EDITORS

Aravind Dasari | James Njuguna

Functional and Physical Properties of

Polymer Nanocomposites







Functional and Physical Properties
of Polymer Nanocomposites






Functional and Physical
Properties of Polymer
Nanocomposites

Edited by

ARAVIND DASARI

School of Materials Science & Engineering, Nanyang
Technological University, Singapore

and

JAMES NJUGUNA

Institute for Innovation, Design and Sustainability,
School of Engineering, Robert Gordon University, UK

WILEY



This edition first published 2016
© 2016 John Wiley & Sons, Ltd

Registered Office
John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for permission to reuse
the copyright material in this book please see our website at www.wiley.com.

The right of the author to be identified as the author of this work has been asserted in accordance with the Copyright, Designs
and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form
or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by the UK Copyright,
Designs and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in
electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product
names used in this book are trade names, service marks, trademarks or registered trademarks of their respective owners.
The publisher is not associated with any product or vendor mentioned in this book.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing this book,
they make no representations or warranties with respect to the accuracy or completeness of the contents of this book and
specifically disclaim any implied warranties of merchantability or fitness for a particular purpose. It is sold on the understanding
that the publisher is not engaged in rendering professional services and neither the publisher nor the author shall be liable for
damages arising herefrom. If professional advice or other expert assistance is required, the services of a competent professional
should be sought.

The advice and strategies contained herein may not be suitable for every situation. In view of ongoing research, equipment
modifications, changes in governmental regulations, and the constant flow of information relating to the use of experimental
reagents, equipment, and devices, the reader is urged to review and evaluate the information provided in the package insert or
instructions for each chemical, piece of equipment, reagent, or device for, among other things, any changes in the instructions
or indication of usage and for added warnings and precautions. The fact that an organization or Website is referred to in this
work as a citation and/or a potential source of further information does not mean that the author or the publisher endorses the
information the organization or Website may provide or recommendations it may make. Further, readers should be aware that
Internet Websites listed in this work may have changed or disappeared between when this work was written and when it is read.
No warranty may be created or extended by any promotional statements for this work. Neither the publisher nor the author shall
be liable for any damages arising herefrom.

Library of Congress Cataloging-in-Publication data applied for
ISBN: 9781118542323
A catalogue record for this book is available from the British Library.

Set in 10/12.5pt Times by SPi Global, Pondicherry, India

1 2016


http://www.wiley.com

Contents

List of Contributors
Preface

1 Introduction
Aravind Dasari and James Njuguna

References

2 Three-dimensional Microstructural Characterization of Polymer
Nanocomposites by Electron Tomography
Florent Dalmas and Lucian Roiban

2.1 Introduction
2.2 3D Observation at the Nanoscale
2.2.1 Imaging with Electrons
2.2.2  Principles of Transmission ET
2.3 Application to Polymer Matrix Nanocomposites
2.4 3D Image Analysis and Quantification
2.5 Conclusion and Prospects
References

3 Polymer Nanocomposites for Food Packaging Applications
Shiv Shankar and Jong-Whan Rhim

3.1 Introduction
3.2 Polymer Nanocomposite
3.2.1 Types of Polymer
3.2.2 Types of Nanofillers
3.3 Preparation of Nanocomposites
3.4 Characterization Methods of Polymer Nanocomposite Films
3.5 Types of Polymer Nanocomposite Packaging
3.5.1 Rigid Packaging
3.5.2 Nylon-Based Packaging Materials
3.5.3 Biodegradable Packaging
3.5.4 Flexible Packaging

ix
xi

10
13
19
23
25

29

29
31
31
32
34
36
36
37
38
39
39



vi

Contents

3.5.5 Active Packaging

3.5.6 Intelligent/Smart Packaging
3.5.7 Nanocoating

3.5.8 Edible Coating/Packaging Films
3.5.9 Other Types of Packaging

3.6 Properties of Polymer Nanocomposites
3.6.1 Mechanical Properties
3.6.2 Barrier Properties
3.6.3 Chemical Resistance Properties
3.6.4 Biodegradation Properties
3.6.5 Other Properties

3.7 Conclusion

Acknowledgments

References

Polymer Nanocomposites Biodegradation
Kikku Fukushima and Giovanni Camino

4.1 Introduction
4.2 Biodegradation of Polymers and Their Nanocomposites
4.2.1 Standards for Environmentally Biodegradable Polymers
4.2.2 Mechanisms of Polymer Biodegradation
4.2.3 Biodegradation of Polymers from Natural Resources
and Their Nanocomposites
4.2.4 Biodegradation of Polymers from Fossil Origins and Their
Nanocomposites
4.3  Summary
References

Functional Fibers Produced Using Electrospinning Techniques
for Energy Scavenging Applications
Avinash Baji and Yiu-Wing Mai

5.1
52
53
54
55
5.6
5.7

5.8
59

Introduction

Principle of Electrospinning

Fabrication of Aligned Fibers

Fabrication of Ferro/Piezoelectric Organic Fibers
Fabrication of Ferro/Piezoelectric Inorganic Fibers
Fabrication of Fibers Filled with Reinforcements
Characterization of Ferro/Piezoelectric Behavior of
Electrospun Fibers

Piezoresponse of Electrospun Fibers
Nanogenerators Based on Electrospun Fibers

40
43
44
45
45
46
46
46
46
47
48
49
50
50

57

57
59
59
61

63

74
81
84

93

93
95
96
97
99
100

102
103
106



Contents  vii

5.10 Energy Harvesters Based on Electrospun Fibers 107
5.11 Force/Pressure Sensors 108
5.12  Multifunctional Inorganic Fibers 109
5.13 Magnetoelectric Inorganic Fibers 112
5.14 Future Directions 114
Acknowledgments 115
References 115
Magnetic Properties of Polymer Nanocomposites 119

Paolo Allia, Marco Sangermano and Alessandro Chiolerio

6.1  Introduction 119
6.2  Preparation of Magnetic NPs and Its Influence on the Properties of NCs 120

6.2.1 Top-down versus Bottom-up Approach to Synthesis 120

6.2.2 Considerations Regarding Homogeneity and Interactions 121
6.3  Anhysteretic Properties and Interparticle Interactions 124
6.4  Hysteretic Properties 127
6.5 Nanocomposites Exhibiting Magnetoelectric Properties 131
6.6  Applications 132
References 135
Optical Properties of Polymer Nanocomposites 139

Ignazio Roppolo, Marco Sangermano and Alessandro Chiolerio

7.1  Introduction 139
7.2 Photoluminescence and Related Applications 140
7.2.1 Nancomposite with Quantum Dots 141
7.2.2  Transition Metal Nanocomposites 143
7.2.3 Rare-Earth Polymer Nanocomposites 143
7.3  Light Emission in Polymer Nanocomposites: From Science to Applications 145
7.4  Transparency and Adsorbance in Polymer Nanocomposite 152
References 154

Bismuth-Based Nanomaterials and Platforms for Sensing
and Biosensing Applications 159
Miquel Cadevall, Josep Ros, and Arben Merkogi

8.1  General Properties and Applications of Bismuth 159
8.2  BiNPs Synthesis 161
8.2.1 Chemical Methods 161
8.2.2 Physical Methods 164
8.3  Bi-Based Modifications and Composites for (Bio)sensing Platforms 167
8.3.1 Chemical Sensing 167

8.3.2 Biosensing Applications 169



viii Contents

8.4 Conclusions
Acknowledgments
References

9 High-Temperature-Resistant Polymer Nanocomposites
Indraneel S. Zope and Aravind Dasari

9.1 Background
9.2 Representative High-Performance Polymer Nanocomposites
9.2.1 Polyethersulfone Nanocomposites
9.2.2 Polyimide Nanocomposites
9.2.3 Polyetherimide Nanocomposites
9.3 Applications of High-Temperature Polymers and their Nanocomposites
Acknowledgments
References

Index

173
173
174

183

183
187
187
192
196
198
200
200

203



List of Contributors

Paolo Allia, Applied Science and Technology Department, Politecnico di Torino, Italy

Avinash Baji, Engineering Product Development (EPD) Pillar, Singapore University
of Technology and Design (SUTD), Singapore

Miquel Cadevall, Catalan Institute of Nanoscience and Nanotechnology (ICN2),
Campus UAB, Spain; and The Barcelona Institute of Science and Technology,
Campus UAB, Spain

Giovanni Camino, Applied Science and Technology Department, Politecnico di
Torino, Italy

Alessandro Chiolerio, Center for Space Human Robotics, Istituto Italiano di
Tecnologia, Italy

Florent Dalmas, MATEIS (Matériaux: Engénierie et Science), CNRS/INSA de Lyon,
France

Aravind Dasari, School of Materials Science & Engineering, Nanyang Technological
University, Singapore

Kikku Fukushima, Applied Science and Technology Department, Politecnico di
Torino, Italy

Yiu-Wing Mai, Centre for Advanced Materials Technology (CAMT), School of
Aerospace Mechanical and Mechatronic Engineering, The University of Sydney,
Australia

Arben Merkoci, Catalan Institute of Nanoscience and Nanotechnology (ICN2),
Campus UAB, Spain; and The Barcelona Institute of Science and Technology,
Campus UAB, Spain

James Njuguna, Institute for Innovation, Design and Sustainability, School of
Engineering, Robert Gordon University, UK

Jong-Whan Rhim, Department of Food Engineering and Bionanocomposite Research
Institute, Mokpo National University, Korea

Lucian Roiban, MATEIS (Matériaux: Engénierie et Science), CNRS/INSA de Lyon,
France



x List of Contributors

Ignazio Roppolo, Center for Space Human Robotics, Istituto Italiano di Tecnologia, Italy
Josep Ros, Department of Chemistry, Universitat Autonoma de Barcelona, Spain

Marco Sangermano, Applied Science and Technology Department, Politecnico di
Torino, Italy

Shiv Shankar, Department of Food Engineering and Bionanocomposite Research
Institute, Mokpo National University, Korea

Indraneel S. Zope, School of Materials Science & Engineering, Nanyang Technological
University, Singapore



Preface

Polymer-based nanocomposites have been studied extensively for almost three decades.
However, the key questions remain as follows: Have they made in-roads into the spectrum
of applications dominated by micro-composites? Have they found completely different
sets of applications and opened up new possibilities? Qualitatively, the superiority of
polymer-based nanocomposites compared to their micro-counterparts is often attributed
to the availability of a large number of nanoparticles with huge interfacial areas and
confinement of polymer matrix chains at the nano-level. Another facet that is often high-
lighted is nanoparticles’ ‘size-dependent functionality’. The community still believes
that these characteristics of the nano-reinforcements, if fully exploited, can impart multi-
functional properties to polymers.

Despite their huge potential, final outcomes are not entirely positive which is clearly
reflected in their limited commercial applicability. Mechanical properties, for instance, are
still dominated by the matrix. Some of the problems associated include processing, disper-
sion/distribution of nanoparticles in a matrix, surface modification and compatibility
among the different phases, controlled micro- to nano-structures and preserving the surface
activity of nanoparticles. Moreover, it is still unclear as to what extent the interface between
nanoparticles and matrix influences the properties. Even the catalytic activity of clay nano-
platelets (montmorillonite) in influencing the time to ignition and other parameters during
combustion of a polymer/clay nanocomposite is vague. More often than not, poor charac-
terization and analysis of the materials and/or processes are to be blamed for the confusion
and contradictory results.

Further, accommodating their disposal (end of life) is challenging from both scientific/
technical and socio-economic perspectives. This is due to the dramatic direct/indirect
impacts exerted on our eco-system. Nonetheless, looking at the bright side, polymer
nanocomposites have opened up completely novel possibilities in different functional
applications ranging from biomedical to energy storage. In this book, we cover a range
of functional and physical properties of these materials, with basics as well as advanced
and in-depth knowledge on these properties. These include gas/water barrier, anti-
microbial (Chapter 3), biodegradability (Chapter 4), energy scavenging (Chapter 5),
magnetic (Chapter 6), optical (Chapter 7), biosensing (Chapter 8), and thermal properties
(Chapter 9). Chapter 2 is dedicated towards a three-dimensional microstructural charac-
terization of nanocomposites.
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Introduction

Aravind Dasari' and James Njuguna®

!School of Materials Science & Engineering, Nanyang Technological University, Singapore
2Institute for Innovation, Design and Sustainability, School of Engineering, Robert Gordon
University, UK

In the early 1960s, polymer composites are in the spotlight and this field is treated as a new
template for prototyping high-performance materials for exploration in different applica-
tions. In the past two decades, polymer nanocomposites took the limelight away from
conventional polymer-based composites due to their promising potential. One facet that is
often highlighted as a reason for their dominance is their ‘size-dependent functionality’.
Auffan et al. [1] concluded that there is a critical size that is considerably smaller than
100nm at which properties of particles change. They identified this critical size of about
20-30nm by relating the exponential increase in the number of atoms localized at the
surface to the size of nanoparticles (Figure 1.1). This excessive increase in surface energy
of nanoparticles results in crystallographic changes [1, 2], and subsequently effects their
interfacial reactivity [3, 4].

Even size dependence of optical and electronic properties as well as bactericidal effects
is well reported [5-7]. Silver nanoparticles, for instance, show highest bactericidal effect
in the 1-10nm range, where there are more highly reactive {111} surfaces [6]. These
nanoparticles penetrate cell membranes of bacteria to strongly interact with sulphur- and
phosphorus-containing compounds. In the process, they release toxic silver ions. In fact,
this suggests that particle dissolution is another parameter that is size-dependent. Solubility,
although dependent on solvent properties, is also dependent on solute (nanoparticles)
properties like specific surface area (in turn, surface energy and interfacial reactivity),

Functional and Physical Properties of Polymer Nanocomposites, First Edition.
Edited by Aravind Dasari and James Njuguna.
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Figure 1.1 Percentage of atoms localized at the surface of a nanoparticle as a function of its
diameter. Grey line indicates the boundary below which non-bulk properties emerge. Auffan
etal. [1]. Reproduced with permission of Nature Publishing

surface morphology, and dispersion state [8]. More interestingly, these properties are
manipulated by changing interactions between them and organic ligands. An example is
the use of alkylamines as capping ligands in the control of the size and shape of ruthenium
nanoparticles (spherical or rod-like) [9]. Another example is boehmite. By controlling the
pH and ionic strength of the synthesis medium, 100-nm-sized fibres (or rods) and even
10-25-nm-sized diamond-shaped particles are formed [1, 4]. Importantly, fibres have
(100) as lateral faces and (010) basal planes; and diamond-shaped particles are with (101)
lateral faces.

The above discussions suggest that the presence of nanoparticles in a polymer system
provides an opportunity to alter many of the base properties of the system. The extent of
alteration and the potential of these materials to exhibit superior properties are dependent
on two major aspects: interface between polymer and matrix and confinement of polymer
matrix chains at the nano-level.

1. Interface: It is generally believed that interface is a region with altered chemistry,
altered polymer chain mobility, and altered crystallinity [10]. Figure 1.2 shows a sche-
matic of interface region in two systems: micro-composites and nanocomposites [11].
With the same volume fraction of filler, the higher radius of curvature of nanoparticles
ensures that more polymer is involved in the interfacial regions. This huge interfacial
area created by well-dispersed nanoparticles is shown to influence the surrounding poly-
mer matrix for several radii of gyration [12], fundamentally influencing the glass transition
temperature, 7, and mechanical properties of the matrix. This suggests the importance
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Figure 1.2 Interfacial regions in polymer micro- and nanocomposites. Particles are coloured
red, interfacial regions blue and the rest is polymer matrix (in light blue). Schadler [11].
Reproduced with permission of Nature Publishing (See insert for color representation of the
figure)

of having a greater degree of control on the interface in polymer nanocomposites.
Changes in T, are particularly important, not only because they yield insights into the
fundamental changes in polymer chain dynamics, but also because the associated gains
in thermal stability are critical. With many nanoparticles (particularly those with high
aspect ratio), results showed that a noticeable change in T, occurred only when inter-
particle distances are less than 500nm [13]. As an example, Figure 1.3 shows changes in
T for some polymer nanocomposites (based on graphene and carbon nanotubes) [14].
Though this number (500nm) is qualitative and subjective (and much larger than that
predicted by theory [15]), it indicates that inter-particle spacing is important in influenc-
ing intrinsic properties of a polymer.

2. Nanoscopic confinement of polymer chains: It is known that under conditions of
nanoscopic confinement, conformation of chains and segmental mobility are highly
affected, suppressing the conventional spherulitic superstructures and resulting in
growth of structures with specific crystal orientations. These concepts of confinement/
restricted mobility in well-defined geometries and different dimensions versus crystal-
lization have been the subject of many investigations [16—18]. Various reasons are
considered for the formation of interfacial zones ranging from chemisorption (e.g. inter-
action of polar groups with inorganic fillers), to geometric confinement.

Geometric (spatial) confinement specifically hypothesizes that nanoparticles like carbon
nanotubes might be treated as macromolecules as their diameters are similar to the radius
of gyration of a polymer. Their highly curved surfaces result in strong geometric confine-
ment (by allowing preferential orientation of lamellae) even if (lattice) matching between
polymer chain and the filler (graphitic sheet) is absent. This is termed ‘soft epitaxy’ [19, 20].
While in the case of large diameter particles, as the surface curvature is small, the polymer
behaves as if it is on a flat surface and, therefore, require crystallographic lattice matching
for preferential lamellae organization. The behaviour of large-diameter carbon fibres and
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Figure 1.3 Changes in T for some selected polymer nanocomposites. FGS, functionalized
graphene sheets producecf by rapid thermal expansion of completely oxidized graphite oxide;
PAA, poly(acrylic acid); PAN, poly(acrylonitrile); PMMA, poly(methyl methacrylate); SWNTs,
single-walled carbon nanotubes. Adapted from Ref. [14]

small-diameter carbon nanotubes is shown in Figure 1.4. However, there are many other
studies that reported the absence of soft epitaxy despite a uniform dispersion of nanopar-
ticles with sizes similar to or less than individual lamellae. This suggests the complexity
in analysing an interface as it is affected by even the slightest change of shape, size and
surface modification (influencing the surface energy) of the particles along with their
dispersion/inter-particle distances.

Regardless of these discrepancies about interfacial zones, it is rather more important
to identify whether their presence would enhance the filler-polymer interfacial strength
and ultimately result in improved mechanical properties. Though mostly positive results
are reported in the literature on stiffness and strength of polymer nanocomposites,
toughness/ductility is often dramatically reduced (in line with the scaling/dimension
arguments) [21]. Nevertheless, their promising potential is realized, in particular with
functional and physical properties. On this positive note, in this book, we cover a range
of functional and physical properties of these materials, with basics as well as advanced
and in-depth knowledge on various facets of these properties. These include optical,
magnetic, thermal, energy scavenging, biosensing, gas/water barrier, anti-microbial,
and biodegradability. As discussed earlier, it is also important to understand how the
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Figure 1.4 Schematic of size-dependent soft epitaxy mechanism. (a) For large-diameter
carbon fibres, polymer lamellae will be randomly orientated on the fibre surface, and (b) for
small-diameter carbon nanotubes, soft epitaxy dictates the orientation of polymer chains. Li et al.
[20]. Reproduced with permission of Elsevier

nanoparticles are dispersed and distributed (inter-particle spacing) in a polymer matrix
as many intrinsic properties of polymers are influenced by this. Therefore, to kick-start
the proceedings, an entire chapter is dedicated towards three-dimensional microstruc-
tural characterization of nanocomposites.
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2

Three-dimensional Microstructural
Characterization of Polymer
Nanocomposites by
Electron Tomography

Florent Dalmas and Lucian Roiban

MATEIS (Matériaux: Engénierie et Science), CNRS/INSA de Lyon, France

2.1 Introduction

Nowadays, polymer-based nanocomposites are widely used in designed products for
mechanical, optical, thermal, or electrolytic applications. Such macroscopic properties are
known to be driven by one specific feature: the huge interfacial area developed by nanofillers
[1-5]. As a consequence, the microstructure of the material, mainly characterized by the
geometry of the nanofillers and their dispersion within the polymer matrix, is one of the key
parameters. Thus, one of the most challenging points for the understanding of structure—
properties relationships in nanocomposites, is the development of meaningful and effective
tools for multiscale morphological characterization and quantification with a nanoscopic
resolution.

Transmission electron microscopy (TEM) only provides two-dimensional (2D) projec-
tions of a three-dimensional (3D) sample of a given thickness. As a consequence of these
limitations, the interpretation of such images is not unambiguous. On the contrary, electron
tomography (ET) generates 3D images with a nanometer-scale resolution from tilt series

Functional and Physical Properties of Polymer Nanocomposites, First Edition.
Edited by Aravind Dasari and James Njuguna.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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of 2D projections [6]. Although the first paper using tomography techniques in TEM in
order to study polymeric materials was published as early as 1988 by Spontak et al. [7],
ET recently emerged as an efficient tool to get a detailed and realistic description of nano-
structured polymeric systems [8—15]. For instance, substantial further progresses on the
microstructural analysis of block copolymers [16, 17] or polymeric nanocomposites [9, 11,
14, 15, 18, 19] have been achieved during the past decade using this technique.

In this chapter, we will, in a first time, briefly recall the principle of electron imaging
modes and TEM. Then, several examples of applications of ET to polymer nanocomposites
will be presented and discussed, considering the obtained contrast and resolution in the
volume. Finally, the issue of 3D image analysis and quantification will be addressed.

2.2 3D Observation at the Nanoscale

2.2.1 Imaging with Electrons

The big advantage of working with electrons in an electron microscope is the high resolving
power (up to the atomic scale) that can be reached thanks to the small wavelength of the
electron beam (order of magnitude of 1p.m., depending on the accelerating voltage, e.g.,
2.5p.m. at 200kV). In this chapter, we will focus on TEM where electrons for imaging are
collected below the sample (the image is formed in transparency by electrons transmitted
through the sample as illustrated in Figure 2.1a). Generically, by TEM it is understood that
the transmitted image is formed employing a parallel (or quasi-parallel) electron beam. In
several electron microscopes, it is possible to record a scanning TEM (STEM) image; this
imaging mode is formed by focusing and scanning the electron beam at the surface of the
sample. The image is recorded by detectors collecting the electrons scattered at different
angles (see Figure 2.1b). Electron—matter interactions are responsible for the contrast in elec-
tron microscopy imaging. The involved physical phenomena are many and various [20], and
so are the acquisition modes in electron microscopes. Figure 2.1 schematically sums up the
multiple signals and operating modes available in a (S)TEM. Several books are available
describing in detail the principles, experimental, and instrumental methodologies in electron
microscopy; the reader is invited to refer to this literature for a complete presentation of these
techniques (see, e.g., Refs. [20] and [21]). Conventionally, TEMs are mostly used in the
“bright field” (BF) mode when the central part of the transmitted electron beam is selected
for imaging (see Figure 2.1a). In this mode, the contrast in the image can be related to the
absorption of electrons (so-called mass-thickness contrast) and to the diffraction of the elec-
tron beam for crystalline materials. For these crystalline materials, a “dark field” (DF) imag-
ing mode can be set up by selecting a diffraction spot for image formation, highlighting thus
one specific type of crystallographic planes in the image (not represented in the figure). The
image is recorded either on a film or using a camera located below the sample. Alternatively,
the image can also be formed by STEM by collecting electrons below by an annular detector.
Furthermore, a contrast mainly due to the atomic number of the material phases can be
obtained by selecting the electrons scattered at high angles with an annular detector. This
mode is called “high-angle annular DF” (HAADF) (Figure 2.1b). It is worth mentioning here
that all recorded images are projections of the sample along the optical axis.
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Figure 2.1 (a) The gray-filled area intuitively describes the image formation in conventional
TEM mode, the image is recorded on a film or by a digital camera. The textured areas describe
the angle distribution of scattered electrons in relation to the type of interactions involved with
the sample. (b) Geometry of the annular detectors used in STEM mode: BF, bright field; ADF,
annular dark field; and HAADF, high angle ADF. Basically, the ADF and HAADF are the same
detectors, the imaging mode being selected by changing the camera length

In addition to structural observation, the electron beam also provides chemical informa-
tion through two types of spectroscopy: Energy-dispersive X-ray spectroscopy (EDX) and
electron energy loss spectroscopy (EELS). These techniques are based on inelastic electron—
matter interactions. For EDX, the emitted X-ray photons are collected and their energy
is related to the chemical nature of the ionized atoms in the sample. For EELS analysis,
inelastic scattered electrons are collected below the sample, and the quantity of energy that
was lost through the sample mainly provides information about the chemical nature of the
atoms and their ionization state. This last technique is better suited to light-element chemi-
cal analysis.

Both spectroscopies allow creating chemical maps of the sample either in STEM by
acquiring a spectrum point by point in the sample (“data cube” acquisition), or in TEM by
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recording an image formed by electrons with a specific energy loss corresponding to the
ionization edge or a plasmonic vibration of a given chemical element (imaging mode called
“EFTEM”—energy-filtered TEM).

2.2.2 Principles of Transmission ET

The term “tomography” comes from the Greek words fomos=thin and graphein=to write.
Nowadays, based on the Radon’s theory [22, 23], tomography techniques consist in the
volume observation of an object using its projections. The transmission T, also called
tilted tomography, can be divided into three major steps: image acquisition, data treatment
(projection alignment and volume reconstruction), and data segmentation (quantification
and volume visualization). These different steps are schematized in Figure 2.2 and detailed
in the following text.

First, data for tomographic observation consist in series of projections acquired at different
tilt angles in one imaging modes available on the microscope. Nowadays, such acquisitions
can be automated within tilt angles ranging up to +80°, depending on the sample geometry,

(@) (b) (©)

Projection alignment

Tilt-series acquisition and tilt-axis determination Reconstruction
Sample
Object
— aw)  Projections
l l..- Fourier
N l l l / transform of
N yd projections
\ ~ _ — / .
— 3D object
Missing

4
Object wedge ,
Fourier Data R
space segmentation .

Algorithms: BP, WBP, ART, SIRT etc.

Figure 2.2 The different steps of electron tomography: (a) acquisition of tilted projections
over a tilt angle range of +a, the image can be recorded by a camera or can be computed using
a detector; (b) alignment of projections and correction of the tilt axis, image rotation, and
magnification by tracking fiducial markers over the full projection series; and (c) the volume
reconstruction represented by the Fourier space of the object. Reconstruction algorithms are
employed to calculate the volume. Then, obtained volume is segmented by selecting the gray
levels resulting in a three-dimensional representation of the object of interest
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the sample-holder, and microscope configurations. The sample movements and focus vari-
ation between successive projections, due to mechanical imperfections of the goniometer,
require an important attention during the acquisition. If the microscope is well calibrated
and the sample is at the eucentric height, the image tracking and focalization are performed
in an automatic way. Thus, once the tilt projection series is recorded, a rigorous alignment
of all the projections in a unique system of coordinates is required. To do so, fiducial markers
(consisting in well-identified points in the microstructure or additional gold nanospheres)
can be automatically detected and tracked over the entire tilt series. The projections align-
ment procedure allows, as well, to correct several parameters such as the position of the tilt
axis, the tilt angle values, the rotation of the images, and the magnification difference due
to the focus variation. Obtaining a well-aligned and corrected tilt series is of importance to
get a fine contrasted volume.

Then, the next step is the volume calculation (see Ref. [24] for a recent review of calcula-
tion methods). The object reconstruction can be computed using analytical or iterative
algorithms [6, 24]. Among the analytical methods, the back projection (BP) is the most
commonly used method. The principle of BP can be illustrated by considering the theorem
of the central section, which stipulates that the Fourier transform of each projection of an
object is a cross section in the Fourier space of the object, oriented perpendicular to the
projection direction and with a thickness equal to the invert of the object diameter [25]. By
adding all the cross sections, the Fourier space of the object can be filled. Coming back
in the real space the volume of the analyzed object is obtained (see Figure 2.2). BP is a
fast and easy-to-implement calculation method. However, the obtained volume is usually
blurred. This effect can be explained by the fact that in the Fourier space, low frequencies
(points near the center of the Fourier space) are more densely sampled than high frequen-
cies (points located on the edge of the Fourier space). To compensate this heterogeneity in
the sampling of the Fourier space, each point can be weighted according to its distance
from the center of the Fourier space [25]. This method is called weighted BP (WBP).
Alternative iterative methods were proposed to ameliorate the quality of the reconstruction.
In these methods, the difference between the calculated volume and the initial object
(constituted by all the experimental projections) defines the convergence criteria of the
algorithm. The simultaneous iterative reconstruction technique (SIRT) [26] and the alge-
braic reconstruction technique (ART) [27] are the most commonly used techniques. SIRT
compares simultaneously all the projections calculated from the BP reconstructed volume
to the experimental ones; whereas in ART, the reconstruction is corrected while comparing
each calculated projection to the experimental one corresponding to the same tilt angle.
These methods are slower and more difficult to implement (among other parameters, the
choice of the number of iterations and convergence criteria is crucial for the reconstruction
quality), but they lead to more accurate reconstructed volumes, also called tomograms.

Nevertheless, the reached resolution in the reconstructed volumes is usually anisotropic.
Indeed, the Radon’s theory is based on an infinite number of projections acquired all around
the sample (i.e., with tilt angles of +90°). Unfortunately, because of the small gap of the
pole peace and the shade of the sample-holder at high tilt angle, the tilt angles are very
often limited in a TEM (+a); the rotation of the sample is thus not complete and a “missing
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wedge” remains in the data (see Figure 2.2). This induces a loss of resolution in the z direction
parallel to the electron beam [6]. First, the resolution depends on the geometrical charac-
teristics of the sample: the thinner the sample, the more resolved the volume. Anyway, in a
Cartesian system of coordinates, the volume has the resolution of the projections in the y
direction (corresponding to the sample-holder or tilt-axis direction). In the x direction, the
resolution is driven by the total number of acquired projections, N. The volume is less
resolved in the z direction where it is directly related to the maximum tilt angle, . Figure 2.3
illustrates this artifact on an aggregate of silica (Si) nanoparticles in a polystyrene (PS)
matrix. One can observe the artificial elongated shape of the Si nanospheres in the z direc-
tion, resulting in a merging of the sphere is this direction. As an example, using traditional

y
z
100 +
z
200
X
y

Figure 2.3 ET of aggregated silica nanoparticles in a polystyrene matrix: 3D rendering and
corresponding orthogonal digital slices of the reconstructed volume (acquired at +60° and
computed using SIRT with 20 iterations). Dalmas et al. [18]. Reproduced with permission of
American Chemical Society
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mathematical treatments [6], the resolution can be estimated, in Figure 2.3, to be 1, 3.9, and
6.2nm in the y, x, and z directions, respectively.

