, emulsifying, stabilizing and adhesive
properties [3]. Also, it is odorless, nontoxic and biocompatible. This polymer is an
example of semi-crystalline synthetic water-soluble polymer. However, it is
slightly soluble in ethanol and insoluble in other organic solvents. PVA is a cheap

polymer and easily available in white powder form.

The physical properties as water solubility, mechanical strength, gas
permeability, adhesion, diffusion, thermal and stabilizing properties of PVA vary
significantly with the degree of crystallinity, which is heavily dependent on the
degree of hydrolysis (DH) and degree of polymerization (DP) or what is the same,
the length of the chain. The molecular weight of PVA generally ranging between
20,000-400,000 g/mol [1].

Polyvinyl alcohols are usually classified according to their DH into fully
(98-98.8 mol%), intermediate (90-97 mol%), and partially (87-89 mol%)
hydrolyzed grades. However, commercially PVA is classified as fully or partially
hydrolyzed (Figure 4.3). Commonly is considered quite high DH above 70%,
otherwise it would be closer to the original. Since this chemical modification
often is uncompleted the name PV A can also be found as the abbreviation for the

copolymer of vinyl acetate and vinyl alcohol, P(VAc-co-VA).

Figure 4.3. (A) PVA structure completely hydrolyzed and (B) partially hydrolyzed PVA.

Regarding thermal characterization, the glass transition (7;) of PVA
changes with the degree of hydrolysis. Temperatures around 85 °C are known for
98-98.8% hydrolyzed PVA and 58 °C for 87-89% hydrolyzed PVA [4]. Generally,
an increase in relative humidity leads to a linear decrease in the 7; of PVA as a
result of the plasticizing effect of water on the polymer structure. The melting
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point of fully hydrolyzed PVA is higher than that of partially hydrolyzed PVA,
230 °C and 180-190 °C respectively [5-7]. Generally, completely hydrolyzed PVA
is not considered a thermoplastic polymer because its melting temperature is very
close to the degradation temperature. Therefore, plasticizers are often used with
PVA to control the melting temperature, fluidity and thermal stability, mainly for
screw extrusion and injection molding processes widely used in packaging
applications [8-10]. However, the strong inter and intramolecular hydrogen
bonds between the hydroxyl groups generally make fusion processing difficult, so

PVA is mainly processed from aqueous solutions.

Thermal degradation of PVA can be described taking into account the state
of the polymer: molten or solid state [11]. In the melt state, the degradation
process is explained as a random chain splitting resulting in volatile products such
as acetaldehyde in addition to ketones. Nevertheless, in the solid state the
degradation process is described by the removal of water at a temperature below
the melting point to produce carboxylic groups in addition to water. In general,
the PVA thermal degradation is detailed with different stages. In the first stage,
water loss is observed at around 100 °C. In the second stage between 206 °C and
357 °C, PVA loses approximately 80% of its weight due to dehydration, chain
excision and decomposition. Finally, degradation of the by-product takes place at
387-450 °C to complete the degradation process [12].

The crystallization capacity of PVA is affected by the presence of acetate
groups, and therefore partially hydrolyzed PVA is more difficult to crystallize.
The high crystallization of PVA compared to PVAc can be attributed to the fact
that the hydroxyl groups are sufficiently small to allow the chains to adopt a

planar zig-zag conformation [13,14].

PVA water solubility mentioned above, depends on the degree of
hydrolysis, molecular weight, crystallinity and temperature. Fully hydrolyzed
PVA requires high temperatures to dissolve in water, above 90 °C, due to the
strong intramolecular and intermolecular hydrogen bonds between the hydroxyl
groups in the chain. In partially hydrolyzed PVA, the residual acetate groups
weaken the hydrogen bonds and are therefore more soluble at low temperatures.
A higher degree of hydrolysis and a higher degree of PVA polymerization mean
a lower solubility in cold water [15].
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In addition to DH and DP, the viscosity of PVA solution depends on
polymer concentration, temperature, stereo-regularity of polymer chains, and
thermal history [11]. Moreover, a 5% solution of polyvinyl alcohol exhibits a pH
in the range of 5.0 to 6.5. Figure 4.4 summarizes how the properties of PVA based
materials vary depending on the degree of hydrolysis and molecular weight.

Figure 4.4. PVA properties according to the molecular weight and hydrolysis level [8].

It is worth highlighting that PVA has excellent mechanical and thermal
properties, excellent oxygen barrier properties, oil, grease and organic solvent
resistance, low moisture permeability, odorless, high heat resistance, UV and IR
radiation stability and excellent film forming properties. Furthermore, it is
defined as biodegradable and non-toxic due to its poor gastrointestinal absorption
and high lethal dose (LDso), between 15 to 20 g/kg [16]. Therefore, PVA does not
accumulate in the body after oral administration, has no adverse effects and is not

mutagenic, making it suitable for pharmaceutical and biomedical applications.

PVA is considered a biodegradable polymer because it has the ability to self-
decompose in non-toxic carbonaceous solids, water or carbon dioxide in the
environment through natural biological processes. This behavior involves the

enzymatic oxidation of hydroxyl groups to carbonyl groups in the polymer
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backbone, followed by hydrolysis of the carbonyl groups, resulting in the
breakdown of the polymer chain and a decrease in molecular weight. However,
the biodegradability of PVA is low compared to other biodegradable polymers
such as poly(lactic acid) and poly(e-caprolactone) [17]. The biodegradation
process of pure PVA is quite slow, particularly under anaerobic conditions [18].
Degradation rate strongly depends on the residual acetate groups [19]. It has been
shown that PVA may not be fully biodegradable in certain environments where
some of the necessary conditions are lacking, such as temperature, certain
microorganisms, pH level and relative humidity [20]. The biodegradability rate of
PVA can be enhanced by blending it with polysaccharide polymers such as starch

and cellulose.

PVA is considered a completely transparent polymer with a transparency
level of approximately 91% to visible light, although this value might decrease
when PVA is blended or reinforced with additives or fillers [21,22]. The
transparency of polymers is a function of their crystallinity, thus, the increase in

crystallinity results in a decrease in transparency [23].

4.1.2. Morphologies of PVA

PVA can be found in different morphologies depending on its final
application [24].

¢ Bulk: The commercially available PVA form.

¢ Hydrogels: Cross-linked polymeric materials in the form of a three-
dimensional network that in contact with water have the ability to swell and form
elastic, soft, flexible compounds that also retain a significant amount of water
inside, but without dissolving. PVA hydrogels can be obtained from chemical
crosslinkers such as glutaraldehyde, formaldehyde, acetaldehyde or other
monoaldehydes [25,26] and physical crosslinkers by freezing/thawing for
different purposes [27,28].

e Beads: PVA beads are used to immobilize bacteria, yeasts or compounds,
which are used mainly in water purification [29]. The beads are obtained from a
saturated solution of boric acid (crosslinker) and by esterification of the PVA with

phosphate for solidification.
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o Fibers: PVA fibers can be acquired by means of electrospining technique.
The literature includes graphene-filled PVA nanofibers with excellent
mechanical and optical properties [30,31]. Thus, fibers are widely used in flexible
photocells, photonic crystals, optoelectronic devices, microelectronics, protective

clothing, composite materials, and filter media [32].

e Films: Uniform PVA films of high optical quality are used in the
manufacture of non-linear optical devices and optical sensors. Several studies have
observed luminescence properties of PVA films under different conditions in the
wavelength of 400-600 nm [33]. Likewise, other studies have prepared PVA-ZnO
nanocomposite films using the casting method to investigate dielectric and charge
transport properties [34]. Generally, PVA films are too brittle because of high
crystallinity. To overcome these drawbacks plasticizers have been incorporated
into PVA [2,35-38]. Although water is the most effective plasticizer for PVA,
glycerol has been widely used due to its low toxicity, environmental friendliness,
and its low vapor pressure compared to water or other polyols such as ethylene
glycol. Plasticizers form strong hydrogen bonding with the hydroxyl groups of
PVA and reduce the inter and intra-molecular hydrogen bonding between PVA
chains, which leads to an increase of free volume and chain movements, reducing
the melting point, improving flexibility, and handling of films and preventing

cracks in the polymeric matrix.

e Membranes: PVA matrix plays an essential role in the construction of
membranes for fuel cells, the alternative for converting chemical energy into
electrical energy [39]. The combination of PVA and polyethyleneimine (PEI) has
been used to obtain electrospun membranes employed for the removal of metal
ions [40].

e Scaffolds: PVA-based microporous 3D scaffolds (three-dimensional
porous solid structures) are potential materials used in drug delivery, purification
and tissue regeneration processes. An example would be those scaffolds coated
with polydopamine (pDA) which showed constructive synergistic interactions
between cells and materials promoting healthy stem cell adhesion and viability,
or those made with GO to improve the mechanical resistance of PVA [41,42].
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4.1.3. PVA blends

At the end of 1960, the commercial development of polymer blends
experienced a rapid growth due to the great interest of many researches and
especially of the materials industry, since polymer blends offer a great number of
different commercial products with desirable properties [43]. The main reason for
mixing is to find the required properties for the final applications of the materials,
and at the same time, to adjust the cost-benefit balance. In addition, polymer
blends provide a useful and economical mean of upgrading recycled polymers.
Currently, the development of environmentally friendly polymeric materials is
the focus a lot of research. In this sense, PVA has been widely used in the
preparation of mixtures and compounds with various natural and renewable

polymers.

PVA can be described as an excellent candidate for the preparation of
blends due to its ability to produce highly resistant films. The literature includes
extensive research into the rheological and structural characterization of
materials obtained by mixing PVA, either in solution or in melt, with various
natural polymers of plant, animal and marine origin, such as cellulose, lignin,
starch, silk, chitin, chitosan and poly(lactic acid). For instance, the strength and
flexibility of starch can be significantly improved by co-processing with PVA.
However, PVA/starch blend films still have some limitations, such as high
hydrophilicity and weak mechanical properties. In general, PVA and starch in the
presence of plasticizers have an acceptable compatibility. The use of plasticizers
could reduce the tensile strength and Young's modulus of PVA/starch blends, but
increase their elongation at break and flexibility [44,45]. Starch is mainly used as
a matrix of biopolymers to reduce environmental pollution by improving the
biodegradation of other polymers such as PVA [46].

The combination of good mechanical properties and hydrophilicity of PVA
and the biological activity of chitosan offers a good opportunity to produce useful
hydrogels or blending films with high antimicrobial effects, good strength and
high barrier properties to be used in wound dressing [47-50]. However, elongation
at break can be a limitation for packaging and other medical applications. In order
to improve the properties of PVA/chitosan blends, some studies have added

different nanofillers such as montmorillonite and halloysite nanotubes [51-53].
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Poly(lactic-acid) (PLA) is a natural, biodegradable, biocompatible and non-
toxic aliphatic polyester that can be synthesized from renewable resources such
as corn, potato and sugar beet making it an outstanding candidate for blends
development [54]. A promising option for high performance packaging
applications is PVA/PLA blend as it has good mechanical properties and
thermoplasticity [55]. Studies have shown that tensile strength increases
significantly with increasing amounts of PVA in mixtures, which is attributed to
the increased hydrogen bonds and chemical interactions between the two
polymers. The addition of PLA to PVA/starch films is another strategy used to
improve their miscibility as well as their mechanical and thermal properties and

reduce their water absorption [56].

Poly(ethylene oxide) (PEO), a synthetic polymer, is also used for the
production of PVA blends. Particularly, compatibilized PVA/PEO blends are
employed to prepare packaging films and bottles, since PEO is a nonpolar polymer
with good barrier properties against water, in contrast to PVA films with low

permeability to water but high permeability to oxygen [57].

4.1.4. PVA nanocomposites

The dispersion of nanoscale fillers (ranging from 0.1 nm to 100 nm) is the
most characteristic property of polymer nanocomposites. These new composite
materials have attracted a lot of interest in the last decade, since a synergy can be
achieved between fillers and polymer chains, and therefore materials with
improved properties can be obtained [58,59]. These improved properties can only
be accomplished if the nanofiller is well dispersed in the polymer matrix. PVA is
one of the most popular biodegradable polymers reinforced with nanofillers in
order to enhance its thermal and barrier properties, especially for food packaging
[60]. PVA nanocomposites may include nanofillers of the following types: metal,
metal oxides [61], metal sulphides, non-metallic, inorganic or nanofillers of a
silicon—oxygen structure bonded to organic groups such as oligomeric polyhedral
silsesquioxanes (POSS) [62]. Among inorganic nanofillers, carbon nanofibers,
carbon nanotubes, graphene, clays and silicates can be highlighted [39,63].
Considering the amount of different nanofillers, this part of the chapter will focus

mainly on PVA metal nanocomposites and PV A/graphene-based nanocomposites.
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4.1.4.1. PVA/Metal nanocomposites

According to section 2.1.4.1 in the second chapter, metallic nanoparticles
(NPs) have excellent properties that lead to their application in different fields. In
particular, silver nanoparticles due to their biological properties, have emerged as
the most exploited nano-antimicrobial agents in a variety of applications, for
instance, nanocrystalline silver dressings, creams and gels that have effectively

reduced bacterial infections in chronic wounds [64].

Poly(vinyl alcohol) can be employed as a stabilizing agent in the synthesis
of AgNPs playing a vital role in the formation of nanoparticles with a controlled
size and well-defined shape. The preparation and characterization of PVA
nanocomposites with different silver contents is reported in several works of
research. PVA/AgNPs nanocomposites can be obtained by ex situ processes such
as mixing a colloidal solution composed of Ag nanoparticles with the appropriate
amount of PVA [65], or by in situ processes employing gamma irradiation or
reducing agents to achieve silver atoms (Ag’) from silver ions (Ag*) in an aqueous
PV A solution [66,67].

4.1.4.2. PVA/Graphene-based nanocomposites

Several studies have reported the effect of loading of graphene or its
derivatives on the properties of PVA-based composites [68-90]. In general, it is
known that graphene provides significant improvements in the properties of
nanocomposites at low filler content. However, some disparities in thermal and
mechanical property values have been reported. These variations are the result of
different degrees of interaction between graphene sheets and PVA molecules
through hydrogen bonding. The properties of polymer nanocomposites are highly
related to the microstructures. A uniform dispersion of nanofiller and absence of
agglomerates in the polymer matrix is required to achieve an improvement in the

properties.

According to chapter two, graphene is hydrophobic in nature, while PVA
is hydrophilic, so the dispersion of the sheets in the polymer is difficult and the
formation of agglomerations in the matrix takes place. On the contrary, graphene
oxide is hydrophilic, but during the reduction process, GO sheets become more
hydrophobic and tend to agglomerate rapidly into flakes of monolayered sheets,
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to restack to form graphite. Therefore, the in situ reduction of GO dispersed in a
polymer matrix is one of the most effective strategies employed to accomplish
stable dispersions of graphene [91]. Zhao et al [75] reported the preparation of
fully exfoliated graphene/PVA nanocomposites by means of chemical reduction
of GO in an aqueous solution containing PVA and dodecylbenzene sulfonate
(SDBS) as a stabilizer. The excellent dispersion of graphene in PVA was confirmed
due to the disappearance of graphene XRD peak. Also, tensile strength was
enhanced by 150% at 1.8 vol% of graphene in the PVA matrix. Yang et al. [73]
manufactured PVA-graphene nanocomposite films aligned in layers through
chemical reduction of GO, adding hydrazine to the PVA/GO solution. The
addition of 3.5 wt% graphene in PVA increased tensile strength, Young's modulus
and glass transition temperature. However, crystallinity, melting temperature and

crystallization temperature decreased.

The main strategy for the preparation of PVA/GO nanocomposites is the
solution casting technique, however, there are other ways such as in situ
intercalative polymerization or melt intercalation. Morimune et a/. [80] fabricated
PVA/GO films via ordinary solution casting process. Young’s modulus, tensile
strength, thermal and barrier properties were significantly improved increasing
GO nanofillers content. Jiaojiao et al [87] reported the one-step in situ
polymerization process that resulted in fully intercalated, highly dispersed and
oriented GO along the surface of the nanocomposite film. The mechanical
properties were strikingly enhanced at extremely low loadings of GO. Putz et al.
[72] achieved a highly ordered, homogeneous polymer film of layered graphene
oxide using a vacuum-assisted self-assembly (VASA) technique, which has
allowed for the recognition that hydrogen bonding plays a crucial role in the
mechanical properties. Qi et al. [81] used electrospinning technique to prepare
PVA/GO scaffolds. The results showed the great potential of PVA/GO
nanocomposites to be used in tissue engineering and drug delivery systems.

The research on PVA/graphene based nanocomposites is very extensive,
however reported studies related to PVA nanocomposites through the addition of
graphene oxide decorated with silver nanoparticles have been limited [92-95].
Briefly, PVA/GO-AgNPs composites can be prepared through two main routes,
in situand ex situmethods. The in situapproach is a one-step method that consists
of chemical reduction of both metal precursor and GO sheets in the presence of
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the polymer. The ex situ method is based on the incorporation of previously
synthesized GO-AgNPs hybrids into the polymer by melt compounding or
solution blending. According to these methods, Li er al [92] prepared PVA
composites with incorporation of Ag nanoparticle-reduced graphene oxide (Ag-
rGO/PVA) via ex situ, and investigated the thermal conductivity of the resulting
composites. Compared to rGO/PVA composites, Ag-rGO/PVA composites
showed greater enhancement in thermal conductivity. Surudzi¢ er al [93]
synthesized silver/poly(vinyl alcohol) and silver/poly(vinyl alcohol)/graphene
nanocomposites by electrochemical reduction of silver ions at constant current
density, and investigated their thermal stability, mechanical characteristics, and
antibacterial activity. They found enhanced thermal stability, mechanical
properties and antibacterial activity against Staphylococcus aureus and
Escherichia coli for Ag/PVA/graphene nanocomposites compared with Ag/PVA
nanocomposites. Nesovi¢ et al. [94] incorporated AgNPs into a PVA/graphene
hydrogel using an in situ electrochemical method of silver ion reduction inside
the PVA/graphene matrix at constant voltage, and evaluated the biological
properties. This study demonstrated that the graphene-based composite hydrogel
with incorporated spherical AgNPs was a non-toxic biomaterial with antibacterial
activity against Staphylococcus aureus and Escherichia coli. Another research
performed by Usman er al [95] reported on the one-step synthesis of
PVA/GO/starch/silver nanocomposites.

However, to the best of our knowledge there are no other reports on the in
situ chemical approach to develop PVA/Ag-GO nanocomposites. Therefore, the
in situ synthesis of PVA/AgNPs-GO nanocomposites by chemical reduction of
silver ions in the presence of GO dispersed in PVA will be one of the synthesis

studied in this chapter.

4.1.5. PVA applications

PVA is commonly used in textile industry as fibers for dressmaking, as
blinders in paper products manufacturing, in food packaging industry and in
medicine [2,49,50,96-99]. Regarding food packaging systems, PVA films exhibit
excellent barrier properties and FDA (Food and Drug Administration) has
approved PVA to be in close contact with food products [100]. In medical devices,
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PVA is used as a biomaterial due to its biocompatible, nontoxic, no-carcinogenic,
and swelling properties [25]. In addition, PV A has proven to be an ideal candidate
for development of drug delivery systems because of its good film forming ability,
long term temperature stability and pH stability [101-103]. Likewise, considering
all the properties that it presents, PVA can be used in adhesives [104], colloids in
emulsion polymerization [105], blends [99] and membranes [106,107].

For different applications PVA can be reticulated to form hydrogels.
Physical or chemical crosslinks provide the structural stability that hydrogel
needs after swelling in the presence of water or biological fluids. The degree of
crosslinking determines the amount of fluid uptake, and thus, the physical,
chemical, and diffusional properties of the polymer, as well as its biological
properties. PVA gels show a high degree of swelling in aqueous solutions, a
rubber-like elasticity and no adhesion to surrounding tissue. Therefore, PVA is
capable of simulating natural tissue and can be readily accepted into the body
[108]. PVA hydrogels have potential applications as tissue replacements [109-
111], articular cartilage [108,112], catheters, artificial skin, membranes for the
encapsulation of live metabolic cells to prevent immune rejection after tissue
transplantation [113,114] and hemodialysis membranes [115]. In the field of
ophthalmology, the high water content, oxygen permeability, optical clarity, and
low protein adsorption of the PVA hydrogels have led to new applications in the
manufacturing of soft contact lenses. PVA extend wearing time without inducing

hypoxia to the cornea [116].

The elastic physical properties and the possibility of developing hydrogels
with certain tensile strength and compressive modulus, make PV A an appropriate
artificial candidate for cartilage replacement. Depending on the concentration of
the polymer and the number of cycles tested, PVA hydrogels can be prepared
with a resistance range and compression module required for this particular
application, 1-17 MPa and 0.0012-0.85 MPa, respectively [117,118]. Another
example of replacement might be the use of PVA implants in meniscus. Kobayashi
et al. [109,111] studied PVA hydrogel for meniscus replacement using a rabbit
model where five rabbits were examined after 2 years and the rest at earlier time
points. The results of this study showed that the PVA hydrogel implants were
intact, with no wear or dislocation seen; implants were stable inside the body.
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Kokabi er al [119] prepared PVA—clay nanocomposite hydrogel by the
freezing—thawing process to be used as wound dressings. According to the results,
PV A—clay nanocomposite hydrogels showed excellent physical and mechanical
properties which met the essential requirements of ideal wound dressings. Based
on swelling measurements, hydrogels exhibited high capability in absorbing fluid,
so recommended for exudative wounds. Additionally, Kenawy et al [120]
described PVA/hydroxyethyl starch (HES) blend gel membranes with ampicillin
as a novel approach for wound dressing purposes and drug delivery system. The
addition of HES into PVA hydrogels improves the physicochemical,
morphological, mechanical and thermal properties as well as their degradation,

and release profile, which is expected to improve their usefulness as hydrogels.

As a promising biomaterial, several studies have focused on the efficacy of
PVA and its nanocomposites for pharmaceutical applications [49,50,121,122]. The
semi-crystalline structure of the PVA hydrogels shows a controlled dissolution
behavior of the drugs. On the basis of this property, PVA has been extensively
studied in pharmaceutical applications as a drug delivery system [123-127].
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4.2. Experimental section

4.2.1. Materials

Poly(vinyl alcohol) (PVA) (Mw= 61,000 Da; degree of hydrolysis 98.0-98.8
mol%), glycerol, silver nitrate (AgNOs), L-ascorbic acid (L-AA), phosphate-
buffered saline (PBS), and RPMI were supplied by Sigma-Aldrich, while
ammonium hydroxide (NH«OH) was acquired from Panreac. All chemicals were

used as received without further purification.

4.2.2. Preparation of PVA film

An aqueous solution (2.5 wt%) was prepared by dissolving PVA powder in
deionized water at 100 °C for one hour under constant stirring. After that, the
solution was poured into a levelled plastic plate that was left at room temperature
for drying until its weight equilibrated. The as-prepared film was dried under

vacuum at 60 °C for three days before use.

4.2.3. Preparation of PVA/GO nanocomposite films

These types of nanocomposites were prepared following two different

procedures in which the type of sonication mainly differs.

4.2.3.1. PVA/GO nanocomposites in the same conditions as PVA/GS
nanocomposites

Graphene oxide homogeneous suspension was prepared by dispersing the

desired amount of GrO in 30 mL of deionized water under a tip sonicator for 15

min. Separately, a 5 wt% aqueous solution of PVA was prepared at 100 °C upon
stirring for 1 h, and subsequently cooled. The GO dispersion was then added to
PVA solution while stirring and held for 1 h in constant agitation. Finally,
obtained mixture was cast onto a levelled plastic Petri dish, which was allowed to
dry at room temperature. The as-prepared films were dried under vacuum at 60
°C for three days before use. The same procedure was followed for the preparation
of films containing plasticizer, by adding 20% weight glycerol to the PVA
solution. The nanocomposites were denoted as PVA/GO-x, where x indicates the

weight percentage of GO.
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423.2. PVA/GO nanocomposites in the same conditions as
PVA/AgNPs-GO nanocomposites

The desired amount of GrO was suspended in 50 mL of deionized water. In

this case, the suspension was dispersed by bath sonication for 1 h, instead of tip

sonicator, to obtained GO sheets. PVA polymer solution was prepared by
dissolving 5 wt% PV A in deionized water and vigorously stirred at 100 °C for one
hour. Then, under steady stirring, GO suspension was gently added to the
prepared PV A solution at 50 °C while stirring for one hour, followed by sonication
for another 1 h at room temperature in a bath-type ultrasound sonicator. The
resultant solution was 2.5 wt% PVA. Finally, the mixture was cast onto a levelled
plastic Petri dish and allowed to dry at room temperature. The films were also
vacuum dried at 60 °C for three days and kept in desiccators. The graphene oxide
content of the samples prepared through this procedure was 1 and 2 wt%, and
were named PVA/GO1 and PVA/GO2.

4.2 4. Synthesis of PVA/Graphene nanocomposite by in situ
method.

As in previous procedures, graphene oxide sheets were achieved by

treatment of 30 mL of GrO aqueous suspensions with a tip sonicator for 15 min.

Next, the dispersion was added to the PVA solution which had previously been
obtained by dissolving 5 wt% PV A in deionized water at 100 °C for one hour. The
mixture was left stirring overnight and then heated at 60 °C using an oil bath and
the desired amount of a water solution of L-AA was added (ratio of L-AA to GO
was 3.5) under vigorous stirring. To reduce the graphene oxide sheets into
graphene sheets (GS), the mixture was maintained at 60 °C for 6 h with constant
stirring and in the absence of light. To obtain free-standing PVA/GS films, the
mixture was cast onto a plastic Petri dish and left to dry at room temperature.
Prior to characterization, the films were dried under vacuum at 60 °C for three
days and kept in desiccators. The same procedure was followed for the preparation
of films containing plasticizer, by adding 20% weight glycerol to the PVA
solution. The nanocomposites were denoted as PVA/GS-x, where x indicates the

weight percentage of GS.

190



Poly(vinyl alcohol)/Graphene Nanocomposites

4.2.5. Synthesis of PVA/Graphene nanocomposite by ex situ
method.

Ex situ PVA/graphene nanocomposite film was prepared by blending PVA
with chemically reduced GO (GS). The desired amount of chemically reduced
graphene oxide powder by L-AA was dispersed in 30 mL of deionized water by
ultrasonication for 1 h, to get exfoliated graphene sheets. The GS dispersion was
then mixed with a PVA solution prepared as described above and ultrasonicated

for an additional 1 h. The film was prepared with 1 wt% of GS loading.

4.2.6. Synthesis of PVA/AgNPs-GO nanocomposite by in situ
method

The preparation of PVA/AgNPs-GO nanocomposite films was performed
via in situ reduction of silver ions in the mixture PVA/GO by using L-AA as green
reducing agent. PVA solution was prepared by dissolving 2.5 g of PVA in 45 mL
deionized water and vigorously stirred at 100 °C for 1 h. GO suspension was
prepared by dispersing the desired amount of GrO (25 mg or 50 mg) in 45 ml
deionized water under bath sonication. After one hour, ammonium hydroxide
was added until the pH value reached 10. Subsequently, GO suspension was
gently added to the prepared PVA solution at 50 °C while stirring for one hour,
followed by sonication for another 1 h at room temperature in an ultrasonic bath.
Then, the mixture solution was placed in an oil bath that was heated to 60 °C with
stirring. In order to maintain the weight relationship between AgNOsand GO
fixed at 0.51, the desired amount of a water solution of AgNOs (to reach 0.75 mM
or 1.5 mM) was slowly added to the PVA/graphene oxide sheets mixture, under
vigorous stirring and in the absence of light. Next, the desired amount of a water
solution of L-AA (to reach 1.5 mM or 3.0 mM) was added to it. The resultant
solution was 2.5 wt% PVA. The reaction was then maintained at 60 °C for 1 h
with constant stirring and in the absence of light. The original brown color of the
solution, due to the GO, immediately turned dark blue, suggesting that Tollen's
reagent, [Ag(NHs)2]*, formed when mixing the aqueous solution containing PVA,
GO and ammonia with the aqueous silver nitrate solution, led to metallic silver in
the presence of L-AA. Finally, the reaction mixture was cooled and dialyzed in

water for one week to remove residual salts. The suspension was then cast onto a
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levelled plastic plate, left to dry at room temperature and subsequently peeled off
as a free-standing film. The film was dried under vacuum at 60 °C for three days
before use. These experiments were carried out with silver precursor and
graphene oxide concentrations of 0.5 and 1 wt% (PVA/ AgNPs-GO1), and 1 and
2 wt% (PVA/AgNPs-GO?2), relative to the weight of PVA. One experiment was
carried out where no reducing agent was used. In both syntheses, the weight
relationship between silver precursor, reducing agent and the GO were the same
as in the Chapter 2 for the synthesis of the GO-AgNPs-A hybrid: the ratio of
AgNOs to GO was 0.51, and between L-AA and AgNOswas 2.07.

4.2.7. Synthesis of PVA/GO-AgNPs nanocomposite by ex situ
method

PVA/GO-AgNPs nanocomposite films were prepared by blending PVA
with previously synthetized graphene-silverNPs hybrid (at 60 °C, with 1.50 mM
of AgNO:3). For this purpose, an aqueous solution of PVA (5 wt%) was prepared
at 100 °C upon stirring for 1 h, and afterward cooled to room temperature. The
desired amount of GO-AgNPs powder was dispersed in 30 mL of deionized water
by bath sonication for 1 h to get exfoliated sheets. The dispersion was then mixed
with PVA solution and ultrasonicated for an additional 1 h. The mixture was then
cast as film at room temperature. The as-prepared films were heated at 60 °C
under vacuum for three days before use. The nanocomposites were named
PVA/GO-AgNPs-x, where x denotes the weight percentage of GO-AgNPs-A.

4.2.8. Summary of prepared nanocomposites

Table 4.1. Summary of the synthesized samples.

Samples Experimental details

PVA/GO-x Tip sonicator as PVA/GS-x samples. x =GO percentage.
PVA/GO1 and PVA/GO2 Bath sonication.

PVA/GS-x Tip sonicator and in situ synthesis. x = GS percentage.
PVA/GS1 Prepared by ex situ method.

PVA/AgNPs-GOx By in situ synthesis. x = GO percentage.
PVA/GO-AgNPs-x By ex situ method. x = GO-AgNPs-A percentage.
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4.2.9. Characterization

The structure and the morphology of the synthetized nanocomposite films
were examined by FTIR spectroscopy, Ultraviolet-visible absorption spectroscopy
(UV-Vis), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Thermal characterization was realized by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). The mechanical
characterization was carried out by means of tensile test (MTS). Water vapor
permeability (WVP) was determined according to the ASTM E96 standard, using
the upright cup method (UCM) and water absorption capacity (WAC) was
calculated by applying a specific equation. Details of the equipment and protocols
of the characterization are shown in Appendix I. The following Table 4.2 details

the section of each technique or method performed.

Table 4.2. Characterization methods used for the analysis of PVA-based nanocomposites.

Analysis Technique or Method Appendix Section
Formation of AgNPs UV-Vis L.1.2
Chemical structure FTIR [.1.3
Surface chemistry XPS I.1.4
Chemical structure Raman I.15
Crystalline structure XRD L.1.6
Nanostructure and SEM L1.8
morphology TEM 119
TGA [.2.1
Thermal behavior

DSC 1.2.2

Mechanical Properties MTS 1.3

Permeability UCM L5

Water Absorption WAC L.6

193



Chapter 4

4.2.10. Antimicrobial activity
4.2.10.1. Microbial strains and culture

Gram-negative Escherichia coli ATCC 25922 and Gram-positive
Staphylococcus aureus ATCC 25923 were selected to evaluate the antibacterial
activity of PVA-based nanocomposites. Microorganisms were stored frozen at -80
°C in cryoballs (Microbank, Biolab Diagnostics). Bacteria were cultured on Plate
Count Agar (PCA) for 24 h at 37 °C, and inoculum was prepared from single
colonies grown to stationary phase in Brain Heart Infusion (BHI) broth at 37 °C
overnight in an orbital incubator under 100 rpm. Broths were centrifuged (3000
x g, 10 min) and washed twice with Phosphate-Buffered Saline (PBS). A cell
suspension adjusted to a cell density equivalent to 0.5 McFarland (representing
approximately 1-5 x 108 cells/mL) was prepared using sterile saline buffer. Viable

counts were enumerated after overnight incubation at 37 °C onto PCA.

4.2.10.2. Antimicrobial activity assays

A modification of the EUCAST dilution method was used to assess the
antibacterial activity [128]. The antibacterial properties of PVA-based
nanocomposite films in direct contact with bacterial cells and the leaching from

the films after their immersion in PBS at 37 °C for 24 h were evaluated.

The assays were performed in 96-well microtiter plates with a volume of
100 pL of Mueller-Hinton Broth (MHB) at twice the desired final concentration.
The inoculum was diluted 1:10 with sterile water and each well was inoculated
with 100 pL to give a final concentration of 5 x 10° CFU/mL. The nanocomposite
films were cut to a size of 0.6 cm in diameter, sterilized with ultraviolet light and
placed in the wells of the plate in triplicate for each material and for each day.
The plates were then incubated at 37 °C, and every 24 h the samples were
removed with sterile clamps until 72 h. The absorbance of the culture monitored
with a microplate reader (BioRad, USA) at 450 nm, and the quantification of
colony-forming units (CFU) present in the wells after dilution and seeding on
PCA were used to determine bacterial growth in each well. This experiment was

repeated three times during different weeks.
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On the other hand, an antibacterial activity assay was performed
to determine whether the lixiviates from PVA/GO-AgNPs composite films
showed a growth inhibitory effect against £. coli and S. aureus. The test was
carried out in 100-well microtiter plates at 37 °C. Nanocomposite films cut to a
size of 0.6 cm in diameter were sterilized under UV light, placed in the plate wells
in triplicate for each material and 100 pL of PBS was added to each well. Plates
were incubated for 24 h at 37 °C. Then nanocomposite films were removed
aseptically with a clamp and other 100 pL of inoculum were added. The microtiter
plates were then placed in a microplate reader (Bioscreen C), which was set up to
measure the bacterial growth by monitoring the absorbance at 450 nm every hour
for 72 h at 37 °C. The experiment was performed in triplicate and differences
between PVA (used as control with no antibacterial activity) and PVA/GO-

AgNPs nanocomposite films were evaluated.

Bacterial growth was presented as the mean of the logarithm of colony-
forming units (CFU) per milliliter. Data were analyzed using analysis of variance
(ANOVA) followed by Tukey or Games-Howell’s correction depending on the
homogeneity of variances (tested by Levene test) and significant differences
between neat PVA and nanocomposites were determined (p value < 0.05).

Calculations were performed with statistical software SPSS 24.

4.2.10.3. SEM analysis of surfaces after antibacterial assay
SEM analysis was performed for PVA, PVA/AgNPs-GO2 and PVA/GO2

nanocomposites. Briefly, sample discs were fixed one hour with 2%
glutaraldehyde in PBS at room temperature. Then, the samples were washed with
a phosphate buffer and treated in a graded series of ethanol followed by a coating
with gold under an argon atmosphere and finally the discs were observed with a

scanning electron microscope Hitachi S4800 operating at 10 kV.
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4.3. Results and discussion

4.3.1. Structural and morphological characterization

UV—-vis spectroscopy

UV-Vis spectroscopy was used to follow the formation of AgNPs in the
synthesis of PVA/AgNPs-GO nanocomposites by in situ method. Figure 4.5
compares the absorption spectra of prepared GO, PVA/GO after treatment with
AgNOs in the absence of L-AA, and PVA/AgNPs-GO samples. The GO content
was the same for GO, PVA/GO after treatment with AgNOs in the absence of L-
AA and PVA/AgNPS-GO2 samples, whereas for PVA/AgNPS-GO1 it was lower.
According to Chapter 2, the spectrum of GO dispersion exhibited a maximum at
230 nm, which is attributed to ™ — T* transitions of aromatic C-C bonds, and a
shoulder at ~300 nm ascribed to n — m* transitions of C=O bonds. Compared to
GO, in the absorption spectra of PVA/AgNPs-GO solutions it can be observed the
red shift in the characteristic absorption peak of GO, from 230 to 265 nm. This
indicates that GO was simultaneously reduced at a certain extent during the
synthesis of PVA/AgNPs-GO nanocomposites, suggesting that the electronic

conjugation within the graphene sheets was partially restored.

Figure 4.5. UV-Vis absorption spectra of GO, PVA/GO after treatment with AgNOs in the
absence of L-AA, PVA/AgNPs-GO1, and PVA/AgNPs-GO2 suspensions.
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Moreover, PVA/AgNPs-GO solutions exhibited surface plasmon resonance
(SPR) absorption band, with an absorption peak at 415 and 417 nm for
nanocomposites with 2 wt% and 1 wt% GO, respectively, indicating the reduction
of silver nitrate to AgNPs [129]. As mentioned in the second chapter, particle size,
shape, state of aggregation and the dielectric constant of the surrounding medium
influence the intensity, wavelength and shape of the SPR absorption band [130].
The position of the peaks found for PVA/AgNPs-GO is characteristic of small
roughly spherical AgNPs [131]. The intense SPR band is responsible for the bluish
colour of the mixtures of the PVA, [Ag(NHs)2]* and GO solution after adding L-
AA. As can be seen in Figure 4.5, the absorbance peak for the PVA/AgNPs-GO2
sample becomes sharper and of higher intensity than that of the PVA/AgNPs-
GO1 sample. The increase in intensity can be due to an increase in the number of
nanoparticles formed, and the sharpness reveals the formation of smaller sized
AgNPs. On the contrary, UV-vis spectrum of PVA/GO after treatment with
AgNOs in the absence of L-AA did not exhibit the absorption band of metal

nanoparticles, indicating that Ag* ions were not reduced to metallic AgNPs.

Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectra of pure PVA, PVA/GO and PVA/ AgNPs-GO
nanocomposite films are compared in Figure 4.6A. The FTIR spectrum of PVA
film cast from aqueous solution exhibits the broad O-H stretch band, in the region
3650-3000 cm!, due to the intermolecular and intramolecular hydrogen bonds.
The band between 3000 and 2800 cm-! is assigned to stretching of C-H from alkyl
groups and the peaks from 1780-1600 cm™! due to stretching of C=0 and C-O
from the residual acetate groups in PVA, and peaks attributed to the vibration of
CH: (1418, 1326 cm!), CH (1237 cm™'), and C-O (1087 cm'). Compared to neat
PVA, the -OH stretching band shifts slightly to a higher wavenumber in the
PVA/GO nanocomposites, from 3260 to 3265 cm, indicating the formation of
hydrogen bonds between oxygen-containing functional groups of GO and the
hydroxyl groups in PVA [132]. The PVA/AgNPs-GO films present a similar
spectrum to that of PVA. With respect to glycerol plasticized PVA, the FTIR
spectrum shows an additional band at 1042 cm! characteristic of C-O stretching
(Figure 4.6B), and the —OH stretching peak shifts to a higher wavenumber due to
the hydrogen bonding between the hydroxyl groups of PVA and glycerol. As with
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PVA/GO nanocomposites, in the FTIR spectra of unplasticized and plasticized
PVA/GS nanocomposites it can be seen that the peak associated with OH
stretching is shifted to a higher wavenumber due to the bonding of hydrogen with

residual GS oxygen groups.

Figure 4.6. FTIR spectra of: (A) neat PVA, PVA/GO and PVA/AgNPs-GO nanocomposites, and
(B) unplasticized and glycerol plasticized PVA/GS nanocomposites.

X-ray photoelectron spectroscopy (XPS)

According to chapter 2, an XPS analysis was performed to prove the
formation of AgNPs during the in situ synthesis. Figure 4.7 shows the high
resolution Ag3d spectra of the PVA/AgNPs-GO composites. The spectra show
the Ag3ds2 and Ag3ds»2 bands at 373.8 and 367.9 eV, respectively, suggesting the
formation of metallic AgNPs.

Figure 4.7. High resolution XPS spectra of Ag3d in PVA/AgNPs-GO composites.
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Raman spectroscopy

Raman spectroscopy was used to provide structural information of the
PVA/GO and PVA/AgNPs-GO nanocomposite samples (Figure 4.8). In order to
investigate spectral reproducibility, Raman spectra were collected from different
positions on each sample and the mean of the data are shown in Table 4.3. For
PVA (Figure 4.8A) the most intense band centered at 2909 cm! is ascribed to the
stretching vibration of —CH2, the other peaks at 1441 and 1100 cm! are assigned
to the stretching vibrations of CH and OH, respectively [133]. The Raman
spectrum of the PVA/GO and PVA/AgNPs-GO samples displays the characteristic
bands of GO (D, G, 2D, D+G and 2G bands) (Figure 4.8B).

Figure 4.8. Raman spectra of: (A) PVA and (B) GO, PVA/GS ex situ, PVA/GO and PVA/AgNPs-

GO composites.

The intensity ratio of the D and G peaks (In/Ic) for PVA/AgNPs-GO samples
increased to 0.99 + 0.03 as compared to GO (0.85 + 0.01). This can be attributed to
the increase in the number of sp? carbon domains with a smaller average size in
GO matrix due to its partial reduction during the synthesis of the composites
[134]. Additionally, the intensity of these bands increased considerably, which is
attributed to the surface-enhanced Raman scattering (SERS) effect of Ag
nanoparticles that results from the intense local electromagnetic fields of Ag
nanoparticles [135].
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Table 4.3. Raman peak position for GO and PVA nanocomposites and In/Ic intensity ratios.

Material D G 2D D+G 2G In/Ic
(m?)  (em!) (ecm!) (em?) (cm)

GO 1351 1596 2743 2935 3179 0.85+0.01

PVA/GO1 1352 1602 2731 2912 3186 0.89+0.01

PVA/GO2 1354 1603 2741 2918 3187 0.86+0.03

PVA/AgNPs-GO1 1349 1603 2728 2912 3185 0.99+0.01
PVA/AgNPs-GO2 1352 1603 2721 2915 3187 0.99+0.03
PVA/GS1 1355 1592 2823 2927 3204 0.94+0.08

X-ray diffraction (XRD)
X-ray diffractograms of unplasticized and plasticized PVA, and PVA/GO

nanocomposite films measured in the range of 26= 5°-50° are presented in Figure

4.9. The XRD patterns of neat unplasticized and glycerol plasticized PVA films
show a main diffraction peak at 26=19.9°, and another one at 2¢ = 40.8° which
correspond to (101) and (111) planes, respectively [136]. Unplasticized and
glycerol plasticized PVA/GO nanocomposites show the same spectrum profile and
peaks as PVA. The characteristic peak of GO at 26=11.1° (Chapter 2, Figure 2.22)
is not detected in nanocomposites, indicating a homogeneous dispersion of GO
films in the polymer matrix. The addition of GO to the PVA matrix does not

result in noticeable changes in X-ray results.

Figure 4.9. XRD patterns of: (A) unplasticized PVA/GO nanocomposites and (B) plasticized PVA/GO

nanocomposites.
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The X-ray diffraction spectra of unplasticized and plasticized PV A prepared
under the same conditions as GS in situ nanocomposites (maintained 6 h at 60 °C)
and PVA/GS nanocomposites in the range 2¢ = 5°-50° are shown in Figure 4.10.
According to the previous PVA, both plasticized and unplasticized heated-PVA
films show a main diffraction peak at 26 = 19.9°, and another at 26 = 40.8°
corresponding to (101) and (111) planes, respectively. Compared to heated-PVA,
the nanocomposite samples only show peaks at 26 = 19.6° and 40.8°, while the
broad GS peak at 26 = 24.3° disappears (Chapter 2, Figure 2.22), suggesting that
the GS sheets are homogeneously dispersed in the polymer matrix and not
aggregated and restacked together. The intensity of the diffraction peak at 26 =
19.9° decreases as the GS content increases, indicating a decrease in the
crystallinity of the PVA. The reduction in the crystallinity of PVA after the
incorporation of GS can be due to the reduction in polymer chain mobility, that
can be explained by the formation of a constrained polymer region [137]. This
region located around the filler surface adjacent to the interface region exhibits
different characteristics than those of neat polymer due to the interfacial
interactions between the polymer matrix and the surface of the filler. The
mobility of the polymer chains within this region is greatly hampered, and the
degree of restriction of the mobility of the polymer chains is affected by the filler
content [138]. On this basis, it may be inferred that the interactions through
hydrogen bonding between residual oxygen functionalities of GS and the -OH
groups of PVA restrict the polymer motion resulting in a decrease in the

crystallinity of PVA in the presence of GS.

Figure 4.10. XRD patterns of: (A) unplasticized PVA/GS nanocomposites and (B) plasticized
PVA/GS nanocomposites.
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Figure 4.11 shows X-ray diffraction pattern of neat PVA, PVA/GO2 and ex
situ and in situ PVA nanocomposites with 2 wt% of GO-AgNPs. The pattern of
PVA/AgNPs-GO2 in situ and PVA/GO-AgNPs-2 ex situ composite films shows
two additional peaks at 26 =38.3° and 44.2°, corresponding to the (111) and (200)
crystal planes of the face-centred cubic crystal structure of AgNPs, respectively
[139]. Thus, XRD analysis showed the presence of AgNP in the polymer matrix.

PVA/GO-AgNPs-2 ex situ

PVA/AgNPs-GO2 in situ

Intensity (a.u.)

Figure 4.11. XRD patterns of PVA, PVA/GO2, PVA/AgNPs-GO2 in situ and PVA/GO-AgNPs-

2 ex situ.

Nanostructure and morphology

Morphological features of the different PVA-based nanocomposites was
analyzed by SEM and TEM. Figure 4.12 displays SEM images of fractured surfaces
of plasticized and unplasticized PVA, PVA/GO, PVA/GS with 1 and 2 wt% filler
and PVA/AgNPs-GO?2 films, as well as PVA/GS1 and PVA/GO-AgNPs-2 prepared
through the ex situ procedure. SEM micrographs of PVA and PVA/GLY have a
clean and smooth surface. The cross-sectional image of unplasticized PVA/GO
nanocomposites shows a rough fractured surface without any aggregates of GO,
and has a wave-like morphology. The roughness of the fracture surface increases
when plasticizer is present and with the increase of GO content. This result
indicates a uniform dispersion of GO in PV A matrix. The rougher fracture surface
is attributed to the interfacial adhesion and compatibility between polymer

matrix and GO sheets.
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0 5.0kV 9.0mm x1.50k SE(M

&2 pva/Go-1/GLY |

Figure 4.12. SEM images of the fractured surface of: plasticized and unplasticized PVA,
PVA/GO and PVA/GS with 1 and 2 wt% filler content, PVA/GS1 ex situ, PVA/AgNPs-GO2 in
situ and PVA/GO-AgNPs-2 ex situ nanocomposites.
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Likewise, the images of PVA/GS, prepared by in situ reduction, with 1 and
2 wt% GS content exhibit a rougher fractured surface with no aggregates of GS,
and a wave-like morphology. According to the behavior described above, the
roughness of the fracture surface increases when the plasticizer is present, which
confirms an improvement in the dispersion of GS in the PVA matrix. The
increased GS content also increases the roughness slightly, because there are more
points of interfacial interaction between the polymer matrix and filler. On the
contrary, the micrograph of the nanocomposite obtained by the ex sitz method
shows a cleaner and smoother surface than its in situ obtained counterpart,
indicative of poor dispersion of GS due to the lack of interfacial interaction and
adhesion of GS to PVA. In the case of nanocomposites with AgNPs, both fractures
images show a rough surface, but it is smoother when the film is prepared through
the ex situprocess, which indicates a worse adhesion of the filler with the polymer

matrix.

TEM images of unplasticized and glycerol plasticized PVA/GO and PVA/GS
nanocomposites with 1 and 2 wt% of filler presented in Figure 4.13 evidence the
good dispersion state of GO or chemically reduced graphene sheets (GS)
throughout PVA. Single dispersed GO or GS sheets and aggregated nanosheets
with thickness between 7-10 nm and =12 nm, respectively, coexist. However, a
better degree of dispersion is achieved in the plasticized nanocomposites. From
TEM and SEM analysis, and XRD patterns it can be inferred an exfoliated
morphology for the PVA/GS samples prepared by the in situ method. For the
nanocomposite sample obtained by the ex situ method, a poor dispersion and

exfoliation of graphene sheets is observed.

Figure 4.14 displays TEM images of PVA/GO-AgNPs ex situ and
PVA/AgNPs-GO in situ nanocomposites with different amounts of filler.
Comparing the preparation processes, it can be highlighted that the best
dispersion is achieved in the nanocomposites prepared through in situ synthesis,
since GO nanosheets are better dispersed throughout the polymer matrix. In ex
situ PVA/GO-AgNPs nanocomposite images the dark lines are the side views of
GO sheets. In Figures 4.14c,f, the black dots indicate the presence of AgNPs, and
it can be seen that they are located at the edge of GO sheets, suggesting that they
are associated with the GO sheets.

204



Poly(vinyl alcohol)/Graphene Nanocomposites

Figure 4.13. TEM images of: plasticized and unplasticized PVA/GO and PVA/GS
nanocomposite films filled with 1 and 2 wt% of GO or GS at different magnifications, and

PVA/GSI ex situ nanocomposite.
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Figure 4.14. TEM images of: (a,b) PVA/GO-AgNPs ex situ nanocomposites and (c,d,f,g,i)
PVA/AgNPs-GO in situ nanocomposites at different magnifications, (e,h) particle size
distributions of AgNPs on PVA/AgNPs-GO nanocomposites and (j) the selected area electron
diffraction (SAED) patterns of silver nanoparticles.
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Moreover, from Figures 4.14c,f, it can be observed that the number of silver
nanoparticles increases as the precursor content increases from 0.5 to 1 wt%. On
the other hand, in high magnification TEM images (Figures 4.14d,g,i), the large
and small spherical black dots correspond to the generated AgNPs, and the
dispersed GO sheets are more difficult to observe due to the large black AgNPs,
appearing as lighter shaded substrate. In these images, some large particles show
a non-spherical shape that can be attributed to aggregation of smaller particles.
The selected area electron diffraction (SAED) pattern of AgNPs in the
PVA/AgNPs-GO2 approves the crystalline of nature of the in situ generated silver
nanoparticles (Figure 4.14j). The lattice spacing of ~0.232 nm and ~0.200 nm,
corresponds to (111) and (200) planes of the AgNPs, respectively, which confirms
that the particles present on the surface of the films are silver nanoparticles. The
AgNPs sizes were estimated by counting 1500 nanoparticles in several
PVA/AgNPs-GO TEM micrographs. It was found a diameter range of =0.5-51 for
a 1 wt% GO content and silver precursor content of 0.5 wt%, although about 79%
of the counted Ag nanoparticles were less than 10 nm in diameter, with a mean
size of 9.0 nm (Figure 4.14e). As the GO content further increased to 2 wt% and
AgNOs content to 1 wt%, the histogram indicates a little narrower size
distribution, with most of nanoparticles (77%) in the range of 0.5-10 nm, and with
a mean size of 8.8 nm. These nanoparticle sizes are much smaller than that of
AgNPs synthesized in the absence of GO and PVA (60 nm) [140]. These results
indicate the stabilizing role played by both GO and PVA for preventing the

formation of large aggregates.

4.3.2. Thermal characterization of PVA nanocomposites

Thermogravimetric analysis (TGA)

The influence of the different graphene-based fillers on the thermal
stability of PVA was evaluated by TGA. Thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves of plasticized and unplasticized PVA/GO
nanocomposites in inert atmosphere are displayed in Figure 4.15, and Table 4.4
summarizes the data collected from these curves. Two stages are observed in the
thermal decomposition of PVA, which occur in the following temperature

regions: the first one in the range between 200 and 400 °C, and the second one
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between 400 and 500 °C (Figure 4.15A). It is during the first step when the greatest
weight loss occurs, more than 80%. In this stage the side groups (-OH) are
eliminated from PV A and chain scission reactions take place, while in the second
one the breakdown of the polymer backbone occurs [141]. About 3% of the initial
weight remained at 800 °C as carbon residue. From the DTG curve of the PVA
two superimposed processes can be observed during the first decomposition phase
(Figure 4.15B), with peaks appearing at 302 and 350 °C. The intensity of both
peaks is quite similar. As for the addition of glycerol, the TGA and DTG profiles
of PVA and plasticized PVA are similar, except that a new step appears between
100 °C and 235 °C, which corresponds to the evaporation of the plasticizer. The
thermal stability of plasticized PVA is slightly lower than that of pure PVA.

Figure 4.15. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/GO

nanocomposites in nitrogen atmosphere.

The presence of GO significantly alters the degradation of PVA, as the
degradation profile of PVA/GO nanocomposites in the DTG curve changes in
shape compared to pure PVA (Figure 4.15B). The first stage of PVA decomposition
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exhibits two peaks in the DTG curve, while after the addition of GO, the first peak
disappears and the intensity of the second peak increases. The two peaks merge
with GO contents above 0.5 wt% by weight.

Table 4.4. TGA data for unplasticized and plasticized PVA/GO nanocomposites in inert
atmosphere and in air.

Samples (in N2) ({g fg; @ Tmi"b)( X © Re(izue
PVA 271 339 302 350 425 2.9
PVA/GO-0.5 274 356 320" 363 436 3.5
PVA/GO-1 267 361 - 362 439 4.4
PVA/GO-15 277 359 - 361 437 4.4
PVA/GO-2 286 365 - 362 437 5.1
PVA/GLY 188 327 283 355 430 2.5
PVA/GO-0.5/GLY 176 336 290" 357 431 3.2
PVA/GO-1/GLY 176 341 - 352 426 3.3
PVA/GO-1.5/GLY 174 348 - 355 426 4.1
PVA/GO-2/GLY 175 351 - 357 440 5.7
Samples (in O2) ({g é’fg/; @ me(b() ° © Re(if)ue
PVA 136 367 359 427 489 0.34
PVA/GO-1 141 372 360 435 497 1.64
PVA/GO-2 140 382 365 446 503 0.59
PVA/GLY 168 360 360 427 490 0.30
PVA/GO-1/GLY 107 363 361 450 503 0.56
PVA/GO-2/GLY 111 375 381 457 518 0.38

@ 1ststage; ™ 2nd stage; © 3 stage

The elimination of the side groups (~OH) is slower in the presence of GO,

being slower with 2 wt% of GO. The 75% and 750% (temperatures corresponding
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to 5% and 50% weight loss) increase with the addition of GO, reaching an increase
of 15 °C and 26 °C, respectively for PVA/GO-2 nanocomposite when compared to
pure PVA. The PVA/GO nanocomposites leave higher char residue than pure
PVA at 800 °C and the amount of residue increases with the GO content.

In the case of plasticized PVA/GO nanocomposites, 75% decreases with
increasing GO content, while 75% increases. The degradation process starts
somewhat earlier with the addition of GO, concretely 14 °C for PVA/GO-1.5/GLY
compared to PVA/GLY. This behavior could be explained by the water absorption
(atmospheric humidity) through the hydrogen bonds. Considering the amounts
of each component (the weight of PVA and plasticizer is the same in all the
nanocomposites), the number of polar functional groups that can act as an anchor
to fix water molecules increases with the addition of GO to PVA/GLY. As a result,
in the decomposition process, the loss of humidity-water that occurs at the
beginning of the process will be greater with increasing GO content. In the
absence of a plasticizer this behavior is not appreciated because functional groups
of GO interact with the hydroxyl groups of PVA and also the total number of -
OH groups that could interact with water is lower. With regard to 750%, an
increase of 24 °C is obtained for the plasticized nanocomposite containing 2 wt%
GO. Considering the whole degradation process, the thermal stability of PVA and
PVA/GLY is improved by increasing the GO content, since the maximum
stabilization is observed at the temperature at which the highest weight loss rate

takes place.

TG and DTG curves of unplasticized and plasticized PVA/GO
nanocomposites obtained under oxygen are shown in Figure 4.16 and the data
compiled are in Table 4.4. The thermogram of PVA reveals, in addition to the loss
of physically adsorbed water around 100 °C, another four steps. The first stage
with maximum rate at 300 °C assigned to the partial dehydration of polymer
chains followed by the polyene formation, and the second one with maximum
rate at 360 °C attributed to the polyene decomposition to form macroradicals. The
third stage with maximum rate at 427 °C is the result of intramolecular cyclization
and condensation of polyconjugated aromatic structures formed from the
decomposition of polyene macroradicals, and the last step with maximum rate at
489 °C is due to the thermo-oxidation of carbonized residue [142]. As in the case
of inert atmosphere, the plasticized PVA exhibits another decomposition step
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between 150 °C and 250 °C due to the glycerol evaporation. The 75%and 750% of
unplasticized PVA/GO nanocomposites are higher than those of neat PVA.
Therefore, GO increases the thermo-oxidative stability of PVA. However, in the
presence of glycerol as in the inert atmosphere, 75%decreases with the addition of

GO, while T5msincreases, thereby delaying the partial dehydration of the polymer.

Figure 4.16. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/GO

nanocomposites in air atmosphere.

The effect of GS and glycerol on the thermal and thermo-oxidative stability
of PVA films was also evaluated. TG and DTG curves for PVA and glycerol-
plasticized PVA, both maintained at 60 °C for 6 h (the same conditions as for the
synthesis of the nanocomposites), and their GS nanocomposites are shown in
Figure 4.17 and Figure 4.18. The thermal degradation characteristics 7%, 750%,
Tmax (maximum loss rate temperature) and the solid residue fraction at 800 °C are
summarized in Table 4.5. The degradation profiles of heated PVA and PVA/GLY
do not change compared to their unheated counterparts.
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Figure 4.17. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/GS

nanocomposites in nitrogen atmosphere.

Similar to what was happening with graphene oxide, the presence of GS has
an effect on PVA degradation, there is a significant change in the shape of the
DTG curve of PVA/GS nanocomposites compared to PVA (Figure 4.17B). The first
stage of PVA decomposition has two peaks in the DTG curve, while after the
addition of GS, the first peak disappears and the intensity of the second peak
increases. The two peaks merge at GS contents above 0.5% by weight. 75% and
T50% increase with the addition of GS, obtaining for nanocomposites with 0.5 wt%
and 1 wt% GS increases of 20 and 27 °C, respectively, when compared to pure
PVA. The nanocomposite with 1 wt% of GS exhibits the highest thermal stability.
The PVA/GS nanocomposites leave higher char residue at 800 °C as compared to
neat PVA. In the case of the nanocomposite PVA/GS1 prepared by the ex situ
method, the 75% and 750% values are higher than those of PVA, but slightly lower
than the values for the in situ prepared sample. In the DTG curve of the blend
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prepared by the ex situ method, unlike what had happened with the blend
prepared by in situ method, the first peak due to the side groups elimination does

not disappear, although its intensity is reduced.

Table 4.5. TGA data for unplasticized and plasticized PVA/GS nanocomposites in inert
atmosphere and in air.

Samples (in N2) ({g fg; @ Tm(b() ° © Re(izue
PVA 273 338 312 352 439 2.9
PVA/GS-0.5 293 358 318 362 433 4.1
PVA/GS-1 300 367 - 364 435 6.0
PVA/GS-1.5 295 368 - 364 434 6.6
PVA/GS-2 287 372 - 366 435 7.1
PVA/GS1 ex situ 295 361 322 362 434 4.1
PVA/GLY 185 322 284 348 427 2.3
PVA/GS-0.5/GLY 184 343 - 350 426 3.7
PVA/GS-1/GLY 177 353 - 355 428 4.3
PVA/GS-1.5/GLY 180 358 - 353 430 7.3
PVA/GS-2/GLY 182 355 - 356 426 6.0
Samples (in O2) ({g Z:SCO;;) @ me(b() K © Re(i;)c;ue
PVA 137 365 360 432 508 0.9
PVA/GS-1 133 381 361 436 507 0.4
PVA/GS-2 141 386 380 438 522 0.5
PVA/GSI1 ex situ 269 376 367 435 499 0.4
PVA/GLY 103 349 360 440 488 0.3
PVA/GS-1/GLY 108 367 362 441 519 0.5
PVA/GS-2/GLY 115 376 388 441 526 0.5

@ 1ststage; ™ 2nd stage; © 3 stage
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In the case of the plasticized PVA/GS nanocomposites, 75% remains
practically unchanged with the addition of GS to plasticized PVA (Table 4.5),
while the 750% increases by 36 °C with 1.5 wt% of GS when compared with neat
PVA. Considering all these values, the thermal stability of PVA or PVA/GLY is
improved with the addition of GS.

Figure 4.18. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/GS

nanocomposites in air atmosphere.