To better visualize and quantify all 3D characteristics of the sample, the volumes are
segmented by selecting the gray levels representing the different components of the micro-
structure. However, the accurate quantification of the volume is strongly limited because of
the missing information. Different strategies have been recently considered to solve this
issue. From an experimental point of view, needle-like TEM samples have been, for
instance, processed by focused ion beam (FIB) technique, allowing a complete rotation of
the sample and avoiding any missing angular observation [28, 29]. Multiple-axis tomog-
raphy has also been developed [17, 30]. By acquiring several tilt series at various tilt axes,
it reduces the “missing wedge” to a “missing cone,” which decreases the elongation in the
z direction in reconstructed volumes. On the other hand, several teams have developed new
reconstruction algorithms in order to improve the reliability of the reconstruction [24, 31-35].
Generally speaking, these algorithms are based on the knowledge of prior information on
the reconstructed objects. For instance, the discrete ART (DART) assumes that the volume
consists in discrete objects that match one grey level [31]. The “compressed sensing”
numerical method extended by Leary et al. [33] for ET is based on the reconstruction of
a signal “sparse” in known small domains. More reliable reconstructed volume with
minimized artifacts usually observed in ET (streaking, object blurring, or elongation)
can be thus obtained from such numerical approaches since the raw tilt series consist in
sufficiently contrasted well-defined objects with a discrete gray-level range.

2.3 Application to Polymer Matrix Nanocomposites

In the past decade, transmission ET has been applied to polymer matrix nanocomposites
filled with different types of inorganic nanoparticles (nanoplatelets, nanospheres, or nano-
tubes) [9, 11-15, 18, 19, 36-41]. First, a good contrast between inorganic particles and an
organic matrix was achieved by conventional BF-TEM. For instance, as illustrated in
Figure 2.4, the 3D microstructure of ionic aggregates in Zn-neutralized sulfonated PS
(SPS-Zn) ionomers was characterized by ET, using BF-TEM imaging and SIRT algorithm
with 20 iterations for the reconstruction [8]. Ionomer properties are governed by the forma-
tion of ionic aggregates within the materials that can act as crosslinking nodes and/or can
be considered as stiff fillers. The morphology of such aggregates was found to be influ-
enced by the process of the material. Tomographic analysis was carried out on two different
SPS-Zn films prepared either by hot-pressing (HP) or by solvent-casting (C). Figure 2.4
displays the reconstructed volume obtained for HP SPS-Zn film. As usual in ET volume
rendering, the reconstructed volumes are segmented in Figure 2.4 in order to only highlight
the features of interest (here, the Zn-rich aggregates) by thresholding the image gray levels
so that the polymer matrix becomes transparent. In addition, in order to analyze the 3D
microstructure in more details, orthogonal cross sections of the reconstructed tomograms
are also shown. A better contrast is obtained in such digital slices than in conventional
TEM, helping considerably in the analysis of the spatial organization of the ionic aggregates.
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(a) (b)

Figure 2.4 (a) Surface rendering of the ET 3D reconstruction and (b) corresponding digital
orthogonal slice images of the HP SPS-Zn (above) and C SPS-Zn (below) samples after surface
rendering of the Zn-rich phase (BF-TEM imaging, SIRT reconstruction with 20 iterations).
Dalmas and Leroy [8]. Reproduced with permission of American Chemical Society
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An almost spherical shape (typical diameter of 5nm) can be observed for the ionic aggre-
gates in Figure 2.4, heterogeneously dispersed within the PS matrix. On the other hand,
very large ionic aggregates dispersed within the polymer matrix can be observed in
Figure 2.4 for the C SPS-Zn sample. These aggregates obviously present a nanoplatelet shape
with a thickness of about few nanometers and length, hundreds of nanometers (as deduced
from Figure 2.4). In this study, ET allowed unambiguously observing ionic aggregate
morphology and highlighted the influence of the process on the final microstructure.

The dispersion of PS-grafted spherical Si nanoparticles in a PS matrix was also success-
fully investigated using the same conventional ET procedure [18]. Depending on the R
ratio between the molar mass of the grafted PS chains and the matrix ones, various micro-
structures were observed as shown in Figure 2.5. A procedure for the segmentation of the
tomograms was optimized in order to isolate the nanoparticles within the volume. As R
increases, the microstructure was found to gradually evolve from a densely aggregated
structure to a homogeneous dispersion of individual particles.

(@)

R=0.16

Figure 2.5 (a) TEM image at tilt angle 0° and (b) 3D rendering of the segmented volume
for polystyrene/polystyrene nanocomposites filled with grafted silica nanoparticles with R=0.16,
0.38, and 1 (BF-TEM imaging, SIRT reconstruction with 20 iterations). Dalmas et al. [18].
Reproduced with permission of American Chemical Society
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Figure 2.6 Orthogonal view of ET reconstructed volume of an epoxy/layered silicate
nanocomposite (HAADF-TEM imaging, SIRT reconstruction). Drummy et al. [19]. Reproduced
with permission of American Chemical Society

In their study, Lu ef al. discussed the influence of electron imaging mode on the quality
of the reconstructed volume [15]. They compared volumes obtained on carbon black (CB)-
filled polymer nanocomposites by BF-TEM and ADF-STEM. As it is commonly utilized,
they showed that in BF-STEM, a slight defocusing of the image is necessary to get enough
contrast in the tomograms for accurately segmenting the CB phase. By inducing phase
contrast, underfocus increases the contrast at the interface between CB particles and
polymer matrix. However, the CB volume fraction extracted from the volumes was found
to be much larger than the known experimental concentration and distortion of the particle
size was observed. On the other hand, ADF-STEM images are collected in focus and
formed through incoherent signal collection. Volumes obtained by ADF-STEM showed
fewer artifacts and were more reliable for quantification. Drummy ez al. investigated epoxy/
layered silicate nanocomposites by HAADF-STEM tomography [19]. They highlighted
that the Z-contrast provided by HAADF-STEM is much more efficient for observation of
1-nm-thick clay nanoplatelets in a polymer matrix than conventional BF-TEM (see
Figure 2.6). Here again, a defocus is used in BF-TEM to create phase contrast. However, in
addition to the low image contrast, the defocus increases the apparent thickness of silicate
layers mainly because of the appearance of Fresnel fringes parallel to the layers. On the
other hand, the contrast in HAADF-STEM increases with the local variation of atomic
number and is free from any artifact due to defocus, sample thickness, or diffraction effects
in the peculiar case of crystalline nanoparticles.
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Figure 2.7 (a) Segmentation of CB (blue) and Si nanoparticles (red) in a digital slice and (b) in
the 3D reconstruction of the CB-Si/natural rubber system. Box size is 726nmx726nmx 107 nm
(EFTEM imaging, WBP reconstruction). Jinnai et al. [11]. Reproduced with permission of
American Chemical Society (See insert for color representation of the figure)

Jinnai et al. applied EFTEM tomography to ternary systems made of a rubbery matrix
filled with CB and Si nanoparticles [11]. Conventional TEM imaging does not allow
significantly differentiating both kinds of particles in the 3D reconstruction because of the
weak difference in electron density between CB and Si. They managed to solve this issue
by acquiring tilt series through EFTEM imaging mode. As recalled previously, EFTEM
allows a chemical mapping of the microstructure by collecting electrons with a particular
energy loss, AE. In this study, Si-mapped projections were recorded at every tilt angle with
a filtering window at AE=99eV, corresponding to the L-edge of Si. As reproduced in
Figure 2.7, the Si nanoparticles and then, by deduction, the CB particles were selectively
segmented in the volumes. Such experiments allow the authors to conclude that both CB
and Si nanoparticles formed aggregates that consist of only one type of particles, as it can
be deduced from Figure 2.7 where no mixed aggregate is visible.

Using also ETEM, Gass et al. took advantage, in their study, of the difference in plasmon
energy that exists between the EELS spectra of multi-walled carbon nanotubes (MWNT's)
and nylon 6,6 [39]. By recording EFTEM tilt series for both plasmon energies (22eV for
MWNTs and 28 eV for nylon 6,6), a reconstruction was computed from the “ratio images”
in order to increase the contrast between both carboneous phases in the tomograms.
Figure 2.8 shows an example of what can be obtained with such a method on a nylon/
MWNTs nanocomposite. The enhanced contrast allows obviously identifying the nylon
matrix, MWNTs, and holes from the microstructure.

As previously discussed, the “missing wedge” artifact in ET is mainly due to the design
of the sample and the sample-holder. Indeed, in most of the studies previously presented,
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Figure 2.8 Surface render of the nanotube (purple) and nylon (gray) from the tomographic
reconstruction of the plasmon ratio 28eV/22eV. The nylon that has filled the top end of the
nanotube is shaded in light purple. A hole that occurs in the nylon can be seen just under the
top end of the nanotube, and the voids within the nanotube are represented by pale green
(EFTEM imaging, SIRT reconstruction). Gass et al. [39]. Reproduced with permission of
American Chemical Society (See insert for color representation of the figure)

thin slices of the sample (typically between 100 and 200nm thick) are sectioned by
ultramicrotomy either at room or cryo temperature, depending on the T, of the matrix.
The slices are then deposited on a TEM grid. Such configuration strongly limits the
available tilt angle range in the microscope because of shading effect from the sample-
holder or the TEM grid at high tilt angle. Moreover, because of the parallelogram shape of
the sample, the projected thickness increases with the tilt of the sample, resulting in a loss
of contrast and focus at high tilt angle. Recent advances on FIB technique lead several
groups to propose new design of samples for ET acquisitions. For instance, Kawase et al.
prepared needle-shaped specimen of nanocomposites filled with zirconia nanoparticles,
with a diameter of around 100-200nm using FIB. Once attached on a modified sample-
holder and inserted in the microscope column, such a specimen allows for a full £90°
rotation, avoiding any missing wedge effect. Examples of reconstructed volumes are shown
in Figure 2.9 where no elongation artifact can be observed. In the same study, the authors
showed that, by limiting the tilt angle, «, in the reconstruction of the same tilt series, the
contrast between zirconia nanoparticles and the polymer matrix become worse. Furthermore,
as a decreases, the elongation of the needle shape and the nanoparticles in the tomograms
becomes more and more pronounced and the calculated zirconia volume fraction is even
higher than the known composition of the sample. Nevertheless, this type of nanomachining
becomes more difficult for soft materials, very sensitive to ionic beam damages and induced
heating.
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(a) (b) (c)

Figure 2.9 (a) TEM pictures of needle-shaped nanocomposites containing zirconia nano-
particles (the rectangle indicated the area subjected to ET experiments); (b) volume render; and
(c) surface render of the reconstructed volume at different viewing angles (BF-TEM imaging,
WBP reconstruction). Kawase et al. [29]. Reproduced with permission of Elsevier

2.4 3D Image Analysis and Quantification

3D image analysis is the next important step for a complete description and quantification
of the material microstructure. Beyond the calculation of the filler volume fraction or the
particle volume distribution, it is thus of importance to develop numerical tools in order to
extract relevant microstructural parameters from 3D. However, before image analysis, the
main critical point is the segmentation of the volume allowing individualizing the objects
of interest (e.g., pores, particles, or aggregates) from the background (matrix signal) with
the best signal-to-noise ratio. This usually implies precise investigation on a prior image
pretreatment routine made of successive filters or image calculation (e.g., median filter,
watershed process, Gaussian blur, and opening/closure) [42].

Several studies focus on the quantification of shape, size, and spatial distribution of
objects in segmented volumes [38, 43—47]. For example, Thiedmann et al. recently proposed
a method to measure, from ET images, size and coordination of densely packed CdSe
nanoparticles in nanocomposites for solar cell application [46]. By assuming a spherical
shape for the particles, they analyzed the interconnected conductive pathway within
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the volume for a given electron hopping distance. For very anisotropic nanofillers, their
orientation within the matrix is an important parameter that tunes the macroscopical
properties of the materials (e.g., a percolating path of nanoparticles can be induced, leading
to mechanical and electrical specific behavior). Nichioka et al. evaluated the 3D orientation
of clay nanoplatelets in nanocomposites by fitting each platelet by an equivalent ellipsoid
and analyzing its three semi-axis orientation [37]. From image treatment and analysis
software such as ImageJ [48], several measurements can be implemented based on plugins
available from the user community. For instance, one of the functions of the BonelJ plugin
allows calculating the three orthogonal principal axes and moments of inertia around those
axes of segmented objects [49]. Anisotropic nanocomposites were prepared by dispersing
magnetic nanoparticles (Y-Fe,O,) in a PS matrix through a solvent casting way under a
constant magnetic field of variable intensity [50]. Using this plugin, Figure 2.10 illustrates
measurements of the 3D orientation of nanoparticle aggregates from ET of nanocomposites
prepared under a magnetic field. One can easily observe that the magnetic field induces a
preferential orientation of the nanoparticles. Indeed, without magnetic field, the points are
almost randomly distributed, whereas a concentration of points for 8=0° and 60° < ¢ <80°
is seen when a 600G magnetic field is applied during the solvent evaporation.

As soon as the filler geometry is well known, the elongation artifact inherent to the TEM
tomography can be avoided by generating 3D dispersions of equivalent objects from the
experimental reconstructed volumes. Morphological parameters can be then extracted from
such model microstructures. Such an approach was applied to nanocomposites made of a
PS matrix filled with PS-grafted silica nanoparticles (see ET observations in Figure 2.5)
[18]. The obtained tomograms were pretreated using the 3D tools of the ImageJ software
[48]. In a first step, in order to reduce noise in the image and to enhance the edge of the
objects, a 3D median filter was applied, followed by a slice-by-slice 2D background
subtraction.

Then, in order to overcome the elongation artifact and the artificial merging of the nano-
particles in the z direction, as illustrated in Figure 2.3, a watershed filter was applied to
individualize the silica nanoparticles. To this end, a 3D minimum filter was first applied
with a radius of 4.75nm (i.e., 5 pixels) after binarization of the volume. Such a filter results
in an erosion of the particles over a thickness of 4.75nm. As the particle mean radius is
about 13nm, this first step allows isolating the center of each particle and reducing the
noise in the tomograms. Then, the coordinates of the particle centroids can be easily found
by using the “3D object counter” plugin [51] from ImageJ and used as seeds in the water-
shed process. The nanoparticles are then individualized and separated in the segmented
volume. Finally, the volume of each individualized particles was measured and, by dispers-
ing spherical objects with the same volume at the nanoparticle centroid coordinate, a
model-equivalent microstructure was generated (see Figure 2.11a and b).

Then, a quantitative image analysis approach was developed based on a 3D Voronoi tes-
sellation using the open source software library developed by Rycroft [52]. A precise anal-
ysis of the nanoparticle local environment was extracted from this method through the
identification of the closest neighbors of each particle (see Figure 2.11c and d). The quality
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(a) ET of an anisotropic aggregate of Y-Fe,O, nanoparticles within a polystyrene

matrix showing the orientation of principal axes (box scale is given in nanometer) and (b)
definition of the polar coordinates, ¢ and 6, in the volume coordinate system (x;y;z). Measured
orientation distribution of segmented aggregates in PS/Y-Fe,O, nanocomposites prepared by
solvent casting either without (c) or with (d) a magnetic field B=600G
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(a) (b)

Figure 2.11 (a) ET observation of silica nanoparticles: 3D rendering of the volume after
watershed treatment and segmentation, (b) equivalent 3D dispersion of polydisperse spheres,
(c) Voronoi cells tessellated from each sphere, and (d) close neighbor identification

of the dispersion could quantitatively be discussed from statistical measurements of
the interparticle distance, the number of closest neighbors, and the local density (@,
defined as the ratio between the nanoparticle volume and the volume of its surrounding
Voronoi cell).

For instance, the dispersion state of the nanoparticles within the PS matrix can then be
directly quantified through the local density distribution in the whole volume. Indeed, the
Voronoi cell described, for a particle, the area of direct influence with its first neighbors
and is an indicator of its local environment. The plot of the full width at half maximum
(FWHM) of the @, distributions (Figure 2.12) highlights the microstructural transition
from densely aggregated nanoparticles to a homogeneous random dispersion as R increases.
The case where R=0.38 being a critical point in this transition. The FWHM almost follow
an R! decrease from 17vol% (i.e., a wide distribution revealing a large-scale heterogene-
ous dispersion) to 2-3vol% (close to the 5vol% macroscopical particle loading) for
randomly distributed particles. For low R values, the aggregation of the particle was related
to a collapse of the grafted chains, resulting from the entropic expulsion of the free PS
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Figure 2.12 Evolution of the full width at half maximum (FWHM) of the local volume
fraction distribution with the R ratio in polystyrene nanocomposites filled with 5vol% silica
nanoparticles. The equivalent model microstructures are shown for R=0.16, 0.24, 0.38, and 1.
Dalmas et al. [18]. Reproduced with permission of American Chemical Society

chains from the smaller grafted ones. For higher R values, the free chains can swell the
grafted ones, thereby creating repulsive interparticle interactions and favoring the particle
dispersion.

2.5 Conclusion and Prospects

In the past 20 years, ET emerged as a very efficient tool, becoming easier and easier to
implement in a TEM. The use of ET in the study of microstructure/properties relationships
in polymer nanocomposites gives access to the third dimension in TEM samples, thus
eliminating any ambiguity in microstructural interpretation and allowing for a complete
description of the morphology and dispersion of nanoparticles in the polymer matrix.
Nevertheless, ET always involves the optimization of a complex compromise between
imaging mode, contrast, specimen design (e.g., sample thickness and maximum tilt angle),
beam-induced damage, and image resolution (see, e.g., the recent paper of Chen et al.
[53]); it is even more complicated when applied to electron beam-sensitive materials
such as polymers. A new challenge in ET would be the development of a “low-dose” ET
technique, based on quick recording of tilt series coupled with post-image corrections, in
order to minimize the electron dose received by the sample throughout the acquisition and
to prevent induced damages.

Beyond the volume viewing of the microstructure at the nanoscale, morphological
parameters can be extracted from ET in order to get a quantitative characterization of the
structure and to give input parameters for simulation or modeling approaches. At this point,
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the segmentation step becomes very crucial in order to accurately highlight and individualize
the features of interest in the microstructure. Then, 3D image analysis tools devoted to
ET have to be developed, taking into account artifacts inherent to ET (anisotropic reso-
lution, contrast interpretation, etc.).

However, nanocomposite microstructure is very often complex and hierarchically
organized at different scales (nanoparticles, agglomerates, aggregates, percolating net-
work, etc.). Thus, new developments for tomographic observation of larger volume with a
nanoscale resolution of such multiscale materials are of interest. For instance, several
teams investigated the advantage of the high focus depth that can be reached in STEM
imaging mode when applied to ET on thick samples (around several micrometers) [14, 54].
Alternatively, recent advances in the development of dual beam microscope coupling an
FIB with an SEM open new alternatives for 3D microstructural characterization at a larger
scale [55]. By successively milling cuts in a selected area of the sample with the FIB, a
“slice-by-slice” observation can be recorded with the SEM. Figure 2.13 illustrates the
potential of this technique on a silica nanoparticle/Poly(dimethyl siloxane) (PDMS)

Figure 2.13 FIB/SEM tomography on a silica-filled PDMS nanocomposites: 3D reconstruction
and corresponding digital orthogonal slice images (low loss backscattered electrons imaging)



Three-dimensional Microstructural Characterization 25

nanocomposite (see Ref. [5] for more information on the material). A volume of several
cubic micrometers is observed and highlights the 3D dispersion of the nanoparticle aggre-
gates. The nanoparticle resolution is lost, but the aggregate morphology can be characterized
and, for instance, the absence of a percolation network in this case can be deduced. When
coupled with ET, FIB/SEM tomography allows a full 3D observation of the filler disper-
sion from the nanoparticle itself up to larger aggregates. Nevertheless, here again polymer
materials can require specific preparation of the sample, and all the soft materials are not
suited to this technique because of strong damages that can be induced by the FIB (see,
e.g., Figure 2.13 where the shrinking of the PDMS sample under the FIB creates an
artificial flattening of the aggregates in the milling direction, z).
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3.1 Introduction

The prime functions of food packaging are extending the shelf life of packaged food
materials by preventing unfavorable changes caused by microbial spoilage, chemical
contaminants, temperature change, oxygen, moisture, light, external force, and maintaining
the quality and safety of food products from the time of production to the time of con-
sumption. The packaging performs the aforementioned functions by creating proper
physicochemical conditions for products and acts as a barrier for gases, water vapor, light,
and microorganisms not only to maintain the food quality and safety but also to enhance
the shelf life of the packaged food products. Besides basic properties like mechanical, opti-
cal, and thermal properties, the food packaging material must prevent microbial growth and
contamination, hinder gains or loss of moisture, and act as a barrier against water vapor
permeability, oxygen, carbon dioxide, and other volatile compounds such as flavors [1, 2].
Food packaging is not practiced merely as a container, but it also works as a protective
barrier with various advanced functions. In addition, the demands of innovative packaging
materials are ever increasing to meet the consumer need for higher quality food with safety,
convenience, and sustainability. In this sense, food packaging industry is a dynamic and
futuristic, which gives birth to sweep up or evolve novel technology.
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Nanotechnology is an interdisciplinary science for the creation of useful/functional
materials, devices or systems by controlling at least one dimension of the matter on the
nanometer-length scale and the development of new phenomena and physical, chemical,
and biological properties (Figure 3.1). The material properties change with the size of par-
ticles decreasing to the nanometer scale because of the large surface-to-volume ratio. For
example, a particle of 30nm diameter has about 5% of its atoms on its surface; however
with 10nm diameter, the number of surface atoms changes to almost 15%; while for the
particle size of 3nm in diameter have nearly 50% of its atoms on the surface. As a result,
the surface area, total surface energy, and reactivity increase [3]. Many industries have
known the possible benefits of nanotechnology, and commercial products have already
been fabricated in the electronics, communication, energy production, medicine, and the
food industry (Figure 3.1). Among the various existing nanotechnologies, polymer nano-
composite has attracted most attention in the food packaging industry.

Although, extensive researches are being undertaken at industry and academic levels,
polymer nanotechnology in food packaging is still in the developmental phase. For the
growth of polymer nanotechnology in food packaging at advanced level, it is important to
glare at the complete life cycle of the packaging (from raw material extraction and produc-
tion to usage and administration), integrating and balancing cost, performance, health, and
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environmental considerations. The high point of multidisciplinary research is required in
polymer nanocomposite in food packaging to overcome the barriers like safety, technology,
regulation, standardization, trained workforce, and technology transfer in order to achieve
the benefit for commercial products in the global market. Moreover, owing to the enormous
growth application potential of polymer nanocomposite in food packaging, the emerging
technology will be a hub of new employment opportunities because of degradable and
ecofriendly nature [4].

The polymer nanocomposite packaging has a great potential as an innovative food pack-
aging technology to maintain the food quality and safety, and to extend the shelf life of the
packaged food products. In view of considering the aforementioned points, this chapter is
focused on the composition, preparation, characterization, and application of polymer
nanocomposite materials in the food packaging areas.

3.2 Polymer Nanocomposite

Polymer nanocomposite is a multiphase hybrid solid material that contains one of the
phases as nanoscale fillers that have at least one dimension in less than 100 nm distributed
within a polymer matrix [5]. Owing to the nanometer-sized particles dispersed in the poly-
mer matrix, these nanocomposites exhibit prominently enhanced mechanical, thermal,
optical, and physicochemical properties, compared with the pure polymer or conventional
composites (microscopic) with very low filler loading, typically 5 wt% or below. Plenty of
studies have shown a positive impact on barrier properties of polymer nanocomposite
after reinforcing with nanofillers. The nanocomposite packaging materials have a high
potential as an advanced food packaging technology for maintaining the overall quality of
foods and extension of the shelf life of the packaged food products [4, 6-8]. Polymer
nanocomposites are mainly composed of the polymer matrix, nanofillers, plasticizers, and
compatibilizers.

3.2.1 Types of Polymer

The polymers for the preparation of nanocomposites can be classified as follows, and it is
summarized in Figure 3.2 [9, 10]:

1. Natural biopolymers: carbohydrates like starch, cellulose, chitosan, alginate, agar, and
carrageenan, proteins like soy protein, corn zein, wheat gluten, gelatin, collagen, whey
protein, and casein.

2. Chemically synthesized biodegradable polymers: poly(L-lactide) (PLA), poly(glycolic
acid) (PGA), poly(e-caprolactone) (PCL), poly(butylene succinate) (PBS), and poly(vinyl
alcohol) (PVOR), etc.

3. Microbial polyesters: poly(hydroxyalkanoates) (PHAs), poly(B-hydroxybutyrate)
(PHB), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), etc.

4. Nonbiodegradable polymers: nylon, polyamide, polyurethane, polyethylene tereph-
thalate, polyolefins, etc.
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Figure 3.2 Composition and sources for the components of polymer nanocomposite

3.2.2 Types of Nanofillers

The classification of nanofillers depends on the source and types of materials and dimen-
sion. On the basis of source, the nanofillers can be either organic or inorganic materials.

3.2.2.1 Organic Nanofillers

These include cellulose nanoparticles, cellulose nanowhiskers, cellulose nanofibrils, chitin
nanofibrils, starch nanocrystals, etc.

1. Cellulose: Cellulose is the most abundant naturally available polymers in the universe,

and it is progressively being used for the preparation of composites with other
polymers [11]. Cellulose is a semicrystalline linear chain of polysaccharide composed
of B-1,4-linked glucopyranose units. The intermolecular hydrogen bonds in the cellu-
lose chain form bundles of filaments, which consist of highly ordered crystalline and
disordered amorphous regions. The crystalline domains can be isolated in nanoscale
with highly ordered and regular rod-like nanocrystals, after getting rid of the amorphous
regions by acid hydrolysis, which is called cellulose nanofiber, crystalline nanocellu-
lose, or nanowhisker [12]. The production of nanosized cellulose and their application
in nanocomposite materials have been gaining increasing attention due to the profound
improvement of mechanical and barrier properties of the nanocomposites. The improved
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properties of nanocomposite are mainly caused by the high strength and stiffness com-
bined with low weight, as well as biodegradability, biocompatibility, and renewability
of nanosized cellulose [13]. Compared with microcellulose, nanocellulose are more
useful as reinforcing in polymers because the well-dispersed nanosized fibers with high
surface area form a percolated network connected by hydrogen bonds with the polymer
matrix [14]. In addition, nanocellulose can be attained from cheap and abundantly available
renewable natural resources such as wood, plants, vegetables, and other agricultural
residues and their processing wastes [15]. The properties of nanocellulose depend on
the isolation method and the source of the nanofibers [16].

Chitin: Chitin is the second most abundant biopolymer on the earth. Chitin is a linear
polysaccharide, made up of p-(1-4)-linked 2-acetamido-2-deoxy-D-glucopyranose
units [17]. Chitin can be obtained from fungi, crustaceans (e.g., crabs, lobsters, and
shrimps), insects, the radula of mollusks, and cephalopods (squids and octopuses) [17,
18]. Chitin upon acid hydrolysis can form crystalline nanofibrils and nanowhiskers,
which have been recently explored in nanotechnology applications. Reinforcement of
chitin nanofibrils in carrageenan polymer matrix resulted in increase in mechanical,
barrier, and antimicrobial properties of carrageenan films [19].

3.2.2.2 Inorganic Nanofillers

These include metal or metal oxide nanoparticles (silver, copper, zinc, titanium, etc.) and
clay (montmorillonite, saponite, hectorite, etc.).

1.

Metal or metal oxide nanoparticles: Metallic and metal oxide nanoparticles are most
promising for antimicrobial food packaging applications as they show strong antimicro-
bial activity because of their large surface area-to-volume ratio and high specificity
[20]. The antibacterial properties of metallic nanoparticles, such as silver, copper, and
zinc nanoparticles, have attracted considerable attention in food packaging as well as in
biomedical and biotechnological applications [21]. Metal or metal oxide nanoparticles
could be synthesized by various techniques, which is summarized in Figure 3.3.

Clay nanoparticles: Although, various nanoparticles have been recognized as potential
nanofillers to improve polymer performance, the layered silicate clays, such as mont-
morillonite (MMT), saponite, and hectorite, have been extensively explored due to their
low cost, easy availability, substantial enhancement properties, and relatively simple
steps of processing. These clay layers consist of two coordinated tetrahedral silicon
atoms, combined with octahedral sheet of either aluminum or magnesium hydroxide
[4, 8]. The clay layer is approximately 1 nm thick, and the lateral dimensions may vary
from a few nanometers to several micrometers or even larger, which depend on the
method of preparation, the source of the clay, and the types of layered silicate [22].

For the formation of successful polymer—clay nanocomposites, it is essential that the

clay nanoparticles be compatible with the polymer matrix and homogeneously distributed
through the polymer matrix. In general, natural layered silicates possess Na* or K* on the
surface, which makes the surface hydrophilic and, consequently, they are only miscible
with hydrophilic polymers. To make silicates miscible in hydrophobic polymers, the hydro-
philic silicate surfaces should be converted to a hydrophobic using exchange reaction with
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Figure 3.3 Various sources for the preparation of metal and metal oxide nanoparticles

various organic cations. The surface energy of the silicate surface lowers by organic cations
that result in a larger interlayer spacing, which enables better-intercalated nanocomposite
formation. In addition, the functional groups present on organic cations react with the poly-
mer and improve the interaction between the silicates and the polymer matrix [23-25].

3.3 Preparation of Nanocomposites

The homogeneous dispersion of nanofillers within a polymeric matrix is the primary step
to obtain the enhanced properties of nanocomposites. These nanofillers have a high ten-
dency for self-agglomeration due to the hydroxyl groups present on the surface of nanofill-
ers. The interparticle interactions of nanofillers can cause aggregation during the preparation
of the nanocomposite resulted in the loss of the nanoscale dimension, which limits the
potential use of them. Different strategies are employed during the nanocomposite film
formation to minimize the agglomeration of nanofillers. The different methods of polymer
nanocomposite film preparation are as follows:

1. Solvent casting method: In this method, a polymer is dissolved in an organic solvent
or water at room temperature or by heating. Particles, with particular dimensions, are
then added to the solution. The film forming solution can be cast onto a glass plate to
make a thin film. When the solvent evaporates, it creates a thin film of composite material
consisting of the particles together with the polymer. This process involves three basic
steps for film forming: solubilization, casting, and drying [26].
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2. Thermocompression method: In this method, the polymer is thermally compacted
between preheated two stainless steel plates lined with aluminum foil. A high pressure
of about 10000psi (68.9MPa) is applied for 3-5min. The films are peeled from the
aluminum foil layers after cooling in the air to room temperature [26].

3. In-situ intercalative polymerization method: This process involves the physical
mixing of the clay mineral with the selected monomer. Thereafter, monomers interca-
late within the interlayer and stimulate delamination. The polymerization initiated by a
number of ways to form linear or cross-linked polymer matrices. The pre-swelling of
clay mineral is required for dispersion, intercalation, and exfoliation of long-chain
alkylammonium ion of clay [27].

4. Solution intercalation method: In this method, the clay is pre-swollen in a solvent and
the polymer (intercalant) is dissolved in the solvent separately. Thereafter, both solutions
are combined, where the polymer chains intercalate and displace the solvent within the
interlayer of the clay. This method is suitable for the intercalation of polymers with low
or no polarity into a layered structure and facilitates the production of thin films with
polymer-oriented clay intercalated layers. This technique has been widely used to produce
intercalated nanocomposites with water-soluble biopolymers [5, 28].

5. Melt intercalation method: In this method, the polymer and clay are added together
above the melting temperature of the polymer; they may be held under shear, or at the
same temperature for some time period, or other conditions to encourage intercalation
or exfoliation of the clay. The melt intercalation is the most appealing approach because
of its compatibility with current polymer processing equipment, its versatility, and its
environmentally benign character due to the absence of solvents [5, 28]. The highest
mechanical reinforcement effect of organic nanofillers is attained when unmodified
nanofillers having hydroxyl groups are used for reinforcement.