The higher thermal stability of graphene filled PVA can be attributed to the
high thermal stability of GS, to the mass transport barrier effect of uniformly
dispersed graphene sheets to volatile degradation products [143], and also to char
formation. The diffusion of volatile gas evolved during the thermal decomposition
is hindered, the oxygen diffusion into the polymer matrix is prevented. The
presence of GS in the PVA matrix inhibits the side groups elimination due to the

absorption of free-radicals generated during polymer decomposition by the
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carbon surface [144], to the interaction of oxygen functionalities of GS with -OH
groups of PVA and to the tortuous path formed by the GS homogeneously
distributed in the PVA matrix, that prevents the gas scape. In the case of the
sample prepared by the ex situ method the distribution is non-uniform and the

interfacial interactions are weaker.

The decomposition process in the air atmosphere (Figure 4.18) differs from
that in an inert environment. DTG curves of the unplasticized and plasticized
PVA/GS nanocomposites reveal the loss of physically adsorbed water around
100 °C (Figures 4.18C,D), which has generated that the values of 75% in the
thermo-oxidative degradation have been low. However, the 75% values increase
for all GS nanocomposites with an increasing GS content. Likewise, 750% of both
unplasticized and glycerol plasticized PVA/GS nanocomposites are higher than
that of neat PVA. Therefore, GS increases the thermo-oxidative stability of PVA.
The enhancement of thermal stability can be attributed to the physical protective
barrier of GS in the PVA matrix, retarding the escape of volatile degradation
products. Besides blocking the dehydration of polymer, GS retards the thermo-
oxidation of carbonized residue (Figures 4.18C,D) which can be attributed to the

barrier effect of GS that makes it more difficult for oxygen to reach the polymer.

In the same way as for GO and GS, the TGA has also been used to evaluate
the effect of the AgNPs-GO hybrid on the thermal stability of PVA. The TG and
DTG curves obtained for PVA, PVA/GO samples (prepared under the same
conditions as PVA/AgNPs-GO nanocomposites) and in situ PVA/AgNPs-GO
nanocomposite samples in an inert atmosphere are shown in Figures 4.19A,B, and
the ex situ PVA/GO-AgNPs nanocomposites in Figures 4.19C,D. Similar to the
PV As shown above, the decomposition pattern of this two PVA also reveals that
this polymer degrades in a two-stage process. The first step is the predominant
degradation process, which is attributed to the dehydration, chain scission and
decomposition of PVA backbone.

As shown in Figure 4.19B, for PVA/GO samples, two overlapping processes
occur in the first stage of decomposition, with peaks at 286 °C and 298 °C for
PVA/GO1 and PVA/GO?2, respectively, while the second peak (332 °C and 330 °C
for PVA/GO1 and PVA/GQO2, respectively) seems to correspond to the shoulder
(at 305 °C) on the PVA curve. Therefore, the presence of GO leads to a decrease
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of the first peak and an increase of the second peak. The DTG curves of in situ
PVA/AgNPs-GO nanocomposites showed similar pattern than that of PVA/GO
nanocomposites, but with considerably higher intensity of the second peak and
shifted toward a higher temperature, =353 °C. It can be inferred that the presence
of GO and AgNPs-GO slows down the dehydration reaction of PVA, but the
slowdown is more significant in the last case. This behavior could be related to
the reduction of the GO during the synthesis of the PVA/AgNPs-GO
nanocomposites, and may be attributed to the absorption of free radicals

generated during the PVA decomposition by carbon surface [144].

Figure 4.19. TG (A,C) and DTG (B,D) curves of: PVA/AgNPs-GO in situ nanocomposites
accompanied by PVA and PVA/GO counterparts, and PVA/GO-AgNPs ex situ nanocomposites

in nitrogen atmosphere.

TGA data collected from TG and DTG curves of nanocomposites containing
silver NPs-graphene oxide hybrid are recorded in Table 4.6. The 75% and 7Z50%
obtained in nitrogen are shifted to higher temperatures for all nanocomposites
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relative to pure PVA. For in situ PVA/AgNPs-GO nanocomposites the increase in
T5% and 750% was about 17 °C and 46 °C, respectively, a higher increase than for
PVA/GO nanocomposites (6 °C and 25 °C). These results reveals that PVA thermal
stability is mainly improved with the incorporation of the AgNPs-GO hybrid
synthesized through the in situ method.

Ex situ PVA/GO—-AgNPs samples show a decomposition pattern similar to
that displayed by neat PVA (Figure 4.19C). The DTG curves, however, show that
the intensity of the peak at around 355 °C increases with respect to that of the
peak at around 310 °C as the content of the hybrid increases beyond 1 wt%. The
second peak shifts to a higher temperature, between 6 and 12 °C. As in the in situ
hybrids, thermal decomposition temperatures for 5% and 50% weight loss
increase after incorporation of the GO-AgNPs hybrid, achieving the most
significant increase with 2 and 5 wt% of GO-AgNPs, 9-15 °C and 14-16 °C,

respectively.

Table 4.6. TGA data for PVA (according to the preparation conditions), PVA/GO
nanocomposites (prepared as their in situ counterparts), PVA/AgNPs-GO in situand PVA/GO-
AgNPs ex situ nanocomposites in inert atmosphere.

Samples (in No) (’{g Z,'sg/; @ Tm“(b() X © Re(i;:;ue
PV A (in situ synthesis conditions) 259 305 287 3100 432 3.9
PVA/GO1 265 330 287 332 428 4.6
PVA/GO2 262 328 298 330 425 5.6
PVA/AgNPs-GO1 276 351 293 353 435 7.4
PVA/AgNPs-GO2 276 350 304 353 428 9.0
PV A (ex situ synthesis conditions) 271 339 302 350 425 2.9
PVA/GO-AgNPs-0.5 274 343 308 355 428 3.2
PVA/GO-AgNPs-1 273 341 308 353 428 3.8
PVA/GO-AgNPs-2 280 353 314 357 429 4.9
PVA/GO-AgNPs-5 285 354 312 356 431 7.4

@ 1ststage; ™ 2nd stage; © 3 stage
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The improved thermal stability of PVA/AgNPs-GO composites as compared
to PVA/GO can be attribute to the reduction of GO during the synthesis of
PVA/AgNPs-GO nanocomposites or GO-AgNPs hybrid, as reduced graphene
oxide has higher thermal stability than GO. From Figure 4.19B, it can be inferred
that the addition of AgNPs-GO retards the decomposition of PVA backbone,
because the maximum stabilization is analyzed at the temperature at which the
highest rate of weight loss occurs. The residue at 800 °C was found to be higher
for PVA/AgNPs-GO nanocomposites than for PVA/GO samples, which can be
attributed to the incorporation of silver nanoparticles. The PVA/AgNPs-GO
sample prepared with higher content of GO and silver nitrate displayed the
highest residue. The thermo-oxidative analysis for these nanocomposites has not

been performed.

Differential scanning calorimetry (DSC)

Thermal transitions behavior of the different PVA-based nanocomposites
was investigated by DSC. First cooling and second heating scans for unplasticized
PVA and PVA/GO nanocomposites are shown in Figure 4.20, as well as of their
glycerol counterparts. The DSC data for these samples are summarized in Table
4.7. The crystallization temperature (7c) and crystallization enthalpy (4H:) were
determined from the first cooling scan, whereas the glass transition temperature
(7g), melting temperature ( 7m) and melting enthalpy (4/x) were determined from
the second heating scan. The degree of crystallinity (X:) was calculated from the
second heating scan and using equation 1.2.2 shown in the differential scanning

calorimetry section of the Appendix I.

The DSC cooling thermograms of neat unplasticized and plasticized PVA
(Figures 4.20A,C) show an exotherm peak at 197.7 °C and 188.7 °C, respectively,
due to crystallization (Table 4.7). The presence of plasticizer causes the lowering
of 7: since it forms hydrogen bonds with PVA and acts as a diluent for the PVA
chains [145]. In the second heating (Figures 4.20B,D), unplasticized PVA has an
endothermic peak at 221.7 °C that corresponds to the melt of crystalline phase of
PVA with a heat of fusion of 76.2 J/g, whereas when PVA is plasticized with
glycerol the endotherm broadens and shifts toward lower temperature, at 216 °C,
and the heat of fusion (49.8 J/g) significantly diminishes. This variation in 7m and

enthalpy of fusion values is attributed to the hydrogen-bonding interaction
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between the glycerol and PVA, the inter- and intra-hydrogen bonds in PVA
chains are weakened and the molecular motions are eased. The percentage
crystallinity decreases after plasticization of PVA with 20 wt% glycerol, from 53.7
to 35.1%. Likewise, the glass transition temperature (7;) of neat PVA decreases
upon addition of glycerol from 76.1 °C to 42.5 °C, indicating an enhancement of

chain segment mobility.

Figure 4.20. DSC thermograms. (A,C) First cooling and (B,D) second heating for unplasticized
(A,B) and plasticized (C,D) PVA and PVA/GO nanocomposites.

As far as PVA/GO nanocomposites are concerned, the crystallization
temperature is almost unaffected by the incorporation of GO (Figure 4.20). The
addition of 0.5 wt% GO to unplasticized PVA increases 7c by =6 °C, while in
plasticized PVA increases =11 °C. A further increase in GO content keeps the
crystallization temperature at =203 °C for unplasticized and at 202 °C for
plasticized nanocomposites. This behavior suggests that GO acts as a nucleating

agent.
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Table 4.7. DSC data for unplasticized and plasticized PVA and PVA/GO nanocomposites.
T In AHx 1c AH: Xe

Samples €0 (Q G (O G O
PVA 76.1 221.7 76.2 197.7 66.5 53.7
PVA/GO-0.5 773 222.1 725 203.2 60.1 51.4
PVA/GO-1 783 2219 69.8 203.9 60.7 49.6
PVA/GO-1.5 77.8 221.2 70.5 202.9 60.3 50.4
PVA/GO-2 77.8 220.4 70.0 203.2 60.4 50.3
PVA/GLY 425 216.0 49.8 188.7 477 35.1
PVA/GO-0.5/GLY 55.8 221.0 59.5 199.4 57.7 422
PVA/GO-1/GLY 64.0 2226 61.2 202.4 58.6 435
PVA/GO-1.5/GLY 65.0 2233 61.4 202.3 57.4 439
PVA/GO-2/GLY 70.3 220.3 61.8 202.1 57.6 44 .4

The incorporation of different amounts of GO does not alter the 7n values
of unplasticized and plasticized PVA. However, the enthalpy of fusion slightly
decreases for unplasticized PVA/GO nanocomposites. GO contents above 0.5 wt%
decrease AHn from 76.2 to approximately 70 J/g. For plasticized PVA/GO, the melt
enthalpy increases with GO content, the highest value being obtained for 2 wt%
GO content. The crystallinity of unplasticized nanocomposites remains constant
with the incorporation of GO, but in plasticized nanocomposites increases with
the addition of 0.5 wt% GO from 35.1 to 42.2% and the higher value is achieved
with 2.0 wt% of GO (44.4%). Glass transition temperature increases gradually as
the filler content increases due to the hydrogen bonding interactions between GO
and PVA. Those interactions make the nanocomposite matrix more rigid.
Plasticized PVA/GO nanocomposites show a larger increase than unplasticized

counterparts suggesting more interactions in the presence of glycerol.

The thermal transition temperatures and enthalpies of unplasticized and
plasticized PVA/GS nanocomposites are given in the Table 4.8 and the

corresponding DSC thermograms are shown in the Figure 4.21.
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Figure 4.21. DSC thermograms. (A,C) First cooling and (B,D) second heating for unplasticized
(A,B) and plasticized (C,D) PVA and PVA/GS nanocomposites.

Analyzing the first cooling it can be inferred that 7t is almost unaffected by
the incorporation of 0.5 wt% of GS to unplasticized PVA, and a further increase
of GS content leads to lower 7: values, indicating that crystallization is retarded
(Figure 4.21A). Tc value of plasticized PVA increases by adding 0.5 wt% of GS; it
is almost unaffected by the presence of 1 wt% of GS, whilst decreases with a
further increase in GS loading. At a loading of 0.5 wt% GS the nanofiller may act
as nucleating agent which results in a higher 7c value, while the lower 7: values
attained at GS loadings higher than 0.5 wt% are attributed to the hydrogen
bonding between PVA and GS. The 7: value of the blend of PVA with 1 wt% of
GS prepared by the ex situ method is almost unaffected as compared with that of
neat PVA, and 14 °C higher than the value of the sample prepared by in situ

process.
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Table 4.8. DSC data for unplasticized and plasticized PVA and PVA/GS nanocomposites.
T In AHx 1c AH: Xe

Samples €O (g (O G O
PVA 76.1 221.7 76.2 197.7 66.5 53.7
PVA/GS-0.5 80.3 215.9 67.9 199.2 51.6 48.1
PVA/GS-1 84.4  205.2 53.8 186.0 39.8 38.3
PVA/GS-1.5 88.0 188.2 34.1 163.0 28.3 24.4
PVA/GS-2 91.9 169.2 21.0 133.0 21.6 15.1
PVA/GS1 ex situ 75.0 2219 75.7 200.1 60.1 53.9
PVA/GLY 425 216.0 49.8 188.7 47.7 35.1
PVA/GS-0.5/GLY 72.0 218.3 58.8 199.6 50.1 41.6
PVA/GS-1/GLY 77.0 205.5 48.8 189.5 39.2 34.7
PVA/GS-1.5/GLY 73.6 196.6 33.8 176.8 28.2 24.2
PVA/GS-2/GLY 83.6 187.9 31.7 167.6 21.2 22.8

In the second heating (Figures 4.21B,D), the incorporation of different
amounts of GS, in both unplasticized and glycerol plasticized PVA, important
changes are observed in the 7n values as compared with neat PVA (Table
4.8). Melting temperature decreases gradually as the GS content increases in
unplasticized PVA, and the same trend is observed in the case of the enthalpy of
fusion. As for plasticized PVA T value is almost unaffected by the incorporation
of 0.5 wt% of GS, whereas the enthalpy of fusion increases. GS contents higher
than 0.5 wt% cause a lowering in the 7nand A/ values. This behavior is
attributed to the interaction between GS and PVA. These results are consistent
with those found in previous studies on PVA/reduced GO nanocomposites
obtained by reducing GO with hydrazine in the presence of PVA [68], although
in our study the changes in 7: and 7n are significantly higher.

The incorporation of GS also causes a remarkable decrease in the degree of
crystallinity of unplasticized PVA, from ~54% for PVA to 15% for the sample
containing 2 wt% GS, whereas in the case of plasticized PVA the incorporation of

0.5 wt% of GS leads to a slight increase in crystallinity and then a higher amount
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of GS causes a decrease. This reduction of the crystallinity in the nanocomposites,
that can be explained by the formation of a constrained polymer region [137],
indicates some interaction between the polymer chains and the filler. The
crystallinity changes induced by the incorporation of GS are in good agreement
with the XRD results and previous studies on PVA/graphene nanocomposites
synthesized by reducing GO in the presence of the polymer matrix [68].

When GS is incorporated both in unplasticized and in glycerol plasticized
PVA, T;increases gradually as the nanofiller content increases, as a result of the
hydrogen bonding interactions between GS and PVA [146]. As with GO, the
interfacial interactions between GS and PVA make the polymer matrix more
rigid. Similar results have been reported by other authors in their studies on
PVA/graphene nanocomposites prepared by in situ reduction of GO [68,77].
Plasticized PVA/GS nanocomposites show a larger 7;increase than their
unplasticized counterparts, indicating that there are more interactions in the

presence of plasticizer.

T, AHn, degree of crystallinity and 7; were not affected upon the
incorporation of previously prepared GS to PVA (Table 4.8), indicating that there
are not enough interactions between graphene and polymer chains to change the

thermal behavior of PVA if the film is prepared by the ex situ method.

The effect of GO-AgNPs hybrid on the thermal transitions of the PVA
matrix can be seen in the data displayed in Table 4.9. The corresponding DSC
thermograms are shown in Figure 4.22. Glass transition temperature increases by
5 °C for the in situ PVA/AgNPs-GO2 nanocomposite. The addition of previously
synthetized GO-AgNPs hybrid to the PVA matrix also increases the 7, and the
higher the hybrid content, the higher the 7; value. Neat PVA displaysa 7; of 76.1
°C, while for PVA/GO-AgNPs-5 composite film, the 7; rises to 83.0 °C, with an
increment of 6.5 °C. However, the in situ counterparts show higher 7; values as a
result of better dispersion of the hybrid in the polymer matrix. The enhanced 7
can be explained by the reduced polymer chain mobility due to the interfacial
interactions between the hybrid and PVA. The presence of GO-AgNPs hybrid
also results in a slight increase in crystallization temperature, which can be due
to the nucleating effect of GO-AgNPs on the PVA crystallization. However, 7c
values are higher for 7n situ nanocomposites. The melting endothermic peak of
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PVA is unaffected in the nanocomposites, except in the case of in situ
PVA/AgNPs-GOl1, that is slightly increased. The crystallization and melting
enthalpy decrease somewhat. In ex situ nanocomposites, the melting peak
temperature also remains unchanged by the addition of the hybrid, but heat
enthalpy and crystallization degree slightly reduced upon increasing the content

of the hybrid, with a greater reduction than for in situ nanocomposites.

Figure 4.22. DSC thermograms. (A) First cooling and (B) second heating for in situ synthetizes
PVA/AgNPs-GO nanocomposites and ex situ PVA/GO-AgNPs.

Table 4.9. DSC data for in situ synthetized PVA/AgNPs-GO nanocomposites and ex situ
PVA/GO-AgNPs.

T T  AHa T: AH: X
Q9 O U O U (B
PVA 761 2217 762 1977 665 537

Samples

PVA/GO-AgNPs-0.5 783 222.8 70.0 201.8 57.9 49.6
PVA/GO-AgNPs-1 78.6  223.8 61.5 201.8 50.4 43.8
PVA/GO-AgNPs-2 79.6  224.6 61.8 202.5 53.5 44.4
PVA/GO-AgNPs-5 83.0 2235 59.3 202.8 48.2 44.0

PVA/AgNPs-GO1 insiw  79.1  228.1 74.3 210.6 65.6 52.9
PVA/AgNPs-GO2 insim  81.1 2229 73.1 209.3 65.2 52.5
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4.3.3. Mechanical characterization

Tensile tests were used to determine mechanical properties. Typical stress-
strain curves of unplasticized and plasticized PVA and PVA/GO nanocomposites
are presented in Figure 4.23. The unplasticized nanocomposites (Figure 4.23A)
show a ductile behavior since the deformations are moderate and exhibit yield
stress. During the tensile test these samples subjected to a continuous stress above
the limit of elasticity, experienced the phenomenon of cold drawing. At yield
point, a neck was formed at one point in the sample. As the deformation
continued, the neck region lengthened until the whole sample had been drawn
into the new shape with a cross-sectional area equal to that of the neck zone. On
the contrary, plasticized nanocomposites (Figure 4.23B) present an elastomeric
behavior with high deformations and moderate maximum-stress, as well as

relatively low elastic module values.

Figure 4.23. Stress—strain curves of (A) unplasticized and (B) glycerol plasticized PVA and
PVA/GO nanocomposites.

The data of Young's modulus, yield stress, break stress and the elongation
at break for PVA/GO nanocomposites are given in Table 4.10 and their
representation is shown in Figure 4.24. Additionally, Figure 4.25 shows the rate
change of mechanical properties for unplasticized and plasticized PVA/GO and
PVA/GS nanocomposites calculated from equation 1.3 explained in the section

concerning mechanical characterization in Appendix I.

The mechanical properties of PVA change considerably with the addition
of glycerol. The Young’s modulus and break stress of the PVA film decrease, 96%

and 34% respectively, upon incorporation of glycerol, whereas the elongation
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increases enormously, exceeding 250%, indicating that PVA film becomes less
strong and more ductile. Glycerol destroys the inter and intra-molecular
hydrogen bonds in PVA chains, facilitating the molecular motions of polymer
chains, making PVA films more flexible. Changes in the degree of crystallinity
due to the presence of plasticizer must also be taken into account (Table 4.7). The
decrease in the Young's modulus and break stress can be ascribed to the lower

crystallinity of plasticized PVA with respect to the unplasticized polymer.

Figure 4.24. Mechanical properties of PVA/GO nanocomposites: (A) Young’s modulus, (B)

break stress and (C) elongation at break.

The addition of GO into the unplasticized and plasticized PVA matrix leads
to an increase in the elastic modulus of PVA/GO nanocomposites, which in turn,
is affected by the filler content (Figure 4.24A). In particular, the addition of 2 wt%
GO to unplasticized PVA results in a 22% increase in the elastic modulus, the
greatest variation among the filler contents tested. However, the GO effect is
more outstanding in plasticized nanocomposites (Figure 4.25A). In plasticized
PVA/GO films, Young's modulus increases gradually with increasing GO content,
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achieving the maximum increase in the nanocomposite that contents 2 wt% of
GO, about 79%, compared to PVA/GLY. These results suggest that in the presence
of glycerol, GO leads to an increase in the stiffness of the PVA.

Table 4.10. Mechanical properties data of unplasticized and glycerol-plasticized PVA and
PVA/GO nanocomposites.

Young’s modulus Yield stress  Break Stress  Elongation at

Sample (MPa) (MPa) (MPa) break (%)

PVA 2031144  59.0:7.8  56.1:7.4  133.0:165
PVA/GO-0.5 2323:109  72.6:63  589:39  120.7+20.4
PVA/GO-1 2375+71 74.3:58  60.7+49  128.1:26.1
PVA/GO-1.5 2376:105  81.1:47  707:102  43.0:45

PVA/GO-2 2483+77 847+3.4  785:9.6  37.4+7.0

PVA/GLY 8247 . 37.4:2.8  505.1:27.9
PVA/GO-0.5/GLY 119+10 ; 342:29  344.7:35.0
PVA/GO-1/GLY 12616 ; 39.2:33  382.9:36.2
PVA/GO-15/GLY 134+12 ; 39.1:2.5  399.8:22.3
PVA/GO-2/GLY 147+10 ; 375:1.0  381.7+27.6

Yield and break stress also increases with respect to PVA, but in glycerol-
plasticized nanocomposites the achieved break stress variation is practically
within the experimental error (Table 4.10). For unplasticized films yield and
break stress increased gradually as the GO content increased, making PVA more
strong. The addition of 2 wt% of GO to unplasticized PVA leads to an increase of
about 44% and 40% in yield and break stress, respectively, compared to PVA
(Figures 4.25B,C). On the contrary, the plasticized counterpart has nearly the
same break stress value as PVA/GLY (Figure 4.24B). The yield stress points of the
plasticized nanocomposites were not determined due to the shape of their stress-
strain curves, in which the limits of the elastic behavior and the beginning of the
plastic behavior could not be precisely detected by the MTS TestWorks 4
software. The elongation at break of unplasticized and plasticized PVA decreases
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with the addition of GO (Figure 4.24C). The lowest elongation at break is obtained
for unplasticized films with 2 wt% of GO in comparison with neat PVA, the
reduction is about 72% (Figure 4.25D). In glycerol-plasticized nanocomposites the
addition of GO affects to a lesser extent the elongation, giving the maximum
decrease (31%) with the addition of 0.5 wt% of GO compared to PVA/GLY and
remaining constant with higher GO contents (=18%). These results indicate that

the addition of GO results in more brittle materials when compared with PVA.

Figure 4.25. Change ratio of: (A) Young’s modulus, (B) yield stress, (C) break stress and (D)
elongation at break for unplasticized and plasticized PVA/GO and PVA/GS nanocomposites.

In short, the enhanced mechanical properties for PVA/GO nanocomposites
can be attributed to the high elastic modulus and tensile strength of GO [147,148],
the good dispersion of graphene oxide sheets throughout the PVA matrix, and the
presence of strong interfacial interaction between polymer chains and GO, which
make possible to increase the efficiency of stress transfer from the PVA to the
filler at the interface, as well as the adhesion of both with the glycerol.

228



Poly(vinyl alcohol)/Graphene Nanocomposites

As far as PVA/GS nanocomposites are concerned, the stress-strain curves of
unplasticized and plasticized nanocomposites are shown in Figure 4.26, the
mechanical properties data values in Table 4.11 and their graphics in Figure 4.27.
Similar to the previous GO nanocomposites, unplasticized PVA/GS films can be
classified as ductile materials, while plasticized nanocomposites as elastomeric-
type materials. On the other hand, the difference in the values of tensile
properties of PVA and PVA/GLY specified in Table 4.10 and Table 4.11 can be
attributed to the heat treatment realized in accordance with the synthesis of

unplasticized and plasticized PVA/GS nanocomposites.

Figure 4.26. Stress—strain curves of (A) unplasticized and (B) glycerol plasticized PVA and
PVA/GO nanocomposites.

The presence of GS has no effect on the elastic modulus of unplasticized
PVA (Figure 4.27A), the changes in Young's modulus found for unplasticized
nanocomposite films are within the experimental error (Table 4.11), except for
the addition of 1.5 wt% GS which enhances the elastic modulus at least in a 10%.
In contrast, in plasticized nanocomposites the modulus increases with GS content;
the maximum increment attained is 70% at 2 wt% of GS loading (Figure 4.25A).
The reinforcing action of GS is stronger in the presence of glycerol due to the
better interfacial contact of the filler with PVA matrix, which is in good
agreement with SEM and TEM results.

The yield and break stress of unplasticized nanocomposite films increases
somewhat up to 1.5 wt% GS of content (Table 4.11). However, in the case of
plasticized films, break stress decrease slightly (5-10%) and remain almost
constant after the incorporation of GS contents (Figure 4.27B). As with GO
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nanocomposites, the yield stress points of plasticized PVA/GS nanocomposites
could not be precisely detected by the MTS TestWorks 4 software. The elongation
at break value of both unplasticized and plasticized films decreases as the GS
content increases (Figure 4.27C), being the highest reduction in the case of the
unplasticized nanocomposites, 65% for the unplasticized film containing 2 wt%
GS and 30% for the glycerol plasticized counterpart (Figure 4.25D) indicating that
the graphene increases the brittleness of the films. The degree of crystallinity is
an important parameter for semi-crystalline polymers that has effect on their
mechanical properties. PVA crystallinity decreases as GS content increases,
however the reduction in the degree of crystallinity has not drastically affected
the mechanical behavior of PVA/GS nanocomposites, which can be attributed to

the interfacial interaction between PVA and graphene.

Figure 4.27. Mechanical properties of PVA/GS nanocomposites: (A) Young’s modulus, (B)

break stress and (C) elongation at break.
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The value of the elastic modulus of the nanocomposite containing 1 wt%
GS prepared by the ex situ method is similar to that of PVA. The yield and break
stress values point to an increase of 31% and 56% respectively, whereas the
elongation at break decreases drastically from 158 to 12%, implying a decrease of
92% with respect to the values for PVA (Table 4.11). In the case of this film, it
must be taken into account that the degree of crystallinity remains unchanged as
compared with PVA (Table 4.8).

Table 4.11. Mechanical properties data of unplasticized and glycerol-plasticized PVA and
PVA/GS nanocomposites.

Young’s modulus Yield stress  Break Stress Elongation at

Sample (MPa) (MPa) (MPa) break (%)

PVA (6hat60°C) 19415129  60.4¢63  47.9+4.4  157.6:17.2
PVA/GS-0.5 2051:144 707452  52.6:65  98.3:12.7
PVA/GS-1 198237 69.6:7.6  515:9.8  91.8:12.0
PVA/GS-1.5 223569 70750  55.6+5.2  50.6:10.1
PVA/GS-2 1825:11 49.1:3.1  47.7+51  55.0:7.9

PVA/GS] ex situ 1998:158  79.2:7.6  74.9:7.6  12.0+3.1

PVA/GLY (6hat60°c) 100+ ; 38.6:19  446.0+36.4
PVA/GS-0.5/GLY 127+8 ; 351424  411.3:47.1
PVA/GS-1/GLY 159412 ; 357:1.1  370.4+23.2
PVA/GS-1.5/GLY 162413 ; 37.7:17  344.5+305
PVA/GS-2/GLY 169+12 ; 335:1.5  312.1:26.0

The lower elongation at break of the PVA/graphene nanocomposites
compared to neat PVA indicates that the incorporation of GS into PVA increases
the brittleness of the composite, especially in the case of the unplasticized
composite prepared by the ex situ method. This can be due to the poorer
dispersion of GS in PVA matrix as compared with the nanocomposite film
prepared by in situ process. The presence of GS aggregates which act as stress

concentrators leads to premature break of the material.
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Following the same procedure, the mechanical properties of
nanocomposites containing AgNPs prepared through in situ and ex situ synthesis
are analyzed, as well as their GO counterparts. PVA, PVA/GO and PVA with
AgNPs films undergo elastic deformation and a yielding behavior (Figure 4.28).

Figure 4.28. Stress-strain curves of: (A) PVA, PVA/GO and in situ PVA/AgNPs-GO
nanocomposites and (B) ex situ PVA/GO-AgNPs nanocomposites.

Experimental data of the mechanical properties are shown in Table 4.12 and
Figure 4.29. The incorporation of GO and AgNPs-GO through in situ synthesis
resulted in an increase of Young’s modulus, yield and break stress, and in a
reduction of elongation at break. Compared to the values shown in Table 4.10, it
can be inferred that this group of PVA/GO samples prepared with an ultrasonic
bath (under the same conditions as for the in situ synthesis) shows some changes
in the mechanical properties with the addition of GO, very similar to those shown
above. A 24%, 53% and 34% increase of elastic modulus, yield and break stress,
respectively, is achieved at 2 wt% GO compared to PVA. However, elongation at
break is found to decrease at both GO loadings, but the reduction is more
pronounced in the higher GO content (Figure 4.29).

The enhancement in elastic modulus is more significant when AgNPs are
incorporated through in situ synthesis, especially at 2 wt% GO, where a 47%
increase is observed as compared with neat PVA. In this sample, the improvement
in yield stress and break stress are 52% and 40% respectively and the reduction in
elongation at break is about 50%. The ex situ counterparts show slightly higher
Young's modulus values than those obtained for pure PVA, but lower than the

values achieved with the in situ samples. Yield stress and break stress increase a
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49% and 42%, respectively, in the sample with 2 wt% of filler, being similar to
the improvement of the in situ sample. The elongation at break decreases
dramatically by 90% with the addition of 2 wt% GO-AgNPs through the ex situ
method. The decrease in elongation at break is not as sharp in the 7n situ samples

as it was in the ex situ samples.

Table 4.12. Mechanical properties data of PVA and PVA with AgNPs nanocomposites.

Young’s modulus  Yield stress Break Stress Elongation at

Sample (MPa) (MPa) (MPa)  break (%)
PVA 2031144  59.0:7.8  56.1:7.4  133.0:16.5
PVA/GOL 2322:141  79.1:5.1 61761 103.9:18.8
PVA/GO2 2519:113  90.3:44  75.0:52  36.8:5.3
PVA/AgNPs-GO1 2533:101  81.7:55  69.4:67  63.3:8.8
PVA/AgNPs-GO2 2982:132  90.1:5.1  787:7.9  68.3:125
PVA/GO-AgNPs-0.5  2212:198  70.3:7.2  64.3:3.4 108.0+18.7
PVA/GO-AgNPs-1 2230+33 724154  65.0:25  21.4+4.1
PVA/GO-AgNPs-2  2329:203 88122  79.8:95  13.7:2.9
PVA/GO-AgNPs-5  2332:111  89.7:53  85.1:60  9.0:0.5

The comparison between PVA/AgNPs-GO1 and PVA/AgNPs-GO2 shows
an improvement in Young's modulus (18%), but no notable differences in the
other properties. Likewise, the evaluation between ex situ nanocomposites reveals
aslight increase with the increase of the filler content, achieving the highest value
of the elastic modulus with 5 wt% of GO-AgNPs. This filler content also causes
an increase of about 52% in yield and break stress when compared to pure PVA.
Moreover, a severe and gradually decrease in the elongation at break is observed
after the addition of GO-AgNPs hybrid, being the most important drop also for
PVA/GO-AgNPs-5 nanocomposite, about 93%. The improved mechanical
properties are attributed to the superior mechanical properties of GO and the
reinforcement effect of AgNPs. Usman et al. [95] reported an enhancement in the
modulus of PVA in the presence of Ag or GO, and further improvement with the
incorporation of GO-Ag. The constrained polymer chain mobility due to the
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interfacial interaction between PVA and GO-AgNPs hybrid leads to highly brittle
PVA/GO-AgNPs composites.

Figure 4.29. Mechanical properties of PVA, PVA/GO and PVA with AgNPs nanocomposites:
(A) Young’s modulus, (B) Yield stress and (C) Break stress.

In previous studies on polymer/graphene nanocomposites improvements in
mechanical properties have been reported [71,75,149-152]. Liang et al [71]
developed nanocomposite thin films of PVA/GO with GO up to 0.7 wt% that
presented a significant increase in the tensile strength and tensile modulus, and a
reduction in the elongation at break. Yang et al/ [151] produced PVA/GO
nanocomposites by solution casting with a wide range of GO contents up to 3.5
wt%, verifying that the presence of GO enhanced the tensile strength and
modulus, but decreased significantly the elongation at break. Yang et al [73] and
Zhao et al. [75] reported the preparation of PVA/graphene composites by a
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reduction process of graphene oxide/PVA solution using hydrazine. The authors
also verified the increase in the elastic modulus and tensile strength with
increasing graphene content, and the significant decrease in elongation at break.
Bao et al. [152] have also reported the preparation of PVA/GO nanocomposites
through solution mixing and PV A/graphene via chemical reduction of GO in the
presence of polymer at low GO loadings with improved mechanical properties.
Manna et al reported the improvement of mechanical properties of
poly(vinylidene fluoride) when filled with AgNPs [153]. Mbhele er al. studied the
mechanical properties of AgNPs-filled PVA and observed that its incorporation
increased the elastic modulus and the stress at break of PV A [65]. Liu er al studied
the effect of GO—-AgNPs hybrids on the tensile mechanical behavior of PLA. The
authors observed that PLA/GO-AgNPs composites had higher tensile modulus
and tensile strength than PLA/GO [154].

Taking all examined results into consideration, it can be concluded that
among the employed graphene-based nanostructures, the greatest enhancement
in mechanical properties of PVA has been achieved with in situ synthetized
PVA/AgNPs-GO2 nanocomposite. The good dispersion of the filler throughout
the polymer matrix (with strong interfacial interaction between polymer chains
and the hybrid), the superior mechanical properties of GO and the reinforcement
effect of AgNPs make possible to increase the efficiency of stress transfer from the
PVA to the filler at the interface.

4.3.4. Water vapor permeability

Water vapor permeability (WVP) of unplasticized and plasticized PVA/GO
and PVA/GS nanocomposites with different contents of fillers was measured at a
vapor pressure difference of 100/58% RH (i.e. at a RH gradient of 100/58) across
the film. WVP data are shown in Figure 4.30.

In line with the behavior observed in Chapter 3, PVA films show significant
differences (p < 0.05) with respect to PVA/GLY films. The WVP of PVA and
heated-PVA increases, about 89 and 120%, respectively, with the addition of
glycerol. The hydrophilic nature of glycerol results in an increase in permeability.
Hydroxyl groups of glycerol interact with the hydroxyl groups of PVA, so the

intermolecular attractions along the PVA chains decrease and, consequently, the
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mobility of the chain increases, facilitating the diffusivity of water vapor through
the PVA film and accelerating the transmission of water vapor [155].

The permeability values obtained with the addition of 1 and 2 wt% of GO
to unplasticized PVA are not statistically significant (p > 0.05) compared to pure
polymer, and the same behavior is observed with the addition of GO to plasticized
PVA. Similarly, the WVP obtained with the addition of GS (1 and 2 wt%) to
plasticized and unplasticized PVA are not statistically significant (p > 0.05).

Figure 4.30. Water vapor permeability (WVP) for unplasticized and glycerol plasticized (A)
PVA/GO and (B) PVA/GS nanocomposites.

Considering the decreasing trend that can be inferred from the Figure 4.30,
higher GO or GS contents could reduce permeability, since the presence of the
sheets distributed in the PVA (as good dispersion) leads to a more tortuous path
that water molecules require to permeate through the polymeric matrix, leading
to lower diffusion process and to lower WVP. However, there would be another
factor to consider, the effect of crystallinity on the solubility of water vapor in
polymers. PVA/GS nanocomposites exhibit less crystallinity than pure PVA
(Table 4.8), and free amorphous regions exhibit less resistance to water vapor
permeability than crystalline regions, which would lead to an increase in
permeability [156]. In contrast, in this case, despite the reduction in crystallinity
with increasing GS content, the effect of good dispersion (more tortuous path)

seems to have more impact on permeability.
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4.3.5. Water absorption

The water uptake results of unplasticized and glycerol plasticized PVA,
PVA/GO and PVA/GS nanocomposites, as well as PVA/AgNPs-GO synthesized
via in situand ex situ method are displayed in Figure 4.31. Neat unplasticized PVA
film exhibits the highest water absorption value, whilst in the presence of glycerol
a significant reduction in the water uptake (=35%) is observed. This reduction can
be attributed to the hydrogen bonding between glycerol and PVA. The polar
groups of PVA form hydrogen bonds with hydroxyl groups of plasticizer and they
are unable to attach water molecules, and therefore the insertion of water
molecules is hindered. In the case of heated-PVA (according to PVA/GS
nanocomposite synthesis conditions) glycerol addition decreases the water
adsorption by 38%, suggesting higher interaction between polymer chains and

plasticizer as a result of the heat treatment.

The addition of GO into unplasticized and plasticized PVA (Figure 4.31A)
leads to a reduction in the amount of water uptake. The water absorption of
PVA/GO nanocomposites decreases by 17.7, 28.1, 31.0 and 40.8%, after
incorporation of 0.5, 1, 1.5 and 2 wt% of GS respectively, when compared with
neat PVA. Likewise, the addition of the same amounts of GO to the plasticized
PVA results in a decrease of 8.7, 20.7, 30.4 and 39.1% water uptake. With respect
to PVA/GS nanocomposites, the incorporation of GS by the in situ method into
unplasticized and plasticized PVA also results in a reduction in the amount of
water absorbed (Figure 4.31B). Compared to heated-PVA, 0.5, 1, 1.5 and 2 wt%
GS content decreases the water absorption of the nanocomposites by 8.8, 20.7,
30.4 and 39.1% respectively. Similarly, the incorporation of these amounts into
glycerol-plasticized PVA reduces water absorption by 8.6, 15.1, 25.7 and 41.1%
respectively. In addition, the water absorption value of the unplasticized
nanocomposite containing 1 wt% GS prepared by the ex situ method is similar to
that of the pure PVA film (Figure 4.31B).

Previous studies have revealed that graphene and GO-AgNPs -based PVA
nanocomposites show a considerable improvement in water resistance compared
to the neat polymer matrix [74]. The presence of GO-AgNPs results in a lower
absorbed water content (Figure 4.31C) and a higher GO-AgNPs content leads to

a lower amount of water uptake. However, this behavior is not observed in
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PVA/AgNPs-GO nanocomposites prepared through in situ method, since no
statistically significant difference is found for these two samples. Both have a
reduction of approximately 46%, greater water resistance than in the case of their
ex situ counterparts. For the PVA/GO-AgNPs nanocomposites prepared via ex situ
method, a reduction of the absorbed water between 10% and 50% is observed,
specifically a decrease of 27% and 40% with the addition of 1 wt% and 2 wt%
GO-AgNPs hybrid.

Figure 4.31. Water absorption for unplasticized and glycerol plasticized (A) PVA/GO, (B)
PVA/GS nanocomposites and (C) PVA nanocomposites containing GO-AgNPs hybrid

synthesized via in situ and ex situ method.

The water resistance increase found for the PVA nanocomposites is
attributed to different factors. First, the strong interfacial adhesion between the
polymer matrix and fillers through hydrogen bonding that leads to less free
hydrophilic groups, and therefore less absorption sites for lodging of water, and
secondly, due to the hydrophobic nature of the filler in the case of GS. For GO-

AgNPs, the partial reduction of GO when nanoparticles are synthesized results in
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the filler changing to hydrophobic. Finally, because of the interactions between
the polymer and the filler, a constrained polymer region is formed in which a
restriction of polymer motion occurs, which inhibits the absorption of water
[137,157]. The better water-resistance property displayed by in situ PVA/AgNPs-
GO nanocomposites may be also explained by the existence of more interactions
between PVA and fillers when comparing with PVA/GO composites.

4.3.6. Inhibition of bacterial growth by the nanocomposites

Gram negative £. coli ATCC 25922 and Gram positive S. aureus ATCC
25923 were selected for assessing antibacterial activity of PVA/GO and
PV A/AgNPs-GO nanocomposites due to their clinical importance and their wide
use as model microorganisms in antimicrobial activity tests [158,159]. Owing to
the biocompatibility properties and the lack of antimicrobial activity of PVA
[160], it was used as a negative inhibition control in this assay. The bacterial
growth inhibition was analyzed using two different methods: measuring bacterial
growth by means of absorbance measurements, and counting of CFU. Figures
4.32A,B show the growth kinetics curves of S. aureus and E. coli in the presence
of PVA, PVA/GO2 and in situ synthetized PVA/AgNPs-GO discs by measuring
the absorbance at 450 nm every 24 h. The cellular viability (in CFU/mL) of
S. aureus and E. coli after different exposure times is represented in Figures
4.32C,D. In these figures, the antibacterial behavior of PVA/GO1 sample is not
displayed, since the same behavior was observed for both PVA/GO samples.

As can be seen in Figures 4.32A,B, both E. coli and S. aureus strains were
able to grow in the presence of PVA/GO2 nanocomposite sample, indicating the
lack of antibacterial activity of GO against both E. coli and S. aureus when it is
incorporated in PVA matrix with a content up to 2 wt%. These results agree with
those presented in Chapter 2 and with the findings of other studies, in which
antibacterial activity of graphene based polymer nanocomposites is investigated.
Cao er al. [161] reported that PVA/graphene nanocomposites did not exhibit
antimicrobial activity against E. coli and S. aureus, and in PLA/GO
nanocomposites produced by Liu et a/ [154] no antibacterial activity was found

either against E. coll.
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Figure 4.32. Absorbance of (A) S. aureus growth curves and (B) E. coli growth curves after
different times of exposure to PVA, PVA/GO2 and in situ PVA/AgNPs-GO nanocomposite
films. Viable counts of (C) S. aureus and (D) E. coli.

In line with the discussion of Chapter 2, graphene-based nanomaterials can
show antimicrobial properties, depending on their physicochemical properties,
such as sheet size, surface area, purity, structural defects, surface chemical
properties, functional groups and degree of oxidation. The toxicity of GO and
reduced GO embedded in biodegradable polymer nanocomposites is exposure
time and graphenic material concentration dependent as demonstrated by Fran et
al. [162] and Pefia-Bahamonde er al [163]. Their results have shown that the
lower the concentration of graphite oxide, the less graphite oxide gets exposed
from the films. At low concentrations, microorganisms could only access the
nanomaterial, and therefore be inactivated, if the polymer could be degraded to
expose GO or reduced GO on the film surface. On the other hand, their studies
have confirmed that the time needed to produce microbial inactivation and
inhibition of biofilm growth is directly related to the time needed by
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microorganisms to degrade the polymer and that the sharp edges of the graphenic
material emerge on the surface of the nanocomposite. From these studies it can
be concluded that the antimicrobial activity of a graphene-based polymer

composite surface depends on the graphene concentration.

Furthermore, the presence of irregularities on the polymer film surface has
effect on bacterial adhesion and biofilm deposition. However, the exact influence
of the surface roughness is still controversial as it depends on the surface
topography and whether it is micro or nano [164]. While some studies have
shown an increase in proliferation and adhesion by increasing roughness, others
have observed the opposite. There are also research that have reported the
existence of an optimal controlled roughness for a minimum microbial
proliferation by means of the design of nanopillars in the material surface [165].
Generally, rougher surfaces have more attachments sites for bacteria than
smoother ones. It has been reported that the incorporation of GO into polymer
matrices changes the topography of the surface, observing an increase in
roughness due to the wrinkled geometry of GO nanosheets [154,166,167]. Zou et
al. [168] observed that the antibacterial effect of GO was stronger when the
wrinkle size matched the bacterial diameter. In these cases, the surface
topography significantly affects the antimicrobial activity due to the close contact
between the cell wall and the GO substrate. Pham etz al. [169] analyzed the effect
of graphene film surface roughness, the density of graphene edges, and stack
orientation on bactericidal efficiency. This study demonstrated that the density
of the edges of the graphene was the predominant parameter that determines the

antibacterial behavior of the graphene nanosheet films.

In the present work, the high purity of GO obtained by exhaustive
washings, the reduced amounts of GO used, and the binding of homogeneous
dispersed GO sheets with the polymer matrix, along with the fact that the contact
of GO with bacteria is hindered due to their coating with PVA, may explain the
lack of antibacterial activity of GO when incorporated into the PVA matrix to
form PVA/GO nanocomposites.

Figures 4.32A and B reveal that bacterial growth was affected by the
presence of the two in situ PVA/AgNPs-GO nanocomposite films. However, it
can be appreciated that only the PVA/AgNPs-GO2 sample completely prevents
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cell division of the bacteria because its absorbance remains stable during the 72 h
of the test, showing no growth. For the nanocomposite sample synthesized using
less concentration of both GO and silver precursor (PVA/AgNPs-GO1), the
growth slows down during 24 h, and then this effect is less noticeable. Both
absorbance and viable cell count seem to demonstrate the antibacterial capacity
of PVA/AgNPs-GO nanocomposites, where the efficiency is time and AgNPs
precursor concentration dependent. In fact, PVA/AgNPs-GO2 nanocomposite
exhibits the strongest inhibition of bacterial growth at any time with both bacteria
(p < 0.001), with exception of the viable cells of E. coli after 72 h where no
statistically growth inhibition was found (Figure 4.32D). Nevertheless, it showed
longer-term antibacterial effectiveness than PVA/AgNPs-GO1, which lost some
of its antimicrobial effect after 48 h, especially against £. coli where no difference
was found compared with PVA control at 48 h and 72 h in both methods (Figures
4.32B,D). Moreover, it should be noted that PVA/AgNPs-GO2 was found to have
a bactericidal effect, not only inhibiting bacterial growth, but also by reducing the

number of viable cells that were inoculated.

Although all the studied samples present similar antibacterial behavior in
both bacteria, the results suggest that S. aureus cells are slightly more susceptible
to PVA/AgNPs-GO nanocomposites effect than . coli cells. Similar results have
been reported by Carpio et al [170], and more recently by Ma er al. [171]. This
can be explained through the structural differences of the cell wall between the
two bacteria [172]. The cell walls of the Gram-positive bacteria (S. aureus) is a
thick wall containing many peptidoglycan layers. However, Gram-negative
bacteria, such as £. co/i, display two membranes, which structure and composition
are different. The inner one is the cytoplasmic cell membrane, the outer one has
as a main constituent lipopolysaccharide (LPS), and between them, there is a thin
peptidoglycan layer. LPS may act as a protective barrier preventing the
penetration of PVA/AgNPa-GO compounds into Gram-negative bacterial cells.

Figure 4.33 displays the effect of ex situ PVA/GO-AgNPs composite films
with different GO-AgNPs contents on the growth of S. aureus and E. coli cells.
As seen from the representation of the results, the antibacterial properties of the
PVA/GO-AgNPs nanocomposite films are also time and GO-AgNPs loading
dependent. On the basis of the absorbance measurements, nanocomposite samples
with 0.5 and 1 wt% GO—-AgNPs displayed no inhibition of S. aureus cells over the
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time investigated. By increasing the GO-AgNPs content up to 2 wt% a reduction
in bacteria growth started to be noticeable, while 5 wt% GO-AgNPs had a
remarkable effect on cell growth, since a complete inhibition effect was achieved

during the entire sampling time (Figure 4.33A).

Figure 4.33. Absorbance of (A) S. aureus growth curves and (B) E. coli growth curves after
different times of exposure to ex situ PVA/GO-AgNPs nanocomposite films. Viable counts of
(C) 8. aureusand (D) E. coli.

The incorporation of 0.5 and 1 wt% GO-AgNPs into the PVA matrix
exhibited a moderate reduction in E. coli bacterial growth upon 24 h of exposure
(Figure 4.33B). Beyond that time not inhibitory effect was observed, suggesting
again a slower growth effect. In the case of PVA/GO-AgNPs-2 composite film at
24 h of exposure, an inhibition of cell growth was detected, resulting in a slower
growth compared to the growth in the presence of PVA films containing 0.5 and
1 wt% GO-AgNPs. The growth of E. coli cell population is completely suppressed
after 24 and 48 h of exposure in the presence of PVA films filled with 5 wt% GO-
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AgNPs. As can be seen from Figures 4.33C,D, the growth of both S. aureusand .
coli cell population is reduced, in a greater or lesser extent in the presence of PVA
film filled with 0.5 to 5 wt% GO-AgNPs, and the composite sample film with the
highest GO-AgNPs content exhibits the strongest bacterial growth inhibitory
activity.

Similar to the behavior observed for in situ nanocomposites, the £. coli
strain is more resistant than the S. aureus strain to ex situ PVA/GO-AgNPs
nanocomposite films with any hybrid GO-AgNPs content. Therefore, the
presence of hybrid GO-AgNPs in PVA nanocomposite films leads to a higher

long-term antibacterial efficacy against S. aureus than against E. coli.

Leaching of antimicrobial agents from ex situ PVA/GO-AgNPs composite
films after immersion in PBS (for 24 h at 37 °C) may exert a bacterial growth
inhibitory effect. AgNPs and Ag* ions are the antimicrobial agents that could leach
out of the composite films. The evaluation of the antimicrobial effect of the
leaches was estimated by measuring the absorbance at 450 nm and the results are
shown in Figure 4.34. As previously, PVA film was used as growth control since

it does not release any antimicrobial agent.

Figure 4.34. Absorbance of (A) E. coli growth curves and (B) S. aureus growth curves after
different times of exposure to the leaches from PVA/GO-AgNPs composite films (for 24 hours
at 37 °Cin PBS).

The lixiviates from all PVA films containing GO-AgNPs showed significant
bacterial growth inhibition compared to neat PVA in the first 12 hours in contact
with bacteria. PVA/GO-AgNPs-5 film displayed statistically the highest
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inhibitory activity against E. coli (p < 0.01), and after 24 h of exposure, the
PVA/GO—-AgNPs5 film was the only one that exhibited growth inhibition (p <
0.01) (Figure 4.34A). As for S. aureus, PVA/GO-AgNPs-0.5 showed no inhibitory
effect on this bacterium growth over the period of time studied, and both
PVA/GO-AgNPs-1 and PVA/GO-AgNPs-5 did show it up to 24 h exposure (p <
0.05), although there were no significant differences between them (Figure
4.34B). After 48 h, none of the tested materials showed statistically significant

differences when compared with PVA in both microorganisms (p > 0.05).

In order to assess the possible release of silver nanoparticles from the
polymer matrix, more leaching experiments were performed. For each PVA/GO-
AgNPs sample, specimens with dimensions of 2 cm x 2 cm were immersed in 10
mL deionized water at 25 °C for 24 h. The solutions were then analyzed by UV-
Vis spectroscopy for the detection of the Surface Plasmon Resonance absorption
band of silver nanoparticles, but in none of the samples was the SPR band
observed (Figure 4.35).

Figure 4.35. UV-Vis absorption spectra of leachates from PVA/GO-AgNPs nanocomposite

films after water immersion.

This indicates that there was no AgNPs in solution, suggesting that silver
nanoparticles are firmly attached to GO, immobilized, and that a strong
interaction has been established between GO-AgNPs hybrid and polymer matrix.
Thus, the stability of the hybrid is confirmed. Therefore, it can be inferred that
the antibacterial activity observed in the leachates released from the films is due

to the leaching of silver ions (Ag*).
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Although the mechanisms of antibacterial activity of AgNPs are not fully
understood yet, it has been recognized that the antibacterial effect of AgNPs
depends on nanoparticle-cell interactions and/or silver ions interactions. Some
authors suggest that the toxic effect is due to particle-only effects [173,174],
others, however, attributed it to Ag* ions alone [175], whereas there are others
that claim that both nanoparticles and ions contribute to the toxicity [176-181].
In the first case, nanoparticles attack bacteria through direct contact with cell
wall, since AgNPs can effectively contact microorganisms due to their high
surface/volume ratio. After contacting, changes in membrane morphology have
been observed, which lead to an increase in permeability, allowing nanoparticles
penetration into cell membrane that affects the transport activity through the
plasma membrane [182]. As a result, various vital cell functions are obstructed,
leading to cell death. Sondi et al. [183], Morones ez al. [173] and Agnihotri ez al
[184] confirmed the incorporation of AgNPs into the E. coli membrane by
electron microscopy. Some researchers, however, have claimed that the toxicity
of AgNPs is attributed exclusively to the Ag* ions released from the oxidized
AgNPs surface in aerobic conditions [175]. Ag* ions interact with thiol-containing
proteins in the cell wall and affect their functions. The properties of nanoparticles
such as size and shape indirectly influence the toxicity of AgNPs. The higher the
specific surface area, the faster is the rate of silver particle dissolution. Small
AgNPs release more Ag* ions than the large ones, and according to the study by
Sotiriou et al. the antibacterial performance of AgNPs with an average size < 10

nm is governed by the Ag* ions released from their surface [185].

After 24 h of incubation, the results of the antibacterial experiments
(Figures 4.32A,B; Figures 4.33A,B and Figure 4.34) show that the inhibitory effect
is higher when bacterial cells are in direct contact with PVA/GO-AgNPs
composite films than when they are exposed to leaching of silver ions from
PVA/GO-AgNPs composite films. From this result, it can be inferred that both
the cell direct contact and penetration of the nanoparticles, together with the
released silver ions from the oxidized surface of AgNPs, contribute to the toxic
activity. The incorporation of 2 wt% GO to PVA resulted in a composite that
lacked antibacterial activity against £. co/i and S. aureus (Figure 4.32). Therefore,
AgNPs may be considered the main contributors to the bactericidal effect of the

nanocomposite.
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In addition, it is worth noting the effect of the exposure of the hybrids on
the surface of the films. In PVA/GO-AgNPs nanocomposites, GO-AgNPs hybrid
can be emerging on the surface and/or embedded inside. GO-AgNPs sheets
exposed at the surface of the film can have a direct contact with the bacteria,
while those present in the bulk of the polymer cannot. The only possible
mechanism of the antibacterial action of the latter is through the release of Ag*
ions. The water from the bacteria medium containing dissolved oxygen diffuses
into the polymer and reaches the AgNPs embedded in the polymer, allowing their
oxidation, and generating Ag* ions that diffuse to the surface of the film and attack
the adsorbed bacteria.

Furthermore, Figure 4.36 shows SEM images of bacteria growth on the
different nanocomposite samples. PVA/AgNPs-GO2 nanocomposite did not
present any cells adhered to the surface when compared with control PVA in both
S. aureus and E. coli. Likewise, the PVA/GO sample seems to allow the
development of a dense biofilm, supporting the results in microtiter plates where

no antimicrobial activity was found.

Figure 4.36. Representative SEM micrographs of nanocomposites after incubation with S.
aureus and E. coli for 48 h. (A) PVA with S. aureus. (B) PVA/AgNPs-GO2 with S. aureus. (C)
S. aureus on PVA/GO?2. (D) E. coli cells deposited on PVA. (E) PVA/AgNPs-GO2 with E. coli.
(F) E. coli on PVA/GO2.
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PVA has been used in biomedical and pharmaceutical applications as
mentioned previously, due to its biocompatibility, biodegradability, water
solubility, nontoxicity and film forming ability. Graphene derivatives and
graphene-inorganic hybrid materials are also used as biomedical materials due to
their unique properties [186]. Biomedical applications of these nanomaterials
include drug and gene delivery, biosensing and bioimaging systems, tissue

engineering and other therapeutic applications.

The cytotoxicity of nanomaterials is of particular concern when it comes to
biomedical applications. The interaction of AgNPs with cells is strongly
influenced by their size, shape, surface coatings and aggregation [187]. Studies
reported in the literature have shown that the specific physicochemical
characteristics of graphenic materials, such as surface area, layer number, lateral
dimension, surface chemistry and impurities contribute to the toxicity [188].
Moreover, the cytotoxicity of these nanomaterials is affected by the cell type, dose
and exposure time. Cytotoxicity increases with the decrease of AgNPs size while
the same concentration is maintained [189,190]. Likewise, an increase in dose
leads to an increase in cytotoxicity. In contrast, silver nanoparticles embedded in
polymer matrices show less cytotoxicity than bared ones. Sowa-Sohle ez al [191]
found that thermoplastic polyurethane-silver nanoparticle composites with
nanosilver concentrations from 0.01 to 1.0 wt% were non-cytotoxic to mouse
fibroblast cells, but toxic to bacteria. Oliveira et a/. [192] reported the preparation
of PVA-Ag hydrogel samples with 0.25 and 0.50 wt% silver precursor. The results
revealed the non-cytotoxicity of the materials to mouse fibroblast cells and
antimicrobial activity towards bacteria and fungi. The concentration of
nanoparticles necessary to induce toxicity in human cells is much higher than that
needed to exert antimicrobial activity [193,194]. Regarding the cytotoxicity of
graphene nanomaterials, it has been demonstrated the reduced cytotoxicity of
graphenic materials when incorporated into polymer matrices [171,195]. Ma et al.
found that the cytotoxicity of PVA/graphene nanocomposite fibers to human cells
was low and graphene content dependent [171]. Based on the above-mentioned
analysis, and according to the improved physical and antibacterial properties, the
developed PVA/GO-AgNPs composite films can be potential materials in the
biomedical field as wound dressings for wound healing and infection prevention.
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4.4, Conclusions

The solution casting method allowed the successful addition of GO into the
unplasticized PVA and glycerol-plasticized matrix, while the in situ reduction of
GO, in the presence of PVA and L-AA as a reducing agent, was the optimal
strategy for the preparation of PVA/GS nanocomposites. In contrast to the ex situ
incorporation of GS, the in situ approach resulted in good dispersion of GS in the
polymer matrix due to hydrogen bonding interactions. Regarding nanocomposites
containing silver nanoparticles, two different strategies were developed for their
preparation: in situ (an environmentally friendly one-step chemical reduction

method) and ex situ (solution casting) methods.

Microstructural and morphological characterization revealed the good
dispersion of the fillers (GO, GS and GO-AgNPs) in the polymer matrix, except
for the ex situ PVA/GS1 nanocomposite due to weak bonding between GS and
PVA. Thermogravimetric measurements showed that thermal stability of PVA
was greatly improved at low loading of GO, and this improvement was more
significant by adding AgNPs-GO. However, GS exerted a greater blocking effect
on the elimination of hydroxyl groups of PVA chains during thermal
decomposition, delaying its thermal and thermo-oxidative degradation. The
content of graphene-based fillers and the presence of glycerol as a plasticizer
affected the thermal transitions (7;, 7m and 7¢) and the degree of crystallinity of
PVA, with less prominent variations with GO. The mechanical properties of the
PVA were differently affected by the presence of different fillers or depending on
whether plasticizer was or not present. For PVA/GS nanocomposites, the
mechanical properties were not drastically affected by the reduction in PVA
crystallinity. Tensile tests revealed the enhancement in the Young's modulus and
tensile strength at break of PVA with the addition of GO, GS or GO-AgNPs, being
significantly higher in the presence of AgNPs-GO. All nanocomposites types were
more brittle than neat PVA. All nanocomposite samples displayed better water
resistance than neat PVA, being the PVA/GS-2 nanocomposite the most water
resistant material, whereas no change was observed for the ex situ prepared
PVA/GS nanocomposite. In general, the exfoliated structure of the
nanocomposites resulted in increased thermal stability, mechanical properties and

water resistance.
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PVA films filled with GO-AgNPs through in situ or ex situ method
showed antibacterial effect against E. coli and S. aureus, being stronger for the in
situ PVA/AgNPs-GO2 composite and for the ex situ PVA/GO-AgNPs with higher
GO-AgNPs content. The higher the silver salt concentration the greater the long-
term antibacterial efficiency. These nanocomposites caused higher growth
inhibition in S. aureus compared to £. coli. The direct contact of the bacteria with
the composite films led a higher bactericidal effect than the contact with the
leachates from those films. Surface bacterial biofilm formation of S. aureusand £.
coli was effectively reduced for the PVA/AgNPs-GO samples. GO not only acted
as an effective reinforcing filler but also as an excellent platform to support and
stabilize silver nanoparticles, and as a synergistic agent on the antibacterial
activity of AgNPs. Due to their properties, the PVA nanocomposites synthesized
in this work could potentially be applied for biomedical applications such as

transdermal drug delivery or as wound dressings.
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CHAPTERS

POLY(VINYL ALCOHOL)/CHITOSAN
BLENDS AND THEIR GRAPHENE-BASED
NANOCOMPOSITES

The previous chapters covered the synthesis and characterization of
different graphene-based nanocomposites, with a matrix built by a single
polymer, chitosan or PVA, with and without a plasticizer. In this part of the thesis,
GO and GS sheets have been intercalated or exfoliated in the PVA/CS blend by
the solution casting method and in situ reduction approach. However, previous
to the preparation of these nanocomposites, a morphological, thermal and
mechanical analysis of the whole range of PVA/CS compositions has been
performed in order to determine which composition is the most optimal for the
development and the study of PVA/CS/graphene-based nanocomposites. The
structural and morphological characterization of the different nanocomposites
was performed by XRD, SEM and TEM. Thermal characterization by
thermogravimetric analysis (1GA) and differential scanning calorimetry (DSC)
allowed to detect thermal changes in the PVA/CS blend due to the presence of
the filler. Tensile tests were used to examine the reinforcing effect of GO and GS
and, in turn, to assess the interactions between polymers and fillers. Considering
the possible application of this type of material in the biomedical field, the water
vapor permeability (WVP) was also determined, as well as the degree of swelling

and dissolution of the films.