When the layered silicate clays are mixed with a polymer, three types of composites are
commonly obtained (Figure 3.4): (i) immiscible tactoid, (ii) intercalated, and (iii) exfoliated

Polymer

Clay %\ +

Swelling, mixing, and drying

/5 == —a—’
% — RS@ ==

b/{\ .-‘-.- —
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Figure 3.4  Preparation methods of polymer/clay nanocomposites and their molecular arrangement
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structures [6, 10]. In immiscible tactoids, complete clay particles are dispersed within the
clay matrix, and the polymer cannot intercalate into the galleries of clay layers. The proper-
ties of such composites are similar to that of polymer composites reinforced by macroparti-
cles. Intercalation and exfoliation produce two ideal nanoscale composites. In an intercalated
nanocomposite, often, a single polymer chain is inserted into the gallery of clay layers and
forms alternate polymer layers and clay platelets. The silicate layers are completely delami-
nated from each other and are well dispersed in an exfoliated nanocomposite. The exfoliated
nanocomposite has been shown to exhibit the most significant improvements in physical
properties. The formation of intercalation or exfoliation depends on the type of clay and the
processing conditions [24].

3.4 Characterization Methods of Polymer Nanocomposite Films

The microstructure and surface morphology of polymer nanocomposites are characterized
by scanning electron microscopy (SEM) and transmission electron microscope (TEM).
TEM allows a qualitative understanding of the spatial distribution, internal structure, and
dispersion of the nanofillers within the polymer matrix. Whereas, chemical compositions
of films are determined by energy-dispersive X-ray spectroscopy (EDX) analysis. The
crystallinity, crystallite size, and composite structures such as tactoid, intercalated, or exfo-
liated structures of polymer nanocomposite and polymer/clay composite can be determined
using XRD measurements. The functional group and chemical changes due to the interac-
tion of polymer with nanofillers can be determined by Fourier transform infrared spectros-
copy (FTIR). It shows the vibration peaks in a particular frequency for a specific chemical
group. In addition, a number of analytical techniques have been used to characterize the
polymer nanocomposites films including atomic force microscopy (AFM), thermogravi-
metric analysis (TGA), and nuclear magnetic resonance (NMR).

3.5 Types of Polymer Nanocomposite Packaging

The reinforcement of nanofillers in the polymer matrix has been explored for the signifi-
cant enhancement in performance properties of nanocomposites for potential applications
in food packaging, such as processed meat products, cheese, bakery products, confection-
ery, food grains, boil-in-bag foods, fruit juices and dairy products, and for the manufacture
of carbonated beverage and beer bottles [29]. There are various reports available on poten-
tial applications of nanocomposites in the food packaging sector (Figure 3.5). However,
they are mostly focused on nanocomposites made from thermoset or thermoplastic poly-
mers. Moreover, the use of nanocomposite as food packaging materials is limited because
of the relatively high production cost and less feasibility for mass production. In addition,
the concern about the food product safety emerging from consumer and government about
use of nanomaterials as packaging materials.
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Figure 3.5 Properties and potential application of polymer nanocomposite in food packaging

3.5.1 Rigid Packaging

The packaging material’s resistance to gas intrusion like oxygen and water vapor and retention
of gasses like CO, and aroma are the primary limiting factors for the shelf life of many
foods and beverages. The migration of CO, out of carbonated beverage bottles could reduce
the shelf life by making the beverage become flat. However, oxygen migrating into beer
bottles reacts with the beer and make it stale. In both cases, the best solution to the problem
is providing a barrier to the movement of molecules through the polymer matrix comprising
the package. Considerable improvements in gas barrier properties of nanocomposites have
been explored in the food packaging industry, and some of them are commercially availa-
ble already. Polymer nanocomposites with different nanofillers have been developed for
improved gas and water vapor barrier properties. The packaging materials for applications
in beer bottles, carbonated beverages, and thermoformed containers are multilayer nano-
composites for rigid food packaging. The typical food packaging materials with multilayer
structures are shown in Figure 3.6. The first type of packaging consists of only polymer that
can be a barrier for gas or water vapor molecules. The second type is a passive barrier, in which
the middle layer is reinforced with nanocomposite film with enhanced barrier property. The
third type is an active barrier packaging materials composed of gas (O,) scavenger incor-
porated into the polymer. The fourth type is the combination of passive and active barrier.
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Figure 3.6 Diagrammatic representation of the structures of multilayer nanocomposite for
oxygen (O,) barrier packaging: (a) neat polymer film without barrier, (b) nanocomposite layer
as passive barrier, (c) oxygen scavengers as active barrier, and (d) mixture of active (oxygen
scavenger) and passive (nanocomposite) barrier

3.5.2 Nylon-Based Packaging Materials

1. Polyamide 6 or thermoform nylon is one of the most widely used plastic material to
produce laminated films, sheets, and bottles, because it is cheap, transparent, strong,
tough, and thermoformable over a broad range of temperatures and chemicals, but it is
more permeable to gasses and water vapor. Thermoformed nylons are used for packing
meat and cheese. Nylons are often used as coextrusion with other plastic materials, provid-
ing both strength and toughness to the structure. Development of nanocomposite with
nylon and clay has been tried in order to improve gas and water vapor barrier properties.

2. Nylon-6 nanocomposite (Durethan®, Bayer Polymers) is known to have better proper-
ties than simple polyamide 6 and a barrier for the gasses and water vapor, as well as
maintaining excellent transparency. The nanoparticles influence the crystallization of
the plastic, acting as nuclei for the crystallization of the polymer, resulting in improving
the light transmission through the film.

Honeywell produces three types of nylon-6 nanocomposite: (i) Aegis™: OX, (ii) HFX,
and (iii) CDSE with high oxygen barrier properties for plastic beer bottles, hot-fill bottles,
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and carbonated soft drink bottle, respectively. Nylon-6 nanocomposites showed an oxygen
barrier properties approximately four times higher than pristine nylon-6 [30].

Nylon-MXDG6 is a crystalline polyamide of meta-Xylenediamine and adipic acid, which
is widely used in multilayer food packaging applications [31]. Mitsubishi Gas Chemical
Company and Nanocor jointly developed MXD6 (trade name: Imperm™), which is semi-
aromatic nylon in nanocomposite form with high gas barrier properties. In addition, they
also produce a nanocomposite of multilayer PET and clay platelets in MXD6 nylon under
the trade name “M9” [32]. Imperm is used in food and beverage packaging to increase the
shelf life of carbonated beverages. Their CO, retention capability determines their shelf
life. The multilayered PET bottles blended with nanocomposite have been used for the
packaging carbonated beverages to minimize the carbon dioxide loss from the drinks and
the oxygen ingress into the bottles, thus maintaining the quality and extending the shelf life
of the drinks. Moreover, the resultant bottles are both lighter and stronger than glass bottles
and are less likely to shatter.

3.5.3 Biodegradable Packaging

Various types of biodegradable food packaging films are developed using biopolymers.
The nanofillers from renewable resources have been used to increase the water vapor bar-
rier property. Reinforcement of chitin nanofibrils in carrageenan biopolymer increased the
mechanical property and decreased the water vapor permeability of nanocomposite films
[19]. The water vapor permeability of carrageenan biopolymer also decreased when it was
reinforced with paper mulberry pulp nanocellulose [11]. Rhim and Wang [33] reinforced
clay into carrageenan biopolymer to increase the water vapor barrier property and mechan-
ical properties of nanocomposite. Kanmani and Rhim [34] mixed nanoclay into gelatin
matrix to improve the mechanical and water vapor barrier properties.

3.5.4 Flexible Packaging

Flexible packaging materials are bags, pouches, envelopes, wraps, and sachets, which are
made of materials such as film, foil, or paper sheeting that, when filled and sealed, acquire
pliable shape. Some packaging materials contain metal layers and container that can be
replaced by nanocomposites to flexible pouches or rigid plastic structures. Packaging films
with metal layers increase the amount of solid waste in the environment after their disposal.
Many current packaging materials are mulitlayered, which are unrecyclable, but nanocom-
posite polymers could help reduce packaging waste and would allow efficient recycling.
The prime goal in using polymer nanocomposite is to moderate the amount of solid waste
associated with the current packaging as well as to lower the costs by savings material.
Nylon-MXDG6 is explored as potential substitutes for foil-based packaging materials in
food supply chain nowadays. Nylon-MXD6/clay nanocomposites can enhance mechanical
properties of the polymer in addition to gas barrier properties. Thellen et al. [35] reported
the enhanced oxygen barrier properties of nylon-MXD6/clay nanocomposites decrease in
film elongation while improving the tear resistance of the films. Nylon-MXD6/clay nano-
composites showed 4.5, 2.0, and 2.3 times, lower OTR, CO, TR, and WVTR, respectively,
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than those of the neat nylon-MXD6 [36]. Nanocomposite films with improved barrier
properties and superior mechanical strength provide an opportunity to reduce the environ-
mental load occurred by currently used packaging materials.

3.5.5 Active Packaging

It refers to the techniques concerned with substances that absorb oxygen, carbon dioxide,
moisture, ethylene, flavors/odors, and those that release antioxidants, carbon dioxide, fla-
vor, and antimicrobial agents (Figure 3.7). It can remove undesirable flavor and tastes and
also improve the smell or color of the packed food. Active packaging materials interact
with the packed food and the environment surrounding the food and plays an active role in
extending the shelf life of packaged food or improving safety or sensory properties,
however, maintaining the quality of the food [37, 38]. The dynamic packaging technolo-
gies have been modernized to provide more dependable quality, food safety and also to
minimize package-related environmental contamination and disposal problems [39]. The
expansion in active packaging has led to advances in many regions, including antioxidant
activity, antimicrobial activity, controlled respiration rates, and water vapor permeability.
Other active packaging technologies include carbon dioxide absorber/emitters, odor
absorbers, ethylene absorber, and aroma emitters. Among these techniques, oxygen
scavengers, moisture absorbers, and antimicrobial packaging constitute more than 80% of
the market today [40].

Environment

Head space contains gasses
(05, CO,, water vapor),
microbial metabolite, volatile
compounds of food

Protection by UV
light, microorganism

Package

Functions

Controlled release of antimicrobial compounds
Oxygen scavenging

Water vapor removal or retention

Ethylene absorber

Ethanol absorber or emitter

Figure 3.7 Functions of active packaging to improve self-life of packaged food
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1. Oxygen barrier/oxygen scavenging: The presence of oxygen in the packaged foods
causes many harsh reactions such as color changes, nutrient losses, microbial growth,
and off-flavor development. In addition to these, it also considerably affects the
ethylene production and respiration rate in vegetables and fruits. Although O -sensitive
food has been packed using passive barrier packaging materials such as high-barrier
packaging materials with multilayered structures containing ethylene vinyl alcohol
copolymers or aluminum foil [41] or barrier nanocomposite [42], the passive method
cannot completely remove the oxygen (Figure 3.6). The oxygen may remain in the head
space or dissolve in the food or permeate into the container wall. To overcome such
problem, recently, an active packaging method using oxygen scavenger systems has
been developed to reduce the residual oxygen in the package; however, the risk of anaero-
bic pathogenic bacterial growth will be high.

Oxygen scavenger can be used in sealed small sachets that are inserted into the
package or fixed by adhering to the inner wall of the package materials. Although, this
technology is well implanted, there are some problems associated with this method like
the accidental consumption of the contents of the sachets and the difficulty in recycling
such sachets. Polymer nanocomposite could be applied as an alternative to solve such
problems [43]. Aegis® OX is a commercially developed resin with oxygen-scavenging
potential, which is a mixture of active barrier (nylon) and passive oxygen scavengers
(nanocomposite clay particles) to enhance the barrier properties against oxygen, carbon
dioxide, and aroma. Janjarasskul et al. [44] produced edible and biodegradable biopolymer
film of whey protein and ascorbic acid with oxygen scavenging activity. Xiao et al. [45]
developed oxygen scavenger films by blending different polymers with TiO, nanoparti-
cles. The nanocomposite films with oxygen scavenger activity could be used as active
packaging materials for oxygen-sensitive food products.

2. Carbon dioxide emitter/absorber: The foods such as meat and poultry require a high
concentration of carbon dioxide (CO,) levels (10-80%) in order to inhibit the surface
microbial growth and to extend the shelf life. The removal of oxygen from the package
creates a partial vacuum resulting in collapsing of flexible packaging. Therefore, the
simultaneous release of carbon dioxide from inserted sachets, which consume oxygen,
is desirable. Such systems could be developed by ferrous carbonate or a mixture of
sodium bicarbonate and ascorbic acid [46]. Calcium hydroxide, potassium hydroxide,
sodium hydroxide, calcium oxide, and silica gel can be used in carbon dioxide absorb-
ers sachets, in order to remove carbon dioxide during storage and prevent bursting of the
package [46]. The commonly used CO, scavenger is calcium hydroxide, which reacts
with CO, in the presence of high moisture to form calcium carbonate. But the disadvantage
in using calcium hydroxide is that it irreversibly scavenges the CO, from the package
headspace resulting in depletion of CO,, which is always not needed [47].

3. Ethylene absorber: Ethylene is a plant hormone that has physiological effects on fresh
fruit and vegetables. It is also known as ripening hormone. It accelerates the respiration
rate, resulting in maturity and senescence as well as softening and ripening of fruits. In
addition, ethylene accumulation causes yellowing of green vegetables and is responsi-
ble for various postharvest disorders in fresh fruits and vegetables. The accumulation of
ethylene in the packaged food should be avoided to increase the shelf life and maintain
the quality of packaged food. Various ethylene absorbing substances are reported, but



42

Functional and Physical Properties of Polymer Nanocomposites

the efficiency of the materials is difficult to substantiate because of inadequate docu-
mentation. Owing to the photocatalytic properties of titanium oxide (TiO,), it has been
exploited for the removal of ethylene vapor and delayed the ripening of climacteric
fruits. Unlike conventional ethylene scavenger, TiO, has the unlimited ethylene scav-
enging capacity, because TiO, is not being consumed in the reaction. Maneerat and
Hayata [48] developed polypropylene films coated with TiO, for ethylene gas removal
of packaged horticultural products. They compared the efficacy of micro (~5 pm) versus
nano (~7nm) TiO, particles and found the higher ethylene scavenging efficacy with
nano TiO,.

Antimicrobial packaging: Antimicrobial nanocomposite packaging is one of the
most promising smart packaging systems that assist in prolonging the shelf life of
food by putting down or inhibiting spoilage and pathogenic microorganisms that
contaminate foods [20]. Polymer nanocomposite food packaging material with anti-
microbial properties is particularly useful because of the high surface-to-volume ratio
of nanofillers and also because it enhances surface reactivity of the nanosized antimi-
crobial agents compared to bulk counterpart, making them able to inactivate or kill
microorganisms [7]. Antimicrobial packaging films are produced by blending antimi-
crobial materials to the polymeric matrix during the polymer processing. Polymer
nanocomposite materials have been investigated for antimicrobial activity as a growth
inhibitors [49], antimicrobial agents [50], antimicrobial carriers [51], or antimicrobial
food packaging films [20]. Metal and metal oxide nanoparticles are one of the widely
used nanomaterials for antimicrobial food packaging applications as they show
intense antimicrobial activity owing to their large surface area and high specificity.
The antibacterial properties of metal and their oxide nanoparticles, such as silver,
copper, titanium, and zinc nanoparticles have attracted considerable attention not only
in the food packaging field but also in biomedical and biotechnological applications
[20, 52-54]. Among these, nanocomposite of silver nanoparticles (AgNPs) and
biopolymers such chitosan [55], agar [7], and gelatin [34] exhibited strong antimicro-
bial activity against both, Gram-positive and Gram-negative bacteria. Due to strong
antimicrobial activity of copper nanoparticles [52], it has attracted the attention of
researchers for its application in food packaging. Copper-based nanomaterials pos-
sess low cost of source materials, insignificant sensitivity to human tissues, and highly
sensitive to microorganisms as compared to silver [52, 56]. Shankar et al. [20] devel-
oped the nanocomposite of agar polymer and six different types of nanoparticles and
reported high antimicrobial activity again Gram-positive and Gram-negative food-
borne pathogens. Metal oxides such as TiO,, ZnO, and MgO have also been exploited
for the preparation of antimicrobial packaging films due to their potent antimicrobial
activity with high stability [34, 57, 58]. Excitingly, polymer nanocomposite films
made with organically modified nanoclay have been known to have profound antimi-
crobial activity [55, 59]. Rhim et al. [55] prepared chitosan/clay nanocomposite films
mixed with two different types of nanoclay, which showed the antimicrobial activity
against pathogenic microorganisms. They found that the nanocomposite film prepared
with the organically modified MMT (Cloisite® 30B) exhibited antimicrobial activity
against Gram-positive bacteria such as Listeria monocytogenes and Staphylococcus
aureus, while the natural MMT did not show any antimicrobial activity. Although
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chitosan itself has long been recognized as an antimicrobial against a wide variety of
microorganisms, Hong and Rhim [50] demonstrated the strong antimicrobial activity
organically modified clays and concluded that the antimicrobial activity of the chitosan/
clay nanocomposite is mainly due to the quaternary ammonium salt of organically
modified nanoclay (Cloisite 30B).

Applications like antioxidant releasing, color containing, light absorbing/regulation,
antifogging and antisticking, suitable microwave heating, gas permeable/breathable, and
insect-repellant package films developed by polymer nanocomposites are expected to find
increased attention in the future [39].

3.5.6 Intelligent/Smart Packaging

Intelligent or smart packaging contains an external or internal indicator to provide infor-
mation and monitor the quality of the packaged food or its surrounded environment to
predict or to decide the safety and shelf life [60]. The features of intelligent packaging
can be used to access the efficiency and reliability of active packaging systems; they have
distinctively different concept. Intelligent/smart packaging devices can sense and pro-
vide information about the properties and function of packaged food. Moreover, they can
provide assurances of pack integrity, product safety and quality, and tamper evidence.
The properties of intelligent packaging are used in product authenticity, product tracea-
bility, and antitheft. It alerts a consumer to contamination of pathogens, to identify path-
ogenic bacterial contamination and harmful chemicals or degradation of products caused
by food deterioration, indicate food quality, and initiate self-healing. Intelligent packag-
ing devices include sensors, gas sensing dyes, time-temperature indicators, physical
shock indicators, microbial growth indicators, and tamper proof, antitheft, and anti-
counterfeiting technologies [29, 61]. Polymer nanocomposite paves the way for the
development of packaging systems that monitor the condition of packaged goods to
provide information during transport and storage. Various bioactive nanocomposite
materials like nanosensors, nanostructure indicators, antigen-detecting biosensors, and
DNA-based biochips are developed using the high activity of enzymes, antibodies,
microorganisms, or some physicochemical reactions to identify specific reactions. A
sensor is defined as a device used to locate, detect, or quantify energy or matter and give
a signal for the detection or measurement of a physical or chemical property changes.
The sensors contain two basic functional units: a receptor that transforms physical or
chemical information into a form of energy, and a transducer used to measure the trans-
formed energy and produce analytical signal. A biosensor is a device incorporating a
biological sensing element either intimately connected to or integrated within a trans-
ducer [61]. Various nanomaterials, such as gold nanoparticles [62], carbon nanotubes
[63], magnetic nanoparticles, and quantum dots [64] are used for the preparation of
effective biosensors because of their unique physical, chemical, optical, magnetic, and
electrochemical properties with high sensitivity and specificity for the detection of the
targeting compounds [65]. Biosensors can be incorporated into polymer films or other
packaging materials to detect pesticides, allergens, toxins, pathogens, temperature
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changes, residual oxygen, leakages, etc. [65, 66]. The method using bio-analytical sen-
sors offers several advantages, including rapid and high-throughput detection, simplicity
and cost-effectiveness, reduced power requirements, and easier recycling.

Freshness indicators are used to indicate directly the quality of the packaged food [67].
A signal of microbiological quality could be a result of a reaction between the indicator and
the metabolites produced during the growth of the microorganisms in the product. Most of
the freshness indicators are based on a indicator tag color change due to the presence of
microbial metabolites produced during the growth of microorganisms, giving a clear visible
signal of whether the food is fresh or not.

3.5.7 Nanocoating

Coatings are mostly continuous layers formed on the base packaging materials. Plastic
films metalized with aluminum have been used as gas barriers and light barriers and as
decorative films. The aluminum layer is laid down by vacuum deposition techniques and
is typically a few nanometers thick. This metal layer is sandwiched in a multilayer film
construction to prevent corrosion, scratching, and abrasion that would spoil the optical
properties of the food packaging.

Metallic oxide nanoparticles such as TiOz, MgO, ZnO, and AIZOB, and metallic nano-
particles such as Ag are widely used to produce nanocoatings on polymeric films, metallic
surface, or paperboard. Various novel properties of nanocoating materials such as optical,
mechanical, chemical, electronic, magnetic, and thermal properties are properly used in
some industries including the packaging industry. A variety of production and precipita-
tion methods of nano-thin films or nanocoatings are industrially used, which include
physical vapor deposition, chemical vapor deposition, electronic precipitation/electronic
coating, sol-gel process, electrodeposition, rotating coating, spray coating, and self-
assembling [68].

High-barrier nanocoatings consisting of hybrid organic—inorganic nanocomposite coat-
ings by sol—gel process [69] are being developed for oxygen-diffusion barriers for plastics
such as PET. The coatings are produced through atmospheric plasma technology using
dielectric barrier discharges. The coatings have been reported to be very efficient at keep-
ing out oxygen and retaining carbon dioxide, and can rival traditional active packaging
technologies such as oxygen scavengers.

Coatings containing nanomaterials are used to create corrosion-resistant, scratch-resistant,
antireflective or antimicrobial surfaces. Nanoscale silicate and alumina particles have been
found to increase the scratch and abrasion resistance of coatings without interfering with
the transparencies [70]. Applerot et al. [71] prepared ZnO-coated glass using an ultrasonic
irradiation method, and they demonstrated a significant antibacterial effect against both
Gram-positive and Gram-negative bacteria of the glass slide coated with a low level of ZnO
coating (as low as 0.13%, mean diameter of ZnO nanocrystals of 300nm). TiO,-coated
orientated polypropylene films showed potent antibacterial activity against Escherichia
coli and reduced the microbial contamination on the surface of cut lettuce, reducing the risk
of microbial growth [72]. Bio-hybrid nanocomposite (chitosan and bentonite nanoclay)



Polymer Nanocomposites for Food Packaging Applications 45

coated on argon-plasma-activated LDPE-coated paper had improved barrier properties
against water vapor, oxygen, grease, and ultraviolet (UV)-light transmission [73]. The
coating materials were classified as “generally recognized as safe” (GRAS) and the total
migration was in the permitted range (<6 mg/dm?) of legislation; the multilayer-coated
films were suggested as safe and environmentally sound alternatives for synthetic barrier
packaging materials. The antimicrobial activity of AgNPs has been exploited by develop-
ing non-cytotoxic coating for methacrylic thermosets using lactose-modified chitosan and
AgNPs [74]. Such biocompatible antimicrobial polymeric films containing antimicrobial
AgNPs may have real potential for using as an antimicrobial active packaging material.
Self-cleaning smart nanocoatings that destroy bacteria, isolate pathogens, or fluoresce
under certain conditions are under development [75].

3.5.8 Edible Coating/Packaging Films

Biodegradable materials derived from food ingredients such as polysaccharides, proteins,
and lipids are edible and have attracted significant interest in recent years due to their
potential abilities to replace traditional plastics and act as food contact edible films and/or
coatings. An edible/biodegradable film is one that is typically produced from food-derived
ingredients in a thin layer using wet or dry manufacturing processes to do so. The resulting
film should be a free standing film for wrapping of food stuffs or could be used between
food components for separation. In contrast, edible coatings are materials that can be
applied directly to the surfaces of food products by dipping, spraying, or panning. Edible
packaging formats can be consumed with, or as part of, the food product in question, but
they may fulfill other functions, such as acting as carriers for targeted food additives (anti-
microbial agents, antioxidants, flavorings, etc.). Edible films and coatings may also be used
to inhibit migration of oxygen, carbon dioxide, and moisture to improve the mechanical
integrity or handling characteristics of the food. Preparation of biodegradable and edible
films involves the use of at least one film-forming agent (macromolecule): polysaccha-
rides, proteins and lipids, a solvent, and plasticizer. Hydrocolloids (proteins and polysac-
charides) are the most widely investigated biopolymers in the field of edible coatings and
edible films.

3.5.9 Other Types of Packaging

The most rudimentary method to protect food products against temperature fluctuations
experienced an unintentional break of cold chain during storage and distribution of
refrigerated or frozen foods is in using the insulating packaging materials. However,
most insulating packaging materials are bulky, and they usually add significant package
weight and volume. As a new type of insulating materials, nanostructured foams that are
significantly thinner than conventional materials for the same thermal properties, have
been developed as an alternative for the bulky traditional insulating materials. Addition
of nanoscale nucleating agents in foams results in smaller cell size and higher cell density,
along with improving the performance of the foam [76].
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3.6 Properties of Polymer Nanocomposites

For the packaging applications of polymer nanocomposites, the performance properties
such as mechanical, barrier, optical, thermal, biodegradation, antimicrobial, and other
functional properties ought to be evaluated. The properties of polymer nanocomposites are
closely related to their microstructure. Substantial improvements in the properties were
found with various polymer/nanofillers nanocomposites, which are mainly attributed to the
high interfacial area between nanofillers and polymer matrices.

3.6.1 Mechanical Properties

Formation of nanocomposites with organoclays and organic nanofillers (cellulose nanopar-
ticles, cellulose nanowhiskers, cellulose nanofibrils, chitin nanofibrils, etc.) has shown pro-
nounced improvement in the mechanical properties of different polymers even with a low
level of filler loading (<5 wt%). It has been frequently observed that mechanical properties
such as tensile strength, elongation at break, and Young’s modulus of nanocomposites are
strongly dependent on the concentration of nanofillers used. Various reports on the mechan-
ical properties of polymer nanocomposites have been documented [7, 19, 20, 24, 33, 34].
The enhancement in mechanical properties of polymer nanocomposites can be ascribed to
the high rigidity and aspect ratio of nanofillers together with the good affinity through
interfacial interaction between the polymer matrix and dispersed nanofillers.

3.6.2 Barrier Properties

Polymer nanocomposites have excellent barrier properties against gasses (e.g., O, and
CO,), water vapor, and UV light. Studies have shown that such reduction in UV light, gas,
and water vapor permeability of nanocomposites strongly depends on the types of nanofill-
ers, size of nanofillers, and structure of the nanocomposites. The increase in the gas and
water vapor barrier properties of polymer nanocomposite films is believed to be because of
the presence of highly dispersed nanofillers with large aspect ratios in the polymer matrix
which are impermeable to water molecules [77, 78]. The gas and water vapor molecule
travel through the film to follow a tortuous path through the polymer matrix surrounding
the nanofillers particles as schematically shown in Figure 3.8, thereby increasing the effec-
tive path length for diffusion. The enhanced gas and water vapor barrier properties of nano-
composites make them attractive and useful in food packaging applications.

3.6.3 Chemical Resistance Properties

It is necessary to evaluate the performance and the suitability of biopolymers stored with
common food packaging solutions as a function of time, because some food products
release some chemicals that may have weak or strong acid characteristics. The absorption
and interaction of chemical compounds released from food may affect the final mechani-
cal properties of polymer used for packaging [79]. Generally, the chemical resistance
tested is necessary to measure the tensile strength, elongation at break, and modulus of
elasticity of sample submerged in weak (acetic acid) and strong (hydrochloric) acid
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Figure 3.8 The path length of the gas and water vapor through (a) neat polymer and
(b) polymer nanocomposite films

solutions as a function of time at ambient temperature (23°C) and at lower temperature
used for food storage [79].

3.6.4 Biodegradation Properties

There is a research effort throughout the world to develop eco-friendly and totally
biodegradable polymers as a waste management option for food packaging materials
in the environment. Biodegradation is a degradation of polymer or materials activated by
the action of microorganisms such as bacteria, fungi, and algae. Biodegradation of polymers
may occur by hydrolysis, enzyme-catalyzed hydrolysis, ionization, solubilization, or micro-
bial degradation either alone or in combination with one another [80]. Natural polymers (i.e.,
proteins, polysaccharides, and lipids) are degraded in the biological systems by oxidation and
hydrolysis [81]. Biodegradable polymers degrade into biomass, carbon dioxide, and methane.
In the case of synthetic polymers, microbes utilize the carbon backbone of the polymer as a
carbon source. Biodegradation of polymers in general occurs in two distinct steps, that is,
depolymerization and mineralization. The bio-nanocomposite packaging materials are
expected to be degraded in the environment in a short time span after being discarded.
Biodegradable polymers are of three different types: (i) the mixtures of synthetic poly-
mers and substances that can be easily digested by microorganisms (natural polymers such
as polysaccharide, protein, and lipid); (ii) synthetic materials with groups that are suscep-
tible to microbial hydrolysis, for example, polycaprolactone; and (iii) the polyesters from
bacterial sources. The most famous biodegradable polymers are polyethylene oxide,
polylactide, poly(e-caprolactone) (PCL), poly(3-hydroxybutyrate), polyglycolic acid, and
thermoplastic proteins [82]. Biodegradable polymers can be composted with organic
wastes and applied to the soil to enrich the fertility of the land. The use of conventional
plastics causes harm to animals; however, the use of biodegradable polymers not only
reduces the harms to animals but also decreases the labor cost for the removal of plastic
wastes from the surroundings. Since, biodegradable polymers degrade naturally, their
decomposition helps increase the longevity and stability of landfills by reducing the vol-
ume of garbage and they could be recycled to useful oligomers and monomers by microbial



48 functional and Physical Properties of Polymer Nanocomposites

and enzymatic processing [82]. In general, the biodegradability of biopolymer films is
known to be significantly improved after formation of nanocomposite with nanoclays and
other nanofillers. Tetto ef al. [83] first tested the biodegradability of nanocomposites based
on PCL and reported that the PCL/clay nanocomposites showed improved biodegradability
compared to pure PCL. They explained that such an improved biodegradability of PCL in
clay-based nanocomposites might be due to the catalytic role of the organoclay during the
biodegradation process. The degradation of PLA is reported to occur by uptake of water,
followed by hydrolysis of ester bonds, fragmentation into oligomer, solubilization of
oligomer fragments, diffusion of soluble oligomers, and finally mineralization into CO,
and H,O [84]. Sinha et al. [85] suggested that the enhanced biodegradability of PLA nano-
composite films is ascribed to the existence of terminal hydroxyl groups in the clay layers.
Maiti et al. [86] found significant improvement in thermal and mechanical properties of
PHB/clay nanocomposites as compared to the neat polymer. The enhanced rate of biodeg-
radation of PHB was found with low crystallinity nanocomposite films. Sasmal et al. [87]
also observed the faster rate of degradation of soy protein-based nanocomposite films than
the pure soy protein films. In contrast, Lee et al. [88] found the rate of biodegradability
of PBS/organoclay nanocomposite films decreased compared to the neat PBS film. In
addition, the higher loading of nanoclay reduces the biodegradability of the nanocompos-
ite. They related the contradictory results of lower degradability with the improved barrier
properties of the nanocomposites, which hinder microorganisms to diffuse in the bulk of
the film through more tortuous paths. Similarly, Wu and Wu [89] also reported a decrease
in the degradation rate of the PLA/chitosan-organically modified MMT nanocomposite
films. Hong and Rhim [50] demonstrated that the reduced in biodegradability of PBS/
Cloisite 30B nanocomposite was attributed to the antimicrobial action of the organoclay
modified with a quaternary ammonium group. They suggested that the degree of biodegra-
dation of bio-nanocomposites can be controlled by the nature of the layered silicates or the
presence of surface modifying chemicals (quaternary ammonium cations). This property
can be properly used for the development of bio-nanocomposite packaging materials with
fine-tuning the biodegradation rate.

3.6.5 Other Properties

Polymer nanocomposites showed significant improvement in other polymer properties also
that are useful for packaging application such as transparency, light weight, UV-light
barrier, and thermal and dimensional stability. Polymer nanocomposite films show the
clarity similar to pristine polymer materials when the nanofillers are small in size and well
distributed through the polymer matrix. The clay platelets with a size lower than the visible
light wavelength do not hinder light’s passage, and the polymer nanocomposite films are
transparent. However, the evenly distributed clay platelets as intercalated or exfoliated
through the polymer matrix have a high UV light barrier property [90]. Shankar et al. [20]
reported that the agar/copper nanoparticle bio-nanocomposite films exhibited high UV
light barrier activity without sacrificing the transparency of the agar film. Nanocomposite
packaging materials with such optical properties (transparency and UV-barrier properties)
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could be utilized for transparent UV-light barrier materials for food packaging or coatings.
Some of the applications of nanocomposite films are wrapping for processed meats,
cheese, confectionery, cereals, fruit juice, and dairy products. Some other applications
include packing material for beer and carbonated drink bottles, multilayer films and
containers, and paper coatings.

Moreover, thermal properties of polymer nanocomposite films are crucial for the large-
scale processing of thermoforming films at an elevated temperature without shrinkage
after processing of food packaging materials. The thermal and dimensional stabilities of
biopolymer films can be improved by incorporating nanocomposites with nanofillers,
such as layered silicate clays, cellulose nanofibers, metallic nanoparticles, and chitin
nanofibrils [11, 19]. The dimensional stability of polymer/nanofillers nanocomposites has
been recognized to be enhanced owing to a higher modulus and lower thermal expansion
coefficient of the nanofillers than the polymer matrix [91].

Generally, the incorporation of nanofillers into the biopolymer matrix is found to
enhance thermal stability because the dispersed crystalline nanofillers act as an insulator
for heat transfer and a barrier for mass transfer to the volatile products generated during
thermal decomposition, and the nanofillers also serve as shields for the polymer from the
action of oxygen, dramatically increasing the thermal stability under oxidative conditions
[22]. Rao [92] showed a slight increase in melting point in a solution intercalated gelatin-
based nanocomposite with an increase in the clay content, using DSC. Hedengqvist et al.
[93] reported a 5-10°C increase in glass transition temperature of whey protein-based
nanocomposite films made using a solution intercalation method. Sinha et al. [94] reported
HDT of PLA-based nanocomposite films increased from 76 to 111°C as the MMT content
increased to 7%. Rhim and Wang [33] observed the increased thermostability of nanocom-
posite films prepared with k-carrageenan and AgNPs and organically modified clay
mineral (Cloisite 30B). Shankar et al. [20] demonstrated an increase in thermostability of
agar nanocomposite films after incorporation of copper nanoparticles. However, Reddy
and Rhim [11] reported that the thermostability of agar nanocomposite film decreased after
blending with paper—mulberry pulp nanocellulose.

The nanofillers may have two functions in thermal stability of nanocomposites: (i) a barrier
effect, which improve the thermal stability; and (ii) a catalytic effect toward the degradation
of the polymer matrix which would decrease the thermal stability [95]. Therefore, thermal
stability of polymer nanocomposites depend on temperature and types and concentration of
nanofiller for the preparation of nanocomposite films [22].

3.7 Conclusion

The successful use of the polymer nanocomposite has stimulated new research on the
development of nanocomposites based on polymers as a matrix. Various polymers have
been tested to develop nanocomposites by mixing with layered silicate nanoclays, metal or
metal oxide nanoparticles, and organic nanofillers. Polymer nanocomposites exhibited
increased mechanical and gas barrier properties and decreased water sensitivity without
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sacrificing transparency or biodegradability after nanofillers incorporation. These proper-
ties improvements are attained at low nanofiller content (<5wt%) compared to that of
conventional fillers (in the range of 10-50%). For these reasons, nanocomposites are far
lighter in weight than conventional composite materials, making them economical with
other materials for specific applications in the food packaging industry. Polymer nanocom-
posites have an enormous potential for expanding the use of polymers to make it partially
or completely biodegradable. The application of nanocomposites has expanded the use of
biopolymer-based plastic packaging materials. It will help minimize the packaging waste
in the environment and preserve the food for a long time by enhancing its shelf life. In
addition, inorganic nanoparticles may be used to introduce multiple functionalities like
antioxidants, antimicrobials, and controlled release of functionally active compounds.
Using these technologies, some commercial products have already appeared in the market,
while many others are currently being under development. In the forthcoming decade,
nanotechnology will allow the packaging industry to provide more satisfactory packaging
systems to respond to the ever-increasing demand of both consumers and food manufactur-
ers for producing high-quality food, maintaining food safety, enhancing shelf life, and
providing intelligent functions with convenient use. Polymer nanocomposite packaging
materials appear to have a ravishing future for a wide range of applications in the food
packaging industries including innovative, active, and intelligent food packaging with
multifunctional properties.
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4.1 Introduction

In recent years, the obtainment of polymers that may fully degrade in the environment
has been the topic of many researches. These polymers (often called “biodegradable
polymers”) can be mainly classified according to their origin into three groups as shown in
Table 4.1: natural polymers from biomasses, polymers produced either by microorganisms
or by biotechnology applied to agricultural products, and polymers synthesized from
crude oil.

Since these materials can be degraded in different environmental conditions, they
represent an interesting alternative route to common nondegradable polymers for short-life
range applications (packaging, agriculture, etc.). Nevertheless, until now, most of these
degradable polymers are costly compared to conventional polymers, and they are some-
times too weak for practical use. Therefore, to extend their applications, materials have
been formulated with nano-sized fillers, which could bring a large range of improved
thermal, physical, and mechanical properties, thus making them fully competitive with
common plastics.
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The resulting nanocomposites often referred to as “nano-biocomposites” have been the
subject of some publications. These works have reported the developments obtained in
preparation, characterization, properties, crystallization behavior, and melt rheology of
these biodegradable polymer/nanoparticle systems during the past decade; however, con-
cerning their process of degradation in the environment, this has been scarcely studied.
Indeed, at the present day, there is a low understanding of the effect of nanoparticles on the
polymer environmental degradation process, being this one of the most important key
questions concerning the possible use of biodegradable polymer-based nanocomposites for
environmental applications.

In this way, some research works have reported a catalytic effect of clays on the
biodegradation or hydrolytic degradation of different biodegradable polyesters, due
to the high hydrophilicity of these nanoparticles. However, other works reported
that nanoclays can retard the degradation of aliphatic polyesters during either biodeg-
radation or hydrolytic degradation, attributing this effect to the enhanced barrier
properties of the layered silicate nanocomposites. On the other hand, it has also been
reported that the degradation of nanocomposites seems to depend directly on the
architecture and physical properties of the polymer matrix and on the degradation
conditions (temperature of the medium, pH, humidity, presence of some specific
microorganisms, etc.).

The aim of this work is to summarize the most relevant published literature of the past
decade about the environmental degradation process of different polymers with current
interest in biodegradable polymers applications, and the effect of nanoparticles on their
degradation process. This chapter will cover the main processes of environmental (bio)
degradation (hydrolysis, oxidation, and composting) reported for polymers and nanocom-
posites. The polymer matrices in study include those as of natural, renewable as of fossil
origins. Considerations to several possible variables in the polymer degradation process,
such as polymer matrix and nanoparticles types, degradation medium and conditions of
degradation, and prospective conclusions, will be proposed.

4.2 Biodegradation of Polymers and Their Nanocomposites

4.2.1 Standards for Environmentally Biodegradable Polymers

Materials based on biodegradable polymers of Table 4.1 are generally classified as
follows [2]:

1. Renewable resource-based polymer materials: these polymers are either synthesized
naturally from plants and animals, or entirely synthesized from renewable resources.
This class includes starch, cellulose, proteins, chitosan, poly lactic acid (PLA) and pol-
yhydroxyalkanoates (PHAs).

2. Petroleum-based polymer materials: these polymers are synthesized from petroleum
resources but are biodegradable at the end of their functionality. Polycaprolactone
(PCL) and poly(butyleneadipate-co-terephthalate) (PBAT) are included in this category.
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3. Polymer materials from mixed sources: these are made from combinations of polymers
belonging to the two aforementioned categories: they include poly(trimethylene tereph-
thalate) (PTT), thermosets, and blends.

General definitions of biodegradable polymers have been proposed by standardization
authorities:

ISO 472 (1988): a plastic designed to undergo a significant change in its chemical
structure under specific environmental conditions resulting in the loss of some properties
that may vary as measured by standard test methods appropriate to the plastic for
the application in a period of time that determines its classification. The change in the
chemical structure results from the action of naturally occurring microorganisms.
ASTM (1996): a degradable plastic in which the degradation results from the action of
naturally occurring microorganisms such as bacteria, fungi, and algae.

CEN (1993): degradable material in which the degradation results from the action of
microorganisms, and ultimately the material is converted to water, carbon dioxide and/or
methane, and a new cell biomass.

* BPS Japan (1994): polymeric materials that are changed into lower-molecular-weight
compounds where at least one step in the degradation process is through metabolism in
the presence of naturally occurring organisms.

These standards provide the achievement of the level of biodegradation of polymer
systems needed for specific final applications; however, the mechanism of material degra-
dation cannot be accessed through these normatives. Furthermore, the development of bio-
degradable polymers has been beset by misinterpretation of the way in which nature deals
with its waste products. In particular, the importance of abiotic processes has not been given
sufficient emphasis in the process of bioassimilation. Consequently, existing international
standards for biodegradable polymers tend to be based on folklore rather than scientific
evidence since they ignore completely the environmental role of abiotic chemistry [3].

In general, the most important factor in determination of biodegradation is the proper
selection of the test procedure based on the nature of plastic and the climatic conditions of
the environment [4]. Several test methods to assess the potential biodegradability of plas-
tics have been developed, and accordingly biodegradation can be characterized by weight
loss, or by change in tensile strength, or in dimensions, or in chemical and physical proper-
ties, or change in molecular weight and molecular weight distribution or by carbon dioxide
production, or bacterial activity in soil. The most recognized degradation media and condi-
tions proposed are Ref. [4] as follows:

* Soil burial method: biodegradation test is performed under natural conditions or labora-
tory conditions. Sample with definite weight and dimension is buried in specific depth in
the soil for different time intervals. After a specified time, the sample is taken out of soil
and thoroughly rinsed with distilled water following immersion in distilled water, and
after that it is dried at 50°C for 24h in a vacuum oven. The sample is then allowed to
equilibrate to ambient temperature and humidity for at least 24 h before measurement.
In one study, starch plastic films buried in a forest soil have developed rapid colonization
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(15 days later) by fungal hyphae and showed degradation of the starch granules on
the films [4].

* Compost method: the definite weight of the dry plastic is subjected to the mixture of
definite amount of mature compost and then incubated at 58°C with maintained moisture
content at 65%. Biodegradation is measured based on the amount of material carbon
converted to gaseous carbon dioxide. The nature of the compost affects the degree of
degradation. Unexpected trends have been reported for the biodegradation of plastics in
the compost stored at —20, 4, and 20°C for different periods. The shape of the plastic
sample and additives in the compost affect the plastic degradation in the compost [4].

e Pure culture method: specific bacteria and fungi can be applied for the degradation of
polymers. In laboratory conditions, isolated microorganism strain has been allowed for
sufficient growth in different nutrient media. In pure culture method, pre-weighed steri-
lized films are aseptically added to sterilized culture medium and films in culture medium
are incubated with shaking for 24h before inoculation to ensure asepsis. The culture
medium is inoculated with spores from a specific microorganism and is incubated with
shaking at 125 rpm for 4 weeks at optimal growth temperature for the selected microor-
ganism. The sample is weighed after washing with 70% ethanol and drying at 45°C until
equilibrated. Each of the different films is then compared with the corresponding uncul-
tured material [4].

* Aerobic degradation in the presence of sewage sludge: due to the enriched environment
of sewage sludge, microbes present here are more diverse in composition than other dis-
posed methods encountered [5]. In laboratory conditions, samples have been inoculated
with sewage microbes. Gaseous CO, and CH, are monitored by headspace analysis
using GC/MS.

4.2.2 Mechanisms of Polymer Biodegradation

The understanding and consideration of the biodegradation mechanisms are essential for
the design and development of novel biodegradable polymers. In the environment, poly-
meric materials are subjected to degradation by biological, chemical, and/or physical
(mechanical) actions [6]. In living organisms generally, biodegradation involves successive
chemical reactions, such as hydrolysis, oxidation/reduction with or without the aid of
enzymes depending on the environment conditions. Biological action is represented by
enzymatic reactions [6].

According to Matsumura [6], biodegradable polymers are generally degraded through
two steps: primary degradation and ultimate biodegradation. Primary degradation is the
main chain cleavage forming low-molecular-weight fragments (oligomers) that can be
assimilated by the microbes. Molecular weight reduction is mainly caused by hydrolysis or
oxidative chain scission. Hydrolysis involves environmental water with the aid of an
enzyme or under nonenzymatic conditions (abiotic). In latter case, autocatalysis, heat, or
catalytic metals are often responsible for the hydrolysis rate. Oxidative scission occurs
mainly by combined action of oxygen, a catalytic metal, ultraviolet (UV) light, or an
enzyme. It should be noted that the polymer chain can also be cleaved by mechanical stress
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such as bending, pressing, or elongation. The low-molecular-weight fragments thus pro-
duced are then incorporated into microbial cells for further assimilation to produce carbon
dioxide, water, and microbial cells/metabolic products under aerobic conditions. Under
anaerobic conditions, methane is mainly produced in place of carbon dioxide and water.

4.2.2.1 Polymer Chain Scission

Polymer chain bond scission can occur in two ways: at chain ends (exogeneous scission) or
at random (endogeneous) along the chain [6]. In the former case, a water-soluble mono-
mer/oligomer is generally liberated into the reaction media, and the rate of molecular
weight reduction of the residual polymer is low. Whereas when the polymer chain is ran-
domly cleaved, the molecular weight and mechanical properties of the remaining polymer
quickly decrease.

4.2.2.2 Degradation Site

In general, amorphous regions are more susceptible to degradation by both enzymatic and
nonenzymatic hydrolysis than crystalline ones. This is ascribed to the ease of water pene-
tration into the amorphous region. There are two main degradation mechanism types found
in polymer materials depending on the main degradation site: surface degradation (erosion)
and bulk degradation [6]. Surface degradation occurs when the hydrolytic degradation rate
of the material surface in contact with water containing catalytic substances such as alkalis
and enzymes is much higher than the diffusion rate of water molecules or of catalytic sub-
stances within the material. In such a case, the hydrolytic degradation seemingly occurs
solely on the material surface because the hydrolytic degradation rate is much higher on the
surface than at the core [7]. According to Tsuji [8], the bulk degradation mechanism can
be divided into at least three stages: (i) initial hydration or water absorption of materials,
(i) gradual decrease in molecular weight without weight loss, and (iii) weight loss through
the formation and dissolution of water-soluble oligomers and monomers.

Some structural or external factors can determine the predominant hydrolytic degrada-
tion mechanism of the sample. For example, when the material thickness becomes larger
than a critical value, the hydrolytic degradation mechanism can change from bulk to sur-
face erosion [9]. In such cases, hydrolysis-formed oligomers and monomers with a high
catalytic effect are trapped and accumulated in the core part of the materials [10], resulting
in an accelerated hydrolytic degradation in the core part (core-accelerated bulk erosion).

4.2.2.3 Degradation via Hydrolysis

Most of the polymers, such as polyesters, polyanhydrides, polycarbonates, and polyamides
are mainly degraded by hydrolysis into low-molecular-weight oligomers at the primary
degradation stage with subsequent microbial assimilation in the biodegradation process [6].
Hydrolytic degradation is divided into two types: catalytic and non-catalytic hydrolysis;
subsequently, catalytic degradation is divided into external and internal catalytic degrada-
tion. The former includes enzymatic degradation by hydrolase enzymes (i.e., depolymer-
ase, lipase, esterase, and glycohydrolase), and by non-enzymatic catalysts (i.e., alkaline
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metal and soil acids in the environment). Internal catalytic degradation involves autoca-
talysis by the terminal carboxyl groups of the polymer chain. In general, it has been
reported that enzymatic hydrolysis accompanies nonenzymatic degradation [6].

4.2.2.4  Various Degradation Mechanisms

Different degradation mechanisms than hydrolysis have been found in some biodegradable
polymers. Such mechanisms include oxidative cleavage by a radical mechanism, this
degradation being the main mechanism found for non-hydrolysable polymers, such as
polyolefins, natural rubber, and polyurethanes (PUs) [6]. In many cases, hydrolysis and
oxidation normally occur simultaneously in environmental degradation of polymers [6].

4.2.3 Biodegradation of Polymers from Natural Resources
and Their Nanocomposites

4.2.3.1 Polysaccharides

Starch Starch is a widely used bioplastic that is actually a storage polysaccharide in
plants. It is composed of both linear and branched polysaccharides known as amylose and
amylopectin, respectively [2]. Amylose is crystalline, constitutes nearly 20% of starch, and
is soluble in hot water. Amylopectin is insoluble in boiling water; but in their use in foods,
both fractions are readily hydrolyzed at the acetal link by enzymes [11].

Although it is possible to make useful products from thermoplastic starch (TPS) alone,
extreme moisture sensitivity of starch leads to limited practical application. Therefore, the
reality in commercialization of starch-based plastics involves blending of TPS with other
polymers such as PLA, PHB, PCL, PBS, and PBAT [2]. In either form, the fraction of
starch in the mixture that is accessible to enzymes has been reported to be degraded by
either, or both, amylases and glucosidases. The starch molecule has two important func-
tional groups, the —OH group that is susceptible to substitution reactions and the C—O—C
acetal bond that is susceptible to chain breakage [11].

A few studies have investigated the effect of particles and/or nanoparticle on the biodeg-
radation of starch polymers. Jalalvandi ef al. [12] studied the effect of montmorillonite
(MMT) nanoparticles on the biodegradation trend in compost of films based on polylactic
acid (PLA), tapioca starch, glycerol, and maleic anhydride (MA) prepared by using a twin
screw extruder. They found that the addition of MMT improved the water barrier property
and accelerated the rate of biodegradation. They ascribed this phenomenon to the fact that
nano-sized MMT particles could disturb the continuity of PLA/starch chains, forming
pathways for microorganisms to enter and attack the polymer chain, and thus increasing the
biodegradation rate.

On the other hand, Heydari ef al. [13] studied soil burial tests for up to 6 months, the
biodegradation of corn starch/glycerol/Na-MMT nanocomposites prepared by casting
method. They found that the increase in Na-MMT content decreased biodegradability of
starch polymer matrix; while the presence of glycerol increased it. This effect of nanopar-
ticle’s content was attributed to interactions between starch and Na-MMT that further pre-
vented enzymatic attack on the biopolymer. In addition, the films with higher initial contact
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angle and lower water solubility revealed slower biodegradation. Domka et al. [14] studied
the biodegradation process of foils based on starch, glycerin as plasticizer, and three differ-
ent nanofillers (kaolin, montmorillone, and bentonite) in a compost made of leaves and
cooking (vegetable and fruit) waste placed on a special wooden platform ensuring air
access (T~0.5-8.5°C depending on the temperature of the surroundings), and in garden
soil (T~2-11°C). Similar to Heydari et al. [13], they found that nanoparticles induced a
delaying effect on the degradation of starch-based polymer matrix. They reported that
starch-based foils showed different rates of biodegradation depending on their composi-
tion, being the pure starch foil (with no plasticizer or filler): the one that presented the
highest biodegradation rate in compost and in soil. The foil with glycerin as a plasticizer
(starch + glycerin) presented higher rates of biodegradation as compared to nanocompos-
ites, but lower than pure starch matrix. Interestingly enough, the addition of bentonite
brought higher rates of biodegradation as compared to its analogous based on MMT and
kaolin, and this was attributed to its lower dispersion level in the polymer matrix, according
to mechanical analysis.

Cellulose and Chitosan Cellulose, chitosan, and chitin are among the most abundant
natural biopolymers, which are inexpensive, renewable, and biodegradable. The major
challenge for their sustainability is their poor moisture resistance at high humidity
conditions; however, incorporation of nanostructured materials with high aspect ratio as
reinforcements has been found to significantly reduce water permeability compared to
virgin matrix [15].

Cellulose is an abundant and ubiquitous natural polymer. It is the major structural com-
ponent of plant cells and is found throughout nature. This linear polymer is composed of
D-glucose subunits linked by 1,4-glycosidic bonds forming cellobiose molecules [11].
Cellulose can appear in crystalline forms as well as in amorphous form, with the latter
being more susceptible to enzymatic degradation [16]. Microorganisms capable of degrad-
ing cellulose produce a battery of enzymes with different specificities. Cellulases hydro-
lyze the 1,4-glycosidic linkages of cellulose. Traditionally, they are divided into two classes
referred to as endoglucanases and cellobiohydrolases. Endoglucanases can hydrolyze
internal bonds (preferably in cellulose amorphous regions) releasing new terminal ends.
Cellobiohydrolases act on the existing or endoglucanase-generated chain ends [11].

The importance of cellulose nanocomposites have arisen from the unique properties of
cellulose nanomaterials such as structural stability against various processing windows and
excellent mechanical properties in terms of Young’s modulus (about 138 GPa) compared to
other lignocellulosic natural fibers (35—45 GPa for flax fiber) [17]. In this case fibrillated
cellulose has nano size and is the nanofiller. In other cases, cellulose is used as the polymer
matrix not the filler, obtaining that, in general, cellulose nanocomposites made using renew-
able resource-based biopolymers exhibit superior thermal, mechanical, and barrier proper-
ties with minimum reinforcement (~5wt.%) compared to macroreinforcements with the
added advantages of recyclability and biodegradability [2].

Methyl cellulose (MC) has been recently found as a potential polymer to be used as
environmental friendly product, especially as coating or mulching film, because of its large
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availability, low cost, and easy processability [18]. However, due to its high biodegrada-
bility, it can be used only in limited applications. In this way, it has been found that the
addition of nanoreinforcements in the pristine polymer could increase the length of the
tortuous path, obstruct the diffusion of microorganisms in the bulk of the film, and bring a
decrease of the biodegradability rate [19]. Rimdusit et al. [18] investigated the effect of
MMTs and glutaraldehyde (GA) contents on the biodegradability, physical, thermal, and
mechanical properties of MC/MMT nanocomposite films prepared by solution intercala-
tion and cross-linked MC films (by using GA as a chemical cross-linking reagent and
hydrochloric acid as a catalyst in an aqueous solution). They performed biodegradation test
in compost and by measuring the amount of CO, evolved from the biodegradation process
(according to a modified version of the standard ASTM D5988). They also found that
according to the quantitative study of net CO, evolution from pure MC, nanocomposite and
cross-linked films, a higher amount of CO, was obtained for pure MC as compared to
nanocomposites and cross-linked films, indicating that addition of MMT and cross-linking
delayed the biodegradation of MC films. They attributed this decrease of biodegradability
for MC/MMT nanocomposites to the interaction and adhesion of MC and layered silicate
surfaces of MMT, which could restrict segmental motions at the interface. They suggested
that a part of MC chains could be hidden by silicate layers on the surface of the film, which
forced the degraders to diffuse into the bulk of the film through a more tortuous path, and
therefore, hindered polymer biodegradation. They also related a decreased water permea-
bility of nanocomposites and cross-linked samples as a possible cause for the decrease
of their biodegradability, making the transport of water from the surface into the material
bulk more difficult.

Regarding chitin and chitosan, the interest in these materials is driven by their unique
properties such as renewable, biocompatible, biodegradable, and non-toxic with excellent
adsorption properties [2]. Chitin is an abundantly available natural polysaccharide and is
the supporting material in many invertebrate animals such as insects and crustaceans. The
monomers in chitin are 2-acetamido-2deoxy-f-D-glucoses that are connected by tf (1 —4)
linkages, and this polymer is degraded by chitinase. The deacetylated chitin is known as
chitosan, and commercial chitosans have around 50-90% deacetylation degree [20].
Chitosan is a semicrystalline polymer whose crystallinity depends on the extent of deacety-
lation [2]. Chitosan fibers have been used as wound-dressing materials and absorbable
sutures, and they have a great interest in biomedical applications [2]. At the same time,
chitosan has also been found to have antimicrobial characteristics, thus presenting a great
potential in packaging applications [21]. Furthermore, it has been reported to be able to
form a barrier against moisture, oxygen, and CO, [22]. Concerning the biodegradation of
these polymers, the enzymes that have been investigated in detail are strains of Serratia
marcescens, which have been reported to be able to convert chitin to monomers and
olygomers [23, 24]. Chitinolytic enzymes from fungi (Trichoderma) have also been inves-
tigated [25], which seem to degrade chitin to N-acetyl-D-glucosamine almost exclusively.
The biodegradation of their nanocomposites has also been recently studied. Fengwei-Xie
et al. [22] studied the effect of fully delaminated non-modified (MMT-Na+) and organo-
modified (OMMT-Ch) MMT particles (2.5-5wt.% filler content) on the mechanical



66 functional and Physical Properties of Polymer Nanocomposites

properties and biodegradability in compost of plasticized chitosan-based materials prepared
by thermomechanical kneading and by using glycerol as plasticizer. They found that the
plasticized chitosan-based nanobiocomposites showed drastically improved mechanical
properties compared to neat chitosan due to high clay dispersion levels, and that the biodeg-
radation rate of the polymer matrix was slightly increased by the addition of unmodified
nanoclay, but practically unaffected by addition of organo-modified particles.

Similar results were observed by Xu et al. [26] during their biodegradation studies on
acetylated chitosan films. They observed that the biodegradation of plasticized chitosan
samples was considerably fast and without notorious differences upon addition of nano-
clays. The addition of organo-modified MMTs did not considerably affect the biodegrada-
tion rate of plasticized chitosan matrix, even if they expected that exfoliated clay could
create a tortuous path for oxygen permeation and water absorption, and thus delay the rate
of polymer biodegradation. On the other hand, unmodified nanoclay samples showed a
slight increase in their relative degree of biodegradation compared to pure chitosan matrix,
and probably due to the inherent microstructural defects in the MMT-Na+ samples, making
easier the water absorption process during degradation.

Recently, Gaurav et al. [27] studied the thermal and mechanical properties, and biodeg-
radability in soil (30-35°C), of nanocomposites based on an esterified cellulose derivative
blended with chitosan and reinforced with surface functionalized nanoclay (0—10wt.%).
They reported enhanced mechanical properties due to the addition of nanoparticles as well
as a general increase in the rate of biodegradation and water uptake with higher nanopar-
ticle contents. In specific, they found that chitosan was more biodegradable than cellulose
as the hydroxyl groups in the latter are replaced by ester groups. The blends showed a
retarded initial, but thereafter the biodegradation was higher than either cellulose or chi-
tosan. The addition of nanoparticles lowered the biodegradation up to 4% nanoparticle
loading, probably due to interactions between cellulose and chitosan with the amine
groups of modified nanoparticles that restricted the segmental motion at the interface,
causing the effective path length and diffusion time to increase (similar observations were
reported by Rindusit et al. [28] during the biodegradation of methylcellulose-MMT com-
posites); however, beyond 4% nanoparticle loading, the blends exhibited higher degrada-
tion rates than for lower clay loadings. The addition of increased modified nanoparticles
seemed to induce large amorphous regions, and these regions were easily accessible dur-
ing degradation process. A similar observation was reported by Wu and Wu [29] who
observed higher biodegradation rates for nanocomposites with 6 wt.% MMT content than
with 3 wt.% clay loading. They also explained these results assuming that the water uptake
level was considerably high in nanocomposites with clay contents higher than 4%.

4.2.3.2 Proteins

A protein is a random copolymer of different amino acids. Based on the origin, proteins
can be classified as plant proteins (e.g., soy, canola and wheat protein) and animal pro-
teins (e.g., gelatin and casein). Generally, proteineous biomaterial can be defined as a
stable three-dimensional (3D) polymeric network that is strengthened by hydrophobic
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interactions and hydrogen bonding [2]. Although, both animal- and plant-based proteins
are used in designing many nonfood applications, these proteins plastics have not pro-
gressed significantly toward commercialization at a large scale [2].

Gelatin  Gelatin is an edible, biodegradable, and renewable biopolymer produced from
the partial denaturation of collagen, a by-product of meat processing [30] or from the
pharmaceutical industry [31], with film-forming properties appropriate for the produc-
tion of biopackaging materials [32]. Like most protein-based materials, gelatin films
show excellent oxygen and aroma barrier properties as well as fairly good mechanical
properties [32]; however, these films tend to be moisture sensitive [33]. At high relative
humidity, gelatin films swell due to their hydrophilic nature, lose their dimensional sta-
bility, and decrease their mechanical and barrier properties, limiting their application in
direct contact with foodstuffs with high water. Apart from these applications, due to its
almost identical composition to that of natural collagen [34], it has been explored as scaf-
folding materials for many tissue engineering applications; however, its poor mechanical
properties in wet state limit its application as a structural biomedical material [35]. The
most reported attempts to reinforce gelatin materials include vapor cross-linking [36],
orientation techniques [37], and compounding with natural fibers [31] or with nano-sized
particles [38, 39].

Research data on the biodegradability of gelatin-based materials and bionanocomposites
have been reported [30, 40, 41]. Gelatin is susceptible to the action of enzymes (proteases),
which are present in a variety of microorganisms [42]. Some studies highlighted the effect
of chemical modifications on the rate and extension of gelatin biodegradation in different
environments such as lake and river waters [30] and soil [40] under laboratory conditions.
Results revealed that the rate and extension of biodegradation depended on the type of
cross-linking reagent and on the cross-linking density. Apostolov et al. [43] found that
developed laminates based on cross-linked or uncross-linked gelatin reinforced with linen
and silk fabrics suffered a degradation level of enzymatic degradation similar to gelatin or
gelatin-based materials [44].