Part of the work reported in this chapter was presented at the 3rd
International Conference on Bioinspired and Biobased Chemistry and Materials

in Nice (France).
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PVA/CS Blends and their Graphene-Based Nanocomposites

5.1. Introduction

The polymer industry is one of the most developed in the world being now
very difficult to consider our daily life without the influence and impact of these
polymer materials. However, the cost of new polymer (or copolymer) production
and the constant need for new materials with some specific properties and good
performance/cost ratio have led researchers to develop the polymer blending
system [1], i.e., instead of trying to synthesize a new polymer with certain desired

properties, the polymer blend is used to obtain those properties.

Polymer blends are physical mixtures of two or more polymers (or
copolymers) with or without any chemical bonding between them. The main goal
of polymer blending is to achieve cheap and commercially viable materials with
unique properties. Polymer blending is a huge and increasingly interesting field
that requires a great deal of attention both theoretically and experimentally.
Compared to its component polymers, blended polymers have been found to have

superior properties. Some of these advantages achieved by blending are [2]:

- Develop materials with a wide range of properties to meet specific needs.
- Reduce the cost of materials with little or no sacrifice in properties.

- Develop polymers much more quickly to meet emerging needs by
avoiding the polymerization step.

- Form high performance blend from synergistically interacting polymers.
- Extended service temperature range.

- Enhanced modulus and hardness.

- Improved barrier and flame retardant properties.

- Increased resistance to environmental impact and stress cracking.

- Recycle industrial plastics scrap.

5.1.1. Classification and properties of polymer blends

Principally, the polymer blends can be characterized as miscible or
immiscible. Miscibility is the capability of a mixture to form a single phase over
certain ranges of temperature, pressure and composition. It can be affected by
several factors such as morphology, crystalline phase, intermolecular interactions,

and surface tension [1]. Hence, the polymer blending miscibility can be assessed
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by chemical structure, molecular weight distribution, and molecular architecture
of the components that can be confirmed by light scattering, X-ray scattering, and

neutron scattering.

Nonetheless, it is well-known that the majority of the physical blends of
high molecular weight polymers prove to be immiscible. As a consequence, when
mixed, the components of the blend are likely to separate into phases containing
predominantly their own type or characteristics. In addition, the physical
attraction forces across the immiscible phase boundaries are often low, resulting
in immiscible mixing systems that exhibit poorer mechanical properties compared

to those achieved by the co-polymerization route [3].

The miscibility or immiscibility is governed at the molecular level as given
by the laws of thermodynamics. Given enough time, the internal disorder of the
polymer system will eventually result in phase separation on a macroscopic scale.
The behavior of polymer blends is understood through the Gibbs free energy,
AGu. The free energy of mixing can be described in terms of enthalpy and entropic

contributions as shown below:
AGy = AHy — T - ASy (Eqn. 5.1)

where AGis the change in free energy, AH the change in enthalpy, ASthe

change in entropy, 7'the absolute temperature, and M refers to mixing.

A homogeneous miscible blend must display a negative AGu value. In the
case of high molecular weight polymer blends, the gain in entropy (S) is
insignificant since the combinatorial entropy of mixing of two polymers is
dramatically less than that for two low molecular mass compounds. Therefore,
AGu can only be negative if AHwv is negative, which means that the mixture must
be exothermic, and that is achieved if there are favorable "specific interactions"
between them. These interactions may range from strongly ionic to nonbonding
and/or weak bonding that includes hydrogen bonding, ion—dipole, dipole-dipole,
and donor-acceptor interactions [4].

Mainly, considering the applicable conditions and the miscibility, three
types of blends can be found: miscible, compatible or partially miscible and
immiscible. The term "compatible" or "incompatible" is used to describe the
blends according to their resulting properties. Compatible blends have a fine
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phase morphology that means good physical properties. Generally, the probability

of achieving synergistic properties is high in a compatible blend. Incompatible

mixtures are totally immiscible and have poor mechanical properties. Table 5.1

details the properties and conditions of the above-mentioned mixtures.

Table 5.1. Properties for different types of polymer blends in relation to their miscibility [2].

Completely Miscible
Blends

Partially Miscible Blends

Immiscible Blends

* Homogeneous system
with chain segments of
the different polymers
miscible down to the
molecular level (one
phase).

» Mechanical properties
of components
averaged.

» AH < 0 due to specific
interactions.

"AG<0

= Single glass transition
temperature (between
the glass transition
temperatures of the
blend components).

» Example: Polystyrene
/Poly(phenylene
oxide), Poly(ethylene
terephthalate)
/Poly(butylene
terephthalate), and
Poly(methylmethacryl
ate) /Poly(vinylidene
fAuoride).

* Neither completely
miscible nor
immiscible. Therefore,
two homogenous
phases. Fine phase
morphology.

These blends show
limited mutual

interactions, but small
amounts of one
polymer is miscible in
the other.

The best properties of

each polymer may be
combined often
without the need of
developing a
compatibilization
mechanism.

AG>0

Two glass transition
temperatures. Both 7gs
are shifted from the
values for the pure
blend components
towards the 7 of the
blend component.

» Example: PC/ABS.

* Complete phase
separation. Coarse
morphology, sharp
interface and poor
adhesion between the
blend phases.

Poor interface
leading to poor
mechanical
properties.

AG>0

Two glass transition

temperatures of the
component polymers.

Example:
Polystyrene/Polybuta
diene, Poly(ethylene
terephthalate)/Poly (v
inyl alcohol), and
Polyvinylidene
fluoride/Polylactic
acid blends.

These blends have
become commercially
successful, after being

efficiently
compatibilized using
suitable
compatibilizers.
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5.1.2. The equilibrium of binary blends

According to the laws of thermodynamics, for a blend of polymer A and
polymer B to be completely miscible, the following conditions must be met [5]:

1. Thermodynamically Gibbs free energy of the blend must be negative:
AGpg < AGp + AGg

2. The enthalpy of the blend must also be negative:
AHy —T-ASy <0

3. The second derivative of Gibbs free energy of mixing (4Gw) with

respect to volume fraction (@) must be greater than zero, i.e., positive.
[A02AG,, /AB?] > 0

Gibbs energy graphs and phase diagrams, depicted in Figure 5.1 and Figure

5.2, respectively, can be used to understand the equilibria of binary systems.

5.1.2.1. Gibbs energy graphs

Figure 5.1 shows, for one mole of mixture, the relationship between Gibbs
free energy of mixing (AGu) and the composition of the components in terms of
volume fraction (@) for binary blends at a given pressure and temperature. In this
type of graphs, with only one extreme, two curves are represented, one for each
phase. According to the conditions described above, a miscible blend must display
a positive second derivative of Gibbs free energy with respect to their
composition, which means that there is a composition that presents a minimum

point of Gibbs free energy, in other words, a concave curve [1].

Figure 5.1. Relative arrangements of the Gibbs energy curves of two binary phases.
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In Figure 5.1A, the two curves are convex (a and f phases), so the second
derivative of Gibbs energy is negative in relation to composition, i.e. with any
composition it is an immiscible mixture, both phases are unstable in relation to
their two pure components. In Figure 5.1B, one curve is concave (phase o) and
the other convex (phase f3). Therefore, the phase a displays a second derivative
positive for all compositions and is stable with respect to the pure components in
any proportion. However, the phase § being convex is unstable with respect to
the two pure components and also with respect to the phase o. As a result, it is a
phase that will not take place as the system would only be stable in the form of a
phase a. Additionally, it can also occur that both curves are concave (Figure 5.1C),
which means that, for all compositions, the two phases are stable in relation to
the two pure substances. However, it can be seen that the Gibbs energy is lower
for the phase «, and therefore is stable with respect to . The latter is stable
relative to pure components but unstable relative to the phase «, so phase f is said
to be metastable [6].

5.1.2.2. Phase diagrams

The phase diagram is the fundamental tool for using the thermodynamic
data of a binary system. It shows the nature and composition of the phases in
equilibrium in function of the temperature when pressure remains constant
(isobaric diagrams). The graph is constructed with the same abscissa axis as before
which indicates the general composition, and the temperature is used as the
ordinate axis. It can be used to decide the phase behavior of the polymer blends.
In Figure 5.2, the bimodal separates miscible and metastable regions from each

other, while the spinodal curves separates unstable phase regions from metastable.

Spontaneous concentration fluctuations dictate phase separation from the
spinodal line (spinodal phase separation). The system divides into two distinct
phases, one phase contains more polymer A, the other more polymer B. However,
from the metastable region, phase separation into pure substances take place by a

nucleation and growth mechanism that is called binodal phase separation.

As shown in Figure 5.2, when two polymers are mixed at low temperatures
and phase separation occurs upon heating, this mixture is said to exhibit a lower

critical solution temperature (LCST). Whereas if two polymers remain phase
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separated at ordinary temperatures and form a single phase at high temperatures,

they show upper critical solution temperature (UCST) behavior.

Figure 5.2. Temperature-Composition phase diagram for a binary polymer blend.

5.1.3. Compatibilization strategy for good properties

The miscibility of polymer mixtures is a complex phenomenon that is
governed by the interactions between the two polymers, and therefore
determines the properties of the blends. The interactions are regulated by several

factors described below:

- Polarity: polymers that are similar in structure or generally similar in
polarity are less likely to repel each other and more likely to form miscible blends.

- Specific group influence: The presence of special interactions in a blend

favors the enthalpy of mixing, and allows the components to mix completely.
Among all these interaction, hydrogen bonding is quite common and efficiently
improves the miscibility.

- Molecular weight: The low molecular weight allows a higher randomness

of the polymer chains when mixed, and consequently a higher increase of
entropy, which favors miscibility. Most surprisingly, polymers with similar
molecular weights are more miscible, while polymers with very different
molecular weights can be immiscible even if they both have the same

composition.
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- Composition: in line with the previous section, two polymers can be
immiscible in a fairly equal composition, but it is also very possible that a small
amount of one polymer can be soluble in a large amount of the other polymer,
resulting in moderate miscibility. Thus, by varying the composition of one of the

constituent polymers, a blend may result in partial miscibility.

Regarding mechanical properties, when polymer A is mixed with polymer
B, the blend is generally expected to have properties that are an average of that of
pure A and pure B. However, some properties such as strength and toughness do
not follow an additive relationship and they are often found to exhibit lesser
values than pure components [7]. This situation is the result of a low degree of
interfacial adhesion between the two polymers, and is the real problem that

delimits the mixture of two polymers.

The compatibilization is the method by which the general mechanical
properties of the polymer blend are enhanced by mean of reducing the interfacial
tension and stabilizing morphology. The resulting mechanical properties of the
immiscible compatible blend will have a balance of their parent polymers
properties or show a synergistic improvement. There are several strategies to
reduce interfacial tension in the melted state and enhance the adhesion between
the immiscible phases [8]. It is important to choice the most suitable blending
technique in order to achieve a continuous or interpenetrating phase morphology
that can lead to load sharing. However, many commercial polymer blends are

mostly compatibilized using a compatibilizer [9].

One type of compatibilization is called reactive or in situ compatibilization
and is based on introducing a compatibilizer that can promote a chemical reaction
or a specific interaction between the blend components. Several reactive

compatibilizers have been identified in the literature [10-14].

Another approach is the addition of a third component such as
homopolymers, block or graft copolymers, or low molecular weight reactive
compounds, which are miscible in both phases (Figure 5.3). This is considered as
non-reactive compatibilization. The use of block copolymers requires that the
copolymer has a maximum solubility with components of the blend. This leads to
an enhanced interfacial adhesion while reducing interfacial tension between the

components. The concentration and molecular weight of the block copolymer
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must be slightly higher than that of critical micelle concentration and critical
entanglement, respectively [15]. There are many common polymer blends
compatibilized with a block copolymer. For example, styrene acrylonitrile (SAN)
and styrene butadiene styrene (SBS) blends, have been compatibilized by the
addition of a diblock copolymer [8].

Figure 5.3. Polymer blend with a diblock copolymer. (A) Compatibilized blend with dispersed
phase morphology, represented by a minority dark blue phase and a majority turquoise phase.
(B) Molecular schematic showing how the diblock copolymers are segregated at the interface

between the two phases [8].

The addition of plasticizers is another example of non-reactive
compatibility. As mentioned in Chapter 3, plasticizers are relatively low
molecular weight liquids that are miscible with the polymer in question and their
main function is to improve the flexibility and processability of the polymer by
reducing the glass transition temperature ( 7g) [3]. The small size of the plasticizers
allows them to occupy the intermolecular spaces between the polymer chains,
reducing the interactions between them. In addition, these molecules change the
three-dimensional molecular organization of the polymers by reducing both the
energy required for molecular movement and the formation of intramolecular
hydrogen bonds. As a result, an increase in free volume and, therefore, in
molecular mobility is observed [16]. Commercially, the most common plasticized
polymers are PVC, poly(vinyl butyral) (PVB), poly(vinyl acetate) (PVAc),
acrylics, cellulose molding compounds, nylon, polyamides and certain
copolyamides. Particularly, 80% of the PVC production uses plasticizers and
phthalic acid esters constitute more than 85% of the total plasticizer consumption
[17,18].
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5.1.4. Blending techniques

Several methods are currently available to synthesizing and/or preparing
polymer blends. The following is a brief summary of some viable techniques:

1. Melt Blending: This technique involves high temperatures and strong shear
forces during the melting process, which gives the polymer chains the ability to
move and diffuse in the other component. Typically, the raw materials are fed
into a chamber and extruded to obtain a uniform mixture of the components. This
method is used for a blends in which thermal degradation does not occur at the
processing temperature. It is often considered a good mixing method because of
its simplicity and low environmental impact, but the necessary machinery makes

it an expensive technique and the polymer mixture may not be uniform [19].

2. Mill and fine powder mixing technique: A simple and direct method in which
the components of the mixture are mixed through grinding and crushing. The raw
materials are ground to a very fine powder and mixed to produce a uniform
product at the micrometric level. The Bunbury mixer, also known as the Master
Mixer, is widely used for mechanical mixing in which two interrupted spiral
rotors move in opposite directions (at 30 or 40 rpm). The product is then subjected
to additional operations to obtain the desired polymer mixtures. In some cases,
the mixture can be integrated into the extrusion or molding stage, such as in twin-

screw extruders [1].

3. Solution Casting Method: The simplest and common method in which the

blend is casted from a common solvent. The choice of solvent is crucial to obtain
a miscible blend. Frequently, the solution mixture is kept stirring for a certain
period of time to get the homogenous solution. Binders and compatibilizers may
be added. However, this method presents a limit, the possible incompatibility of
the component polymer and the removal of the solvent from the product, since

residual solvent can distress the properties of the blend [1].

4. Interpenetrating Polymer Networks (IPN): The conventional method of

synthesizing an IPN involves swelling a cross-linked primary polymer network
with a similar long chain monomeric sequences and cross-linking agent, followed

by in situ polymerization of the second network, which ideally results in an
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extended primary network intermingled that shows a single glass transition

temperature. This method is also called mechanochemical blending [3].

5. Lyophilization (freeze-drying): A process commonly used to remove the

solvent from the mixture by sublimation, keeping the temperature low enough to
prevent any remixing or phase-separated polymer solution. The material is first
dissolved in the solvent and frozen in a dry ice bath. Then, the solvent is
sublimated and removed by vacuum, leaving a dry powder. This method has been
used in studies related to tissue regeneration to develop scaffolds based on

polymers such as PLA, chitosan, gelatin, carboxymethyl cellulose, etc [20].

6. Latex Blending: This method is referring to a stable dispersion of small
polymer particles mixed in an aqueous medium. To achieve such blends, the
contributing polymers should be in the latex or in the emulsion form, which is
followed by mixing. Examples of latex blending may include natural rubber or

synthetic rubbers such as acrylonitrile-butadiene rubber (NBR) [21].

5.1.5. The reason for PVA/CS blends

As described in the previous chapters, in the biomedical field

biodegradable, biocompatible and water-soluble polymers, such as chitosan, are
of considerable interest. However, chitosan has fragile properties (Chapter 3),
more specifically, unplasticized chitosan films are very brittle when stored at low
relative humidity [22]. Consequently, the use of plasticizer can be a suitable
strategy to increase the flexibility of the films, but it may also involve the decrease
of barrier properties as a result of increased free volume. Additionally, the
plasticizer decreases the chitosan mechanical strength and thermal stability. So,
in order to maintain the stiffness, blending CS with another polymer with high
mechanical properties seems to be a good alternative. In this sense, polyvinyl
alcohol (PVA) is one of the best candidates since it is also a biodegradable,
biocompatible and soluble polymer with good mechanical properties (Chapter 4).
Since there are lots of hydroxyl groups in CS and PVA backbone, both polymers

can be potentially miscible due to the formation of hydrogen bonds.

Several studies reported in the literature describe PVA/CS blends, but none
includes a deep morphological, chemical and mechanical analysis covering the

whole range of compositions, as well as their behavior in the presence of
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plasticizer. Wu et al. [23] prepared films of PVA and chitosan blends and
established that these polymers interacted via physics and cross-linked through
the formation of intermolecular hydrogen bonds. Jiang ez al. [24] used an aqueous
solution of AICIs.6H20 to dissolve chitosan and prepared the blends with PVA
and glycerol as plasticizer. In their work the combined use of glycerol and the
aluminum chloride compound proved to have a synergistic effect on different film
properties. Fan et al. [25] prepared chitosan, PVA and gelatin hydrogels for
wound dressing, using gamma irradiation and demonstrated that the presence of
chitosan can increase the tension and strength of PVA/Gelatin mixtures. Chen et
al. [26] examined different properties of PVA/chitosan mixtures in various
proportions and concluded that chitosan can decrease the crystallinity of PVA.
Moreover, in order to enhance the properties of PVA/chitosan blends for different
applications such as food packaging, some studies have examined the effect of the
addition of different nanofillers such as montmorillonite and halloysite nanotubes
into the blend [27-29].
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5.2. Experimental section

5.2.1. Materials

Poly(vinyl alcohol) (M= 61,000 Da; degree of hydrolysis 98.0-98.8 mol%),
Glycerol, L-ascorbic acid (L-AA) and chitosan powder (14=190,000-310,000 Da;
deacetylation degree of 82%) were supplied by Sigma-Aldrich. All chemicals were

used as received without further purification.

5.2.2. Preparation of PVA/CS blends

The binary polymer blends were prepared by solution casting method.
Chitosan was dissolved in 2% (v/v) acetic acid aqueous solution upon stirring
overnight at room temperature. Then, CS dissolution was filtered with a G4
porous plate filter funnel, in order to remove the remaining chitin that does not
dissolve in acetic acid. Separately, an aqueous solution of PVA was prepared in
deionized water at 100 °C upon stirring for 1 h, and subsequently cooled to room
temperature. After that, the PVA solution was added into the CS solution while
stirring and the final solution was left for 2 h in vigorous agitation. The different
compositions were prepared by mixing different PVA and CS mass ratios, where
part of the PVA was gradually replaced by CS, until the pure polymers, i.e. in each
composition the CS content is increased by 10%, the PVA is decreased in the same
proportion. Finally, PVA/CS blend films were obtained after evaporation the
water and acetic acid of the solution in a petri dish at room temperature. The films
were dried under vacuum at 60 °C for a week. The plasticized PVA/CS blend films
were prepared in the same manner, except for the incorporation of glycerol (20%
weight) in the PVA solution. The formulations were named indicating the mass

ratio of the two polymers, being the first number referred to PVA.

5.2.3. Preparation of PVA/CS/GO nanocomposite films

The composition of PVA/CS 60/40 was chosen for the preparation and study
of graphene-based nanocomposites. The PVA/CS/GO nanocomposites were
prepared with different GO amounts (0.25, 0.5, 0.75, 1.0, 1.5, 2.0 and 2.5 wt%)
and also its plasticized counterparts. First, graphite oxide was exfoliated into GO

sheets by sonicating in water for 15 min using a tip sonicator. The GO suspension
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was added to an aqueous solution of PVA, and the mixture was stirred for at least
1 h at room temperature. The resulting PVA/GO suspension was added to a stirred
acetic acid aqueous solution 2% (v/v) of CS, and stirring was continued for 15 h at
room temperature. After, the homogeneous suspension was transferred onto a
plastic plate and then dried at room temperature. The resulted films were dried
under vacuum at 60 °C for a week and then stored in desiccators. Plasticized films
were prepared following the same procedure. The nanocomposites were denoted
as PVA/CS/GO-x. where x indicates the weight percentage of GS.

5.2.4. Preparation of PVA/CS/GS nanocomposite films

Similar to the previous procedure, PVA/CS/GS nanocomposites were
prepared with different GS amounts (0.25, 0.5, 0.75, 1.0, 1.5, 2.0 and 2.5 wt%) and
also its plasticized counterparts. The GO dispersion was added to an aqueous PVA
solution, and the mixture was stirred for 1 hour at room temperature. The
resulting suspension was added to an aqueous CS solution, and continued to be
shaken for 15 h at room temperature. After that, PVA/CS/GO mixture was heated
to 60 °C using an oil bath, followed by the addition of the desired amount of an
aqueous solution of L-AA (L-AA:GO = 3.5) with vigorous agitation. This mixture
was kept at 60 °C for 6 hours in the absence of light to obtain graphene sheets
(GS). The homogeneous suspension was then transferred to a plastic plate and
dried at room temperature. Finally, the films were peeled and vacuum dried at 60
°C for one week and then stored in desiccators. The plasticized films were
prepared using the same route. The nanocomposite films were called PVA/CS/GS-

x, where x indicates the weight percentage of GS.

5.2.5. Characterization

The structure and the morphology of the PVA/CS blends and synthetized
nanocomposite films were examined by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM).
Thermal characterization was realized by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Tensile tests (MTS) were carried out to
study the mechanical properties of all prepared films in order to examine the

effect of fillers and plasticizer. Water vapor permeability (WVP) was determined
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according to the ASTM E96 standard, using the upright cup method (UCM).
Nanocomposite film water swelling (SD) and dissolution degree (fDD) were
calculated by applying some specific equations. Details of the equipment and
protocols are shown in Appendix I. The following Table 5.2 details the section of
each technique or method performed.

Table 5.2. Characterization methods used for the analysis of different compositions of the
PVA/CS blend as well as, PVA/CS/GO and PVA/CS/GS nanocomposites.

Analysis Technique or Method Appendix Section
Crystalline structure XRD L.1.6
Nanostructure and SEM L1.8
morphology TEM 1.1.9
TGA 1.2.1
Thermal behavior

DSC 1.2.2

Mechanical Properties MTS L3

Permeability UCM L5

Swelling and Dissolution
SD and fDD 1.7

degree
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5.3. Results and discussion

5.3.1. PVA/CS blends
5.3.1.1. Structural and morphological characterization

X-ray diffraction (XRD)
The XRD patterns of unplasticized and plasticized pure CS, pure PVA and

different compositions of PVA/CS blends measured in the range of 26=5°-80° are
displayed in Figure 5.4. Briefly, according to Chapter 3, the diffractogram of CS
film (Figure 5.4A) shows three main peaks around 11.8°, 18.6°, and 23.5°. The peak
at 20=11.8°is associated with a hydrated crystalline structure. The broad peak at
23.5° indicates an amorphous structure, predominantly the CS structure, while
the 18.6° peak is attributed to the regular chitosan crystal lattice [30,31]. The
addition of glycerol does not generate any change in the position and shape of the
CS diffraction peaks (Figure 5.4B). For unplasticized and glycerol-plasticized PVA
films, XRD patterns show a main diffraction peak at 26=19.9°, and another at 26
= 40.8° corresponding to planes (101) and (111), respectively [32].

Figure 5.4. XRD patterns of: (A) unplasticized and (B) plasticized pure CS, pure PVA and
PVA/CS blends.

XRD diffraction scans of polymer blends can be used as criteria for
examining their overlap and homogeneity. The lack of interaction between two
polymers would result in an immiscible blend in which each polymer would have
its own crystalline region, and therefore the XRD patterns would be expressed as
simple mixed patterns of the different components of the blend [33].
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XRD patterns of unplasticized and plasticized PVA/CS blends show changes
in the diffraction peak intensities in relation to the composition (Figure 5.4).
Taking as a reference the intensity of PVA diffraction peak at 19.9°, it can be seen
that as the amount of CS increases in the blend the intensity of this peak becomes
lower and wider. Likewise, the diffraction peak at 18.6° related to the CS is not
detected even with low PVA content and the intensity of the peak at 11.8°
decreases as the PVA content increases, even disappearing from the PVA/CS 60/40
composition for unplasticized blends and from the 50/50 composition for
plasticized ones. These results suggest that the presence of CS decreases the
crystallinity of PVA, meanwhile the two diffraction peaks resulting from the
hydrated crystalline structure of CS disappear. This phenomenon is because of the
hydrogen bonding interaction between PVA and CS, which eliminates the
hydrated crystalline structure of CS.

Nanostructure and morphology

SEM micrographs of the fractured cross sections of unplasticized and
plasticized PVA/CS blend in both formulations are shown in Figure 5.5, where a
continuous and homogeneous phase can be observed, without any evidence of
phase separation. In addition, no irregularities, such as air bubbles, pores, cracks
or droplets are detected.

PVA/CS 50/50 f .

- B

PVA/CS/GLY 60/40/GLY

Figure 5.5. SEM images of the fractured surface of unplasticized and plasticized PVA/CS blends
in 50/50 and 60/40 weight ratios.

The roughness of the fractured surface shown in the images is attributed to

interfacial adhesion and compatibility between the polymer matrices. In this
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sense, in the analyzed PVA/CS compositions, the roughness surface increases
when the plasticizer is present, which confirms an improvement in the
compatibility between the two polymeric matrices with the plasticizer. Moreover,
comparing both compositions, the roughness becomes more noticeable with
increasing PVA content, therefore, it can be deduced that PVA and CS are
partially more compatible (fine phase morphology) with a richer PVA
composition. These results are similar to those reported by Wu er al. [34] in their
study about the inhibition of biofilm formation in PVA/CS blends.

5.3.1.2. Thermal characterization of PVA/CS blends

Thermogravimetric analysis (TGA)

TGA analysis was conducted for studying the thermal stability of the
blends. The weight loss (TG) and derivate (DTG) curves of PVA/CS blends films
with different weight compositions are reported in Figure 5.6, while Table 5.3 and
Table 5.4 show the results of the thermograms in thermal parameters for

unplasticized and plasticized blends, respectively.

Considering the TGA results shown in previous chapters, TG curves may
have a small weight loss as the temperature increases from 50 to 120 °C, which
commonly corresponds to the loss of adsorbed and bound water, and also to the
acetic acid residue. However, in the thermograms shown in Figure 5.6, this loss is
not appreciated because these films were kept in the oven at 60 °C until the time
of TGA analysis, and therefore moisture absorption has been prevented [35]. The
first stage, which can be distinguished in the TG curves of unplasticized blends
(Figure 5.6A), takes place between 150 °C and 240 °C with a 5 - 7% weight loss.
This change in weight corresponds to a loss of methane and ammonia generated
through the elimination reaction between the -NH: and -H groups [36]. In
plasticized blends, in the same temperature range, the weight loss is higher
compared to unplasticized blends (a weight loss of 15 - 20% in all compositions),
because apart from methane and ammonia, there is also glycerol evaporation
(Figure 5.6C). The next weight loss step at 240 - 420 °C is the largest weight loss
of the blends (more than 45% weight loss), and is associated with the rapid
decomposition of polymer segments of PVA and CS due to the thermal scission of
the polymer backbone [37,38]. The third weight loss occurs at 420 - 500 °C and is
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due to the degradation of by-products generated by PVA during its thermal
degradation, and consequently this loss is not distinguished in CS rich blends.
Finally, a carbonaceous residue of the remaining degraded structures is found at
600 °C and remains constant up to 800 °C. In both unplasticized and plasticized
PVA/CS blends the amount of residue obtained increases with increasing CS
content (Table 5.3 and Table 5.4).

Table 5.3. TGA data for unplasticized PVA/CS nanocomposites in inert atmosphere.

Glycerol-Free  Tow Toow Tinax (°C) Residue
Samples (in N2)  (°C) (°Q) @ ®) © @ (%)
PVA 271 339 - 302 350 425 29
PVA/CS 90/10 232 365 212 314 365 468 6.3
PVA/CS 80/20 223 367 220 294 363 465 9.7
PVA/CS 70/30 214 371 224 299 354 460 13.6
PVA/CS 60/40 206 372 226 298 347 466 17.9
PVA/CS 50/50 191 365 219 306 335 460 20.0
PVA/CS 40/60 188 368 228 313 - 461 25.6
PVA/CS 30/70 199 375 220 307 - 460 30.3
PVA/CS 20/80 190 366 - 301 - 457 32.0
PVA/CS 10/90 198 370 - 294 - - 34.7
CS 171 365 - 293 - - 35.6

@ 1ststage; ® 2ndstage; () 3 stage; @ 4 stage

From the DTG curve of unplasticized and plasticized PVA/CS blends
(Figures 5.6B,D), two superimposed processes can be observed during the largest
decomposition phase (second stage). For unplasticized PVA in this temperature
range, there are two peaks with similar intensity at 302 and 350 °C, but with the
addition of CS the intensity of these peaks changes. The first peak becomes more
intense than the second as the CS content increases. Concretely, for compositions
with CS content higher than 50 wt%, the second peak disappears and the first one

becomes more intense reaching its maximum temperature between 313-293 °C.
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For plasticized blends, the changes in intensity and shape of the DTG curves are

similar to those of unplasticized samples.