Martucci et al. [45] studied the biodegradation in soil (pH 6.1, T=40°C, ASTM D2216)
of three-layer gelatin films composed of sodium MMT—plasticized gelatin (inner layer)
and dialdehyde starch (DAS) cross-linked gelatin films plasticized with 30 wt.% glycerol
(outer layers). Soil burial testing demonstrated that cross-linking and the compounding
with unmodified clay delayed the overall extent of gelatin biodegradation due to some
resistance to attack by microorganisms. They found that cross-linking and nanoparticles
had an effect in depressing polymer biodegradation during soil burial due to some restric-
tion in water and/or microorganism diffusion through the bulk material. Similarly, Zhuang
et al. [46] indicated that in vitro degradation tests of intercalated nanocomposites of gela-
tin/MMT/chitosan, prepared via solution casting, showed that nanocomposites had a lower
degradation rate than gelatin/chitosan blends. Nistor ef al. [47], also reported that the pres-
ence of some MMTs (Dellite 67G and Cloisite 93A) could delay the hydrolytic biodegra-
dation rate of collagen-based hydrogels, due to a superior collagenase resistance in
nanocomposites compared to hydrogels without nanoparticles.
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Wheat Gluten Among biosourced polymers, proteins such as wheat gluten are natural
heteropolymers constituted by different amino acids, which offer a large spectrum of chemi-
cal functionalities and, thus, various polymer network structures [48, 49]. Wheat gluten is a
by-product of the wheat starch industry available at a reasonable price and displaying func-
tional properties interesting for packaging or agricultural applications. Wheat gluten is mainly
constituted of two main storage proteins: gliadins and glutenins. These gluten proteins can
undergo disulfide interchange upon heating, which leads to the formation of a 3D macromo-
lecular network [50]. Owing to good thermoplastic properties, wheat gluten can be processed
by extrusion at temperature as low as 60°C in the presence of hydrophilic plasticizers [51].
Besides the application of thermal and chemical treatments, the creation of a nanocomposite
structure through the introduction of layered silicates constitutes another promising route to
modulate properties of wheat gluten materials [52]. Wheat gluten-based nanocomposites are
commonly prepared using either a solvent (casting) or a thermo-molding process, and it has
been shown that the introduction of unmodified MMT led to a significant decrease in water
sensitivity, water vapor permeability, together with an increase in rigidity and resistance of
wheat gluten-based materials [52].

Domenek et al. [53] have demonstrated the high biodegradability and non-ecotoxicity of
wheat gluten-based materials. Even if covalent cross-linking induced by thermal treat-
ments allowed to significantly improve in water resistance and mechanical properties of
wheat gluten-based materials [54], it was shown that the biodegradability was not affected
when this is evaluated in a liquid medium (modified Sturm test) [53]. Nevertheless, under
composting conditions, Zhang et al. [55] have recently reported that the biodegradability
of wheat gluten-based materials can be affected by chemical modification.

Chevillard et al. [56] investigated the influence of nanoclays (unmodified sodium MMT
and organically modified MMT) on the biodegradability through respirometric experi-
ments and water sensitivity of wheat gluten-based materials by focusing on a better under-
standing of multi-scale relationships between biodegradability, water transfer properties,
and structure of resulting materials. Respirometric experiments showed that the rate of
biodegradation of wheat gluten-based materials was slowed down by adding unmodified
MMT (HPS) without affecting the final biodegradation level, whereas the presence of an
organically modified MMT (C30B) did not significantly influence the biodegradation pat-
tern. Three hypotheses were proposed to explain how the presence of MMT could slow
down biodegradation patterns of wheat gluten-based materials: (i) a reduced water adsorp-
tion capacity of the materials in the presence of such fillers; (ii) the establishment of inter-
actions between MMT and the matrix, resulting in a lower availability for the matrix to be
biodegraded; and/or (iii) the presence of a tortuous path induced by the nanodispersion of
layered silicates leading to a slower diffusion of penetrants. In the case of organically
modified MMT- (C30B) based nanocomposites, no change in the biodegradation pattern
was observed based on the three hypotheses proposed before, considering the insignificant
changes in water sensitivity of polymer obtained by addition of C30B, the poor chemical
compatibility between C30B and wheat gluten matrix, and the low dispersion achieved for
C30B. Contrarily, the presence of unmodified MMT (HPS) led to a significant reduction in
biodegradation rate, result consistent with the good affinity between HPS and wheat gluten
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matrix, and with the decrease in liquid water adsorption level and high dispersion/
exfoliation level of HPS nanoclays achieved for HPS nanocomposites. They concluded
that molecular/macromolecular compatibility between clay layers and wheat gluten matrix,
that is, the ability of both components to establish interactions appeared as the key
parameter governing the nanostructure, the liquid water sensitivity, and, as a result, the
biodegradation process.

4.2.3.3 Polyesters

Biodegradable polyesters can be grouped according to their synthetic methods, biological
synthesis, and chemical synthesis. Microbially produced biopolyesters are exclusively
based on polyhydroalkanoic acid policondensates. Chemically synthesized polyesters
include the polycondensates of diols with dibasic acids and of hydroxy acids. These poly-
esters are equally biodegraded by hydrolysis at the ester bonds to produce low-molecular-
weight intermediates during the initial degradation stage [6].

Polyesters Produced by Microorganism or by Plants

Polyhydroxyalkanoates PHAs are the family of biopolyesters that are totally synthe-
sized by microorganisms from various substrates as carbon sources. This group of
polymers has diverse structures and display properties accordingly. Over 150 different
types of PHAs, that is homopolymers and copolymers, can be synthesized by employing
different bacterial species and growth conditions. Polyhydroxybutyrate (PHB) and
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) are the most well-known polymers
of the PHA family [2].

PHAs are renewable, biodegradable, and biocompatible; also the properties of the PHBV
copolymer can be easily tailored by varying the valerate content. PHAs are very sensitive
to processing conditions and exhibit a very narrow processing window. Under higher
shears, they display rapid reduction in the molecular weight due to chain cleavage, and
pose problems during most of the polymer processing operation. Additives, blends, and
composites are the most studied ways to overcome these problems [2].

The diversity of PHA’s properties makes it suitable for wide-range applications includ-
ing packaging, fibers, and biomedical uses [57]. Researchers are working toward improv-
ing PHA’s mechanical, biodegradation, and morphological properties in order to broaden
its applicability in various industries. For example, blending PHBV with PCL [58], PLA
[59], starch [60], fibers [61], and nanoclays has been studied for this purpose.

The in vitro degradation of PHB and PHBV under physiological conditions has been
reported to be very slow [62]. Under accelerated conditions (high temperature and/or
acidic/basic pH), the degradation seems to proceed through a molecular weight decrease,
and when the molecular weight is sufficiently low a weight loss is observed; almost all
the mechanical strength is lost and the remaining polymer breaks down into small frag-
ments [63]. There is no agreed explanation as to how the copolymer composition affects
the hydrolysis rate. It has been suggested that it is the crystallinity rather than the composi-
tion that affects the hydrolysis rate [64].
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The bacterially produced poly (hydroxyalkanoates) are quite resistant to moisture, but
they have been found to be rapidly biodegraded by a wide range of microorganisms [63].
Actually, PHASs can be completely degraded to carbon dioxide and water through an aero-
bic bacterial action [6]. The biodegradation of PHAs has been demonstrated in natural
environments such as soil and sea water, and the rate of biodegradation of PHA seems to
be dependent on environmental conditions such as temperature, moisture, pH, nutrient
supply, and those related to the PHA materials themselves, such as monomer composition,
crystallinity, additives, and surface area [6].

The biodegradation mechanism of PHB has been reported to begin with its depolymeri-
zation by HB depolymerase to produce the R-3-Hydroxybutyric acid (R-3-HB oligomers)
[6], the latter is further depolymerized by oligomer hydrolase to R-3HB monomer. R-3-HB
is dehydrogenated with NAD* into acetoacetic acid, which follows esterification with
CoA-SH to produce acetoacetyl-CoA by the action of acetoacetyl-CoA synthase with the
aid of ATP. The acetoacetyl-CoA is then degraded into acetyl-CoA by p-ketothiolase. This
compound successively enters the tricarboxylic acid (TCA) cycle to be transformed into
carbon dioxide and water under aerobic conditions [6]. This enzymatic hydrolysis of PHB
has also been reported as a heterogeneous erosion process proceeding from the surface,
where polymer chains are degraded initially by endo-scissions (randomly throughout the
chain) and then by exo-scissions (from the chain ends) [63]. This results in subsequent
surface erosion and weight loss. The average molecular weight and molecular weight dis-
tribution seem changeless during enzymatic degradation because of the highly selective
surface degradation, together with the removal and dissolution of low molecular weight
degradation products from the polymer matrix into the surrounding environment [63]. A
preferential enzymatic attack of the amorphous phase of PHB has also been reported [65],
and it has been found that in the initial stages of degradation only amorphous material is
consumed, but later, however, both amorphous and crystalline regions can be degraded
without preference [66]. The polymer structure seems to affect the enzymatic degradation,
for instance, a large number of HV units in the PHBV copolymer seems to reduce the
extent of enzymatic degradation [63].

Concerning the biodegradation of PHA-based nanocomposites, Maiti et al. [67] reported
the biodegradability of PHB and its organically modified layered silicate (OMLS) nano-
composites in compost. They obtained a retardation of biodegradation of PHB because of
the improvement of the barrier properties of the matrices after nanocomposites preparation
with OMLS; however, they did not present any permeability results. Interestingly enough,
contrary results have been reported for PHB microcomposites. Peterson et al. [68] found
that microcomposites based on PHA (Biopol™) with different wood fiber mass fractions
degraded faster than pure Biopol™ in an activated sludge soil at 40°C. Composites with
25 wt.% fiber loading exhibited considerably higher weight losses as compared to the unre-
inforced polymer over the same degradation time. The authors concluded that these natural
fibers were acting as conduits for bacterial attack, allowing easier access to the material
and therefore faster biodegradation. Mohanty et al. [69] also found that biodegradation
of alkali-treated and acrylonitrile-grafted fiber Biopol™ microcomposites was higher that
found for unreinforced Biopol™ under the same degradation conditions.
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Polyesters Synthesized from Bio-derived Monomers and Their Nanocomposites
Polylactic Acid PLA is perhaps the most frequently used polyester in biomedical applica-
tions due to its many favorable characteristics, for example, high strength and biocompat-
ibility, as well as alternative to traditional commodity plastics due to an increased
environmental concern related to the use of non-biodegradable polymers in everyday life
[63]. The melt processing and physical properties of PLA are similar to those of conven-
tional polymers; indeed in many aspects, the properties of PLA lie between those of crystal
polystyrene and polyethylene terephthalate (PET) [63], making possible its use as a com-
modity polymer for general applications. Among the most important applications reported
for PLA are those especially focused as disposable material such as food packaging, dia-
pers, and contaminated hospital waste, which sometimes are not suitable for collecting and
recycling. PLA polymers can be also extensively used in a broad variety of medical appli-
cations: bioresorbable surgical sutures, dental implants, bone screws and plates, and con-
trolled drug delivery [63].

In general, commercial PLA grades are copolymers of poly(L-lactic acid) and poly(D,L-
lactic acid), which are produced from L-lactides and D,L-lactides, respectively. The ratio of
L-enantiomers to D,L-enantiomers is known to affect the properties of PLA [70], in particu-
lar its crystallinity with a maximum of nearly 30% for the semicrystalline systems. Until
now, almost all the efforts reported in order to improve the properties of PLA have been
focused on the semicrystalline material (e.g., D-content <6%) presenting a melting and a
glass transition temperature around 215°C and 55-58°C, respectively.

It has been reported that PLA has a high degree of stability under normal conditions of
use and storage, and can be rapidly biodegraded after use, such as in a compost [71]. The
hydrolytic degradability of PLA in a buffer solution has been extensively studied, and the
biodegradation of PLA has also been confirmed, even if PLA degraders have a limited
distribution and are rather scarce in the environment compared with those that degrade
PHB, PCL, and PBS [6]. In natural environments, the main PLA degradation proceeds in a
two-step reaction. During the primary degradation step, PLA undergoes nonenzymatic
hydrolysis, which is both temperature- and humidity-dependent. During the secondary
degradation step where the M decreases to 10000-20000, microorganisms present in the
soil begin to digest the lower-molecular-weight oligomer and lactic acid, producing carbon
dioxide and water [63].

The first report of microbial degradation of PLA was done in 1997 [72] by using an
Amycolatopsis strain, then it has been found that PLA degraders are widely distributed
within this genus due to the fact that most strains of these actinomycetes exhibit a silk
fibroin degrading ability (in addition to a PLA degrading ability) and that L-alanine and
L-lactic acid present stereochemical similarity [6]. PLA-degrading enzymes seem to selec-
tively cleave the a-ester bond of the L-isomer as the L-alanine unit of silk fibroin (protein)
[73], this could partially explain why L-Lactic acid units have been reported to be preferen-
tially degraded than D-lactic acid units [74]. Interestingly enough, it has been reported that
some purified PLA depolymerases isolated from Amycolatopsis strains exhibit a degrading
activity on PLA, casein and fibroin, but not on PCL and PHB [75], making clear this very
selective process of enzymatic degradation. At the same time, PLA-degrading Bacillus
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strains have also been isolated from compost [76], and other enzymes such as tissue ester-
ases, pronases, and bromelain have also been found to be able to affect PLA degradation.
In general, PLA-degrading enzymes seem to be a protease-type enzyme that recognizes
L-Lactic acid unit of PLA [77].

Degradation rate of PLA can be controlled by blending PLA with additives, plasticizers,
and inorganic fillers. Layered silicate nanoclays, such as MMTs, have been the most exten-
sively studied nanoparticles in PLA nanocomposites in terms of mechanical, thermal, fire
retardancy, and crystallization behavior [78], especially when these are organically modi-
fied clays due to the achievement of intercalated and exfoliated nanocomposites [79].
However, biodegradation and hydrolytic degradation of PLA in the presence of layered
silicate clays has been investigated to a lower extent.

Concerning the effects of the filler type combined with the effect of polymer crystallinity
and degradation temperature, recently Zhou et al. [78] reported the hydrolytic degradation
over a temperature range of 50-70°C of semicrystalline and amorphous PLA with unmodi-
fied and organically modified MMTs, observing that the pH of the nanofillers and their
hydrophilicity change upon treatment with organo-modifiers, thus increasing PLA degra-
dation rate; by contrast, this value was lower for microcomposites than for the unfilled
polymer, possibly because of the reduction of the polymer carboxyl group autocatalytic
effect through neutralization reaction with the hydrophilic alkaline filler. They found that
bulk hydrolytic degradation apparently starts from the interface between polymer and
fillers, resulting in significant morphological differences between nanocomposites, micro-
composites, and neat polymer. Paul et al. [80] tested the effect of clay type on the hydro-
Iytic degradation in buffered solution of PLA and PLA/organoclay nanocomposite films
prepared by using three different types of organoclays: Cloisite Na+, Cloisite 30B, and
Cloisite 25A. They found that the degradability of PLA nanocomposites was enhanced
compared to the neat PLA and also found that among the nanoclays tested, the more
hydrophilic the filler, the more pronounced the degradation.

Concerning biodegradability, the major problem reported with PLA matrix is the slow
rate of biodegradation as compared to the rate of waste accumulation. Despite the consider-
able amount of reports concerning the enzymatic degradation of PLA and various PLA
blends, there are not extensive studies on the compost degradability of PLA [35]. Ray and
Okamoto [81] studied the biodegradation in compost of neat PLA and three organically
modified layered silicate nanocomposites: PLA/qC18Mica4, PLA/C18MMT4, and PLA/
qC18MMT4. They found that within 1 month, both M and weight loss were almost the
same level for PLA and nanocomposites. However, after this induction time, a sharp change
occurred in the weight loss of PLA/qC18MMT4 nanocomposite, which within 2 months
was completely degraded. Ray er al. [82] also conducted a respirometric test to study the
degradation of the PLA and its organically modified layered silicate nanocomposites in a
compost environment. They found a faster CO, evolution for several PLA-based nanocom-
posites, indicating a catalytic effect of these clays in the PLA biodegradation; while other
nanocomposites presented the same level to that obtained for neat PLA. They concluded
that the differences in the PLA trend of degradation observed upon clay addition were
related to the different types of used clays, resulting in a different mode of attack on the
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PLA matrix of the test samples that could be due to the presence of different types of sur-
factants and pristine layered silicates. Since PLA is an aliphatic polyester, it is probable
that addition of different types of clays resulted in a different mode of disruption of some
of the ester linkages.

Nieddu et al. [83] also reported similar results on enhanced biodegradation of PLA-
based nanocomposites prepared with five different types of nanoclays and different levels
of clay content. They measured the degree of biodegradation of PLA nanocomposite films
by measuring both the amount of lactic acid released and weight change of the sample
materials during hydrolytic degradation in blood plasma incubated at 37°C. They found
that the degradation rate of nanocomposites was more than 10 times (when measured the
lactic acid release) or 22 times (when measured the weight change) higher than that of neat
PLA. During the hydrolytic degradation of PLA and PLA nanocomposites, the formation
of lactic acid oligomers obtained from the chain scission of PLA increased the carboxylic
acid end-groups concentration, and these carboxylic groups are known to catalyze the
degradation reaction; thus, since the hydrolytic degradation of PLA is a self-catalyzed and
self-maintaining process, they proposed that hydrolysis of PLA can be affected by not only
such structural factors as stereo-structure, molar mass and their distribution, crystallinity,
and purity but also by the hydrophilicity and dispersion of fillers.

In a previous work [84], we also observed that the addition of two organo-modified
MMTs (Cloisite 30B and Nanofil 804) increased the hydrolytic degradation rate in com-
post (at 40°C) of PLA matrix at room temperature because of the presence of hydroxyl
groups belonging to the silicate layers of these clays, thus allowing an easier permeability
of water into polymer matrix, this phenomenon being particularly evident for Cloisite 30B
due to its higher dispersion in PLA as compared to Nanofil 804. Similarly, in a subsequent
work [85], we found that addition of MMT and fluoro-hectorite nanoparticles accelerated
the degradation process of PLA in compost at 40°C, degradation particularly accelerated
by the highest dispersed nanoparticle in the polymer matrix and at higher clay contents.
This phenomenon was attributed to catalysis by the hydroxyl groups belonging to the sili-
cate layers surface and/or to their organic modifier.

However, contrasting results have been found by using different conditions of degrada-
tion, different PLA grades, or nanoparticles with different chemical structure. In this way,
in a recent work [86] we found that the addition of nanoparticles (5 wt.% of modified
MMT—CLO30B—or fluorohectorite—SOM MEE—and unmodified sepiolite—SEPS9)
in PLA can have contrasting effects on its hydrolytic degradation (pH 7, 37, and 58°C)
depending on the clay dispersion level in the polymer matrix, polymer crystallization level,
and degradation temperature. In more detail, it was found that the addition of CLO30B and
SEPS9 delayed the degradation of PLA at 37°C due to their inducing PLA crystallization
effect and/or to their high water uptake, reducing the amount of water available for polymer
matrix hydrolysis. The presence of SOM MEE also induced polymer crystallization, but it
was found to catalyze hydrolysis of PLA. The differences in the degradation trend of PLA/
SOM MEE as compared to PLA/CLO30B and PLA/SEPS9 were related to a probably
higher water uptake of CLO30B and SEPS9 in the nanocomposites as compared to neat
PLA and SOM MEE in PLA/SOM MEE. Water segregation between CLO30B layers and
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SEPS9 pores was associated to the delayed polymer degradation due to a reduced amount
of water, available for hydrolysis, in the polymer matrix. This effect should be probably
reduced in the case of PLA/SOM MEE due to lower hydrophilic properties of the fluoro-
mica SOM MEE. The degradation of PLA at 58°C was found to be significantly faster than
at 37°C due to more extensive microstructural changes and molecular rearrangements
allowing a higher water absorption into the polymer matrix. Contrasting to degradation at
37°C, the presence of any nanoparticle did not significantly affect the degradation trend of
PLA at 58°C, achieving similar molecular weight decreases for all the studied materials,
and probably related to the fact that at this temperature of degradation (around glass transi-
tion temperature of PLA), the high polymer chain mobility and water absorption in the
specimens resulted in an extensive degradation of both low-and high-molecular-weight
molecules, minimizing the effect of polymer crystallinity clay nature and aspect ratio on
the polymer degradation.

Interestingly enough, in another study [87] we found that the presence of sepiolite nano-
particles partially delayed the bulk degradation of PLA in compost at 58°C, and due to a
possible preventing effect of these particles on polymer chain mobility and/or PLA/
enzymes miscibility. In this way, the presence of the sepiolite particles could reduce the
high polymer chain mobility in the bulk material at this “high” degradation temperature
acting as cross-linking entanglements and presenting a lower water absorption in the poly-
mer matrix and a lower compost enzymes/polymer miscibility as compared to neat PLA,
thus resulting in a lower extent of degradation for this system. Similar results were also
obtained during the biodegradation in compost at 58°C of PLA-based nanocomposites with
three different types of fumed nanosilica [88], observing that at this temperature of degra-
dation of all PLA samples were considerably fast degraded, but with a protection action of
silica toward the early degradation stages of PLA. In conclusion, in our studies, the biodeg-
radation in compost of PLA-based nanocomposites at 40°C (below polymer T) [84] was
shown to be catalyzed for the most dispersed nanoclay, due to the presence of terminal
hydroxylated edge groups of the silicate layers able to accelerate the bulk hydrolysis of the
polymer ester groups. The different effect of nanoparticles observed at 58°C of degradation
could be attributed to the degradation mechanism of PLA (from the bulk to the surface), so
that different clay dispersion had different influences in the degradation trend. We may
hypothesize that also in this case, given the same degradation mechanism, the polymer/
filler interaction is such that a delaying effect is observed upon the addition of sepiolite and
nanosilica. In general, PLA hydrolysis in the presence of nanoparticles seems to be a com-
plex phenomenon depending on degradation temperature, nature and dispersion of filler,
and polymer crystallinity.

4.2.4 Biodegradation of Polymers from Fossil Origins and Their Nanocomposites

4.2.4.1 Aliphatic Polyesters from Fossil Origins

Polybutylene Succinate Poly(butylene succinate) (PBS) is generally obtained by direct
polymerization of succinic acid and 1,4-butanediol as it is a simple process that produces
high-molecular-weight polymers [89]. Currently, there are efforts to obtain succinic acid
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by using biological feedstocks such as corn starch, corn steep liquor, whey, cane molasses,
glycerol, lignocelluloses, cereals, and straw hydrolysates [2]. It has been reported that PBS
readily undergoes degradation in any environment [90] and that microbes degrade the main
polymer chain into small fragments via enzymatic hydrolysis [6]. Several PBS-degrading
microbes has been isolated, such as Amycolatopsis sp. HT-6 and Bacillus strain TT96,
obtaining that water-soluble 1,3-butanediol, 4-hydroxy n-butyrate and succinic acid, are
temporarily accumulated during PBS degradation [6].

Concerning the biodegradation of PBS nanocomposites, Sinha Ray et al. [91, 92]
reported the biodegradability of neat PBS and nanocomposites in two different modes:
under compost and under soil field. In compost, they observed that several cracks appeared
in nanocomposites preliminary, indicating an improved biodegradability of nanocompos-
ites as compared to pure PBS given that this kind of fracture could have an advantage
for biodegradation because it should be easy to mix with compost and create much
more surface area for further attack by microorganisms. However, after conducting GPC
measurements of recovered samples from compost, it was observed that the extent of
molecular weight loss was almost the same for all samples, concluding that MMT or
alkylammonium cations, as well as other properties, had no effect on the biodegradability
of PBS. Similar behavior was observed during the degradation of PBS and nanocompos-
ites in soil.

Lee et al. [20] prepared melt intercalated PBS/organoclay (Cloisite 30B) nanocompos-
ites films with different content of nanoclay and performed soil compost test. They
found that the rate of biodegradability of the nanocomposite was decreased compared to
the pristine polymer (PBS) and the more loading of nanoclay incorporated, the lower the
biodegradability of the nanocomposite was observed. They attributed such result to the
improved barrier properties of the nanocomposites developed by the intercalated clays
with high aspect ratio, which hinder microorganisms to diffuse in the bulk of the film
through more tortuous paths. Rhim et al. [93] supported this delayed biodegradation of
PBS by addition nanoparticles due to a strong antimicrobial activity of organoclays
(Cloisite 30B) against food poisoning bacteria, especially against Gram-positive bacte-
ria, and they suggested that the antimicrobial action was attributable to the quaternary
ammonium groups in the modified organoclay. Later, Hong and Rhim [94] proved that
the same organoclay (Cloisite 30B) has a strong bactericidal activity against Gram-
positive bacteria and bacteriostatic activity against Gram-negative bacteria, which was
caused by the quaternary ammonium groups in the organoclay. They concluded that the
retarded biodegradability of PBS/Cloisite 30B nanocomposite observed by Lee et al.
[19] was attributed to the antimicrobial action of the organoclay modified with the
quaternary ammonium groups.

Phua et al. [95] prepared biodegradable nanocomposites from PBS and organo-MMT
(OMMT) in the presence of MA-grafted PBS (PBS-g-MA) as compatibilizer. Similar to
Lee et al. [19], they found that PBS nanocomposites showed lower biodegradability than
that of neat PBS due to improved barrier properties, and that the extent of biodegradation
was greatly dependent on the OMMT dispersion in PBS matrix, where agglomerations at
high OMMT loading diminished the barrier effects.
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Polycaprolactone PCL is a linear polyester manufactured by ring-opening polymeriza-
tion of e-caprolactone. This is a semicrystalline polymer with a degree of crystallinity
around 50%. It has rather low glass transition temperature (Tg =-60°C) and melting point
(T =60°C) [35]. The PCL chain is flexible and exhibits high elongation at break and low
modulus. Its physical properties and commercial availability make it very attractive not
only as a substitute material for nondegradable polymers for commodity applications but
also as a specific plastic of medical and agricultural areas [96]. The main drawback of
PCL is its low melting point, which can be overcome by blending it with other polymers
[97] or by cross-linking processes resulting in enhanced properties for wide range of
applications [98].

PCL has been blended with various polymers, for example, PVC [99], PET [100], poly-
vinyl alcohol (PVA) [97], and PE [101] as well as blended and copolymerized with PLA
[102, 103], PHB [104, 105], and poly (1,5-dioxepan-2-one) (PDXO) [106, 107]. However,
in most cases the mechanical properties or the degradability were reduced compared to the
homopolymer.

In general, PCL is a relatively stable material against abiotic hydrolysis, but it has been
reported that it can be easily degraded in many different environments, for example, in
pure fungal cultures [108, 109], in compost [110, 111], in active sludge [111], by enzymes
[112], and in soil [113]. The proposed biodegradation mechanism is started by the hydrol-
ysis of the polymer chain to 6-hydroxyhexanoic acid, an intermediate of w-oxidation and
then p-oxidation to acetyl-CoA, which can then undergo further degradation in the TCA
cycle [6]. The molecular weight decreases during biodegradation, and is accompanied by
a broadening of the molecular weight distribution [114]. The degree of crystallinity of
PCL increases with the degradation, indicating preferential degradation in amorphous
regions [115].

Contrary to PLA, it has been shown that the biodegradation of PCL proceeds by rapid
weight loss through surface erosion with minor reduction of the molecular weight in con-
trast to its abiotic hydrolysis, which proceeds by a reduction in molecular weight com-
bined with minor weight loss. It has been demonstrated that the erosion of PCL proceeds
in the vicinity of chain ends [116]. Eldsiter et al. [111] studied the surface erosion of PCL
films in compost, in anaerobic sludge, and by Aspergillus fumigates. The degradation in
compost resulted in parallel grooves or cracks, while incubation with A. fumigates pro-
duced a spherulitic erosion pattern. Similar results were obtained by Benedict et al. in
their study on incubation of PCL with Aspergillus sp., Penicillium funiculosum,
Chaetomium globosum, and a Fusarium sp. [114]. They achieved that the PCL degrada-
tion rate was controlled by degree of crystallinity, obtaining a faster degradation in the
amorphous regions.

The degradation of PCL-based nanocomposites have been scarcely studied until now;
and similar to PLA-based nanocomposites, few works existing in the literature are mostly
concentrated on layered silicates. Tetto et al. [117] first reported results on the biodegrada-
bility of nanocomposites based on PCL in biotic aqueous medium. They reported that the
PCL/organically modified layered silicate nanocomposites showed improved biodegrada-
bility compared to neat PCL, which was attributed to a catalytic role of the clays in the
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polymer biodegradation mechanism. Tetto et al. [117] have prepared PCL/modified clay-
based nanocomposites via both in sifu polymerization and twin screw extrusion methods.
They found 50% mineralization of PCL/clay in 50 days in soil as compared to 10% for the
pure PCL film.

On the other hand, Maiti et al. [67] reported the biodegradation of PCL-based nanocom-
posites in compost, and showed that PCL biodegradability was depressed upon clay addi-
tion, probably because of an improvement of the barrier properties. In a previous work
[118], we studied the biodegradation of PCL and nanocomposites based on organically
modified MMTs (Cloisite 30B and Nanofil 804) at 5 wt.% loading degraded in a commer-
cial compost at 40°C. We found that the biodegradation of PCL in compost proceeded
through an inhomogeneous surface mechanism and that the addition of the nanoclays par-
tially delayed the rate of polymer degradation probably due to a more difficult pathway for
microorganisms in order to attack the PCL ester groups, being this phenomenon signifi-
cantly evident for the highest dispersed clay in the polymer matrix (Cloisite 30B).
Considering that the degradation seems to proceed from the surface to the interior of the
sample, as shown in this work by optical microscopy and Fourier transform infrared spec-
troscopy (FTIR)-ATR analysis, it is possible to suppose that nanoclay layers can play a
barrier role toward microbial attack on PCL ester groups, for example, slowing down the
diffusion of enzymes into the polymer matrix. On the other hand, it has been reported that
the presence of clays increases the hydrophilicity of the polymer matrix thus increasing the
amount of water at equilibrium in the material, which should increase rate of hydrolysis.
Furthermore, barrier to diffusion in nanocomposites [35] also reduces loss of oligomers
that catalyze PCL hydrolysis through chain-end hydroxyl groups. To rationalize these
results and considerations, we can assume that adhesion of PCL and/or of enzymes macro-
molecules to clay layers, when they are finely dispersed in the polymer matrix, could
prevent or partially hinder macromolecular conformations suitable for hydrolysis catalysis.
This effect, which is bound to be polymer dependent, could explain why the same nano-
clays show an accelerating effect on PLA biodegradation carried out in the same conditions
[84]. Indeed, in the case of PCL the higher delaying effect was observed upon the addition
of Cloisite 30B, possibly because of its higher dispersion level in the polymer as compared
to Nanofil 804.