Figure 5.6. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/CS

nanocomposites in nitrogen atmosphere.

The thermal decomposition temperature for 5% weight loss (75%) of CS
increases with the addition of PVA, but this temperature for unplasticized blends
in any composition does not exceed that of PVA (Table 5.3). Therefore, it can be
understood that the addition of PVA to CS delays the onset of thermal
degradation, or in other words increases the thermal stability of CS. For
plasticized blends, 75% also increases with the CS content, but in this cases the
temperature values are lower than that of unplasticized blends due to glycerol
evaporation temperature range. However, temperatures of 5% weight loss of the
plasticized blends are much closer to PVA/GLY than to CS/GLY with low PVA
content (Table 5.4). This can be attributed to an improvement in compatibility
between CS and PVA due to the effect of the plasticizer. Additionally, the 50%
weight loss temperature of unplasticized and plasticized PVA/CS blends is higher
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than that of pure polymers. Hence, taking into account the values of 75% and Z50%
it could be assumed that the blends are slightly more stable than the pure

polymers.

Table 5.4. TGA data for plasticized PVA/CS nanocomposites in inert atmosphere.

P(l}als}::?ce;zzl d T5% £ Trax (°C) Residue
Samples (in N2) (C) (C) ®@ ® © @ (%)
PVA 188 327 216 283 355 430 25
PVA/CS 90/10 175 348 227 304 369 469 5.7
PVA/CS 80/20 166 349 218 290 366 466 7.6
PVA/CS 70/30 162 348 226 291 357 464 121
PVA/CS 60/40 165 347 225 291 350 452 14.7
PVA/CS 50/50 165 340 224 293 338 449 18.5
PVA/CS 40/60 174 352 225 305 - 468 22.6
PVA/CS 30/70 180 348 224 306 - 468 25.2
PVA/CS 20/80 175 344 221 306 - 472 28.2
PVA/CS 10/90 180 345 211 307 - - 30.5
CS 145 320 189 294 - - 30.1

@ 1ststage; ® 2ndstage; () 31 stage; () 4th stage

Generally, assuming no interaction between the polymers that conform the
blend, thermal parameters such as the initial degradation temperature or 7%
should not change significantly with the composition. This would mean that in
the thermograms of the blends, the starting degradation temperature would be
similar to that of the less stable polymer [39]. However, the obtained TGA results
indicate that the 75%, 750%,and 7maxof the blends change with the different weight
composition, even giving values of 750% higher than those of pure CS and PVA.
Therefore, this leads to the conclusion that there are certain hydrogen bonding
interactions between PV A and CS in each blend, as well as a good mixture of the

polymers together.
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Differential scanning calorimetry (DSC)

Thermal transition behavior of PVA/CS blends was investigated by DSC.
First cooling and second heating scans for unplasticized and plasticized PVA and
PVA/CS blends are shown in Figure 5.7. The DSC data for unplasticized samples
are summarized in Table 5.5, while for plasticized ones in Table 5.6. The

parameters shown in the tables are obtained in the same way as in Chapter 4.

The thermal behavior of chitosan, and especially its glass transition
temperature (7z), has been the subject of controversy. Some studies reported in
the literature have described the 7 of chitosan at 203 °C [40], while others find
no evidence of 7; suggesting that the 7; of chitosan may be at a higher
temperature, where degradation prevents its determination [41]. Moreover,
according to Neto et al. [42] the source or extraction method of CS strongly
influences the 7; values. Tripathi er al [43] describes in the chitosan DSC
thermogram a sharp exothermic peak of 290 °C, associated to the chitosan
decomposition. In this thesis work, the chitosan did not show any significant

transition in the temperature range of the DSC scans.

Table 5.5. DSC data for unplasticized PVA/CS blends.

PVA/CS T; I AHn I: AH: X
samples QO O (g QO Jg &
PVA 76.1 221.7 76.2 197.7 66.5 53.7
90/10 784 2179 53.9 188.8 50.5 42.2
80/20 829 2118 40.4 180.3 32.8 35.6
70/30 86.8 2065 28.9 171.7 28.6 29.1
60/40 87.7  203.2 21.9 167.5 20.2 257
50/50 85.1 196.5 13.1 153.0 13.0 23.1
40/60 85.5 191.5 10.4 146.3 9.4 14.7
30/70 85.0 185.4 53 134.7 49 9.3
20/80 85.6 178.0 1.7 128.3 1.2 4.0
10/90 86.6 - - - - -
CS - - - - - -
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The glass transition temperature values of unplasticized blends are higher
for all compositions compared to pure PVA, achieving the maximum increase of
11.6 °C for the PVA/CS 60/40 composition (Table 5.5). This behavior is explained
by the interactions of the polymers through hydrogen bonds, which results in an
effective increase of the average molecular weight and therefore of the 7; values.
With regard to this transition, it is important to point out that the combination of
compatible or partially compatible polymers implies that the 7; values are
intermediate between the respective values of the pure polymers. In this sense,
and according to those values reported for chitosan in the literature, the increase

achieved in 7 values in the blends points to the good miscibility of both polymers.

Figure 5.7. DSC thermograms. (A,C) First cooling and (B,D) second heating for unplasticized
(A,B) and plasticized (C,D) PVA/CS blends.

The addition of plasticizer to the different PVA/CS compositions means that
the 7; values are lower than their unplasticized counterparts because glycerol
improves the mobility of the segments of the polymer chain. Despite this
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behavior, on this point it should be noted that the effect of adding CS to PVA is
more prominent in the presence of glycerol, since the glass transition temperature
increases to a greater extent, obtaining an increase of 29 °C for the PVA/CS/GLY
40/60 composition. Therefore, this improvement is attributed to a better

compatibility between the polymers with glycerol.

On the other hand, the melting temperature (7m) values of both
unplasticized and plasticized blends are reduced as the CS content increases. This
behavior also suggests a certain miscibility between PVA and CS, which in turn
leads to a reduction in the crystallization process of PVA. The degree of
crystallinity (Xc), shown in the Table 5.5 and Table 5.6 and calculated by the
second DSC heating scan using the equation that relates the melt enthalpy values
of the blends (4Hm) and of the 100% crystalline PVA (A4H’%) with the PVA
fraction in the blend (Appendix I, equation 1.2.2), confirms the decrease of the
PVA crystallinity when the CS ratio increases in the blend.

Table 5.6. DSC data for plasticized PVA/CS blends.

PVA/CS/GLY T; In AHn L AH: X
samples Q) ¢ (Jg O Jg
PVA/GLY 42,5 216.0 49.8 188.7 47.7 35.1
90/10/GLY 474 2127 47.8 182.4 47.1 37.4
80/20/GLY 529  204.8 17.9 177.2 14.5 15.8
70/30/GLY 58.8  202.6 11.6 169.0 9.9 11.7
60/40/GLY 63.5 204.3 21.8 166.9 21.2 25.6
50/50/GLY 69.9  203.9 16.3 162.6 11.6 28.7
40/60/GLY 71.5 198.9 12.8 157.3 9.3 18.0
30/70/GLY 68.1 198.8 7.9 155.3 5.3 13.9
20/80/GLY 58.7 189.5 53 146.4 3.5 12.4
10/90/GLY 62.9 184.5 1.0 137.0 0.8 3.5
CS/GLY - - - - - -
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The crystallization temperature (7¢) of PVA is also affected by the addition
of CS. In both plasticized and unplasticized blends, the 7: value decreases as the
CS content increases, and even in the unplasticized 10/90 composition it is not
detected. For unplasticized blends, the 7: is delayed by 69.4 °C at 20/80
composition, while in plasticized blends it is reduced by 52 °C at 10/90.

In short, increased CS content results into more amorphous blends (lower
crystallization degree) with a lower melting and crystallization temperatures.
Moreover, the addition of glycerol plasticizer to the blends improves the
compatibility between PVA and CS which, through the analysis of their 7; values,

are confirmed to be partially miscible polymers.

5.3.1.3. Mechanical characterization

Tensile tests were used to determine the mechanical properties of the
PVA/CS blends and also to analyze which composition is suitable to improve the
stiffness and brittleness of the chitosan films shown in Chapter 3. Typical stress-
strain curves of unplasticized and plasticized PVA/CS compositions are presented
in Figure 5.8. Unplasticized blends (Figure 5.8A) show a ductile behavior, as the
deformations are moderate and present yield stress. However, within the different
compositions studied, CS-rich films have proved to be less stretchable. Likewise,
this can be explained by the fact that the blends show a plastic deformation that
increases enormously as the PVA proportion increases. On the contrary,
plasticized blends (Figure 5.8B) show higher deformations and moderate
maximum-stress, as well as relatively low elastic module values. Additionally,

yield stress can only be distinguished in those compositions with high CS content.

The tensile properties as Young’s modulus, break stress and percentage of
elongation at fracture for unplasticized and plasticized pure polymers and
PVA/CS blends are given in Table 5.7 and Table 5.8, respectively, and their
graphical representation is shown in Figure 5.9. The mechanical properties of
pure CS are considerably altered with the addition of PVA and the differences are
more noticeable in the presence of glycerol-plasticizer (Figure 5.9).
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Figure 5.8. Stress—strain curves of (A) unplasticized and (B) glycerol plasticized CS, PVA and
PVA/CS blends.

Table 5.7. Mechanical properties data of unplasticized PVA/CS blends.

Young’s modulus  Break Stress  Elongation at

Sample (MPa) (MPa) break (%)
PVA 13374156 45.4+6.3 211.5:38.7
90/10 96463 55.3+2.8 208.2+27.4
80/20 1170+147 56.2+3.3 132.2+19.5
70/30 1585+153 51.6+4.2 69.3:7.1
60/40 1807+140 41.8+35 38.147.7
50/50 1840+209 40.3+3.2 26.145.1
40/60 17514104 38.4+2.6 26.3:5.3
30/70 1759+196 41.03.2 22.1+3.7
20/80 1778+110 40.0+2.1 21.9:3.1
10/90 1616+170 38.2+3.1 24.4+4.0
cs 1679+141 31.2:6.1 27.3+6.4

Young's modulus and break stress of the CS film increase slightly with the
addition of PVA, while elongation at break also increases, and does significantly
with the composition (Figure 5.9). Specifically, for unplasticized blends, as the
PVA ratio increased up to 50-60%, the elastic modulus shows a slight increase
(9.6%), but above of this amount of PVA, the modulus worsens with respect to

pure polymers. The break stress of pure CS is also improved with the addition of
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PVA, achieving an increment of 22.6% only with the addition of 10% PVA. The
maximum increment is observed in PVA/CS 80/20 composition. Moreover, the
break stress values of 90/10, 80/20 and 70/30 composition blends exceed those of
pure polymers (Table 5.7). This behavior suggests the establishment of bonds
between the chains of both polymers in the blends, which reinforce the network
structure, thus improving the mechanical strength of the films. With respect to
the elongation at break, it is not until an addition of 60 wt% PVA that it is
improved in 39.5% compared to pure CS. Below this PVA content the elongation
at break remains almost constant, and above increases with the composition, but

in any case it does exceed the value obtained for pure PVA.

Figure 5.9. Mechanical properties of PVA/CS blends: (A) Young’s modulus, (B) break stress and
(C) elongation at break.

According to what has been observed in the previous chapters, the addition
of the plasticizer in PVA/CS blends leads to lower Young's modulus and break
stress values and higher elongation at break compared to its unplasticized

counterparts because glycerol destroys the inter- and intramolecular hydrogen
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bonds in the polymer chains which facilitates molecular movements and thus

makes the films more flexible.

For plasticized blends, a gradual decrease in the elastic modulus can be
observed with the increase in the PVA content (Figure 5.9), whereas break stress
for some compositions it gets worse and for others with a PVA composition higher
than 70%, it improves (Table 5.8). The increase in elongation at break is more

prominent in PVA-rich compositions.

Table 5.8. Mechanical properties data of glycerol-plasticized PVA/CS blends.

Young’s modulus Break Stress Elongation at
Sample

(MPa) (MPa) break (%)
PVA/GLY 68+5 33.0+2.2 420.4+29.5
90/10/GLY 45+3 22.4+4.1 290.0+26.5
80/20/GLY 35+4 39.9+4.0 193.6+18.8
70/30/GLY 60+6 21.8+3.9 83.9+9.3
60/40/GLY 106+11 15.0+3.4 48.5+9.7
50/50/GLY 217+17 16.9+1.3 42.8+4.4
40/60/GLY 411+36 17.6+1.4 35.1+5.4
30/70/GLY 504+47 19.0+2.8 37.2+4.9
20/80/GLY 709+35 22.6+2.6 41.6+11.6
10/90/GLY 1039+72 25.1+4.4 37.0+3.4
CS/GLY 1150+80 24.2+4.0 34.5+5.8

In short, this mechanical properties analysis allows us to conclude that
PVA/CS blends, especially those with a CS-rich composition (above 50 wt%), can
be considered strong and more resistant to fracture than pure polymer films,
although their extensibility is considerably reduced compared to PVA films. This
behavior is in line with the formation of bonds between chains that reinforce
compatibility between PVA and CS, but limits the sliding of the polymer chains
during the tensile test, thus reducing the extensibility of the film. In general, the

addition of PVA to CS leads to a decrease in material stiffness and brittleness.
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5.3.1.4. Water vapour permeability of PVA/CS blends

Water permeability is an important property that can determine the
application of a polymer in food packaging. In this area for high barrier packaging,
vacuum packaging and packaging of dehydrated products, a high water vapor
barrier is generally required. CS is commonly described as a material with great
potential for food packaging due to its antimicrobial activity. However, the high
sensitivity of CS films to water makes their long-term application difficult.
Therefore, it is necessary to improve this property to make feasible the use of this
material as a packaging component. Water vapor permeability (WVP) results of
different compositions of unplasticized and plasticized PVA/CS blends are shown
in are shown in Figure 5.10. This analysis was performed at a vapor pressure
difference of 100/58% RH (i.e. at a RH gradient of 100/58) across the film.

Figure 5.10. Water vapor permeability (WVP) for unplasticized and glycerol plasticized
PVA/CS blends.

In line with the behavior of pure CS and PVA observed in Chapters 3 and
4, respectively, the unplasticized PVA/CS blends show significant differences (p
< 0.05) with respect to the plasticized ones. The increased permeability of
plasticized blends is due to the hydrophilic nature of glycerol. The hydroxyl
groups of the glycerol interact with the hydroxyl groups present in the PVA and
CS structures, so the intramolecular attractions along the PVA or CS chains are
reduced and, consequently, the mobility of the chains increases, facilitating the
diffusivity of water vapor through the film and accelerating the transmission of
water vapor [44].
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WVP values of all unplasticized PVA/CS formulations are higher than those
of pure PVA (p < 0.05) and the results represented in Figure 5.10 reveal that WVP
values increase gradually as the CS ratio increases. In the same way, the addition
of PVA to CS decreases permeability properties. This can be explained through
the hydrophilic nature of CS which is higher than that of PVA [45,46]. The
hydrophilicity of CS is due to the existence of -NH and -OH groups in its
structure, while that of PVA to its -OH groups. This assertion can be proved
through the water absorption results shown in Chapter 3 for CS and in Chapter 4
for PVA, where, under the same conditions, CS absorbed more water than PVA.
Consequently, the higher hydrophilicity of CS favors the transport of water
molecules through the film [47]. However, there would be another factor to
consider, the effect of crystallinity. Thermal characterization of PVA/CS films
through DSC has shown that the crystallinity of the blends decreases as the CS
content increases, and consequently the free amorphous regions increase which
means that there is more open matrix in the blends and these regions show less
resistance to water vapor permeability than the crystalline ones, leading to an
increase in permeability. In other words, the polymer chains are less densely
packed due to the wider hydration layers of CS [38].

WYVP values of plasticized PVA/CS formulations are also higher than that
of PVA/GLY (p < 0.05). However, in this case the increment by increasing the CS
content is less pronounced than in unplasticized ones, because glycerol plasticizer
already enhances the WVP at great extent by increasing the intermolecular
interactions between CS and PVA, and preventing the intramolecular interactions

that decrease the diffusion of water.

Taking into account the results of unplasticized PVA/CS blends discussed
in this section, and in particular, the DSC and mechanical properties results, 60/40
composition has been chosen as the most optimal for the preparation and study of
PVA/CS/graphene-based nanocomposites. This composition showed the highest
glass transition temperature, indicating good partial miscibility between PVA and
CS (Table 5.5). Likewise, in the tensile tests, the composition with 60% PV A and
40% CS showed one of the highest values of elastic modulus, as well as a
remarkable value in elongation (Table 5.7). In the rest of the compositions, if the
elongation at break was high, the modulus values did not exceed those of pure

polymers or were even worse.
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5.3.2. Graphene-based PVA/CS nanocomposites

5.3.2.1. Structural and morphological characterization

X-ray diffraction (XRD)
X-ray diffractograms of unplasticized and plasticized PVA/CS (60:40 v/v

ratio) blend, and its nanocomposite films with 0.5, 1 and 2.5 wt% of GO, measured
in the range of 26 = 2°-60°, are presented in Figure 5.11. The XRD pattern of the
PVA/CS 60/40 blend shows four diffraction peaks of which the small one at 11.8°
and the other at 23.5° are related to CS, while the more intense one at 19.9° and
the width at 40.8° are associated with PVA. The plasticized blend shows a similar
diffraction pattern, but with a decrease in peak intensity at 19.9° that could be
ascribed to a decrease in PVA crystallinity.

Figure 5.11. XRD patterns of: (A) unplasticized PVA/CS/GO nanocomposites and (B)
plasticized PVA/CS/GO nanocomposites.

XRD results of unplasticized and glycerol-plasticized PVA/CS/GO
nanocomposite films reveal that the addition of GO does not change the peak
positions described for the blend. However, in the case of unplasticized
nanocomposites only the addition of 2.5 wt% GO leads to a decrease in the
intensity of the 19.9° peak related to PVA crystallinity (Figure 5.11A). In the case
of plasticized nanocomposites, the intensity variation is detected with a 1 wt% of
GO content, but the peak positions are maintained as in the uncharged blend
(Figure 5.11B).
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The absence of the characteristic peak of GO (Chapter 2, Figure 2.22) is
indicating that most GO sheets are well dispersed within the blend, or the peak is
weak (just low content of GO aggregates are formed) and overlapped by the peak
of CS at 11.8°.

Figure 5.12. XRD patterns of: (A) unplasticized PVA/CS/GS nanocomposites and (B) plasticized
PVA/CS/GS nanocomposites.

The X-ray diffraction spectra of the unplasticized and plasticized
PVA/CS/GS nanocomposites synthesized through the in situ method are shown
in Figure 5.12. Compared to PVA/CS blend, the nanocomposite samples show
peaks at 26 = 19.9° and 40.8°, while the broad GS peak at 26 = 24.3° disappears
(Chapter 2, Figure 2.22) suggesting that the GS sheets are homogeneously
dispersed in the matrix. For unplasticized nanocomposites, the diffraction peak
intensity at 26=19.9° decreases with the addition of 1 wt% GS or higher content,
indicating a decrease in PVA crystallinity. However, this behavior is not equally
apparent for glycerol-plasticized nanocomposites. Therefore, XDR results suggest
that the crystallinity of the PVA/CS blend decreases with increasing GS content,
but this effect is less pronounced in the presence of plasticizer. However, this
statement has to be confirmed by the DSC analysis in which crystallinity values

can be calculated.
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Nanostructure and morphology

The morphological analysis of the different graphene-based PVA/CS
nanocomposites was performed by SEM and TEM. Figure 5.13 displays SEM
micrographs of the fractured cross sections of unplasticized and plasticized
nanocomposites films containing 1 wt% of GO and 1 wt% GS. Unlike the PVA/CS
blend (Figure 5.5), which structure is smooth, the morphology of the
nanocomposite changes, becomes rough and exhibits little wrinkles assigned to
the GO or GS sheets presence.

SEM micrographs of unplasticized and plasticized PVA/CS/GO show a
uniform distribution of GO sheets through single-phase PVA/CS blend. The
homogeneous distribution of the filler leads to the uniform load transfer within
the blend matrix which suggests the strong hydrogen bonding interactions of
nanofiller and polymers.

PVA/CS/GO 60/40/1.0

Figure 5.13. SEM images of the fractured surface of unplasticized and plasticized PVA/CS/GO
and PVA/CS/GS nanocomposites with 1 wt% of filler.

Likewise, the images of unplasticized and plasticized PVA/CS/GS, prepared
by in situ reduction exhibit a rougher fractured surface with no aggregates of GS,
and a wave-like morphology.

Furthermore, analyzing the glycerol effect, the roughness of the fracture
surface slightly increases when the plasticizer is present, which suggests an
improvement in the dispersion of the filler in the PVA/CS blend.
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TEM images of unplasticized and plasticized PVA/CS/GO and PVA/CS/GS
nanocomposites with 1 and 2 wt% of filler presented in Figure 5.14 confirm the
good dispersion of GO or chemically reduced graphene oxide sheets (GS)
throughout the blend, but a slight improvement in dispersion could be noted in

the plasticized nanocomposites.

PVA/CS/GO

| 60/40/1.0 60/40/1.0/GLY |

L4 .

Figure 5.14. TEM images of: plasticized and unplasticized PVA/CS/GO and PVA/CS/GS
nanocomposites filled with 1 and 2 wt% of GO or GS at different magnifications.

301



Chapter 5

5.3.2.2. Thermal characterization

Thermogravimetric analysis (TGA)

The influence of GO and GS on the thermal stability of PVA/CS 60/40 blend
was evaluated by TGA. Thermogravimetric (TG) and derivative

thermogravimetric (DTG) curves of plasticized and unplasticized GO-based
nanocomposites in inert atmosphere are displayed in Figure 5.15, and Table 5.9

summarizes the data collected from these curves.

In line with the results described above for blends, the first stage, which
can be distinguished in the TG curves of unplasticized PVA/CS/GO
nanocomposites takes place in a temperature range of 150 - 250 °C and results in
a weight loss of 10% in all samples (Figure 5.15A). At this stage there is a loss of
methane and ammonia due to the removal reaction that takes place in the chitosan
[36]. Likewise, plasticized nanocomposites in this temperature range also show
this stage, but with a different peak shape in the DTG curve and with a higher
weight loss (=15%) due to glycerol evaporation (Figures 5.15C,D). The second
weight loss step, between 250 and 430 °C, for both unplasticized and plasticized
nanocomposites, is the largest weight loss, with over 55% weight loss and is
related to the rapid decomposition of polymers segments. The third weight loss at
420 - 500 °C, is associated to the degradation of by-products generated by PVA
during its thermal degradation. Finally, from 600 °C to 800 °C, the weight is kept
constant and allows the calculation of the percentage of carbonaceous residue of

the degraded structures.

The addition of GO alters the degradation temperatures and DTG profile of
PVA/CS 60/40 blend. The second stage of decomposition of unplasticized and
plasticized PVA/CS blends exhibits two peaks in the DTG curve which are
ascribed to the elimination of the side groups (-OH) and the polymers chain
scission reactions. In the presence of GO, as the content grows the first peak
becomes less intense and even shifts giving higher 7max values, i.e. closer to the
temperatures where the second peak appears. However, the intensity of the other
peak increases and also shifts with the content. Specifically, in the case of
unplasticized nanocomposites, the first peak shifts notably with a GO content
above 1.5%, but in the plasticized ones the increase is more gradual (Figures
5.15B,D). In both unplasticized and plasticized nanocomposites the greatest
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difference in 7max of the two peaks is found in the maximum GO content studied.
Therefore, the removal of the side groups occurs at higher temperatures in the
presence of GO.

The 75% and T50% of the unplasticized 60/40 blend are hardly altered by the
presence of GO (Table 5.9). The addition of 2.5 wt% causes a decrease of 5 °C in
the temperatures corresponding to 5% weight loss, while the 750% increases by 9
°C. However, for plasticized nanocomposites in all GO compositions, 75% and 750%
increase. Among the different compositions of GO analyzed, no remarkable
differences are detected, but with respect to the unfilled blend, for example, the

higher GO content causes an increase of 32 °C in 75% and 22 °C in Z50%.

Figure 5.15. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/CS/GO

nanocomposites in nitrogen atmosphere.

The residue percentage obtained for both plasticized and unplasticized

nanocomposites hardly changes with the addition of GO. The variations recorded
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are attributed to the experimental error, since the percentages of filler analyzed
are very low (the higher the content, the higher is the carbonaceous residue) in

comparison with the amount of polymer in the nanocomposites.

Table 5.9. TGA data for unplasticized and plasticized PVA/CS/GO nanocomposites.

Glycerol-Free  Ti% Toow Tinax (°C) Residue
PVACSIGO () (O w o © @ (%)
PVA/CS 60/40 206 372 226 298 347 466 17.9
60/40/0.25 202 369 214 301 347 467 18.1
60/40/0.5 201 372 216 300 347 469 18.2
60/40/0.75 191 371 213 299 349 468 16.9
60/40/1.0 197 372 215 300 354 465 17.3
60/40/1.5 200 373 223 302 350 466 17.5
60/40/2.0 201 369 226 339 372 456 18.0
60/40/2.5 201 381 229 340 377 465 17.8
P(l}:s};?j;z(:el i o Toow Toax (°C) Residue
e O O 4 e 6w
PVA/CS 60/40 165 347 225 291 350 452 14.7
60/40/0.25 197 362 231 297 353 457 16.2
60/40/0.5 189 357 228 295 354 461 15.6
60/40/0.75 190 366 231 300 366 466 15.2
60/40/1.0 197 367 233 303 362 464 16.2
60/40/1.5 202 365 228 315 358 456 16.8
60/40/2.0 200 367 229 316 366 459 17.0
60/40/2.5 197 369 230 314 373 464 16.7

@ Iststage; ® 2ndstage; ) 3t stage; (@ 4 stage
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Considering the whole degradation process, the thermal stability of the
unplasticized PVA/CS 60/40 blend is slightly improved by the addition of GO.
However, in the presence of glycerol the effect of GO is more pronounced,
obtaining higher stability with all filler contents, since maximum stabilization is

observed at the temperature at which the highest rate of weight loss occurs.

On the other hand, the effect of GS (in situ reduced GO) on the thermal
stability of PVA/CS 60/40 blend was also evaluated. TG and DTG curves for GS
nanocomposites are shown in Figure 5.16. The thermal degradation
characteristics 75%, T50%, Tmaxand the solid residue fraction at 800 °C are recorded
in Table 5.10. The degradation stages observed for PVA/CS/GS nanocomposites

are similar as with their GO counterparts.

Figure 5.16. TG (A,C) and DTG (B,D) curves of unplasticized and plasticized PVA/CS/GS

nanocomposites in nitrogen atmosphere.
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Table 5.10. TGA data for unplasticized and plasticized PVA/CS/GS nanocomposites.

Glycerol-Free  T% Tow Tnax (°C) Residue
PVA/CS/GS  (C) C) 0 o o @ (%)
PVA/CS 60/40 197 371 220 303 342 437 17.8
(6 hat 60 °C)

60/40/0.25 200 369 223 343 375 462 17.0
60/40/0.5 198 370 220 344 374 463 17.8
60/40/0.75 198 372 221 338 365 462 17.1
60/40/1.0 188 369 219 344 372 459 18.6
60/40/1.5 190 371 217 331 365 459 18.3
60/40/2.0 194 375 218 330 371 464 19.5
60/40/2.5 204 379 241 328 363 450 21.1
P?:s};?:;z(:el d % T3o% Tnax (°C) Residue
PVA/CS/GS (C) (C) @ ®  © @ (%)
f;‘;ﬁ%?cf(’/‘*o 182 354 224 292 356 455 14.6
60/40/0.25 193 359 223 293 360 462 15.3
60/40/0.5 180 359 220 295 366 466 14.8
60/40/0.75 195 364 221 293 359 465 16.6
60/40/1.0 194 363 221 - 362 468 16.8
60/40/1.5 192 364 218 - 367 453 17.0
60/40/2.0 191 365 219 - 366 464 17.5
60/40/2.5 194 367 222 - 369 454 18.1

@ Iststage; ® 2ndstage; ) 3t stage; (@ 4 stage

The presence of GS has effect on unplasticized and plasticized PVA/CS
60/40 blend degradation, there is a significant change in the shape of the DTG
curves (Figures 5.16B,D). In the DTG curve, the second stage contains two peaks,
but after adding 0.5 wt% GS to the unplasticized PVA/CS blend, the first peak is
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less pronounced and the intensity of the second peak increases. However, for
plasticized nanocomposites, the first peak of this stage is not clearly detected
above 0.75% GS and the second peak gives higher 7max values.

Similar to what happened with GO, the 75% and 750% of the unplasticized
blend is slightly altered by the addition of GS (Table 5.10). The nanocomposite
with 2.5 wt% of GS exhibits the highest thermal stability, due to 75% and Z50%
increases 7 and 4 °C, respectively. However, this improvement is more remarkable
in the case of PVA/CS/GS plasticized nanocomposites. 75% increases with the
addition of GS (Table 5.10), as well as 750%, achieving an increment of 12 and 13
°C, respectively, for a 2.5 wt% GS content. Considering all these results, the
thermal stability of PVA/CS 60/40 or plasticized PVA/CS blend is improved with
the addition of GS, but this filler provides greater stability in the presence of
glycerol.

In accordance with the description in Chapter 4, the increased thermal
stability of the PVA/CS blend loaded with graphene-based fillers can be attributed
to the high thermal stability of these nanofillers, specifically to the mass transport
barrier effect of the uniformly dispersed graphene sheets to the volatile
degradation products, and also to char formation [48]. The diffusion of the evolved
volatile gas during thermal decomposition is delayed, the diffusion of oxygen in

the polymer matrix is prevented.