In further studies, we observed that the addition of 5wt.% of sepiolite nanoparticles
[87] and fumed silica nanoparticles [88] did not show a considerable influence on the
degradation trend of PCL in compost at 40°C. Taking into account the preferential sur-
face degradation of PCL matrix, it is possible to suggest that the fumed silica and sepio-
lite particles did not play a barrier role toward polymer microbial attack or water diffusion
rate into the material due to their lower aspect ratio (for fumed silica) or needle-like
morphology (for sepiolite) as compared to the layered silicate morphology of MMTs,
thus allowing the scission of the PCL ester groups and even a slight acceleration of the
degradation process upon addition of both particles due to their high surface silanol
groups (Si—OH) concentration. These differences were not encountered in the case of
PLA [87, 88] most probably because of the different biodegradation mechanism of the
two polymers.
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4.2.4.2 Aromatic Polyesters from Fossil Origins

Polybutylene Adipate-co-Terephthalate The biodegradable polyesters developed up to
now do not always sufficiently exhibit mechanical and thermal properties; however, these
properties can be sometimes improved by incorporating aromatic units into the main chain
of the aliphatic polyesters in ratios at which the biodegradability of the resulting copoly-
mers may not be decreased [6]. One of the most studied and used aromatic polyesters for
industrial applications is PBAT. PBAT is flexible and has a higher elongation at break than
most biodegradable polyesters, such as PLA, and therefore is more suitable for food pack-
aging and agricultural films. PBAT has been reported to degrade into various aliphatic and
aromatic oligomers by the action of the microorganism Thermomonospora fusca, and at the
end of this biodegradation, adipic acid, terephthalic acid, and 1,4-butanediol can be detected
[119]. The morphologies and physical properties of nanocomposites of PBAT have been
already studied [120]; however, few publications have reported on the biodegradability of
these PBAT nanocomposites.

Someya et al. [121] tested the effect of biodegradability of PBAT-based nanocomposites
prepared by melt blending with two different types of layered silicates, that is, non-modi-
fied MMT and octadecylamine-modified MMT (ODA-M). Biodegradability was investi-
gated through aerobic tests in soil (15-30°C) and in an aqueous medium with activated
sludge (25°C, pH 7.4, standard JIS K6950). They found that the biodegradability of PBAT
in soil itself is not so high, PBAT/ODA-M nanocomposites showed even lower weight
losses than PBAT during degradation, whereas PBAT/MMT microcomposites exhibited
higher weight losses than the control PBAT. Similarly, the biodegradability test in aqueous
medium, by determining biochemical oxygen demand (BOD), showed a promotion of the
biodegradation in PBAT/MMT microcomposites due to the highly hydrophilic character of
the non-modified MMT, whereas the addition of ODA-M showed a delaying effect on the
biodegradation rate of PBAT. The lowering of the biodegradability for PBAT/ODA-M
composites was related to the more hydrophobic nature of ODA-M than non-modified
MMT and to its finely dispersion level with large aspect ratios in the PBAT matrix which
forced enzymes or water diffusion in the bulk of the film through more tortuous paths.
Similarly, Mohanty et al. [122] found that the biodegradability rate of PBAT bionanocom-
posite hybrids with non-modified and modified layered silicates was increased only by
addition of Na+MMT and due to its higher hydrophilic nature.

In a recent work [123], it was reported that the hydrolytic degradation of PBAT and
nanocomposites with 10wt.% of organically modified MMT, hectorite, and unmodified
sepiolite in phosphate-buffered solution (pH 7.0 at 37°C) seemed to proceed mainly from
the interior of the samples and the diffusion rate of degradation products was relatively
slow. Important decreases of viscosity for all samples degraded in buffered solution were
observed after 8 weeks (around 40%), indicating an effective process of polymer degrada-
tion in these hydrolytic conditions; however, it was observed that addition of nanoparticles
tended to reduce slightly the polymer matrix degradation but only in the early degradation
stages; afterward, the presence of nanoparticles did not affect significantly the degra-
dation level of the PBAT matrix. This protection action of nanoparticles in the early
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degradation stages was related to the high concentration of clay hydroxyl groups in all
nanocomposites able to confer a higher water uptake by these materials as compared to
unfilled PBAT. Nevertheless, prolonged studies on the hydrolytic degradation of these
PBAT nanocomposites should be performed in order to know the general effect of nanopar-
ticles in the last stages of PBAT degradation.

4.2.4.3  Polyvinyl Alcohols

PVA is the largest, synthetic, water-soluble polymer produced in the world based on
volume [6]. It exists only as a polymer; a monomer has not yet been isolated. PVA has been
used for many industrial applications such as paper processing, textile sizing and finishing
adhesives and binders, dispersant, and molded products [35]. The prominent properties of
PVA may include its biodegradability in the environment, because the polyvinyl-type poly-
mer consisting of a carbon—carbon main chain is hardly biodegradable [124]. The nature
of PVA as a truly biodegradable synthetic vinyl polymer was repeatedly and intensively
assessed. Nevertheless, the occurrence of specific PVA-degrading microorganisms in the
environment appears to be uncommon and, in most cases, is strictly associated with PVA-
contaminated environments [125]. Suzuki et al. [126] reported that Pseudomonas boreop-
olis microbes can degrade PVA. Similar PVA-degrading microbes have also been found,
such as Pseudomonas vesicularis, Alcaligenes faecalis KK314, Bacillus megaterium, and
Pseudomonas sp. 113P3 [6]. Additionally, anaerobic biodegradation of PVA has been
confirmed; however, considerably longer times are needed to degrade PVA under anaerobic
conditions compared to aerobic ones [6].

Two PVA biodegradation mechanisms have been proposed: a random-type attack and a
terminal unzipping depolymerization process of the polymer chains [127]. The generally
accepted biodegradation mechanism occur via a two-step reaction by oxidation (dehydroge-
nation) of the hydroxyl group followed by hydrolysis [6]. The initial step is the specific
oxidation of 1,3-hydroxyl groups, mediated by oxidase- and dehydrogenase-type enzymes,
to give B-hydroxylketone as well as 1,3-diketone moieties. The latter groups are susceptible
to carbon—carbon bond cleavage promoted by specific f-diketone hydrolase, giving rise to
the formation of carboxyl and methyl ketone end groups [125]. Enzymatic random endo-
cleavage of PVA chains does not appear to be appreciably affected by polymer structural
features, such as degree of polymerization and HD, at least while these features are in the
80-100% range. However, a positive influence on the hydrophobic character (e.g., residual
acetyl group content) of the polymeric substrates on the activity of specific PVA-dehydroge-
nase was demonstrated. The ultimate biological fate of PVA appears to be largely depend-
ent on the environment it degraded. Accordingly, high levels of biodegradation were observed
in aqueous environments, whereas moderate or negligible microbial attacks were repeatedly
achieved in soil and compost [125]. Possible explanations to these last observations have
been related to the absence or scarce occurrence of PVA-degrading microorganisms in soil
and compost environments, as well as strong interactions of PVA matrix with the organic and
inorganic components of environmental solid matrices, thus limiting the ability of enzymes
to cleave the PVA chains, and to degrade extensively in these degradation media [125].
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PVA nanocomposites have showed a broad range of improved physical properties
(i.e., mechanical properties and moisture sensitivity) and other advantageous characteristics
at acceptable cost as compared to pure PBAT. The addition of nanoparticles could realize
PBAT-based materials with a great variety of improved property profiles, and they could
even be able to compete, both in price and in performance, with other synthetic polymer
materials in different applications [128]. However, regarding biodegradability of these
nanocomposites, a few data have been published in the literature, and those that are
available generally report a decrease in the biodegradation rate of PVA upon addition of
nanoparticles.

Spiridon et al. [129] studied the enzymatic degradation of some MMT-containing nano-
composites of PVA with starch (through some determinations of mass loss, FT-IR spec-
troscopy, and optical microscopy), and obtained that nanoparticles hindered the enzymatic
degradation of PVA. Taghi Taghizadeh et al. [130] studied the effect of PVA, carboxy MC
(CMC), and sodium MMT clay (MMT-Na) content within starch (S) blends on the rate and
extent of starch enzymatic hydrolysis using enzymes a-amylase and cellulase. The results
of this study revealed that blends with MMT-Na content of 5 wt.% exhibited a significantly
reduced rate and extent of hydrolysis. The results suggest that this could be attributed to
interactions between PVA/S/CMC and MMT-Na that further prevented enzymatic attack
on the remaining PVA/MMT-Na phases within the blend. The highest hydrolysis reaction
rate was obtained for PVA/S/CMC and the lowest enzymatic degradation rate was observed
for sodium MMT-containing nanocomposites of PVA/CMC with starch. In a subsequent
work, Taghi Taghizadeh et al. [131] obtained similar conclusions during their study on the
effect of PVA and sodium MMT clay content within the TPS blends on the rate and extent
of starch enzymatic hydrolysis using enzyme a-amylase.

Finally, Abbasi [132] investigated the effect of PVA and nano-SiO, particles within TPS
blends on the rate and extent of starch enzymatic hydrolysis using enzymes a-amylase and
amyloglucosidase. Similar to Taghi Taghizadeh et al. [130, 131], they found that blends with
5wt.% of nano-SiO, particles exhibited a significantly reduced rate and extent of polymer
hydrolysis, attributing these results to interactions between polymers and nano-SiO, parti-
cles able to prevent an enzymatic attack on the remaining polymer phases within the blend.

4.2.4.4  Polyurethanes

PUs are widely used in various industrial fields because they possess a wide range of
properties to suit many requirements. Some of the applications of this polymer include
foams, elastomers, poromerics, paints, fibers, fabric coatings, adhesives, and sealants [133].
Conventional PU is produced using toxic diisocyanate, which is derived from the even
more toxic phosgene, and it is generally resistant to biodegradation [134]. One of the main
reasons why homo PUs are resistant to biodegradation may be due to the complexity of the
urethane moieties. Simple and high-molecular-weight PUs without hydrolysable linkages,
such as ester or carbonate linkages, are generally resistant to biodegradation; however,
recently the molecularly pure and biodegradable diurethane moiety as a hard segment has
been combined by enzymatically hydrolysable carbonate or ester linkages to produce novel
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biodegradable polycarbonate/ester urethanes [6]. In this way, it has been reported [6, 135]
that microbial degradation of polyester—urethanes first occurs by hydrolysis of ester bonds
by esterases or lipases, and then proceeds with the degradation of oligomeric urethane seg-
ments. In parallel, it has been reported that low-molecular-weight urethane oligomers can
be hydrolyzed by some microorganisms and the hydrolytic reaction can be catalyzed by
some esterases [136]. Another possible mechanism of biodegradation proposed for PUs,
other than hydrolysis, has been oxidation. For instance, it has been reported that poly
(carbonate urethane) can undergo a slight degradation via oxidation reactions [6].

Nanocomposites composed of PU and nanoparticles (specially layered silicates) have
been widely investigated [137—-139]. These nanocomposites have shown advanced proper-
ties, such as mechanical properties [140], water vapor permeability [139], and water per-
meability [141]. Concerning the biodegradation of PU nanocomposites, Dutta et al. [142]
studied the biocompatibility of epoxy modified Mesua ferrea L. seed oil (MFLSO)-based
PU nanocomposites with different clay loadings (1-5wt.%). They reported that their bio-
degradation studies revealed a 5—10-fold increase in biodegradation rate for nanocompos-
ites compared to the pristine polymers. Rodrigues Da Silva et al. [143] studied the in vitro
biodegradation for 4 months of biodegradable PUs based on PCL and/or poly(ethylene
glycol) as soft segments and biodegradable PUs containing MMT nanoparticles. FTIR
results indicated that hard segments of the biomaterials were preserved during biodegrada-
tion, but the ester bonds of the PCL incorporated into the soft segments were hydrolytically
broken. Similar to Dutta et al. [142], they found higher rates of weight loss for nano-
composites than pure polymer matrix during degradation, concluding a catalytic effect of
nanoparticles on the polymer degradation process.

Betingyte er al. [144] investigated the effects of different crystallographic modifica-
tions of calcium carbonate (CaCO,) particles (2-6wt.% filler content) on the melt flow,
mechanical properties, and hydrolytic degradation (25°C), recycled low-temperature
poly(e-caprolactone)-based PU (rTPU). They found that the hydrolytic degradation of
rTPU was slightly accelerated upon addition of CaCO, particles due to their hydrophilic
structure.

4.3 Summary

Research and development in polymeric nanocomposites have shown potential applica-
tions in several industrial applications, given that nanoparticles have proportionally larger
surface area and significant aspect ratio than their microscale counterparts, which promotes
the development of mechanical, thermal, and barrier properties. Nevertheless, the possible
effects of nanoparticles on the biodegradation of nanocomposites are still unclear and need
to be studied. In general, it has been reported in the literature that the incorporation of clays
in biopolymers could accelerate their biodegradability in compost; however, in this work
we could observe that this is not an iron rule obtaining that nanoparticles can bring differ-
ent effects on the polymer degradation trend depending on: the degradation mechanism of
neat polymer, degradation conditions, filler nature, and dispersion level into the polymer.
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It is of interest to recognize that the mechanism of polymer degradation seems to be one of
the most (or the most) important factors to predict the effect of some nanoparticles on the
biodegradation trend of the polymer matrix. In parallel, this biodegradation mechanism
seems to be mainly affected by the chemical structure of the polymer and by the environ-
mental conditions of degradation (such as: temperature and microorganisms/enzymes
present in the degradation medium).

Most of the biopolymers used for several industrial applications have been reported to be
mainly biodegraded by hydrolysis reaction, such as polyesters (PHAs, PLA, PCL, PBAT,
PBS); polysaccharides (starch, cellulose, chitin, chitosan); proteins-based materials (gela-
tine, collagen, wheat gluten); and modified PUs with hydrolysable linkages such as ester or
carbonate linkages. At the same time, this hydrolytic reaction is catalyzed by enzymes/
microorganisms present in the medium or simply by specific degradation conditions, such
as higher temperatures. At this point, it seems that, according to our review, the level of this
catalyzing effect on the hydrolytic degradation process can define mainly if the polymer
matrix will predominantly degrade by a bulk degradation mechanism of by a preferentially
surface degradation mechanism; and these last two mechanisms together with the nature/
size and dispersion of nanoparticles seem to affect importantly the effect of nanoparticles
on the polymer degradation trend.

In more detail, when the polymer degradation mainly occurs through a hydrolytic bulk
mechanism (which is normally characterized by a two-step reaction: nonenzymatic hydrol-
ysis as primary degradation step, and then an enzymatically catalyzed degradation only
after a considerably reduction of molecular weight), the addition of hydrophilic nanoparti-
cles generally increases the polymer biodegradation rate because of the presence of
hydroxyl groups belonging to the nanoparticles, which increase the hydrophilicity of the
polymer matrix, the amount of water at equilibrium in the material, and finally the rate of
polymer hydrolysis. This phenomenon is particularly evident for the highest dispersed
nanoparticles in the polymer matrix or for the most hydrophilic nanoparticles. A similar
trend can be also prognosticated through the abiotic hydrolytic degradation of these nano-
composites. Some examples found in the literature are nanocomposites based on polymer
matrices with a limited distribution of catalytic degraders in the degradation environment
under study, but susceptible to hydrolysis, such as PBAT, modified PU with hydrolysable
linkages, and PLA (at degradation temperatures below its glass transition temperature).

On the other hand, when the degradation mainly occurs through a hydrolytic surface
erosion mechanism (which is generally characterized by a rapid weight loss through sur-
face erosion with minor reduction of the molecular weight, the appearance of grooves or
cracks even at the first stages of degradation, and in polymers that can be easily degraded
in many different environments, even if some of them can be relatively stable against abi-
otic hydrolysis), the addition of the nanoclays (hydrophilic or not) can generally delay the
rate of polymer degradation probably due to a more difficult pathway for microorganisms
in order to attack the polymer cleavage groups (esters in the case of polyesters), this phe-
nomenon being significantly evident for the highest dispersed nanoparticles in the polymer
matrix, or for those with high surface area. Considering that this kind of degradation seems
to mainly proceed from the surface to the interior of the sample, it is possible to suppose
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that nanoparticles can play a barrier role toward microbial attack on polymer cleavage
groups, for example, slowing down the diffusion of enzymes into the polymer matrix. On
the other hand, it has been reported that the presence of clays increases the hydrophilicity
of the polymer matrix, thus increasing the amount of water at equilibrium in the material,
which should increase the rate of hydrolysis. Furthermore, barrier to diffusion in nanocom-
posites also reduces loss of oligomers that catalyze polymer hydrolysis through chain-end
hydroxyl groups. To rationalize these results and considerations, we can assume that adhe-
sion of polymer and/or of enzymes macromolecules to nanoparticles, when they are finely
dispersed in the polymer matrix, could prevent or partially hinder macromolecular confor-
mations suitable for hydrolysis catalysis. Interestingly enough, it is possible to find in the
literature that in this kind of degradation trend, although nanocomposites can present a
lower biodegradation rate compare to pure polymer matrix, microparticles and low-dis-
persed nanoparticles or particles with relatively low aspect ratio did not play an important
barrier role toward polymer microbial attack or water diffusion rate into the material, thus
allowing the scission of the polymer cleavage groups and even accelerating the polymer
degradation process in the case of hydrophilic particles. It is important to highlight that in
this kind of biodegradation, given that the enzymatic factor seems to predominate the poly-
mer degradation trend, the toxic nature of nanoparticles could play an important role in the
polymer degradation process, observing that addition of nanoparticles with a strong anti-
microbial effect can considerably delay the degradation. This kind of degradation can be
generally found in nanocomposites based on proteins (gelatine, collagen), polysaccharides
(cellulose, chitosan, starch, wheat gluten), PHAs, PBS, and PCL.

Interestingly enough, even if the bulk-hydrolytic (bio)degradation of PLA (T<40°C) has
been extensively reported to be catalyzed by nanoparticles, it has been found that PLA can
be predominantly degraded by a mechanism of surface erosion and that hydrophilic or
non-hydrophilic nanoparticles can delay (or at least not significantly affect) the polymer
degradation at degradation temperatures around or higher than its glass transition tempera-
ture (7> 58°C). Same observations have been found during the abiotic degradation of PLA
at these elevate temperatures, suggesting that the higher degradation temperature is the
main catalyzer of its hydrolytic degradation under abiotic and biotic conditions. In this
case, at these temperatures, the degradation of PLA proceeds significantly faster than at
lower temperatures due to more extensive microstructural changes and molecular rear-
rangements allowing a higher water absorption into the polymer matrix; and the presence
of nanoparticles can reduce the polymer chain mobility in the bulk material, presumably
due to a lower water absorption in the polymer matrix and possibly a lower enzymes/
polymer miscibility as compared to neat PLA.

On the other hand, there are other polymer matrices that biodegrade mainly via other
mechanism than hydrolysis, such as PVAs that seem to degrade first via oxidation (dehy-
drogenation) of the hydroxyl groups followed by hydrolysis. PVA is hardly biodegradable
in the environment due to its carbon—carbon main chain and also due to the uncommon
occurrence of specific PVA-degrading microorganisms in natural environments. The pres-
ence of nanoparticles tends to decrease the biodegradability rate of PVA probably because
nanoparticles can presumably hinder polymer cleavage groups for enzymatic degradation
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by PVA-dehydrogenases. However, more studies should be done to confirm this and
the effect of nanoparticles on the oxidation process of other polymers should be
further studied.

Finally, it is possible to conclude that the study of the biodegradation mechanisms of
polymers can importantly contribute to predict the effect of nanoparticles on the general
degradation trend of biodegradable polymers. It is possible to say that the preliminary
conclusions proposed here are supported for an extent literature; however, further studies
should be done in order to know clearly how the biodegradability of nanocomposites can
be finely tuned through a proper choice of polymer matrix and nanoparticles.
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5.1 Introduction

The interest in fabrication of functional materials such as energy harvesting materials has
been fueled by the prospects of developing novel, low-powered electronic devices, sensors,
actuators, and generators [1-7]. Such energy harvesting materials have the ability to detect
changes in force or stress and the ability to convert ambient energy into an electrical output
[1,2,4,5]. By scavenging and harvesting the ambient energy, these functional materials can
provide permanent power source to an electrical device [8]. Thus, periodic replacement of
the electrical device and the use of batteries can be avoided. Several classes of materials and
structures have been investigated in recent years, which work on various mechanisms to
harvest ambient energy and convert it to other useful forms of energy [1, 7]. For example,
researchers have successfully fabricated photovoltaic materials that convert solar/light
energy to electrical voltage, piezoelectric materials that convert mechanical to electrical
energy, and thermoelectric materials that convert temperature gradients to voltages [3, 9-13].
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The most accessible and abundant energy source available is mechanical energy based
on vibration or movement. It is estimated that the energy density available with random
vibrations with frequency ranging from a few hundreds of hertz to a few kilohertz is
between a few microwatts to a few milliwatts per cubic centimeter [14, 15]. This suggests
that utilizing this form of energy and harvesting it offers tremendous potential for powering
microelectronic devices. Piezoelectric materials are typically used to harvest mechanical
energy as they have the ability to convert mechanical energy/vibrations into an electrical
energy because of the presence of coupling between their mechanical and electrical
domains [16, 17].

Recent studies have shown that the efficiency of the materials to generate voltages in
response to stimuli such as light, mechanical stress, or temperature can be tailored by
refining or making modifications to its chemistry, processing, or geometric configuration
[2, 4, 13, 16]. Their electroactive behavior can be enhanced when they are fabricated in
one-dimensional (1D) structures in the form of wires, fibers, needles, tubes, and whiskers.
Compared to bulk materials, it is estimated that 1D structures can display 400-500%
enhanced piezoelectric effect due to the flexoelectric effect [15]. Furthermore, owing to
the large aspect ratio, huge surface area to volume ratio and small thickness of the 1D
structures, a significant strain is developed in the structures when a force of few nano-
Newton is applied to it [15]. Such 1D functional materials provide an opportunity toward
the development of nano-/microelectronic devices and nanogenerators.

A wide range of techniques has been explored to fabricate 1D nanostructures in a reliable
and reproducible way [7, 18-20]. Electrospinning has been recognized as a versatile and
efficient method for processing such 1D fibrous structures. A key feature of fibers obtained
using electrospinning is the orientation of structural elements within the fibers such as
crystals and molecular chains [21, 22]. Reduced dimensionality afforded by nanostructured
fibers in combination with the orientation of structural elements within the fibers plays a
critical role in improving its properties, such as mechanical strength, stiffness, electrical,
optical, and magnetic, which have led to the discovery of a new class of functional materi-
als [22, 23]. Recent studies demonstrate that electrospinning can be used as a single-step
fabrication technique to produce such piezo/ferro-electric and magnetic fibers [2-5, 13, 16,
17, 24-26]. Additionally, the fibers can be blended with other functional nanoparticles,
ceramics, or nanotubes to improve its specific function for applications ranging from
sensors to advanced microelectronics [27-29]. In some cases, piezoelectric fibers obtained
using electrospinning have been used to develop flexible energy harvesting devices [4, 30].
Such flexible nanogenerators have found immense use for biomedical applications. These
flexible nanogenerators can convert biomechanical energy generated from the human body
such as breathing, heartbeat, contraction and extension of muscles, or blood flow into elec-
trical energy. This electrical energy can then be used to provide power to devices that are
implanted in the body.

More recently, the interest of researchers is centered on tailoring the properties and
functions of these nanostructured materials. An intensified research effort and an in-depth
understanding of the structure—property response relationship of nanostructured materials
can contribute immensely to the progress of electroactive materials for novel applications.
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In this chapter, the focus is on recent developments of piezoelectric fibers and multifunc-
tional fibers using electrospinning and their adoption for fabrication of nanogenerators
that can convert mechanical vibrations/force into electricity. An introduction to the funda-
mental concept of electrospinning and the technique for processing of functional fibers is
given. In particular, electrospun piezoelectric fibers and their piezoresponse behavior are
discussed. Their recent applications to develop novel devices are presented with a few
selected examples.

5.2 Principle of Electrospinning

Electrospinning is one of the most efficient nanofiber fabrication techniques. It relies on the
application of a strong electrostatic field to produce fibers from viscoelastic polymer solu-
tions [22, 31-34]. Conventional electrospinning setup consists of three main components:
a high-voltage power source, a spinneret or a syringe that holds the polymer solution, and
a grounded collector on which the fibers are deposited. Figure 5.1a shows the schematic of
the conventional electrospinning setup. Functional nanostructured fibers and fiber compos-
ites have been obtained by electrospinning different polymeric materials and inorganic
materials [29, 32]. When a high voltage (typically SkV or higher) is applied to the organic
polymer solution or an inorganic precursor solution, an electrostatic field established
between the needle tip connected to the spinneret and the grounded collector forces the
polymer solution out of the needle [32—-34]. Surface tension of the solution acts against
the electrostatic force and prevents the polymer droplet from ejecting [33, 34]. Hence, the
droplet takes a conical shape, also called the Taylor cone, serving as a jet initiating surface.
When a critical voltage is reached, the electrostatic forces acting on the droplet surpasses
the surface tension that resists it from dripping. Thus, a jet emanates from the Taylor cone

(a) (b)
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Figure 5.1 (a) Conventional electrospinning setup consisting of a high-voltage source, a
syringe, and a metal-grounded collector and (b) modified electrospinning setup that is used to
collect aligned fibers. The fibers are deposited on water surface and are wound up on a drum
collector
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and travels toward the collector [34]. During its trajectory toward the grounded collector,
the jet experiences a whipping and chaotic process, elongating in length and shrinking in
diameter. Also, the solvent from the traveling jet is evaporated and the polymer is deposited
on the collector as nonwoven. Uniaxial stretching of the polymer jet with concomitant
reduction in its diameter results in the formation of ultrafine fibers. The size of the fibers
and its topography are a function of applied voltage, solution viscosity, solution conductivity,
surface tension, flow rate of solution, and distance between the collector and spinneret.
Consequently, the desired fiber size and morphology can be obtained by controlling the
electrospinning parameters.

5.3 Fabrication of Aligned Fibers

In practice, researchers have modified the conventional electrospinning setup to collect
fibers with desired features such as highly aligned fibers. The schematic of one such
modified electrospinning setup is shown in Figure 5.1b. Fibers obtained using a conventional
electrospinning setup is shown in Figure 5.2a. From the scanning electron microscopy
(SEM) image of the fibers, it is evident that the fibers are randomly oriented. In some appli-
cations, collecting aligned array of fibers is highly useful, particularly when the fibers are
intended for some functional applications. For example, Chang et al. [1] demonstrated in
their study that the alignment of the fibers improves the energy generation efficiency of
the material. Typically, fiber alignment can be obtained by improving the design of the
conventional electrospinning setup. The use of rotating collectors in the form of spindle
disks, wire drum, or a cylindrical drum have all shown success in controlling the alignment

(@)

Figure 5.2 (a) SEM image of fibers obtained using conventional electrospinning setup. The
fibers are randomly oriented and (b) SEM image of fibers obtained using the modified
electrospinning setup. The fibers are deposited on the surface of water and are wound up on
a rotational collector. This setup leads to alignment of the fibers
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of the fibers during electrospinning [22]. Details of these collection techniques and the
physics that leads to fiber alignment have been intensively investigated in our previous
study [22]. Additionally, researchers have also looked at exploiting electric fields to obtain
alignment by controlling the deposition location of the fibers [35, 36]. A simple approach
to align the fibers is to use two parallel electrodes [21, 37]. The electrospun fibers are
attracted by the electrodes and are deposited alternating between the left and right sides of
the collectors to produce aligned array of fibers.

Recently, aligned fibers are obtained by electrospinning the fibers on the surface of water
instead of the conventional stationary grounded collector [23, 38]. In this method, the fibers
are directly electrospun onto the surface of water as shown in Figure 5.1b. A grounded
metal plate is placed inside the water bath. The fibers are then drawn out from the surface
of water using a mechanical roller. The fiber alignment is attributed to the pulling force
exerted by the roller that drags the fibers on the water surface. The surface tension pulls
together the fibers that are wound onto the drum collector as aligned array of fibers.
Figure 5.2b shows representative SEM images of fibers collected using this method, and
they have a good degree of macroscopic orientation.

5.4 Fabrication of Ferro/Piezoelectric Organic Fibers

Polyvinylidene fluoride (PVDF) is often used as polymeric piezoelectric material due to its
polar crystalline nature [39—44]. The chain configurations in PVDF of trans (T7') and gauche
(G) linkages are capable of taking five different crystalline structural forms. Of these forms,
the chain configurations of all trans (7777, p-crystalline structure) and alternate trans
gauche (TG*TG™, a-crystalline structure) are most common in PVDF [44-46]. The schematic
of the B-crystalline and a-crystalline phases is shown in Figure 5.3.

Typically, the a-phase is nonpolar and the most stable crystalline form, while the f-phase
is the most polar crystalline form. The orientation of the CH, and CF, unit cells evident in
Figure 5.3 makes the p-crystalline structure the most polar. However, it is difficult to obtain
PVDF free of a-phase and consisting of pure f-phase only. This is attributed to the unique
structural arrangement. In case of all trans (7777T) PVDF, fluorine atom has a diameter of
0.270nm, which is larger than the space of 0.256 nm provided by the carbon chain [47].
Hence, fluorine atoms often overlap with neighboring fluorine atoms. This overlap can be
minimized by tilting and rotating neighboring CF, groups in the opposite direction.
Deflection of the groups relative to their original configuration yields the nonpolar 7TG*TG~
configuration (a-phase) [47]. This indicates that under normal circumstances, it is easier
to obtain PVDF consisting of mainly a-crystals rather than p-crystals. Further, the high
crystal lattice energy associated with the B-crystal phase prohibits formation of direct f-phase
from the melt [48]. Thus, a typical approach to obtain the B-crystalline phase is by crystal
phase transition from the nonpolar (TG*TG") a-phase.

One approach to transform a-phase of PVDF to p-crystalline phase is by poling the
material [45]. Poling consists of electrical poling and mechanical stretching the material
at ambient temperature. This process reduces the a-phase content and at the same time
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Figure 5.3 Crystal structure of PVDF: (a) a-Phase (alternate trans gauche). The dipoles in
this phase point in the opposite direction, and hence the net dipole is zero. (b) B-Phase
(all-trans phase). In this crystal phase, the dipoles are oriented and hence this crystalline
phase is highly polar

increases the B-phase content within the PVDF. Mechanically stretching PVDF forces the
molecular chains to assume the configuration of an extended chain structure. Such extended
chain configuration is associated with p-crystals that have all the dipole moments aligned
[47, 48]. Similarly, poling the material under a strong electric field orientates the polar axis
of the crystallites along the electric field direction. This is known to promote higher
spontaneous polarization for the all-trans p-crystals.

More recently, electrospinning has been recognized as an ideal processing technique to
promote piezoelectricity within PVDF since PVDF fibers fabricated using electrospinning
undergo electrical poling and mechanical stretching in a single step [16, 23]. The exten-
sional forces imparted to produce fibers also stretch the molecular chains and align them
along the fiber axis. During this process, the a-crystals of PVDF can be converted to the
extended chain configuration (f-crystalline phase). This is attributed to the use of high
electrostatic fields during the fiber formation stage as well as thinning and stretching of the
polymer jet to obtain PVDF fibers. Furthermore, the use of electric field and mechanical
stretching on the polymer jet during electrospinning arranges and aligns the molecular
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chains within the fibrous matrix. This also results in the orientation and alignment of the
dipoles within the fibers. Electrospun PVDF fibers with tunable piezoelectric and electro-
mechanical coupling show tremendous potential for the development of sensors, actuators,
and energy generators.