Differential scanning calorimetry (DSC)

The effect of different graphene-based fillers on the thermal transition
behavior of the PVA/CS 60/40 blend was also investigated by DSC. First cooling
and second heating scans for unplasticized and plasticized PVA/CS/GO
nanocomposites are shown in Figure 5.17 and the DSC data for these samples are

summarized in Table 5.11.

The unplasticized 60/40 blend was the composition that showed the highest
glass transition temperature value among all the PVA/CS compositions studied
(Table 5.5), suggesting a good and higher interaction between the two polymers
through the hydrogen bonds. The 7; of this blend increase slightly with GO
content, obtaining the highest temperature with the addition of 2.5 wt% GO, an
increase of 6.2 °C. The use of plasticizers results in lower 7; values than their
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unplasticized counterparts. However, the addition of GO to plasticized blend also
changes the 7; values. The 0.25 wt% and 2.5 wt% of GO leads to a remarkable
increase in the 7 exactly 13.3 and 9.4 °C respectively, while the rest of GO
contents change only between 0.1 - 3.6 °C. The increase in 7zis explained by
reduced mobility of the polymer chains due to interfacial interactions between
the hybrid and the polymer blend.

Table 5.11. DSC data for unplasticized and plasticized PVA/CS/GO nanocomposites.

Glycerol-Free T; T AHx T AH: X

PVA/CS/GO QO (g €O Jdg (0
PVA/CS 60/40 8.4 2032 219 1675  20.2 25.7
60/40/0.25 88.0 1974 196 1549 172 23.1
60/40/0.5 8.3 1997 187 1566 167 22.1
60/40/0.75 88.0 1963 174 1551 15.9 20.6
60/40/1.0 884 1997 167 1589 149 19.8
60/40/1.5 89.0 1960 147  151.2 13.9 17.5
60/40/2.0 85.2 1941 139 1482 12.7 16.6
60/40/2.5 926 1952 146 1544 117 17.6
Glycerol Plasticized T: T AH: T AH: X

PVA/CS/GO QO ¢ (g QO dJdg
PVA/CS 60/40/GLY 635 2043 218 1669 212 25.6
60/40/0.25/GLY 76.7 2089 202 1701  20.0 23.8
60/40/0.5/GLY 645 2051 205 1688 202 242
60/40/0.75/GLY 67.1 2040 188 167.0 176 22.2
60/40/1.0/GLY 653 1996 199 161.1 19.0 23.6
60/40/1.5/GLY 63.6 1988 185 1605 185 220
60/40/2.0/GLY 655 2022 199 161.1 198 23.8
60/40/2.5/GLY 729 2047 177 1653 172 21.3
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Figure 5.17. DSC thermograms. (A,C) First cooling and (B,D) second heating for unplasticized
(A,B) and plasticized (C,D) PVA/CS/GO nanocomposites.

Regarding the melting temperature (7m), in unplasticized nanocomposites
the incorporation of GO causes a slight temperature decrement and not gradually
with increasing content. The highest load contents (2 wt% and 2.5 wt%) undergo
the greatest decrease, which means that the graphene oxide sheets cause the
fusion to take place a little earlie (Table 5.11). For the plasticized nanocomposites
the 7m is hardly altered, in low contents it increases slightly, but from 0.75 wt%
of GO it decreases a few degrees.

The addition of GO also causes a decrease in the degree of crystallinity (Xc)
of both plasticized and unplasticized PVA/CS blends. The reduction is gradual for
unplasticized nanocomposites, while for plasticized ones the variance between
the different GO contents is very low. A content of 2.5 wt% GO reduces the
degree of crystallinity of the unplasticized blend from 25.7% to 17.6%, but with
glycerol it changes from 25.6% to 21.3%. Additionally, the crystallization
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temperature (7c) is also affected by the GO (Figures 5.17A,B). For unplasticized
nanocomposites, the 7: value is lower in all contents compared to the unfilled
blend. However, in plasticized the contents below 0.75 wt% the 7: increases by a

maximum of 3.2 °C, while at higher contents it decreases slightly.

Table 5.12. DSC data for unplasticized and plasticized PVA/CS/GS nanocomposites.

Glycerol-Free T; In AHx I: AH: X

PVA/CS/GS §9) §9) (/g) §9) J/g) (%)
PVA/CS60/40 6hat6o'c) 825 2006 207 1594 182 243
60/40/0.25 915 1927 151 1411 143  17.8
60/40/0.5 91.9 1911 123 1381 72 145
60/40/0.75 927 1902 108 1405 57 128
60/40/1.0 91.0 1847 101 1355 31 120
60/40/1.5 90.4 1875 115 1544 29 137
60/40/2.0 912 1802 99 1500 24 119
60/40/2.5 915 1617 68 1220 22 82

Glycerol Plasticized T: I AHx T AH: X

PVA/CS/GS §9) §9) J/g) §9) (/g) (%)
PVA/CS 60/40/GLY 542 1999 263 1648 249 309
(6 h at 60 °C)
60/40/0.25/GLY 574 1959 209 1597 179 246
60/40/0.5/GLY 699 1970 191 1588 137 225
60/40/0.75/GLY 625 1909 180 160.8 119 213
60/40/1.0/GLY 769 1922 148 1698 7.6  17.6
60/40/1.5/GLY 753 1836 122 1575 53 145
60/40/2.0/GLY 723 1830 109 1560 67  13.1
60/40/2.5/GLY 704 1767 99 1498 59 119
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The effect of chemically reduced GS on the thermal transitions of the
PVA/CS 60/40 blend (heated sample according to PVA/CS/GS nanocomposite
synthesis conditions) can be evaluated with the data displayed in Table 5.12 and
with the DSC thermograms shown in Figure 5.18. The glass transition
temperature is increased by at least 9 °C for unplasticized nanocomposites with
the GS addition. The 0.75% GS content results in the maximum 7; value observed
among all the nanocomposites studied, 92.7 °C. In plasticized films, the 7; also
increased and the highest temperature is recorded adding 1.0 wt% of GS. As
before, the enhanced 7;can be explained by the reduced polymer chain mobility
due to the interfacial interactions between the hybrid and the blend.

Figure 5.18. DSC thermograms. (A,C) First cooling and (B,D) second heating for unplasticized
(A,B) and plasticized (C,D) PVA/CS/GS nanocomposites.

In the second heating (Figures 5.18B,D), the incorporation of different
amounts of GS, in both unplasticized and glycerol plasticized blend, leads to
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important changes in the 7n values compared to PVA/CS blend (Table 5.12).
Melting temperature decreases gradually as the GS content increases, and the
same pattern can be seen in the case of melting enthalpy. The greatest decrease in

T is registered in the absence of plasticizer, where with 2.5 wt% of GS it changes
from 200.6 °C to 161.7 °C.

The incorporation of GS also causes a remarkable decrease in crystallization
temperature and the degree of crystallinity as the filler content rises. For
unplasticized samples, with the highest GS content the 7: drops to 37.4 °C, while
in the presence of plasticizer it decreases by 15 °C. These results suggest that GS
in the absence of glycerol greatly delays crystallization. However, with regard to

the degree of crystallinity, the reduction is greater in the presence of plasticizer.

Considering all the results discussed, it can be concluded that, among the
graphene-based nanofillers used, the addition of GS results in a more amorphous
blend with a lower melting and crystallization temperature. In addition,
compatibility between the PVA and CS is enhanced by the integration of any of
the two graphene-based fillers.

5.3.2.3. Mechanical characterization

The good dispersion of GO and GS within the PVA/CS blend confirmed by
SEM, TEM and XRD, combined with the hydrogen bond interaction between the
PVA/CS polymer chains and fillers has resulted in improved thermal stability of
the films and enhanced miscibility, so this can anticipate improved mechanical
properties. To this effect, the mechanical characterization of PVA/CS based
nanocomposites with different filler contents was performed through tensile tests.

The representative stress-strain curves of unplasticized and plasticized
PVA/CS/GO nanocomposites are shown in Figure 5.19 and the mechanical data
are listed in Table 5.13, as well as their representation in Figure 5.20. The
unplasticized nanocomposites (Figure 5.19A) show a ductile behavior with yield
stress points, while plasticized nanocomposites (Figure 5.19B) have an elastomeric
behavior with low elastic modulus values, without the presence of yield stress. In
general, an improvement of the mechanical performance of the nanocomposites

can be distinguished in comparison to the pure PVA/CS blend (Figure 5.20).
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Figure 5.19. Stress—strain curves of (A) unplasticized and (B) glycerol plasticized PVA/CS/GO

nanocomposites.

The GO presence in unplasticized and plasticized PVA/CS matrix leads to
an increase in the elastic modulus, which in turn, is affected by the filler content
(Figure 5.20A). In the case of unplasticized nanocomposites, the addition of a
small amount of GO within the matrix has only a marginal effect, with 0.25 wt%
Young's modulus increasing from 946 MPa to 1071 MPa. However, by adding 2.5
wt% the modulus increment is very significant, increasing by =50%. With
glycerol, the addition of 0.25 wt% results in a low decrease in elastic modulus, but
the rest of the compositions show higher values than the unloaded plasticized
blend. The incorporation of 2.0 and 2.5 wt% has an important increase in
modulus, 71 and 82%, respectively (Table 5.13). This trend is common and is
attributed to the above-mentioned interaction between the PVA/CS matrix and
GO, as well as to the good dispersion of GO, which leads to a more uniform
distribution of stress and minimizes the presence of stress concentration centers
[49]. Another important factor that can alter the tensile properties of a polymer is
the change of crystallinity, but in this case the low reduction of the degree of
crystallinity with the GO content (Table 5.11), has not affected the mechanical

behavior.

For unplasticized PVA/CS/GO nanocomposites, the break stress also
increases with GO content, but in glycerol plasticizers it remains constant, the
variation is almost within the experimental error (Figure 5.20B). The addition of
2.0 wt% GO to unplasticized PVA/CS leads to the greatest increase in break stress,

an increase of about 72%. The yield stress points of unplasticized nanocomposites
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increase with GO content (Table 5.13), but with glycerol they could not be
identified because the limits of the elastic behavior and the start of the plastic
behavior could not be precisely differentiated by the MTS TestWorks 4 software.

Figure 5.20. Mechanical properties of PVA/CS/GO nanocomposites: (A) Young’s modulus, (B)

break stress and (C) elongation at break.

The elongation at break of unplasticized and plasticized PVA decreases with
the addition of GO (Figure 5.20D). From a content higher than 0.75 wt% the
decrease in elongation is significant (Table 5.13). The lowest elongation at break
is obtained for unplasticized films with 2.5 wt% of GO in comparison with
unloaded PVA/CS blend, the reduction is about 55%. With glycerol the addition
of GO affects to a lesser extent, giving the maximum decrease with 2.0 wt% GO
(=46%). These results indicate that the addition of GO results in more brittle
materials compared to the blend.
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Table 5.13. Mechanical properties data of unplasticized and glycerol-plasticized PVA/CS/GO
nanocomposites.

Young’s ) Break Elongation
Sample modulgus Yield stress Stress at bii'eak
o) M e )
PVA/CS 60/40 946+78 28.6+1.9 37.8+3.1 59.6+5.2
PVA/CS/GO-0.25 1071+88 33.0+2.9 40.8+4.2 54.8+7.4
PVA/CS/GO-0.5 1148+105 35.9+3.0 44.1+2.7 51.5+5.7
PVA/CS/GO-0.75 1191+71 36.9+2.8 41.6+4.3 45.1+8.4
PVA/CS/GO-1 1200+86 37.4+2.8 42.2+25 42.5+6.8
PVA/CS/GO-1.5 1275+86 40.2+2.6 44.8+2.8 37.1+2.8
PVA/CS/GO-2 1454497 49.2+5.3 51.2+4.9 28.0+2.8
PVA/CS/GO-2.5 1418+108 47.5+2 .4 48.0+1.8 26.7+3.4
PVA/CS/GLY 60/40/GLY 65+6 - 20.4+2.5 75.1+7.9
PVA/CS/GO-0.25/GLY 52+6 - 17.3+0.9 72.9+2.9
PVA/CS/GO-0.5/GLY 73+10 - 20.9+1.7 76.9+6.7
PVA/CS/GO-0.75/GLY 77+8 - 18.7+1.6 62.5+4.8
PVA/CS/GO-1/GLY 76+12 - 19.7+2.6 65.5+8.3
PVA/CS/GO-1.5/GLY 79+10 - 18.8+3.7 61.7+8.5
PVA/CS/GO-2/GLY 112+15 - 17.0+2.5 40.3+6.7
PVA/CS/GO-2.5/GLY 119+7 - 22.0+0.7 47.5+2.8

Regarding PVA/CS/GS nanocomposites, the stress-strain curves of
unplasticized and plasticized nanocomposites are shown in Figure 5.21, the
mechanical properties data in Table 5.14 and their graphics in Figure 5.22. Based
on stress-strain curves, unplasticized PVA/CS/GS films can be considered ductile
materials, while plasticized nanocomposites, having no yield point and low

Young's modulus as elastomeric type materials.

According to Chapter 4, the difference in mechanical properties data of the
unplasticized and plasticized PVA/CS blend shown in Table 5.13 and Table 5.14
is attributed to the heat treatment (6 h at 60 °C) carried out to subject the blend
to the same conditions as for the in situ GO reduction synthesis.
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Figure 5.21. Stress—strain curves of (A) unplasticized and (B) glycerol plasticized PVA/CS/GS

nanocomposites.

Figure 5.22. Mechanical properties of PVA/CS/GS nanocomposites: (A) Young’s modulus, (B)
break stress and (C) elongation at break.

The addition of GS in the PVA/CS 60/40 blend only has a significant
improvement effect in the presence of plasticizer (Figure 5.22A). A 0.25 wt% GS

content causes a notable reduction in the Young’s modulus of unplasticized
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nanocomposites (17%). The rest of the contents show a constant elastic modulus,
but lower values than unloaded blend. In contrast, in the plasticized
nanocomposites the modulus increases as the GS content increases, the maximum
increase reached is ~595% with a load of 2.5 wt% GS. Therefore, the reinforcing
action of GS is stronger in the presence of glycerol due to the better interfacial
contact of the filler with the PVA/CS matrix, which is in good agreement with
the SEM and TEM results.

Table 5.14. Mechanical properties data of unplasticized and glycerol-plasticized PVA/CS/GS
nanocomposites.

Young’s . Break Elongation
Sample modulgus Yield stress Stress at bgreak
(MPa) (MPa) (MPa) (%)
PVA/CS 60/40 1888+143 55.1+3.0 47.4+2.3 51.7+7.4
PVA/CS/GS-0.25 1574+144 49.7+5.7 45.6+2.8 44.9+8.5
PVA/CS/GS-0.5 1721+135 52.3+4.3 43.4+4.0 28.2+1.9
PVA/CS/GS-0.75 1717+158 48.3+3.1 43.1+3.3 30.2+5.8
PVA/CS/GS-1 1788+115 53.6+4.0 47.0+3.2 24.2+5.5
PVA/CS/GS-1.5 1779+129 55.7+4.7 51.3+4.9 21.2+3.8
PVA/CS/GS-2 1839+144 55.6+4.6 53.4+4.3 11.8+1.3
PVA/CS/GS-2.5 1845+119 57.5+6.8 55.7+6.3 5.5+1.8
PVA/CS/GLY 60/40/GLY 84+8 - 20.5+5.9 56.3+8.2
PVA/CS/GS-0.25/GLY 123+15 - 23.0+2.3 62.2+8.0
PVA/CS/GS-0.5/GLY 211+24 - 24.3+2.8 51.2+6.8
PVA/CS/GS-0.75/GLY 322+31 - 25.6+2.3 50.5+3.9
PVA/CS/GS-1/GLY 347+29 - 25.1+1.8 36.7+2.0
PVA/CS/GS-1.5/GLY 431+39 - 29.8+2.4 40.7+4.8
PVA/CS/GS-2/GLY 450+46 - 29.3+2.7 39.7+2.9
PVA/CS/GS-2.5/GLY 585+63 - 31.9+2.3 27.9+2.6

In unplasticized PVA/CS/GS nanocomposite films the yield stress is not
altered by the presence of GS and the break stress is not significantly increased up
to a content of 2.0 wt% (Table 5.14). However, in films with glycerol, apart from

the fact that the yield point is not observed, the stress at break increases with the
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GS content. A GS content higher than 1 wt% results in an increase of the break
stress by at least 39%. The elongation at break of both unplasticized and
plasticized PVA/CS/GS nanocomposite films decreases as the GS content increases
(Figure 5.22D), achieving the highest reduction in the case of the unplasticized
nanocomposites. Specifically, the elongation of the PVA/CS/GS-2.5 film is
reduced by =89% and that of its glycerol-plasticized counterpart by ~50%. This

behavior indicates that the graphene increases the brittleness of the blend.

In order to observe the difference in the effect of the two graphene-based
fillers examined, Figure 5.23 displays the rate change of mechanical properties for
unplasticized and plasticized PVA/CS/GO and PVA/CS/GS nanocomposites (with
a 60/40 PVA/CS ratio).

Figure 5.23. Change ratio of: (A.1 and A.2) Young’s modulus, (B) break stress and (D) elongation
at break for unplasticized and plasticized PVA/CS/GO and PVA/CS/GS nanocomposites.
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From the above results, it can be concluded that the synergistic reinforcing
effect is mainly observed in nanocomposites containing GS and glycerol. GO also
improves the mechanical properties of the PVA/CS blend, but in a lesser extent.
This difference can be attributed to a better dispersion of the filler in the polymer
matrix due to the heat treatment needed for in situ GO reduction, which seems

to ease and increase the interface interactions between filler, PVA and CS.

5.3.2.4. Water vapour permeability

The water vapor permeability (WVP) results of unplasticized and
plasticized PVA/CS/GO nanocomposites with different filler contents are shown
in Figure 5.24A, and their counterparts with GS as a nanofiller in the Figure 5.24B.

According to the permeability results of PVA/CS blends described above
(Figure 5.10), the unplasticized nanocomposites show significant differences (p <
0.05) in permeability with respect to the plasticized ones. WVP values are higher
because the hydroxyl groups of the glycerol interact with the polar groups present

in the polymer structures, resulting in a higher diffusion of the water molecules.

Figure 5.24. Water vapor permeability (WVP) for unplasticized and glycerol plasticized (A)
PVA/CS/GO and (B) PVA/CS/GS nanocomposites.

The permeability of unplasticized PVA/CS 60/40 blend is increased by the
addition of different GO contents, ranging from 0.5 wt% to 2.5 wt% (Figure
5.24A). However, the apparent increase is not linear with the increment in filler

content. Furthermore, compared to the blend, the change observed is not
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statistically significant (p > 0.05) with the addition of 1.5 and 2% GO, but with
the rest of the contents there are statistically significant differences (p < 0.05). For
the plasticized PVA/CS/GO nanocomposites, the addition of GO increases
considerably the permeability (Figure 5.24B), obtaining statistically significant
differences for all the studied compositions (p < 0.05). Specifically, the addition of
0.5 wt% GO to the plasticized PVA/CS blend increases the permeability value by

38.2%, but this modification is lower with increasing filler content.

According to the results of the DSC (Table 5.11) the increased permeability
achieved by the addition of GO to the unplasticized and plasticized PVA/CS
blends can be explained though the reduction of crystallinity. However, there is
another effect to be considered that could explain the observed decrease as the
GO content increases (contents higher than 0.25 wt%) in the case of plasticized
nanocomposites. The presence of the sheets leads to a more tortuous path that
water molecules require to permeate through film, leading to lower diffusion

process and consequently, lower WVP.

In the case of unplasticized and plasticized PVA/CS/GS nanocomposites,
compared to heated-PVA/CS 60/40 blends, in general the permeability seems to
be less affected by the addition of GS (Figure 5.24B). In more detail, for
unplasticized nanocomposites, the addition of 1, 1.5 or 2.5 wt% of GS results in a
statistically significant decrease (p < 0.05) in permeability, whereas for plasticized
ones only the addition of 2.5 wt% of GS shows a significant decrease. The rest of

the GS compositions do not show any noticeable effect on the WVP values.

Comparing water vapor permeability values for GO and GS
nanocomposites, it can be emphasized that the WVP is higher for PVA/CS/GO
nanocomposites (Figure 5.24). This difference can be attributed to the fact that
the functional oxygen groups of GO make it a hydrophilic filler that interacts with
the hydroxyl and -NH groups of the blends, but also with water, facilitating the
diffusion, and therefore permeability.
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5.3.2.5. Swelling and dissolution degree

The water absorption capacity is an important factor to consider in
hydrophilic polymers because the mechanical properties of the materials will be
altered as a function of water retention. In addition, water absorption plays an

important role for biomedical applications, especially for tissue engineering.

In this chapter, instead of providing the water absorption degree, swelling
degree of the nanocomposites will be discussed, since the films, after being
immersed in water for a while, were falling apart when trying to remove the
excess of water or water surface. This behavior is ascribed to the fact that the two
polymers that compose the nanocomposite matrix are not cross-linked (physical
bonding). Therefore, keeping the films submerged for 24 h at room temperature,
the water molecules penetrate the three-dimensional network formed by the
PVA and the CS, breaking the interactions between the two polymers and
weakening the structure, which makes it difficult to manipulate. For the swelling
degree, the underwater nanocomposite pieces have been weighed without
vigorously drying the film surfaces. Thus, in this analysis we are measuring the
water strongly associated with the polymer matrix (through hydrogen bonds) and
water with a high degree of mobility that is not affected by the polymer

environment known as free water or non-integrated water [50].

Figure 5.25 displays the swelling ratio for unplasticized and plasticized pure
PVA, pure CS, PVA/CS blend (with a 60/40 ratio) and PVA/CS/GO
nanocomposites films, as well as the degree of dissolution of these films as a result
of being immersed in water for a day at room temperature, calculated from
equation 1.7.2 described in Section 1.7. of the Appendix I. According to Figure
5.25A, the use of glycerol prevents swelling of the films as a result of hydrogen
interactions between polymers and plasticizer, leaving no hydroxyl or -NH free
groups to interact and catch water molecules. Similarly, these interactions prevent
to some extent the dissolution of the short polymer chains in most of the analyzed
specimens (Figure 5.25B).

Unplasticized PVA/CS blend exhibits a higher swelling degree than the two
pure polymers because PVA and CS are partially miscible and together result in
an amorphous polymer structure. The 60/40 blend shows a decrease in

crystallinity compared to pure PVA (Table 5.5), which makes the polymer chains
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more available to interact with the water. However, the dissolution degree of the

blend is between the values of the two pure polymers.

Figure 5.25. (A) Swelling ratio and (B) dissolution degree for PVA, CS, PVA/CS 60/40 blend
and PVA/CS/GO nanocomposites films.

The presence of GO in the unplasticized blend affects the structure of the
polymers network decreasing the swelling degree as the GO content increases.
The addition of 2 and 2.5 wt% of GO leads to a lower swelling rate than pure
polymers, and with respect to the unfilled blend, these contents decreases
swelling degree by 44% and 47%, respectively. Therefore, the interactions of the
filler with the polymers prevent them from catching water. In contrast, in
plasticized films there are no noticeable differences between the samples with
different GO contents. The addition of 20% glycerol (relative to the total weight
of the polymer) hides the effect of the filler because the GO contents tested are at
least ten times lower. Regarding the dissolution degree, as it was expected, PVA
being a polymer that dissolves in water, is the film with the highest dissolution
degree, since CS requires a slightly acid medium. The GO content does not have
a remarkable effect, only in the unplasticized nanocomposites with 2.0 and 2.5
wt% it can be pointed out a decrease of 36 and 41%, respectively. For plasticized

nanocomposites the dissolution degree is almost constant.

Following the same discussion, the effect of GS and plasticizer on swelling
and dissolution degree of pure PVA, pure CS, PVA/CS blend and PVA/CS/GS
nanocomposite films is presented in Figure 5.26. It should be noted that all
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unfilled samples have been heat treated for 6 h at 60 °C according to the in situ

GO reduction conditions.

In the case of the unplasticized blend, GS also alters the swelling and
dissolution degrees, since only with a content of 0.5 wt% the swelling degree
decreases by 74% and the dissolution degree by 61%. Consequently, the presence
of the graphene sheets in the PVA/CS blend decreases the inclusion of water in
the polymer network. However, no differences are observed between the
different filler contents. When glycerol is present, GS does not seem to have any

noticeable effect.

Figure 5.26. (A) Swelling ratio and (B) dissolution degree for PVA, CS, PVA/CS 60/40 blend
and PVA/CS/GO nanocomposites films. A/l samples have been 6 h at 60 °C.

Comparing GO and GS results, it is worth noting that in the presence of GS,
the PVA/CS blend absorbs somewhat less water and dissolves less polymer
quantity. This difference could be explained by the large number of hydrophilic
groups grafted onto the surface of the GO that promote water absorption and
hence film swelling. These hydrophilic groups in the GS are less as a result of
chemical reduction undertaken.
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5.4. Conclusions

The blending of chitosan and PVA resulted in homogeneous films, which
means a good interfacial adhesion and compatibility between the polymer
matrices. The addition of contents above 20% PVA to CS caused an increase in
the degree of crystallinity, as well as an improvement in the thermal stability of
CS. Compared to pure PVA, the glass transition temperatures of unplasticized and
glycerol-plasticized blends were higher for all compositions, due to the
interactions of the polymers through hydrogen bonds. With regard to the
mechanical properties, the addition of PVA to CS produced a decrease in the
stiffness and brittleness of the material. Likewise, CS-rich compositions proved to
be stronger and more resistant to fracture than the pure polymers as a result of
the interactions and good compatibility of the polymer matrix. Despite the
remarkable hydrophilic nature of CS, the presence of PVA resulted in a gradual
decrease in WVP values. The blend with 60% PV A and 40% CS proved to be the
most suitable composition for the incorporation of graphene-based fillers, due to

the good mechanical and thermal properties shown.

In accordance with the previous chapters, GO was properly introduced into
unplasticized and glycerol-plasticized PVA/CS 60/40 blend vza solution casting
method, while GS was incorporated by in situ reduction of GO with L-AA as the
reducing agent. It was observed by SEM, TEM and X-ray diffraction that GO and
GS were largely dispersed at the nanoscale in the PVA/CS matrix.
Thermogravimetric measurements showed that the thermal stability of the
PVA/CS blend was improved by the addition of both graphene-based fillers, due
to high thermal stability of these nanofillers. However, this behavior was more
prominent in the presence of plasticizer. Likewise, the content of fillers and the
use of glycerol affected the thermal transitions (7, 7mand 7c) and the degree of
crystallinity of the blend, achieving higher variations with GS. The mechanical
properties of the blend were also altered with the addition of GO and GS, but to
a different extent depending on the type of filler. In the case of GO, both with
and without plasticizer, the elastic modulus was increased with the content, but
with GS only the presence of plasticizer causes an improvement. However, GS
with glycerol was shown to have a greater reinforcing effect than GO. In general,
the addition of PVA to CS results in a decrease in the stiffness and brittleness of
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chitosan and the incorporation of different GO and GS contents allows further
adjustment of the final material properties. The water vapor permeability of the
nanocomposites increased with the presence of glycerol and decreased slightly
with the filler content. Also, due to the fact that GO is a hydrophilic filler, the
WVP values for PVA/CS/GO nanocomposites were higher than for PVA/CS/GS.
The values of swelling and dissolution degree measurements showed changes in
PV A/CS 60/40 blend as a result of the addition of fillers. However, it was found
that PVA/CS/GS nanocomposites absorbed slightly less water than GO-based ones
due to the lower hydrophilic nature of GS.
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General Conclusions

6.1. General Conclusions

The main objective of this thesis was the development of new
bionanocomposites with good thermal, mechanical and permeability properties,
as well as antimicrobial capabilities for their potential application in the
biomedical field and the food packaging industry. For this purpose, different
derivatives based on graphene were synthesized and used as a dispersed phase in
the nanocomposites. The effect of the addition of the fillers on the properties of
biodegradable polymers such as PVA and chitosan and their blend was
investigated. In addition, different strategies were developed to produce the
nanocomposites. The two methods of synthesis made it possible to evaluate the
differences in the dispersion of the fillers in the polymer matrix, which in turn is
closely related to the final properties of the nanocomposite films. A summary of

the most relevant conclusions obtained throughout this thesis is presented below:

i.  The chemical reduction of the graphene oxide, previously synthesized
by the modified Hummers’ method, was achieved successfully
employing L-ascorbic acid as the green reducer. Likewise, this agent in
combination with AgNOs was suitable to synthesize GO-AgNPs
nanohybrids through a one-step approach. The results showed a
uniform distribution of AgNPs anchored in the partially reduced GO
surface and also that, under the tested synthesis conditions, the lower
the concentration of the silver precursor and the lower temperature,

the smaller the size of the silver nanoparticles.

ii. GO and GS dispersions showed lack of antimicrobial activity against £
coli, P. aeruginosa, S. aureus and C. albicans, while GO-AgNPs
nanohybrids displayed dose- and time-dependent antimicrobial effect
against all four microorganisms. The highest antimicrobial activity was

achieved against C. a/bicansand S. aureus.

iii. ~ The solution casting method resulted to be an effective procedure to
obtain a homogeneous dispersion of GO in the different PVA- and CS-
based nanocomposites, as well as in the blends. However, GS
nanocomposites with a homogeneous dispersion were successfully

synthesized through in situ reduction of the graphene oxide sheets in
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iv.

vi.

vii.

Vviii.

the presence of the polymer matrix. Regarding PVA nanocomposites
containing GO-AgNPs, two different strategies were developed, in situ

and ex situ methods, which regarded good results.

The good dispersion and strong interfacial adhesion of the GO and GS
with the chitosan matrix significantly improved the thermal and
mechanical properties of the CS, achieving a more outstanding effect
with glycerol. In addition, changes in the water vapor permeability of
CS nanocomposites were detected in the presence of the plasticizer, but
not with the GO and GS content.

The antibacterial activity of CS against E. coli decreased with the

storage period.

The results of the structural and morphological characterization
revealed a good dispersion for GO, GS and GO-AgNPs in PVA, with the
exception of the ex situ PVA/GS1 nanocomposite due to the lack of
bonding between GS and PVA. Overall, the exfoliated structure of the
PVA nanocomposites resulted in increased thermal stability,

mechanical properties and water resistance.