5.5 Fabrication of Ferro/Piezoelectric Inorganic Fibers

Typically, organic polymer fibers are obtained using a single-step electrospinning approach.
Studies have successfully used electrospinning to fabricate fibers composed of purely
ceramic, metals, or purely carbon phase [9, 17, 49, 50]. Such 1D fibrous structures are
expected to display specific properties such as electrical conductivity, piezo/ferroelectricity,
ferromagnetic, photocatalytic, photovoltaic, electronic, and photonic properties [13, 51-53].
In this chapter, we focus on fibers that display ferro/piezoelectric and ferromagnetic
behaviors and are useful for the fabrication of nanogenerators and energy harvesters.
Typically, inorganic fibers like carbon fibers and ceramic fibers are obtained by combining
electrospinning with sol—gel process or by utilizing a polymer-based precursor method [49,
50, 54]. These fabrication methods are considered as a two-step approach. The first step
involves the preparation of sol-gel precursor solution. The sol solution is then blended with
a polymer solution to increase its viscosity for electro-spinning. Once the solutions are
mixed, the conventional electrospinning technique is used to obtain fibers consisting of
uniformly dispersed precursor materials. In the second step, the fibers are thermally treated
in a furnace at an appropriate temperature to remove the polymer and convert the fibers into
ceramic fibers.

Using this approach, we successfully fabricated bismuth ferrite (BiFeO,) and barium
titanate (BaTiO,) fibers. In the case of BiFeO, fibers, precursor sol-gel is prepared by
adding Bi(NO,),-5H,0 and Fe(NO,),-9H,0 to a solution mixture of 2-methoxyethanol and
glacial acetic acid. Then, polyvinylpyrrolidone (PVP) is introduced to a dimethylforma-
mide/ethanol solution mixture. The two solutions are blended together and electrospun to
obtain PVP fibers with homogeneously dispersed precursor material. In the subsequent
step, the polymer is removed by thermally treating the fibers in a furnace at a suitable tem-
perature and length of time. Thermal treatment results in the formation of fine grained
BiFeO, structures that yield a fibrous geometry. Figure 5.4a and b shows the SEM and
transmission electron microscopy (TEM) images of the as-prepared fibers. The fibers have
an average diameter of 170+50nm and tens of microns in length. A similar approach is
used for the fabrication of BaTiO, fibers. In this case, the precursor sol-gel for fabrication
of BaTiO, fibers is obtained by dissolving barium acetate in a solution mixture of titanium
isopropoxide and glacial acetic acid. Electrospinning the sol-gel solution blended with the
PVP solution followed by thermal annealing yield BaTiO, fibers. Figure 5.4¢ and d shows
the SEM and TEM images of the BaTiO, fibers obtained. This approach of combining
electrospinning with sol—gel techniques has proven a successful method to fabricate various
ceramic fibers including zinc oxide, titanium dioxide, etc.
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(b)

Figure 5.4 (a) SEM image of bismuth ferrite (BiFeO,) fibers; (b) transmission electron
microscopy (TEM) image of BiFeO, fiber; (c) SEM image of barium titanate (BaTiO,) fibers.
The inset shows the magnified image of the fibers; and (d) TEM image of BaTiO, fiber

5.6 Fabrication of Fibers Filled with Reinforcements

An area of electrospinning which is expanding at a rapid rate is fabrication of polymer
fibers filled with nano-reinforcements [55-57]. Electrospinning can be used as a single-step
processing technique to obtain reinforced fibers by suspending the nano-reinforcements
into the polymer solution prior to electrospinning. Filler inclusion within the fibers is
typically obtained by dispersing the fillers directly into the polymer solution prior to the
electro-spinning process. Fibers with uniformly dispersed fillers often lead to improve-
ments in their performance due to the unique properties associated with nanoscale features
of the fillers.

Some recent studies have shown that the inclusion of nanofillers improves the piezoelec-
tricity of PVDF fibers [28, 47]. The nanofillers within the fiber cause the surrounding
PVDF matrix to swell; and swelling of matrix increases its radius of gyration (R, [57].
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This gives the conformation changes within the PVDF fiber and results in the formation of
extended chains that are associated with the electroactivity in the region surrounding the
nanofillers [17, 57]. Numerous studies report that polar electroactive B-crystals within
PVDF can be enhanced by blending it with external nucleating agents [28]. Consequently,
blending PVDF fibers with nanofillers can give rise to novel piezoelectric PVDF fibrous
composites that display improved performance and combination of desirable material
behavior that cannot be obtained in neat PVDF. Wide varieties of reinforcements are used
to not only improve piezoelectricity of PVDF but also increase its mechanical properties,
such as strength and stiffness. An interesting case is PVDF composites filled with functional
fillers, such as magnetic nanoparticles or carbon nanotubes (CNTs). For example, dispersing
magnetic particles such as magnetite, cobalt, iron, or metal oxides within the matrix
influences the magnetic properties of the PVDF fibers [57]. Figure 5.5a shows the TEM
images of ferroelectric PVDF fibers filled with magnetite nanoparticles. Such composite
fibers have tremendous potential in biomedical, electronic, and multiferroic applications.
Besides metal particles, CNTs are commonly used to reinforce electrospun fibrous
matrices since they improve mechanical properties, ferroelectricity, and electrical conduc-
tivity of the fibers [27, 28, 48, 55]. We and other researchers have conducted extensive
work on CNT reinforced electrospun fibers [28, 47, 55]. Typically, the surfaces of CNTs
are functionalized with carboxylic acid groups to facilitate uniform dispersion in the
polymer solution. Electrospinning this polymer solution with well dispersed CNTs lead to
polymer fibers with CNTs embedded within the fiber matrix and aligned along the fiber
axis. Figure 5.5b shows a TEM image of CNT-reinforced fiber illustrating that CNTs are
embedded and mostly aligned along the fiber-axis direction. The alignment of the CNTs

(a) (b)

Figure 5.5 (a) TEM image of PVDF fibers reinforced with magnetite nanoparticles. The inset
shows the magnified image of the fiber. (b) TEM image of PVDF fiber reinforced with CNT
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within the fibers is attributed to the large extensional forces exerted on the polymer jet
during electrospinning. The CNTs provide higher surface area for the all-trans (T77T)
chains of PVDF to be easily adsorbed when compared to the trans-gauche-trans-gauche
(TG*TG") chains. These all-trans chains of PVDF form the electroactive B-crystalline phase
during crystallization, which shows the effect of CNTs on p-phase transformation. This has
motivated recent studies to employ magnetic nanoparticles or CNTs as an effective method
for nucleation of the B-crystallization phase (electroactive phase) within the PVDF matrix.
The use of nanofillers in combination with electrospinning can thus be highly useful to
induce the formation of ferroelectric crystals within the fibers.

5.7 Characterization of Ferro/Piezoelectric Behavior of Electrospun Fibers

In recent years, piezoresponse force microscopy (PFM) has been increasingly used to
characterize the piezoelectric response of electrospun fibers [13, 16, 17, 25, 26, 58, 59] due
to its ability to obtain ferroelectric images of the samples, high resolution, and its insensitivity
to sample topography [60-62]. Researchers have successfully used PFM and demonstrated
its application for obtaining domain structures of samples, selective poling on ferro/piezo-
electric samples, and piezoresponse of samples by hysteresis measurements on localized
regions [61, 62]. PEM is particularly useful as it allows local piezoelectric measurements
and enables the evaluation of the piezoelectric response of a single fiber [63]. The principle
of PFM is based on the detection of surface deformations in the sample that are induced by
applied voltages. The local hysteresis loops measured for the fiber gives the piezoelectric
response of small ferroelectric domains present in the localized region of the fiber.
Information such as coercive voltage, forward and reverse saturation, and remnant response
of the fiber can be obtained.

Like an atomic force microscope (AFM) setup, measurements using PFM require the
fibers to be deposited on a substrate. Here, a silicon wafer substrate is used and is coated
with a thin platinum layer, which acts as one of the electrodes. Following this, a conductive
tip that serves as a second electrode is brought into contact with the deposited fiber and a
bias voltage is applied such that the localized region on the fiber experiences dimensional
changes. When the tip is in contact with the fiber surface and the dipoles in the localized
region are parallel to the PFM voltage direction, the deformation in the fiber owing to
the piezoelectric behavior is considered as an “in-phase” response. By contrast, when the
dipoles in the localized region are in the opposite direction to that of the bias voltage,
the “out-of-phase” response is recorded as shifting of the phase by 180° [1]. Hence, sample
regions that have ¢~ domains with their polarization vector oriented downward and normal
to the surface will expand when a positive bias voltage is applied. Similarly, sample regions
with ¢* domains with their polarization vector oriented upward and normal to surface will
contract when a positive bias voltage is applied. The surface oscillations are out of phase
with the tip voltage (¢ =180°) for c* domains and their response is opposite to that of the
¢ domains. Thus, the phase angle () of the electroelastic response of the sample surface
provides information of the polarization direction in the domains under the PFM tip.
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However, the measured piezoresponse amplitude provides information on the electrome-
chanical activity of the localized region underneath the PFM tip.

5.8 Piezoresponse of Electrospun Fibers

Fibers that display good piezoresponse show tremendous potential for use in sensing
devices and transducers including strain and pressure sensors. In our previous studies, we
obtained the voltage-induced deformation of PVDF fiber and PVDF fiber reinforced with
barium titanate (BaTiO,) using PFM and demonstrated that both set of fibers display
good piezoelectric and ferroelectric properties [16, 17]. Fibers with BaTiO, have a
larger diameter than neat PVDF fibers, and a meaningful comparison of their piezore-
sponse cannot be made. Figure 5.6a shows an AFM image of neat PVDF fiber deposited on
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Figure 5.6 (a) Atomic force microscopy (AFM) image of neat PVDF fiber, (b) PFM amplitude—
voltage hysteresis loops recorded for neat PVDF fiber, and (c) PFM phase-voltage hysteresis
loops recorded for neat PVDF fiber
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the Pt-coated silicon wafer substrate. Their corresponding PFM amplitude and PFM phase
versus voltage plots are also shown in Figure 5.6a and b, respectively.

For the PVDF/BaTiO, fibers, the PFM amplitude and phase images are recorded and
shown in Figure 5.7a and b. These images are useful to estimate the piezoresponse of
the fiber. They are also helpful in determining the domain structures and local
polarization within the PVDF/BaTiO, fiber. The high-voltage PFM amplitude image
(see Figure 5.7a) obtained for the composite fiber gives an estimate of the deforma-
tions induced in the sample. On the other hand, the high-voltage PFM images (see
Figure 5.7b) obtained for the composite fiber show clear ferroelectric domains. The
phase image in Figure 5.7b shows dark and bright contrast. Using this phase image,
we determine that the dark regions of the fibers (see Figure 5.7b) have polarization
vector within the sample pointing upward, while the center brighter region has the
polarization vector pointing downward. In our study, bright regions in the center of the
fiber are attributed to the presence of BaTiO, phase in the core region of the fiber. It is
known that BaTiO, has piezoelectric coefficients that have opposite signs compared to
PVDF. This explains why the center region of the fiber is brighter compared to the rest
of the fiber in the phase image. Piezoreponse of the sample, that is, amplitude versus
voltage and phase versus voltage loops (see Figure 5.7c and d) are conducted to deter-
mine the ferroelectric switching and piezoelectric electromechanical behavior of the
PVFD/BaTiO, fibers.

In samples (neat PVDF and PVDF/BaTiO,), the amplitude and phase as a function of
voltage are measured immediately after the application of poling pulse. The amplitude
versus voltage hysteresis recorded for both set of samples is an indication of deformation
induced by electrical voltage. This measured amplitude is proportional to d,, and shows
the piezoelectric behavior of the fiber samples. Neat PVDF fibers show characteristic
“butterfly” hysteresis, which is associated with ferro/piezoelectric materials (see
Figure 5.6b). For the PVDF/BaTiO, composite fiber, PFM amplitude versus strain shows
an asymmetric hysteresis loops (see Figure 5.7c). We attribute this to the difference in
strain behavior associated with PVDF and BaTiO, phases. Such asymmetric loops have
been obtained for ceramic phases such as BaTiO, when the applied voltage is not high
enough to align all their dipoles. Therefore, we presume in our study that not all dipoles
present in the domains of the BaTiO, phase are aligned, and hence they do not form one
single domain. Nonetheless, the results successfully show the voltage-induced strain
behavior of the fibers. It should be pointed out that the amplitude and phase hysteresis
loops are recorded for an un-poled fiber. Despite this, the results demonstrate that maxi-
mum amplitudes of 1nm and ~0.22nm can be obtained for PVDF fiber and PVDF/
BaTiO,, respectively, with a ~30V bias voltage. Similarly, the phase recorded for both
neat and composite fibers shows the polarization direction of the dipoles. It is clear that
from the phase versus voltage loops recorded for both fibers (see Figures 5.6¢ and 5.7d),
a classic symmetric square-shape loop is obtained. Such symmetric loops that display a
180° domain switching feature when the electric field is reversed demonstrates the
presence of in-plane switchable ferroelectric polarization.
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Figure 5.7 (a) PFM amplitude image recorded for PVDF fiber reinforced with BaTiO,, (b) PFM phase image of the
composite fiber, (c) PFM amplitude—voltage hysteresis loops, and (d) PFM phase-voltage hysteresis loops recorded for

PVDF fiber reinforced with BaTiO,
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5.9 Nanogenerators Based on Electrospun Fibers

The piezoelectric behavior of PVDF fibers has been exploited for their use as nanogenerators.
Chang et al. [3] fabricated nanogenerators using electrospun PVDF fibers to convert
mechanical energy to electricity with high efficiency. In their study, a single PVDF fiber
is deposited across two adjacent electrodes that are placed 100-600 um apart. These elec-
trodes are placed on top of a flexible plastic substrate (see Figure 5.8). They argue that the
dipoles within the fibers are aligned along the fiber axis due to the strong electric field and
the stretching forces exerted on the PVDF fibers during electrospinning. A schematic for
this process is shown in Figure 5.8. The stretching of the PVDF polymer jet during electro-
spinning also converts the nonpolar a-crystals consisting of randomly oriented dipoles into
polar B-crystalline phase. Due to the presence of the p-crystals, the fiber demonstrates
piezoelectricity; and hence when an axial stress is applied by bending the substrate, an
electric potential is generated.

(@)

—
O
~

Taylor cone ) 20 -
Dipoles (polymer solution)  High voltage 10 J J J é
0 A @

Voltage (mV)
I
=
Release

* * ** 0 5 10 15
Nanofiber Electrical field Time (s)

Grounded substrate 3

e Substrate moving direction

0 5 10 15
Time (s)

Figure 5.8 (a) Schematic showing application of electrostatic voltage which acts as in situ
electrical poling during the electrospinning process that helps align the dipoles within PVDF
fibers. (b) SEM image of a single PVDF fiber deposited on top of two electrodes; the electrodes
are placed onto of a flexible plastic substrate. (c) Output voltage measured as a function of
time. (d) Output current measured as a function of time. Chang et al. [3]. Reproduced with
permission of American Chemical Society
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Figure 5.8 also shows the voltage and current generated using a single PVDF fiber as
a nanogenerator. Current and voltage output are obtained by repeatedly stretching and
releasing the substrate. The nanogenerator based on a single PVDF fiber generated a
voltage of 5-30mV and a current of 0.5-3 nA. In this case, the piezoelectric constant of
the PVDF fiber is negative. This indicates that when the fiber is mechanically stretched
along the poling axis, it generates a voltage with polarity in the opposite direction.
Chang et al. [3] explain that stretching the fiber induces polarization within the fiber,
which results in potential difference at the two ends of the nanogenerator. The potential
difference is caused by the piezoelectric charges induced within the fiber during the
stretching process. The charges present outside the fiber, referred to as “free charges,”
flow into the fiber to neutralize the potential generated within the fiber. When the strain
in the fiber is maintained, a steady state is reached because the free charges balance the
generated charges within the fiber. Thus, the potential reduces to zero. When the fiber is
allowed to relax, that is, the mechanical strain is released, the free charges at the ends
of the fiber generate an opposite potential. This causes the free charges to gradually
flow out in opposite direction and decrease the current to zero. The results demonstrate
the potential of using PVDF fibers for converting mechanical energy to electric energy
[3]. Naturally, the electrical output can be greatly enhanced with multiple nanofibers
deposited in parallel.

5.10 Energy Harvesters Based on Electrospun Fibers

In a similar study, Fang et al. [64] showed that non-woven PVDF fibers obtained
using electrospinning can also be used for energy harvesting applications. They used
needle-less electrospinning to produce fibers in large scale. They demonstrated that
the obtained fibers are capable of converting mechanical energy to electrical energy
and can be used as a power-generating device [64]. To this end, the non-woven fiber
mat is sandwiched between two aluminum foils. Following this step, two flexible
plastic sheets with gold coating on their inside surface are placed on the aluminum
foils such that the gold coating is in contact with aluminum. In this device, the gold
coating serves as electrodes while the flexible plastic film is used as a protective layer.
Fang et al. [64] illustrated that when this device is subjected to repeated compressive
loads, it displays voltage and current output. Each compressive load on the device
generated two signals of opposite polarity. One signal is obtained when the fibers
are mechanical deformed and the other signal when the deformation in the fibers is
recovered. A compressive force of 10 N on the device generates a voltage between
1 and 2.6V and current output between 1.4 and 4.5 pA. In comparison, bulk commer-
cial PVDF disk specimen displays a maximum voltage of 0.28 V and current output of
0.56 pA [64]. Their results verified the ability of PVDF fibers to convert mechanical
energy to electrical energy. The excellent power generation capability of the electro-
spun PVDF fibers is attributed to the high B-crystalline phase content within the fibers
which is ~88%.
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5.11 Force/Pressure Sensors

Piezoelectricity in PVDF fibers is acquired during the electrospinning process. The results
presented in the previous sections demonstrate the feasibility of using these fibers as energy
harvesters and nanogenerators. However, to use electrospun PVDF fibers as sensors and
actuators, their piezoelectric properties should be further improved so as to increase their
sensitivity. Sensors made from PVDF bulk film have been previously used to detect
pressure, test, and characterize fabrics, and monitor human health [65]. However, only
limited success has been achieved since the PVDF films must be poled electrically and
treated mechanically. Wang et al. [65, 66] used electrospinning to obtain PVDF non-woven
and fabricate force sensors. The amount of electroactive crystalline phase within the fibers
is controlled by adjusting the voltage and flow rate during electrospinning. For example,
applied voltage of 12kV and flow rate of 0.01 ml/min produced PVDF fibers with the
highest concentration of p-crystals. The fibers are then used to fabricate force sensor devices.
As shown in Figure 5.9a, PVDF non-woven is sandwiched between a flexible electrode and
rigid electrode.

The flexible electrode consists of a plastic film that is coated with indium tin oxide
(ITO). Similarly, the rigid electrode is obtained by using a small piece of ITO-coated glass.
The sensitivity of the fabricated sensors based on PVDF fibers is determined by exerting a
force on the surface of the electrodes. The load applied on the sensor is between 0.04 and
0.05N. Figure 5.9b (top) shows the applied signal in terms of voltage that is equivalent
to the applied load. In this case, a load cell is brought in contact with the upper surface

(@)

—
O
-

Plastic . 0.06
Flexible electrode Non-woven PVDF <
# FTmEATEIEE 3 0.04+
ITO h gﬁ&hy@i%ﬁ é
A —> e % S S EY 2 002
N i 3 " 000} v
Glass —
z
g 2t
2
5 1r
: 1 i
‘S \
? 0 I"
5 -1t
2
@ -2t
S e
o 0 5 10 15 20 25

Time (s)

Figure 5.9 (a) Schematic showing the fabrication of a force sensor based on electrospun
PVDF fibers and (b) response recorded for the sensor based on PVDF fibers in terms of voltage.
Ren et al. [66]. Reproduced with permission of John Wiley & Sons
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of the sensor and a load is applied. The peak applied load is held for a few seconds and the
load cell is retracted back. The corresponding electrical signals generated by the sensor
are also shown in Figure 5.9b (bottom). As expected, two peaks are seen in the response
signal generated by the sensors. One peak corresponds to the applied force on the sensor by
the load cell, while the other peak represents the releasing force. The sensors display good
repeatability and dynamic sensitivity [65]. The highest output and sensitivity come from
sensors which are fabricated using PVDF fibers with the highest electroactive phase.
Hence, these results show tremendous potential of using electrospun PVDF fibers for
designing flexible force sensors.

5.12 Multifunctional Inorganic Fibers

Fabrication of inorganic fibers, metal oxide, or fibers composed of purely ceramic phase
is an area in electrospinning that has gained tremendous interest [13, 17, 50, 54, 63].
The nanometer-sized 1D structure of the inorganic fibers obtained using electrospinning
have the potential to improve different functional properties, for example, magnetic, piezo/
ferroelectric, electroluminescence, and photovoltaic [10, 13]. Recently, several studies
reported fabrications of nanofibers and/or nanowires composed of zinc oxide, barium titanate,
bismuth ferrite, lead zirconate titanate, cadmium sulfide, and gallium nitride and demon-
strated that these nanostructures display enhanced piezoelectric properties compared to
their bulk counterparts [13, 59, 63]. These 1D nanostructured fibers show great potential
for use as nanogenerators that effectively convert low-frequency mechanical energy into
electrical energy [59]. Recent breakthrough of piezoelectric fabrics for converting mechanical
energy into electric energy using nanofiber-based nanogenerators has opened up possibilities
to harvest biomechanical energy created by normal physical motion, such as breathing and
walking [5].

In recent work, we demonstrated that electrospinning can be used to fabricate ceramic
fibers, such as BiFeO, fibers, which display multiferroic properties [13]. For example, the
ferro/piezoelectric behaviors of BiFeO, (see Figure 5.10) fibers are examined using PFM
to reveal their amplitude and phase images. The amplitude image in Figure 5.10a shows the
deformation in the sample due to the application of voltage. It provides information on the
magnitude of piezoresponse. It is also evident from the phase image in Figure 5.10b that
ferroelectric domains exist within the fibers and the direction of the polarization domains
is revealed. The voltage-induced deformation is characterized by the amplitude versus
voltage hysteresis loops recorded for the fiber shown in Figure 5.10c. The polar domain
switching behavior is exhibited in the phase versus voltage hysteresis loops in Figure 5.10d,
which support the ferroelectric and piezoelectric behavior of the fibers.

Further, we also characterized their magnetization versus magnetic field behavior. As
evident in Figure 5.11, the obtained BiFeO, fibers display clear magnetic hysteresis loops;
bulk BiFeO, does not. Bulk BiFeO, is associated with a linear magnetization versus
magnetic field (M vs. H) relationship. The linear M versus H relationship is attributed to the
weak magnetization and inhomogeneity seen in bulk BiFeO,s yielding a leakage current.
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Figure 5.11 Magnetization versus magnetic field hysteresis loops recorded for BifeO, fiber

On the other hand, in our study, we show that electrospun fibers with nanometer-sized
particles of BiFeO, (see Figure 5.11) have good saturation magnetization. The hysteresis
obtained in our fibers is attributed to the size of the BiFeO, particles which is ~30 nm. This
is smaller than the periodicity of helical ordering, which is 62 nm. Hence, the nanoparticles
suppress the modulated spin structure, resulting in enhanced magnetization. Figure 5.11
shows the magnetization (M) versus magnetic field (H) hysteresis loops of these fibers.
Nonlinear hysteresis behavior is clearly seen in the M versus H loops for the fibers. The
coercivity and saturation magnetization of BiFeO, fibers is determined from these hysteresis
loops to be ~250Oe and ~1.5emu/g, respectively. Such fibers that display ferro/piezoelectric
and ferromagnetic characteristics are excellent materials for the fabrication of novel sensors,
nanogenerators, actuators, memory storage devices, etc.

Wu et al. [59] fabricated lead zirconate titanate nanofibers using electrospinning
as wearable nanogenerators. For this purpose, the aligned array of PZT fibers is depos-
ited on flexible polyethylene terephthalate (PET) film that is spin-coated with a
poly(dimethylsiloxane) (PDMS) layer. Using a glass slide the fibers are lightly pressed so
that they attach themselves to the PDMS layer. Then, gold electrodes are deposited on the
end regions of the aligned fiber arrays. The electrodes are subsequently connected to cop-
per wires with silver paste. This ensemble is then packaged with PDMS to protect the fibers
and the assembly. In the final step, the flexible nanogenerator is obtained by polarizing the
fibers with a 4kV/mm electric field for 15min. The performance of the nanogenerator is
measured using an open-circuit voltage and short-circuit current. The maximum output
voltage and current generated by these fibers reach 6V and 45nA, respectively, when the
flexible PET is bent and released repeatedly. Each time the PET is bent, the PZT fibers
within the device experience a tensile stress and strain in the direction along the fiber axis.
Due to this mechanical strain, a piezoelectric potential is recorded at the ends of the fibers.
The potential difference across the two ends of the fibers drives the flow of free electrons
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from the low to the high potential end via a load in the external circuit. These electrons
accumulate at the interface between the fibers and electrodes owing to the insulating prop-
erty of the PZT fiber that restricts the flow of electrons through them. This explains the
generation of output voltage and current whenever the PET is bent. By contrast, when PET
is released and allowed to relax, the fibers are not tensioned and the strain disappears.
During this stage, there is no potential difference across the fibers. The electrons flow
back to the external circuit through the outer load, generating electricity again. The
voltage generated by the nanogenerator composed of fibers is sufficient to light a liquid
crystal display (LCD) [2, 59]. In a similar study, Chen et al. [2] fabricated piezoelectric
nanogenerator based on PZT fibers obtained using a sol-gel electrospinning technique.
Here, the PZT fibers are deposited on interdigitated platinum electrodes that are separated
by 500 um and a PDMS layer is applied on top of the fibers. The fibers are poled to align
the dipoles within the matrix. They show that such nanogenerators are ideal for harvesting
biomechanical energy.

5.13 Magnetoelectric Inorganic Fibers

The coexistence of ferroelectric and ferromagnetic orders in BiFeO, fibers opens a new
way of obtaining magnetoelectric (ME) materials that allow coupling between ferroelectric
and ferromagnetic domains. In recent years, ME materials have aroused widespread
interest and are becoming one of the future trendy areas of ferroelectrics [67-70]. Such
materials have attracted considerable interest due to their potential for applications as
multifunctional devices [67, 70]. This desired mechanism enables a variety of potential
applications for ME materials, including sensors, transducers, and memory devices that
can be electrically written and magnetically read, magnetically controlled piezoelectric
devices, etc. ME effect in materials depends on the magnetic-strain-electrical coupling
between magnetostrictive and ferroelectric phases [67, 71]. When a magnetic field is
applied, the magnetostrictive phase within the material induces a strain in terms of a change
in dimension, which in turn transfers the stress to the ferroelectric phase, resulting in an
electric polarization. This strong coupling can yield materials that are capable of displaying
large ME coefficients. Prashanthi et al. [72] used sol-gel and electrospinning techniques to
fabricate BiFeO, fibers and showed ME coupling of the fibers. Using magnetic force
microscopy (MFM), they demonstrated that magnetic domain patterns in the fibers can be
controlled by varying the external electric field. Figure 5.12a shows the MFM response of
the fibers as a function of displacement. The magnetic domains developed within the fibers
in response to the external electric field are shown in Figure 5.12b.

When no external electric field is applied to the fiber, the MFM phase image shows
distinct domain structure. However, when an electric field of 5V is applied to the sample,
the change in the magnetic domains structure is noticed. When the external electric field
is increased to 10V, a single domain pattern is obtained as opposed to multiple domain
patterns at 5'V. In the next stage, when the external electric field is removed, some magnetic
domains are retained within the fiber. They argue that this is a clear indication of electric
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field-induced magnetic hysteresis. The equivalent ME coefficient is determined to be
~0.5V/(cm Oe™!) using the magnetization values obtained at various applied electric fields.
This value is found to be higher than the previous reported value for bulk BiFeO,. In a simi-
lar study, Xie et al. [26] used the sol-gel combined with coaxial electrospinning technique
to fabricate core-shell CoFe,O,-Pb(Zr, ., TiO, ,.)O, nanofibers. The multiferroic properties
of these fibers such as the ferromagnetic behavior and ferroelectric response are obtained
using magnetic hysteresis and PFM, respectively. The ME coupling is confirmed by meas-
uring the piezoresponse of the fibers in the presence of an external magnetic field with
PFM. The external magnetic field provided to the fibers induces ferroelectric domains
within the fibers and also influences the ferroelectric switching characteristics of the fibers.
Further, they demonstrate that the ME coupling coefficient is 29.4V/(cm Oe™!), which is
two orders of magnitude higher than its bulk counterpart. Thus, their results demonstrate
the possibility of fabricating novel heterogeneous nanostructured materials.

5.14 Future Directions

The results presented in this chapter demonstrate that piezoelectric fibers obtained using
the electrospinning technique show tremendous promise for harvesting mechanical energy
and converting it to electricity. This concept of using piezoelectric fibers for powering a
microelectronic device is a promising concept. Electrospinning is particularly attractive as
it is cost-effective and fibers from various materials can be easily fabricated. Furthermore,
nanoparticles embedded within the fibrous matrix not only improve the piezoelectricity of
the matrix but also broaden the functions of the electrospun fibers. Flexible nanogenerators
using both polymer and ceramic fibers can be obtained for integration with implantable
devices or other flexible devices. For example, flexible nanogenerators can be integrated
with textiles to develop electroactive clothing. Several studies have also used electrospun
fibers to fabricate nanogenerators and demonstrated the applications of their prototypes.

The challenge for the researchers is to take this beyond the laboratory and implement
their use in practical applications. To realize this potential, it is essential to increase both
the energy conversion efficiency and the power density of nanogenerators. Some recent
studies have used electrospun PVDF fibers and demonstrated that the electricity generated
from the piezoelectric fibers is sufficient to drive active devices such as light emitting
diodes. Others have demonstrated that the overall electrical output from a nanogenerator
can be amplified by using numerous fibers in series instead of a single fiber. This is encour-
aging since a modified electrospinning setup (see Section 5.2) can be used to collect aligned
array of fibers. However, the power generated from a single fiber should be maximized.
Currently, the power generated by a nanogenerator with a single fiber is ~10-''W, not even
sufficient to power an electrical watch that requires microwatts.