The incorporation of GO into PV A did not prevent bacterial growth. In
contrast, PVA films filled with GO-AgNPs showed antibacterial effect
against £. coli and S. aureus, being more effective (at the same content,
2 wt%) in the case of the in situ method. Moreover, the higher the silver
salt concentration the greater the long-term antibacterial efficiency.
The direct contact of the bacteria with the composite films led to a
greater bactericidal effect than the contact with the leachates from

those films. The bacterial inactivation was higher for S. aureus.

The good interfacial adhesion and compatibility between PVA and CS
resulted in a partially miscible blends. The addition of PVA to CS
resulted in a decrease in the stiffness and brittleness of chitosan, being
the composition of PVA/CS 60/40 the most suitable for the

incorporation of the different reinforcements.
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X.

The different contents of GO and GS improved the thermal stability of
the blend, but the nanofillers effect was more notorious in the presence
of glycerol. As far as mechanical properties are concerned, these were
affected depending on the type and content of nanofillers. The
hydrophilic character of GO led to a higher WVP for PVA/CS/GO
nanocomposites than for those containing GS, as well as a slightly

higher water absorption.

All synthesized nanofillers had an effective reinforcing effect on the
polymeric matrices studied, but GO also proved to be an excellent
platform to support and stabilize the silver nanoparticles, and act as a

synergistic agent in the antibacterial activity of AgNPs.
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ANNEX A

SELECTIVE LOCALIZATION OF GRAPHENE
IN POLYETHYLENE/POLYPROPYLENE
BLENDS

This section details the scientific and technical activities realized during the
three-month stay at the University of Minnesota, USA. The research was held in
the Department of Chemical Engineering and Materials Science under the
supervision and guidance of Professor Christopher W. Macosko, and help and
support of Dr. Sung Cik Mun. The principal aim of the study conducted was to
improve electrical properties of polyethylene (PE)/graphene nanocomposites.
Polypropylene (PP) was used as a secondary matrix to induce co-continuous
morphology with PE. Selective localization of graphene in the blend was intended
in orderto increase electrical conductivity, thereby lowering percolation
threshold. It was also considered the functionalization of graphene oxide (GO)
with polyethylene-block-polyethylene oxide (PE-b-PEO) diblock copolymer
followed by thermal reduction to attempt a better dispersion in PE matrix.

The results shown in this section are part of the publication entitled
'Strategies for interfacial localization of graphene/polyethylene-based
cocontinuous blends for electrical percolation” in the AIChE Journal in 2019.
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Selective Localization of Graphene in PE/PP Blends

A.l. Introduction

The field of nanoscience has grown up over the last twenty years, and the
importance for nanotechnology will increase as miniaturization becomes more
important in areas such as computing, sensors, biomedical and many other
applications. Advancements in these disciplines depend largely on the ability to
synthesize nanoparticles of various materials, sizes and shapes, as well as to

assemble them efficiently into complex architectures to achieve new properties.

According to the chapters developed above, research on polymer
nanocomposites has made it possible to improve the properties of polymers. The
discovery of graphene, with its combination of outstanding physical properties
and its ability to disperse into various polymer matrices, has created a new class
of polymer nanocomposites with many possible applications. For instance, in
electronic applications, conductive polymer nanocomposites have been widely
developed for protection against electrostatic discharges (ESD) and shielding
against electromagnetic interference. However, a high concentration of
conventional conductive carbon fillers is required to achieve electrical
percolation, indicating the formation of an interconnected network of fillers for
electrical conduction through the polymer matrix. For example, carbon black
percolation thresholds are around 5 and 10 vol% in HDPE and PMMA,
respectively [1]. These high charges are often accompanied by high material costs,
poor processability, optical opacity, and detachment of fillers from the surface of
the products. Based on the results found in the literature, the percolation
thresholds of polymer/graphene nanocomposites are below 3 wt%, lower than
those of carbon black nanocomposites [2-12]. In addition to the high aspect ratio
of graphene, the threshold of percolation can be further reduced by modifying
the surface of the graphene or the polymer matrix which minimizes the interfacial
energy between them and, at the same time, it prevents the agglomeration of the

graphene improving the dispersion in a polymer matrix.

The dissolution of the polymer in the solvent and later the addition of
graphene, often using sonication, or the polymerization of monomers in the
presence of graphene, has made it possible to reach the lowest thresholds of
electrical percolation. The fusion blend generally leads to higher percolation

values, however, it is much more economical. Attempts have been made to
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localize graphene in one phase [13,14] or at the interface [15,16] of polymer
blends to increase the effective concentration of the conductive fillers, thus
improving the electrical conductivity and reducing the percolation threshold. The
improvement by localization in one phase has been explained by the concept of

so-called double percolation [13,14].

A.2. Objectives

The aim of the research performed with Dr. Sung Cik Mun and under the
supervision of Prof. Macosko was focused on the manufacture of electrically
conductive Polyethylene (PE) -based co-continuous polymer blends by localizing

graphene at the blend interface.

PE is one of the most common plastics, but electrically conductive PE has
not been attained at very low filler concentrations by melt compounding which
is preferred in regard of mass production. Co-continuous low density
polyethylene/ polypropylene (LDPE/PP) blends were chosen as matrices in our
first attempt. The use of functionalized graphene oxide (GO) with polyethylene-
block-polyethylene oxide (PE-5-PEO) diblock copolymer and thermal reduction

were also suggested as a strategy to obtain a better dispersion in the PE matrix.

A.3. Experimental section
A.3.1. Materials

LLDPE (EngageTM 8200), PP (two isotactic PPs: PP6262 and HD915CF)
and HDPE (HD KF 251A) were provided by Dow Chemical, ExxonMobil, Borealis
and JREX, respectively. Few-layer graphene (N002-PDR, lateral dimension < 10

um, thickness - 1 nm) powder was purchased from Angstron Materials. Dimethyl

formamide (DMF, Sigma-Aldrich) and other solvents were reagent grade.
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A.3.2. Complex viscosity

Complex viscosity of several PEs and PPs were measured with a rotational
rheometer (ARES, Rheometric Scientific) under small amplitude oscillatory shear
within a linear viscoelastic regime. A dynamic frequency sweep test was
performed at 180, 200, and 220 °C in the range of 0.1 -100 rad/s in parallel plate

geometry with a diameter of 25 mm and a gap of -1 mm.

A.3.3. Preparation of Polymer/graphene Nanocomposites

All nanocomposites were prepared by melt compounding in DSM Xplore
Microcompounder at 180 °C with a rotational speed of 200 rpm for 10 min after
feeding materials at 50 rpm for 15 min. A PE/PP blend of 50/50 weight ratio or
PE resin only was used as a matrix, and nearly pure graphene (N0O02-PDR, oxygen
content < 2.5%, Angstron Materials), GO and functionalized GO (FGO,
functionalized with PE-A-PEG diblock copolymer, Ah: 2275 g/mol, ethylene
oxide content 80%) were used as conductive nanofillers. An illustration of

immiscible PE/PP blends and graphene derivatives is shown in Figure A.1.

Figure A.1. Scheme of the blend morphology on the preferential location of graphene in
immiscible PE/PP blends (i/lustration created by Dr. Sung Cik Mun).
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A.3.4. Compression molding and thermal annealing

The nanocomposites were compression molded between two glass
substrates with a polyimide spacer at 230 °C for 5 min in a vacuum oven. The
typical thickness of compression-molded films is 200 - 500 um. Some films were

thermally annealed at 230 °C for 2 h in an oven without pressure.

A.3.5. Electrical properties: Two Probe Method

Copper foil tape (3M™ 1181) was attached on either side of compression-
molded specimens as an electrode. The current-voltage (/- V) curve was measured
by using the two-probe method with a manual probe station along with a source
measure unit (2400 SourceMeter, Keithely) in voltage-sweep mode from -20 to 20
V with intervals of 1 V. The resistance (&) was obtained from the average slope of
LV curve and then converted to the electrical conductivity (o) using the

following equation (Eqn. A.1).

o= = (1)) =(DE) =G  Eman

where p is the electrical resistivity, A and ¢ are the cross-sectional area and

the length of specimen, respectively.

344



Selective Localization of Graphene in PE/PP Blends

A.4. Results and discussion

A.4.1. Complex viscosity and morphology of PE/PP blends

The complex viscosity is an important parameter to characterize the
rheological properties of a material. The real part of the complex viscosity is an
energy dissipation term similar to the imaginary part of the complex modulus.
The complex viscosity of linear low density PE (Engage 8200, Dow Chemical),
high density PE (BB2588, Borouge) and two isotactic PPs (PP6262, ExxonMobil
and HD915CF, Borealis) at 180, 200 and 220 °C are shown in Figure A.2. The shear
rate during processing at melt compounder was estimated at 79.1 1/s. It is assumed
that Cox-Merz rule works for these polymer melts. Taking this into account,
Engage 8200 and PP6262 (PE and PP) were selected to induce co-continuous

morphology at 180 °C because of their similar viscosity at those conditions.

Figure A.2. Complex viscosity of PEs and PPs at 180, 200 and 220 °C.
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Figure A.3 clearly shows that PE/PP blend (50/50, by weight) has co-
continuous morphology, whereas PE/PP blend (25/75) presents sea-island
morphology. Therefore, the blend ratio of 50/50 was fixed for this study.

Figure A.3. SEM images of PE/PP blends: (a) PE/PP (50/50) and (b) (25/75) blends.

A.4.2. Selective localization of nanofillers

When conductive fillers are selectively located in one polymer component
or at the interface of a co-continuous structure, it could result in a much lower
electrical percolation threshold than that of the corresponding single polymer-
based nanocomposites. According to a work done by Macoskos’ group, reduced
graphene oxide (rGO) was preferentially localized at the interface of co-
continuous PLA/PS blends, which reduced the percolation threshold from -0.5
wt% (PLA/rGO) to -0.05 wt% (PLA/PS/rGO) [15,16]. This localization of
nanofillers at the interface is regarded as the ideal scenario to reach the lowest

possible electrical percolation threshold.

The selective localization of the conductive fillers is determined by
thermodynamic and/or kinetic factors. The former involves the systems’ tendency
to minimize its free energy which can be evaluated by the generally valid
principle of wetting coefficient, the latter concerning the transport/migration of
fillers has been proposed by a combination of particle diffusion in one polymer
component and shear-induced collisions of the fillers with interface, which
relates to the mixing sequence, viscosity ratio, and interplay between polymer and

fillers etc.
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A wetting coefficient gives an estimation of nanofillers’ distribution in
polymer blends at thermodynamic equilibrium. Here, graphene used in this study
was assumed to have the same surface tension as rGO. Wu’s harmonic mean
average equation (Eqn. A.3) was used to calculate interfacial tension (yi) between

two components (i and j) from surface tensions of each component (Table A.1).

Yij =vt Y] —F (Eqn AZ)

e Y
5} (Eqn. A.3)

F=4{
iy v+

Table A.1. Surface tension of polymers and nanofillers at 180 °C. (unit: mN/m).

Material y % y?
PE? 26.5 26.5 0
PPt 20.8 20.4 0.4
GO# 122.0 70.8 51.2
rGO# 100.9 93.8 7.1
Polarities (y?/y) are independent of temperature; -dy/dT was assumed to be 0.1
mN/m-K for GO and rGO [17,18].

From Young’s equation (Eqn. A.4), wetting coefficient (w.) was obtained
from interfacial tensions (yj) between two components (i and j). When . > 1 or
s < -1, nanofillers are distributed within the PE or PP phase, respectively. When

-1 < oa < 1, they are localized at the interface.

_ YFiller—pP — YFiller—PE
Q=

(Eqn. A.4)
YPE-PP
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wa of PE/PP/GO and PE/PP/graphene nanocomposites is 5.34 and 6.93,
respectively (Table A.2). Graphene is predicted to be distributed in the PE phase
only, which is presumably consistent with electrical conductivity results in the
following section. In these cases, where conductive fillers are located in one
component, the concept of double percolation is applicable to explain the

decreased electrical percolation threshold in polymer blends.

Table A.2. Interfacial tension between polymers and nanofillers at 180 °C. (unit: mN/m).

Ys GO rGO
YFiller-PE 71.4 4475
YFiller-PP 779 53.16

YPE-PP 1.19

0y 5.34 6.93

prediction PE phase PE phase

A.43. Electrical conductivity

Figure A.4a shows that electrical conductivity of PE/PP/graphene was
slightly better than that of PE/graphene. Accordingly, electrical percolation
threshold was reduced from 2 - 3 wt% (PE/graphene) to 1 - 2 wt%
(PE/PP/graphene). This result implies that graphene was preferentially located in
the PE phase. We conducted thermal annealing at 230 °C for PE/graphene and
PE/PP/graphene nanocomposites. Thermal annealing of nanocomposites does not
reduced graphene further, but rather it makes nanofillers rearranged and lead to
thermodynamic equilibrium. Electrical conductivity of both nanocomposites was
improved after 2 h annealing at 230 °C (Figure A.4b). It should be noted that
PE/PP/graphene nanocomposite shows much enhanced electrical conductivity
and lower percolation threshold (< 0.5 wt%) after thermal annealing. It is
probably due to that kinetically trapped graphene which is still in the PP phase
migrated into the PE phase, which increases the effective filler concentration
with respect to the PE phase, accordingly.
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Figure A.4. Electrical conductivity of PE/graphene and PE/PP/graphene nanocomposites (a)
before and (b) after 2 h thermal annealing at 230 °C.

The effect of functionalization of graphene oxide on electrical properties
was also analyzed. It was previously reported that GO could be reduced by
thermal annealing of polymer/GO nanocomposites. However, it was observed no
improvement in electrical conductivity of PE/PP/GO and PE/PP/FGO
nanocomposites after 2 h annealing at 230 °C (Figure A.5a and b). GO and FGO
were not fully reduced enough to recover its graphitic sp>-hybridized carbons as
much as graphene used in this study. It was suggested another strategy that
included modifying graphene instead of GO. However, because of limited time,

this part was not conducted during this term.

Figure A.5. Electrical conductivity of PE/PP/GO and PE/PP/FGO nanocomposites (a) before
and (b) after 2 h thermal annealing at 230 °C.
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A.5. Conclusions

In this study, the effect of the preferential location of graphene in one phase
of polymer blend (double percolation) on the electrical properties of the
nanocomposites was investigated. It is worth noting that thermal annealing under
static condition (no external mechanical force) after processing could lead closer
to the ideal thermodynamic equilibrium. We postulate that graphene kinetically
trapped in the PP phase migrated to the thermodynamically favorable PE phase,
but this should be verified by observation of the morphology. Future work, for
which we continued in a remote collaboration, included SEM or TEM imaging of
the nanocomposites, improvement of graphene dispersion through

functionalization and the corresponding characterizations.
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APPENDIX I

Structural, Morphological, Thermal, Mechanical and
Electrical Characterization Techniques and Procedures

I.1. Structural and morphological characterization

L1.1. NMR spectroscopy

Chitosan structural analysis was carried out by C NMR with CP/MAS
technique using a Bruker Avance III instrument equipped with a cylindrical
zirconium rotor of 7 mm of external diameter. NMR spectrum was recorded at a
13C and 'H frequencies of 100.6 MHz (field of 9.40 T) and 400.0 MHz, respectively.
The 3C {'H} cross-polarization magicangle spinning (CPMAS) spectrum was
measured at a spin rate of 4 kHz and 5400 scans were collected. The measurement
was carried out at ambient temperature. The acetylation degree (DA) of chitosan
was determined by dividing the intensity of the resonance of the methyl group
carbon by the average intensity of the resonances of the glycosyl ring carbon

atoms. The DA was calculated using the following relationship:

1 [CHy]

(Eqn. I.1.1)
([[Cl] + I[Co] + I[C3] + I[Cq]l + I[Cs] + 1[C6])/6 *

%DA = 100

I is the intensity of the particular resonance peak.

1.1.2. UV-vis spectroscopy

A Perkin Elmer Lambda 25 spectrometer was used to collect the UV—vis

absorption spectra between 200 and 800 nm of graphene materials.
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1.1.3. Fourier-transform infrared (FTIR) spectroscopy

The structure of GO, GS, GO-AgNPs hybrids and polymer nanocomposites
were examined by FTIR spectroscopy using a Thermo Nicolet iS10 spectrometer
equipped with an attenuated total reflectance accessory (ATR). The first step was
to collect a background spectrum to subtract from the sample spectrum. Then few
milligrams of sample were analyzed using the module for ten scans in a range from
400 to 4000 cm™! at a resolution 4 cm™'. After scanning, the baseline was corrected
and the bands of the FTIR profile were used to obtain the qualitative information
regarding functional groups present on each sample. All spectra were smoothed

and fitted to an automatic base line correction using OMNIC 9.0 software.

I 1.4. X-ray photoelectron spectroscopy (XPS)

For the surface chemistry analysis, a SPECS system was used with a
monochromatic Al Ka X-ray source (1486.6 eV) and a Phoibos 150 1D-DLD
analyzer. The core level spectra were obtained at a photoelectron take-off angle
of 90°, measured with respect to the sample surface. Both wide survey and high
resolution spectra for Cls were collected. The XPS survey-scan spectra were
recorded at a pass energy of 80 eV with 1 eV energy step, and 0.1 s dwell time.
The individual high-resolution spectra were taken at a pass energy of 30 eV with

0.1 eV energy step, and 0.1 s dwell time.

1.1.5. Raman Spectroscopy

Raman spectra analysis was carried out by using a Renishaw Invia
microscope with laser frequency of 514 nm as an excitation source. The spectra
were measured from 500 to 3500 cm-'. An average of three different locations

within the sample was measured.
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I 1.6. X-ray diffraction (XRD)

The XRD spectra of graphene materials were recorded using a Malvern
Panalytical X’PERT PRO automatic diffractometer operating at 40 kV and 40 mA
in theta—theta configuration, a secondary monochromator with Cu-Ka radiation
(A = 1.5418 A), and a PIXcel solid state detector (active length in 26= 3.347°).

Data were collected from 1 to 50° 26 for graphite, GO and GS, and from 1
to 90° 2@ for GO-AgNPs (step size = 0.026° and time per step = 80 s, total time 20
min) at room temperature. The nanohybrids measurements were performed on
the same samples analyzed by Raman spectroscopy. Polymer nanocomposite film
samples were scanned in the range of 1 to 50° with a step size of 0.02°, and a
counting time of 10 s per step. A variable divergence slit giving a constant 5 mm
area of sample illumination was used. The interlayer separation in the graphene

material was calculated by Bragg’s law:
nA = 2d -senf (Eqn. 1.1.6)

where n is the order of reflection (equal to 1), A the wavelength of the
copper irradiation (0.154 nm), d the distance between the graphenic sheets, and

0 the angle of diffraction.

1.1.7. Atomic force microscopy (AFM)

Graphene oxide sheets were characterized by a Bruker (ICON) atomic force
microscope (AFM) using tapping mode operated in air. The samples for AFM
measurement were prepared using a spin-coating method. Exfoliated GO in an
aqueous suspension was pipetted onto mica support. AFM image analysis was
performed with Nano-Scope Analysis software. Size and thickness distributions
were carried out after counting the lateral dimension and height respectively of

approximately 100 individual graphene sheets, from several AFM images.
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I.1.8. Scanning electron microscopy (SEM)

SEM images of GO and GS were obtained on a Hitachi S-4800 scanning
electron microscope at an accelerating voltage of 5 kV. Likewise, images of the
fractured surface of CS- and PVA-based nanocomposite films were obtained after

being fractured the films in liquid nitrogen and sputtered with gold.

1.1.9. Transmission electron microscopy (TEM)
TEM micrographs of the graphene-based derivatives (GO, GS and GO-

AgNPs) and polymer nanocomposites were obtained using a Philips Tecnai G2 20

TWIN TEM at 200 kV accelerated voltage. Graphene derivative samples were
prepared by drop-coating dilute suspensions onto carbon coated copper grids and
dried at room temperature. PVA-based nanocomposite films were sectioned with
a Leica EM UC6 ultramicrotome apparatus and placed in coated cooper grids. In
the case of GO-AgNPs hybrids, the average diameter of silver nanoparticles was
obtained by analyzing the TEM photos using the software named Image Pro Plus.

I.2. Thermal characterization

12.1. Thermogravimetric analysis (TGA)

TGA test were performed on a TA instruments TG-Q-500 at a heating rate
of 10 °C/min under nitrogen or air-flow rate of 75 mL/min, within the

temperature range of 40-800 °C.

1.2.2 Differential scanning calorimetry (DSC)

Differential scanning calorimetry analyses (DSC) were performed on a
Mettler Toledo DSC 3+ unit, at a heating rate of 10 °C /min under nitrogen
atmosphere (flow rate of 20 mL/min), in order to evaluate the thermal transitions
of the composites. The samples were heated from -30 °C to 240 °C, maintained at

this temperature for 5 min to erase the thermal history, then cooled to -30 °C and
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heated again to 250 °C. Values were obtained from the first cooling and second

heating scans.

For PVA-based nanocomposites, the degree of crystallinity (Xc) of PVA was

calculated from the second heating scan by using the following equation 1.3:

X.(% x100 (Eqn. 1.2.2)

~ AH,,
)= [AH,%(l - (b)]
where AHn is the enthalpy of fusion of the nanocomposite samples, 4/ is

the enthalpy of fusion of the 100% crystalline PVA (141.932 J/g), and ¢ is the

weight fraction of filler in the composite.

I.3. Mechanical characterization

Nanocomposite films mechanical properties were measured using an
electromechanical testing machine (MTS Insight 10). The gauge length was set at
10 mm and the cross head speed of testing at 5 mm/min at room temperature with
a 250 N load cell. Before testing, the films were cut into a dog-bone shape and
kept at room temperature at a relative humidity of 58% for more than 1 week to
ensure equilibration of the moisture uptake in the films. Ten identical specimens

of each composite film were tested and the average values were reported.

The properties evaluated were modulus of elasticity (Young's modulus),
yield stress, break stress and elongation at break. The rate of change of the

properties was calculated from the following equation I.3:

Xep — X
n = ~L—"x100 (Eqn. 1.3)
Xp

where y.p and yp are the value of one of the evaluated mechanical

properties of the composite and polymer without filler, respectively.

1.4. Electrical conductivity

The electrical conductivity of the film samples with 80 pm thickness was
measured at five different points by using a four-point probe resistivity meter
(Loresta GP, Model MCP-T610, Mitsubishi Chemical Co.) at room temperature.
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L.5. Barrier properties

Water vapor permeability (WVP) of nanocomposite films was determined
according to the ASTM E96 standard, using the upright cup method. All dried
film samples were conditioned for 1 week at 58% relative humidity (RH) and 25
°C before being analyzed. The films were sealed on cups containing deionized
water and then the test cups were placed in an environmental chamber at 25 °C
and 58 % RH. Each cup was weighed to the nearest 0.00001 g on an electronic
scale. The weight of each cup and the time were recorded. The weight of the cups
was measured every 12 h up to 168 h after placement in the environmental

chamber. Each sample was tested in triplicate.

The water vapor transmission rate (WVTR) was calculated from the slope
of the curve weight change as a function of time using linear regression analysis,

according to equation IL.5:

slope - d
WVTR = ————— (Eqn. I.5.1)
ARy —Ryp)

where dis the average thickness of the film, A the test area, R/ the relative vapor
pressure in the permeation cell, and RZ the relative vapor pressure in the

environmental chamber.

The water vapor permeability (WVP) was calculated as:

WVTR (Eqn. 15.2)
S
where Sis the saturation vapor pressure (Pa) of water at test temperature.

WVP =

SPSS 24 (IBM SPSS statistic, USA) was used to analyze the data by variance
(ANOVA) analysis with Tukey's post-Hoc test, and significant differences were
determined between pure polymers and the different nanocomposites studied. A

p-value less than 0.05 was considered statistically significant.
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I1.6. Water absorption

For the evaluation of water absorption, the samples (three replicates per
sample) were dried at 60 °C for three days to a constant weight, then cooled in a
desiccator, and weighted ( W0). The films were then immersed in deionized water
at room temperature for 24 hours. Specimens were removed, and weighted ( W)
after wiping the excess water on their surfaces with a filter paper. Finally, the
samples were weighted (Wa) again after vacuum drying for three days at 60 °C.
The total water content ( W) for each sample was calculated from the following
equation L.6:

W, — Wy
Wi (%) = WTO X100 (Eqn. 1.6)

1.7. Swelling and dissolution degree

The protocol consists in weighting the dry films (drymas), exactly dried at
60 °C for three days and immersed them in deionized water at room temperature
for 24 hours. Then, the swollen samples were carefully removed from the medium
and placed on filter paper for a few seconds (without hardly touching them) and
weighed again (wetmass). The swelling degree (SD) was determined using equation

1.7.1. The data points were calculated as the average of 3 different values.

wet —dr
SD (%) = mj;:y Ymass 100 (Eqn. 1.7.1)
mass

Once the swelling degree was adquired, the tested specimens were dried
again during three days at 60 °C with vacuum. After, the samples were left to cool
in a desiccator and weighed again (masster). The polymer dissolution degree

(pDD %) for each sample was calculated from the following equation 1.7.2:

drymass — MASSjfter

DD (%) = x 100
pDD (%) @SS arr (Eqn. 1.7.2)
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List of Abbreviations

Proton Nuclear Magnetic Resonance
Carbon-13 Nuclear Magnetic Resonance
Cross-sectional area

Atomic force microscopy

Silver ions

Silver atoms

Silver Nitrate

Silver nanoparticles

Bioartificial liver

Brain heart infusion

Chemically converted graphene
Colony-forming units

Carbon nanotubes
Chitooligosaccharides

Cross Polarization/Magic Angle NMR Spectroscopy
Chitosan

Chitin

Chemical vapor deposition

Degree of acetylation

Degree of deacetylation

Degree of hydrolysis
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DMF
DMSO
DP
DTG

E

ESD
EUCAST
FCC
fDD
FET
FPR
FTIR
FWHM

GC
GLY
GO
GO-AgNPs
GrO
GS
HDPE
HES
ILs
IPN
ITO

LCD

N,N-dimethylformamide

Dimethyl sulfoxide

Degree of polymerization

Derivative thermogravimetric
Elongation

Electrostatic discharge

European Committee on Antimicrobial Susceptibility Testing
Face-centered cubic

Film dissolution degree

Field-effect transistor

Four-point resistivity meter

Fourier Transform Infrared Spectroscopy
Full width at half maximum

Graphene

Growth Control

Glycerol

Graphene oxide

GO decorated with silver nanoparticles
Graphite oxide

Chemically reduced graphite sheets
High density Polyethylene
Hydroxyethyl starch

Ionic liquids

Interpenetrating Polymer Networks
Indium Tin Oxide

L-ascorbic acid

Liquid Crystal Displays
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LCST
LDso
LLDPE
LPS
MHB
MIC
M
MTS
My
NBR
NMP
NPs
OLEF
P(VAc-co-VA)
PBS
PCA
PCL
pDA
PE
PE-b-PEO
PEG
PEO
PLA
PMMA
POSS
PP

PS

Lower critical solution temperature
Lethal dose (50% of the group)

Low density Polyethylene
Lipopolysaccharide

Mueller-Hinton Broth

Minimum Inhibitory Concentration
Number average molecular weight
Measure Test Simulate

Weight average molecular weight
Acrylonitrile-butadiene rubber
N-methyl-pyrrolidone
Nanoparticles

Organic Light-Emitting Diodes
Copolymer of vinyl acetate and vinyl alcohol
Phosphate-buffered saline

Plate count agar
Poly(e-caprolactone)

Polydopamine

Polyethylene
Polyethylene-block-polyethylene oxide
Polyethylene Glycol

Poly(ethylene oxide)

Poly(lactic acid)

Poly(methyl methacrylate)
Polyhedral silsesquioxanes
Polypropylene

Polystyrene
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PVA
PVAc
PVB
PVC
PVP
R
rGO
RH
ROS
RPMI
RT
SAED
SAN
SBS
SC
SD
SDBS
SEM
SERS
SiC
SPR
T5%
T50%
T:
TEM
TG

Tz

Poly(vinyl alcohol)

Poly(vinyl acetate)

Poly(vinyl butyral)

Poly(vinyl chloride)
Poly(vinylpyrrolidone)

Resistance

Reduced graphene oxide

Relative humidity

Reactive Oxygen Species

Roswell Park Memorial Institute (Buffer)
Room temperature

Selected area electron diffraction
Styrene acrylonitrile
Styrene-butadiene-styrene
Sterility Control

Swelling degree
Dodecylbenzenesulphate
Scanning electron microscopy
Surface Enhanced Raman scattering
Silicon Carbide

Surface Plasmon Resonance
Temperatures for 5% weight loss
Temperatures for 50% weight loss
Crystallization temperature
Transmission Electron Microscopy
Thermogravimetric

Grass transition temperature
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TGA
THF

T

Trnax
TRGO
UCM
UCST
UV-Vis
VASA
WAC

Thermogravimetric analysis
Tetrahydrofuran

Melting temperature

Temperature of the maximum loss rate
Thermally reduced graphene oxide,
Upright cup method

Upper critical solution temperature
Ultraviolet—visible Spectroscopy
Vacuum-assisted self-assembly
Water absorption capacity

Water vapor permeability (WVP)
Degree of crystallinity

X-ray Photoelectron Spectroscopy
X-ray diffraction Spectroscopy
Interfacial tensions

Crystallization enthalpy

Melting enthalpy

Fermi energy

Electrical resistivity

Electrical conductivity

Wetting coefficient
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Polymer nanocomposites have emerged as an effective strategy to
improve the structural and functional properties of polymers expanding
their applications in different sectors such as construction, automobile or
medical field. This approach can only be achieving in the presence of well-
dispersed nanofillers and strong interfacial adhesion. Likewise, the design
of biomaterials with antimicrobial properties is also of vital importance due
to the increase in medical implants-associated infections. Therefore, the
main objective of this PhD thesis has been to develop bionanocomposites
that have a combination of good thermal, mechanical and permeability
properties, as well as antimicrobial capacity. For this purpose, different
nanostructures based on graphene have been synthesized and
characterized to be used later as reinforcements in chitosan (CS) and
poly(vinyl alcohol) (PVA) polymers through different routes.

Throughout the reading of the different chapters, the synthesis
methods used in the manufacture of these bionanocomposites are described
and the results of the structural and morphological characterization are
analyzed, as well as the mechanical, thermal, permeability and
antimicrobial properties. The designed materials can serve as a basis for the
development of potentially interesting components for transdermal drug
administration and as wound dressings.
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