Results obtained in this chapter also show the feasibility of using electrospinning to
obtain ME composites. Research on electrospun ME fibers is still in an early stage and
many issues need to be addressed before ME fibers can be used for commercially viable
products. Nevertheless, recent work on electrospinning suggested great promise to achieve
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novel ME composites. For example, intimate coupling between ferroelectric and ferromag-
netic domains in electrospun composite fibers makes electrospinning an ideal processing
technique to obtain ME composites capable of displaying electrostatically controllable
magnetization. Further, it is possible to control the poling and applied field direction for
these fibrous composites, leading to enhancement of ME effects. Composites fabricated
using conventional techniques including sintering, microwave sintering and hot pressing
are found to exhibit low ME coefficients due to the poor binding between phases, presence
of micro-cracks, impurity phases, defects, and high leakage currents. Electrospun 1D com-
posite fibers can be used as novel ME materials for nanoscale devices. The reduced dimen-
sionality of the nanostructured composite fibers will play a critical role on the ME effect,
enabling coupling between their ferroelectric and ferromagnetic domains and a strong ME
coefficient. Such composites are very attractive for a variety of commercial and industrial
products related to microwave devices that require strong coupling to electromagnetic gen-
erations, electronic applications such as power generation and conversion, memory storage
devices, among others.
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6.1 Introduction

Inorganic nanoparticles (NPs) dispersed within polymer matrices have been exploited for a
number of applications thanks to the interesting properties that result from the combination
of inorganic components and polymers. Polymeric matrix nanocomposite (NC) materials
containing either metallic or insulating NPs have been prepared to obtain interesting
magnetic [1-4] properties for use in micro- and nanoelectronics. In addition, important
contributions to fundamental studies in nanoscale physics have been made by studying
those materials, such as quantum tunneling of magnetization, spin-reversal mechanism in
single-domain particles, and quantum size effects [5—7], while we foresee advanced use of
these materials for their magnetoresistance properties. In this case, a liquid ferrofluid con-
taining an oligomer resin and a dispersion of magnetic NPs is made to polymerize by
ultraviolet (UV) curing to form a solid film. Magnetite is a cheap material with a lower
degree of toxicity when compared to other metallic ferromagnets, and it can be easily syn-
thesized through a variety of low-cost techniques, such as the thermochemical route [8].
UV curing is also a cheap technique, particularly appealing now for what concerns
coatings. Here, a UV radiation is shone on a liquid precursor, driving some chemical modi-
fications that allow the precursor to polymerize, producing a solid polymer having tailored
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physical characteristics. This process is environment-friendly, since it is solvent-free and
does not require operation at higher temperatures, since the substrate is kept at room
temperature. Putting together magnetic dispersoids and polymeric matrix, it is possible
to control the magnetism in the NPs by modifying the matrix properties. Novel smart mate-
rials may be engineered, traducing a certain stimulus into a dramatic variation of some
physical properties, such as magnetization.

6.2 Preparation of Magnetic NPs and Its Influence on
the Properties of NCs

6.2.1 Top-down versus Bottom-up Approach to Synthesis

In order to prepare magnetic NCs, two different approaches must be followed: top-down
approach, where magnetic NPs are preformed and dispersed in the polymer or the polymer
precursor which is then polymerized; and the bottom-up approach where magnetic NPs are
generated in situ during polymerization.

When top-down approach is used, magnetic NPs can be easily synthesized through
various low-cost techniques.

Allia et al. [3] prepared acrylic-magnetite NCs synthesizing magnetite according to the
method proposed by Sun et al. [9]. The achieved magnetite NP dispersion in n-hexane was
added to an acrylic resin and was UV cured in the presence of a radical photoinitiator. The
magnetization of as-received NPs was comparable with bulk magnetite, displaying the
overall magnetic properties best described by the interacting superparamagnetic (ISP)
model [10], indicating the presence of non-negligible long-range magnetic interactions.
The dispersion of the magnetite NPs into the UV-cured acrylic matrix does not modify the
ISP behavior but has important consequences on the low-temperature hysteretic properties.
In particular, the coercive field is strongly reduced with increasing NP content in the poly-
meric matrix, a result explained by the presence of a possible compressive stress induced on
the NPs by the matrix. This effect introduces an anisotropic stress that counterbalances the
magnetocrystalline anisotropy. This behavior has been verified and confirmed by numerical
simulation using finite element method (FEM).

More recently, magnetite-silica core—shell NPs have been synthesized and dispersed into
an acrylic functionalized hyperbranched polymer (HBP), and the system was UV cross-
linked [11]. The use of Fe,0,@SiO, NPs for synthesizing magnetic polymeric films
through an UV-induced polymerization process has proven effective. It allowed adding
10 times higher particle volume fractions with respect to the same UV-curable formulation
including bare magnetite NPs. When the silica shell was covering the magnetite core, it was
possible to add up to 8 vol% of NPs, reaching a complete cured system, while when bare
magnetite NPs were added, the limit to get a fully cured system was only 0.7 vol%. Most
important, the transparency of the UV-cured films in the visible region was highly improved
in the case of the system containing core—shell structures. Magnetic measurements have
shown that the system containing 8vol% of core—shell particles has a similar magnetic
behavior of the crosslinked matrix containing 0.7 vol% of bare magnetite NPs, with a
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magnetization at around 1emu/g of NCs. This result puts in evidence that the silica shell
should have a little effect on the magnetic properties of magnetite core.

One main disadvantage of the top-down approach is the easy tendency of agglomeration
and the consequent difficulty of homogeneous dispersion within the polymeric matrix.
In this respect, in situ generation of NPs represents a possible alternative to design new
composite materials.

In the bottom-up approach, where the metal oxide NPs are formed during crosslinking
reaction, the well-known sol—gel process is often used [12].Typically, this occurs in two
steps: the first one is hydrolysis, which produces hydroxyl groups and the second one
is condensation, which involves polycondensation of hydroxyl groups to form a three-
dimensional network.

As an alternative to this method, there is the possibility to follow the non-hydrolytic
sol—gel reaction (NHSG) to obtain very pure and crystalline metal oxide [13—15]. As well
as the aqueous route, the NHSG process is divided in two steps. The first step involves the
reaction of metal halide with an organic oxygen donor (i.e., alcohol, ether, etc.). The sec-
ond step is the condensation. The NHSG process is potentially solvent-free, without prob-
lems with hydrophobic substances and particularly suitable for water-sensitive species. In
2013, Sangermano et al. [16] proposed an innovative method to produce epoxy—magnetite
NCs through an NHSG process. Magnetite NPs were produced in benzyl alcohol, which
can interact with the epoxy resin during UV curing via the very well-known activated
monomer mechanism [17]. As precursor of the magnetite NPs Fe(II) acetylacetonate was
chosen, mixed with an aliphatic epoxy resin, and cross-linked in the presence of a cationic
photoinitiator.

The crosslinked composites resulted in a homogeneous distribution of the magnetite
NPs, and the magnetic properties of the obtained NC were ascribed to individual, inde-
pendent magnetic entities having sizes corresponding to single magnetite NPs.

6.2.2 Considerations Regarding Homogeneity and Interactions

For a number of applications, a uniform dispersion of magnetic NPs in the nonmagnetic
host is a relevant issue [18]. A bad (uneven) dispersion may bring about non-optimal
magnetic properties along with worsened mechanical properties. Usually, the mechanical
energy introduced in the NP/polymeric fluid mixture during the dispersion process (stir-
ring) is enough to effectively break most of the NP aggregates often found in as-prepared
nanopowders, as will be shown in detail in section 6.3. Therefore, one can consider that the
basic magnetic units dissolved in polymers are single magnetic NPs, or little clusters com-
prising a small number of them (~2—4). However, large-area uniformity of these units is
often achieved with some difficulty and critically depends on the fluidity of the polymeric
host during the mixing process.

Many experimental data and observations with a few exceptions point to the existence of
significant fluctuations in the NP density in NC polymeric materials containing magnetic
NPs, either metallic or insulating, either grown within the matrix precursor or incorporated
in it by mixing [19]. These fluctuations can be related either to a specific morphology of
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Figure 6.1 An example of spheroidal magnetite nanoparticles obtained by a wet chemical
technique (see text for details)

polymeric hosts, or more generally to attractive forces among particles that act during
NP growth (when applicable) or mixing. Concentration fluctuations of specific NPs can
extend up to several hundreds of nanometers [20, 21] and can involve NP association or
aggregation.

As atypical study case, let us consider here a magnetite nanopowder composed of 10 nm NPs
obtained starting from Fe(III) acetylacetonate by a chemical route (benzyl alcohol+heating;
surfactants mostly disappear after heating; see Figure 6.1). An example of “good” disper-
sion in an epoxy resin constituent (bisphenol A diglycidyl ether or DGEBA) is provided by
Figure 6.2: on the one hand, the NPs, when dissolved with nominal concentration 4 per
hundred resin (phr), appear to be evenly distributed in space. On the other hand, if the same
NPs are dissolved by the same technique at a concentration as low as 0.5 phr, the result
is entirely different (Figure 6.3): in this case, the NPs do form large islands comprising tens
to hundreds of NPs separated by large regions of polymer where basically no magnetite is
present. Inside each island, most of the NPs still keep their individuality, as shown in
Figure 6.4 which is an enlargement of Figure 6.3. Possibly, in this case, the presence of a
lower concentration of NPs increases the viscosity of the host fluid. As a consequence, the
average interparticle distance in the 0.5 phr solution is larger than in the case of the 4 phr
solution, with the obvious consequence that interparticle interactions do not decrease with
reducing their concentration, as expected. In the case of uniform NP distribution, these
interactions are mostly of magnetic dipolar type, while in the large islands of the 0.5 phr
solution contact interactions, both electrical (van der Waals) or magnetic (exchange) cannot
be excluded. The role of magnetic dipolar interactions in magnetic NCs will be thoroughly
discussed in Section 6.3.
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200 nm

Figure 6.2 TEM image of a uniform dispersion in an epoxy resin of the magnetite nanoparticles
shown in Figure 6.1 (see text for details)

200 nm

Figure 6.3 TEM image of a nonuniform, island-like dispersion in an epoxy resin of the
magnetite nanoparticles shown in Figure 6.1 (see text for details)
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50 nm

Figure 6.4 Enlargement of Figure 6.3 showing the arrangement of magnetite nanoparticles
within a single island

6.3 Anhysteretic Properties and Interparticle Interactions

NP dispersions in polymers are one of the best case studies for testing and measuring the
effect of weak interparticle interactions on the magnetic properties. As known, magnetic
nanopowders often contain large aggregates where the single NPs have lost their individual
character to form magnetic entities much larger than the typical particle diameter, by the
effect of strong interparticle magnetic interactions. This easily occurs in powders contain-
ing “bare” NPs, but it is often observed even in the presence of thin or incomplete ligand
shells surrounding the individual NPs. In these cases, multiple direct contacts between
adjacent NPs exist, entailing exchange or superexchange interactions; as a consequence,
the magnetic exchange length becomes much larger than the average NP size, giving rise
to magnetic agglomerates of NPs which respond coherently, and no longer individually, to
the magnetic field [22]. In this case, huge regions of particles with nearly aligned magnetic
moments exist, bearing similarities with the magnetic domains of a macroscopic ferromag-
net [23]. This collective behavior is generally associated with field-cooled/zero-field-
cooled (FC/ZFC) low-field magnetization curves that are almost featureless: the FC curve
is basically flat, while the ZFC curve monotonically increases with increasing temperature;
the two curves merge at the upper extreme of the investigated temperature range [24]. This
is shown in Figure 6.5 for a 10-nm magnetite nanopowder (horizontal and bottom curves).
In this case, the particle surface is surrounded by phenyl groups deriving from benzyl alco-
hol (BzOH), as determined by combined thermogravimetric and Fourier transform infrared
spectroscopy (FTIR) analysis. However, when these materials are dissolved in a polymer,
the mechanical energy introduced during stirring effectively breaks the weak bonds keep-
ing together the NP aggregates, as shown in Figure 6.5 (top curves) for a 2.5 phr dispersion
of the same NPs in an epoxy resin matrix (obtained by cationic UV-induced polymerization
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Figure 6.5 Field-cooled (FC) and zero-field-cooled magnetization curves for a magnetite
nanopowder and for the corresponding nanocomposite obtained dissolving the nanopowder
in epoxy resin

of cyanate ester resin). In this case, the FC/ZFC curves are typical of an NP system submit-
ted to magnetic blocking: the ZFC curves show a rather sharp maximum located at T~70K;
above the maximum, the FC/ZFC curves become coincident. These results are consistent
with a single-particle, superparamagnetism (SPM)-like response of the NC, with a blocking
temperature 7, 270K consistent with a size of particles of 12nm and the magnitude of the
low-temperature crystalline anisotropy in magnetite (~2x10°erg/cm?). The magnetic
behavior of NCs above blocking temperature should be referred to as “SPM-like” because
of the still non-negligible effect of interparticle interaction (strong contact interactions
being ruled out in uniform dispersions (as the one shown in Figure 6.2); the most important
interaction source is dipolar coupling).

Despite their being rather weak, dipolar interactions among magnetic NPs are responsi-
ble for various magnetic states at low temperatures. These are often frozen collective states,
such as the super spin glass (SSG) state [25], characterized by a frozen disorder of mag-
netic moments, whose directions are dictated by interactions rather than by local intra-
particle magnetic anisotropy. At high temperatures, where frozen states are destroyed by
thermal disorder, dipolar interaction plays nevertheless a significant role, which can be
figured out through ad hoc models such as the ISP model [10], which is basically a mean
field approach where the argument of the Langevin function of standard SPM is modified
by adding a fictive temperature 7* in the denominator (instead of adding an effective field
in the numerator). Such a feature has been justified based on physical grounds. The fictive
temperature 7% is defined as T*#=Nu’/k,d® where N is the NP concentration, x the mean
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Figure 6.6 Field-cooled (FC) and zero-field-cooled magnetization curves for a magnetite
nanopowder and for the corresponding nanocomposite obtained dissolving the nanopowder
in a different epoxy resin constituent

magnetic moment on the NPs, and d the mean interparticle distance. This quantity is
basically a measure of the strength of interparticle interactions.

It may be interesting to compare the behavior of the ratio 7#/T in nanopowders and in
NCs containing the same NPs. As an example, we consider NPs of magnetite with 10-12nm
diameter obtained by a chemical route (see section 6.2.2 and Figure 6.1) and uniformly
dissolved in an epoxy resin matrix (see Figure 6.2). The FC/ZFC curves shown in Figure 6.6
confirm that the nanopowder comprises strongly interacting NPs, still displaying a residual
independent behavior, as evidenced by the existence of a very broad maximum in the ZFC
curve (horizontal and bottom curves). The location (~180K) and width of the ZFC curve
maximum indicate a prevailing association of NPs to form aggregates having diameters of
the order 20 nm, therefore containing about 10 particles, with a large distribution of sizes.

Instead, the magnetic response of the NC (top curves) is typical of a bona fide NP system
with a narrow distribution of sizes centered at 12nm, in very good agreement with the
estimate resulting from transmission electron microscope (TEM) image analysis. As a con-
sequence, the aggregates present on the nanopowder have been effectively broken by the
mechanical energy introduced during the dispersion process. A comparable effect of
mechanical action leading to the breakup of NP aggregates has been recently observed in
ferrofluid inks ejected on flat surfaces through a nozzle in an ink jet device [26].

In both systems, the ISP model applies; the behavior of the fictive temperature is reported
in Figure 6.7, curves 1 and 2. When T* <T, the system is in the true SP phase, whereas the
ISP regime occurs when 1 <T*#/T<25; for T#/T>25 collective frozen states are expected.
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Figure 6.7 Fictive dipolar temperature ratio T*/T as a function of measurement temperature
for a magnetite nanopowder and two dispersions in epoxy resin

It can be deduced that the nanopowder is never found to be in the true SP regime, and col-
lective states take place at a comparatively high temperature (~50K); instead, the 4 phr
solution in DGEBA exhibits a high-temperature SP behavior entering the ISP regime below
~75K, indicating a strong reduction in the interaction strength, as expected. Interestingly
enough, an NC containing less magnetite particles per unit volume (0.5 phr) exhibits a
lower overall magnetic signal, as expected, but a higher 7* (see curve 3 in Figure 6.7). This
result is in perfect agreement with a nonuniform distribution of NPs and the presence of
islands where the interparticle distance is much closer than expected (see Figure 6.4). In
this case, the values of NP density N and moment magnitude u resulting from the ISP
model analysis are not sufficient to explain the measured value of T*. This difficulty is
removed thinking that N is the mean density of NPs. If the NPs are confined to large islands
surrounded by regions where very few or no particles at all are present, the local density N’
is higher than the average value (although surface ligands prevent direct contact of adjacent
magnetite cores) and the local interparticle distance d’ 2 (N')~* smaller, correctly explaining
the higher value obtained for 7% [27].

6.4 Hysteretic Properties

Despite the notable research activity in the field of magnetic NP systems, their hysteretic
properties are still far from being elucidated. This situation stems from the fact that in many
cases one looks for SPM or SPM-like properties, and the possible presence of a small
hysteresis is merely seen as a secondary effect that can be discarded. In addition, in some
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Figure 6.8 Temperature dependence of the coercive field (black symbols) and of FC/ZFC
magnetization for magnetite nanoparticles dispersed in HDDA. (See insert for color
representation of the figure)

nanomaterials and at some temperatures, the coercive field is so small that it cannot be eas-
ily resolved by a low-sensitivity magnetometer.

The standard explanation for the emergence of hysteretic properties involves single-
particle blocking caused by intra-particle anisotropy; this directly results in the Stoner—
Wohlfarth (SW) [28, 29] hysteretic response and implies the disappearance of coercivity
and remanence above the blocking temperature. In many cases, however, definite hysteretic
properties appear well above the estimated blocking temperature. In order to explain the
occurrence of these unexpected hysteretic phenomena, it is often supposed that there exists
a distribution of particle sizes so that large particles are blocked even at high temperature.
According to this interpretation, the resulting magnetization curve should be a mixture of
an SP (Langevin-like) anhysteretic magnetization and of an SW contribution. This naive
view is contradicted by the very shape of the hysteresis loop, which is always very different
from the prediction of the SW model. Other approaches (involving both approximate ana-
lytical models [30] and simulations [31]) indicate that interparticle interaction of dipolar
origin can play a major role in determining the magnetic hysteresis of NP systems.

The same picture applies to magnetic NCs also. In these systems, the common features
of hysteretic properties are the following: (i) the effects (generally small) usually survive
well above the blocking temperature and (ii) coercive field and magnetic remanence are
often proportional to each other. As a typical example, the coercive field of 10-12nm mag-
netite NPs dispersed in a photocurable resin (1,6-hexanediol diacrylate or HDDA) is shown
in Figure 6.8 along with the corresponding FC/ZFC curves. In this case, the low fraction
of magnetite (0.15%) results in rather noisy measurements. Although these curves
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are perfectly superimposed above T=35K, so that there the system should be a perfect
superparamagnet, the measured coercive field disappears above 775K only; magnetic
hysteresis therefore survives in a temperature region where FC/ZFC curve analysis would
indicate a fully reversible magnetic regime. Another example is provided by 9 nm magnet-
ite NPs dissolved in a photocured PEGDA-600 matrix with a concentration of 10phr
(Figure 6.9). Here, the blocking temperature is quite low, whilst the two curves do not
perfectly superimpose above T}, indicating some dispersion in the particle sizes. However,
the coercive field stays almost constant over the whole reported temperature range; the
only apparent effect of blocking on the hysteretic properties of such a sample seems
to be the small but definite increase in coercive field measured at the lowest
temperature (7=10K).

Therefore, in many NC systems single-particle blocking seems to be uncorrelated with
the onset of hysteretic properties. This is not always true, however; as a counterexample, let
us discuss the behavior of 10—12 nm magnetite NPs dissolved in epoxy resin with concen-
tration 1phr. The coercive field and magnetic remanence are reported in Figure 6.10 as
functions of temperature. Note the close similarity between these curves. The blocking
temperature 7,=50K is indicated by the vertical line. In this case, there is no high-
temperature hysteresis; a nonzero coercive field emerges exactly at the blocking tem-
perature. In other words, the considered system seems to closely behave according to the
standard views than the previous ones. So far, no model has been put forward to explain
why different NCs display an entirely different behavior of magnetic hysteresis as a
function of temperature.

In systems where the hysteretic properties survive well above the blocking temperature,
another interesting effect can be measured by performing an accurate study of the sym-
metrical minor loops produced by gradually lowering the value of the vertex field. In such
a measurement, the temperature of the sample is kept constant and the vertex field is
decreased from a high value (of the order of 15-20kOe) corresponding to the so-called
major loop [29] down to few tens of oersteds. The procedure involves (i) reaching the high-
est positive vertex field starting from the remanence, (ii) measuring the upper loop branch
down to the negative vertex field (symmetric loop), (iii) measuring the lower loop branch
and closing the loop at the positive vertex field, and (iv) reducing the positive vertex field
and repeating the measurement from step (ii). In order to enhance the signal, a highly con-
centrated dispersion of 10-nm magnetite NPs in poly(ethylene glycol) diacrylate (PEGDA)
was used (90 phr of ferrofluid in the photocurable polymer), and the measurements were
performed at T=100K.

In bulk ferromagnetic materials [29] as well as in SW systems of blocked NPs, the
coercive field and the magnetic remanence increase (following different laws) with increas-
ing the vertex field until the so-called closure field is reached. The closure field is where
the upper and lower branches of the major loop merge; it separates the region dominated
by irreversible magnetization from the region of reversible magnetization. In standard
systems, when the vertex field is higher of the closure field (i.e., is in the reversible region
of the loop) neither the coercive field nor the magnetic remanence is expected to increase,
and the loop width does not change any longer (major loop).
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Figure 6.9 Same as in Figure 6.8 for magnetite nanoparticles dispersed in PEGDA. (See insert
for color representation of the figure)
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Figure 6.10 Coercive field and magnetic remanence for magnetite nanoparticles dispersed in
DGEBA. The vertical dashed line indicates the blocking temperature as derived from FC/ZFC
curves (not shown)
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Figure 6.11 Unsaturating behavior of coercive field and magnetic remanence in a
nanocomposite containing magnetite nanoparticles dissolved in PEGDA

The behavior of both coercive field and magnetic remanence as functions of the vertex
field for the NC under study is shown in Figure 6.11. The steep increase at low vertex fields
corresponds to the standard behavior of any hysteresis loop; however, the unsaturating
behavior measured at high fields (in this case, above about 2500 Oe) is something unex-
pected, indicating that the notion itself of “major loop” is not directly applicable to our
system, because there is no real reversible region in any magnetization loop. Note the strict
relation existing between coercive field and magnetic remanence, which follow the same
law of growth with increasing the vertex field. This is another feature not observed in
standard ferromagnets or in SW systems.

It is possible to conclude that the present measurements provide additional incontro-
vertible evidence for the specificity of hysteresis phenomena in magnetic NCs; it is
presumed that this behavior is related to interparticle interaction instead of intra-particle
anisotropy; however, a general theory of hysteretic phenomena in magnetic NCs is
unfortunately still lacking.

6.5 Nanocomposites Exhibiting Magnetoelectric Properties

NCs containing magnetic NPs in either a conducting or an insulating matrix can display
various magnetoelectrical effects, ranging from magnetically induced electric polarization
to magnetoresistance. Magnetoelectric properties make these materials eligible for a
number of applications, as discussed in Chapter 7.

Conducting polymer NCs containing nanosized multiferroic materials such as bismuth
ferrite (BFO, BiFeO,) have been recently investigated. Multiferroics exhibit ferromagnetic
and ferroelectric properties together; in Bismuth ferrite, electric polarization can be induced
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by external magnetic field and magnetization can be modified by an applied electric field.
Efforts are being taken to effectively induce multiferroic properties in a conducting
polymer such as polyaniline (PANI) by dispersing magnetoelectric BFO NPs in it [32].
Multiferroic composite materials not requiring the presence of a polymeric matrix, such as
BaTiO,-CoFe, O, NCs, are being actively investigated nowadays, but they fall beyond the
scope of this chapter.

Giant magnetoresistance (GMR) effects, similar to the ones observed in nanogranular
noble metal-transition metal alloys, for example, Cu,,  Co_have been observed in con-
ducting polymeric NCs containing Fe and/or Fe-oxide NPs after proper thermal treatment.
In these materials often the resistivity exhibits a clearly nonmetallic behavior and mono-
tonically increases with reducing T; the conduction typically occurs via interparticle
tunneling and/or hopping, and the tunneling/hopping rate displays clear spin-dependent
characteristics. Usually, the measured GMR does not display particularly large values at
room temperature, ranging around 1-2%; however, it can attain values up to about 10% in
well-prepared samples [33]. Even in this case, an important issue is to prevent particle
agglomeration and to achieve a good dispersion of NPs.

More recently, various magnetoresistance phenomena, including a very large GMR,
have been observed in a number of different nonmagnetic NCs where silica NPs are embed-
ded in a conductive polymeric matrix such as PANI [34]. In this case, the mechanism is to
be ascribed to complex electronic effects (the so-called wavefunction shrinkage model).

6.6 Applications

Despite the lack of knowledge regarding the science behind the hyper-specialized field of
magnetic polymer-based NCs, there is an amazingly high number of papers reporting prac-
tical applications, particularly as multifunctional smart materials, where the magnetic
properties are coupled with some other characteristics, or exploited to easily produce an
anisotropy in an NC where magnetic NPs align along the direction of an external magnetic
field [35, 36].

Polymeric magnetite NCs have been investigated for their potential application in elec-
trochromic devices, gas and vapor sensors, nonlinear optical systems, and photovoltaic
solar cells [37]. Further, the magnetic properties of mixed iron oxides can be used in
potential applications including magnetic filters, and the future generation of electronic,
magnetic, and photonic devices used for information storage or magnetic imaging [38].

Polymeric magnetic composites can also be applied in an elegant and efficient way to
obtain magnetic-responsive polymer materials exhibiting high amplitude magnetoresponse
[39]: in Figure 6.12, the preparation route adopted by the authors and in Figure 6.13 the
size distribution of the magnetic NPs within the NC have been reported.

Magnetic polymer actuators were developed by dispersing microparticles of carbonyl
iron in silicone-based elastomers [40]. Such materials are characterized by a low Young’s
modulus (106 Pa) together with a high magnetization induced by the dispersion of the
magnetic microparticles into the polymeric matrix. For these reasons, they exhibit large
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Figure 6.13 TEM image and size distribution of magnetite NPs. Papaphilippou et al. [41].
Reproduced with permission of Elsevier
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Figure 6.14 Shape transition in the NC produced. Schmidt [39]. Reproduced with permission
of John Wiley & Sons
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Figure 6.15 Schematic diagram of the LC resonant circuit (a) adopted to operate the shape
transition in an SMP shown in (b). Schmidt [44]. Reproduced with permission of John Wiley & Sons

deformation, not only in field gradients but also in homogeneous magnetic fields. The sig-
nificant variation of their tensile, compression, and shear moduli with the amplitude of the
applied magnetic field makes them good candidates to design active dampers for antivi-
brating applications (e.g., in the automotive industry or to enhance the precision of rotating
tools in mechanics workshops).

Hydrogels and other elastomeric materials that can be deformed in a controlled manner
in homogeneous magnetic fields or gradients were successfully employed for magnetic
guidance of drug delivery systems, manipulation of individual cells, and separation in com-
plex biological media or environmental samples [41, 42].

Polymeric magnetic NCs prepared from thermoresponsive polymers can be remotely
activated using alternating magnetic fields. This strategy was especially used for controlled
drug delivery with injectable or implantable devices and in the area of shape-memory poly-
mers (SMPs) [43].

Thermoplastic SMPs have been adopted for magnetic remote activation by filling them
with magnetic NPs [44-46]. SMPs are capable of performing important shape changes,
after the application of a programming in order to recover their original shape [47]; in
Figure 6.14, an example of such capabilities is given, while a schematic of the apparatus
used to produce the shape transition is shown in Figure 6.15. Generally, they are
reticulated thermoplastic materials with a glass and/or melting transition temperature.
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After deformation at a temperature higher than their transition temperature, the temporary
shape is fixed by rapid cooling. Then, the original shape can be recovered by heating again
above the transition temperature. Such materials can be useful for applications in a wide
range of fields such as military defense, smart textiles, packaging, aerospace, adaptive
optics, robotics, and biomedical engineering, like magnetic actuators or minimally invasive
surgery devices. The thermally induced shape shifting of such materials can be triggered by
exposing them to an alternating magnetic field; the heat generated by the magnetic NPs,
under an alternating magnetic field, can also trigger useful phase transitions of SMPs.

Devices based on magnetically induced electric polarization such as those containing
multiferroic NCs include nonvolatile memories, weak magnetic field sensors, transformers,
gyrators, and microwave devices [48]. Devices based on NCs exhibiting isotropic GMR
may be envisaged for use in many areas including biological detection, magnetic recording
and magnetic storage, and sensors [33]. Generally speaking, devices exploiting magnetoe-
lectrical phenomena in polymer NCs benefit from easy manipulation and cost-effective
fabrication processes.

Finally, recent developments have shown a potential industrial application of magnetic
NC:s for oil spill recovery, where conventional technologies have failed so far. The mag-
netic properties are exploited for an easy recovery of a functionalized hydrophobic and
oleophilic material, normally in the form of a sponge [49, 50].
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7.1 Introduction

The aspect of a material and its interaction with light is of fundamental importance both in
functional and decorative application. When light interacts with a material, there are three
possible main effects: absorption, transmission, and reflection of light. These three compo-
nents are directly correlated, and they depend on the nature of the material (refractive
index, coefficient of absorption, surface roughness, etc.), the wavelength of the incident
light, and its angle of incidence. However, there are also other effect such as scattering and
light re-emission (see Figure 7.1) that are important from the technological point of view
since they are the basis for many devices like LED, LASER, and up-converter.

The incorporation of nanoparticles in polymer matrices offers the possibility of substan-
tial improvements to the optical properties of these materials with only a small amount on
nanoparticles [1] since they can influence strongly the physical properties of the hosting
polymeric matrices (e.g., refractive index and coefficient of absorption) but also give new
characteristics to the material like light emission.

In this chapter the main trends of research in the control of the optical properties of poly-
meric nanocomposites, the strategies for obtaining new properties by nanoparticles incor-
poration, and the most important technological application as optical devices of polymeric
nanocomposites will be presented.
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Figure 7.1 Scheme of the possible interactions light/matter

7.2 Photoluminescence and Related Applications

According with the TUPAC’s Gold book, photoluminescence (PL) is defined as
Luminescence from direct photoexcitation of the emitting species [2] and it consists in one
of the possible physical effects resulting from the interaction of light with matter [3].

In the past several decades, there was an enormous demand for photoluminescent
materials. Research on fluorescent polymers gathered great scientific attention because
of their interesting properties and important application both in materials and life
science [4].

Regarding the polymer world, there are two main directions for obtaining photolumines-
cent materials: the first one is the use of polymer that is intrinsically fluorescent having
fluorescent groups (i.e., conjugated polymer) in the main chain or as pendant. Luminescent
properties of different polymers were largely investigated since the 1950s [5-7]. In this
frame, the latest research progress in fluorescent polymers is focused on the formation and
PL of fluorescent polymers with new architecture.

The second route is the synthesis of material in which the polymeric matrix is only a host
material and the luminescence behavior was given by a filler that could be either organic or
inorganic. Since the formulation of polymeric mixture with luminescent pigments is a
well-established procedure even in industry, in the past years the synthesis of luminescent
polymeric composites, in particular nanocomposite, has gathered a great scientific atten-
tion in order to take advantage of the great potentialities of new inorganic luminescent
particles that are studied all over the world.

Polymer composites presents some advantages compared to the intrinsically photolumi-
nescent polymer. The potential use of light-emitting polymer is in fact ultimately limited
by their low quantum efficiency as well as by their poor stability due to oxygen interaction
[8]. Moreover even workability is not so easy: nearly all the formation processes are by
casting and so involves the use of solvents, making them not environment-friendly. Finally,
in order to protect the photoactive layer by the oxidation and photoxidation, often the



Optical Properties of Polymer Nanocomposites 141

devices are layered, in which transparent polymeric materials surround the luminescent
film preventing oxygen diffusion. This leads to an increase in the costs and complexity of
the devices.

For these reasons in many applications, the use of a polymeric composite is favored.
By dispersing photoluminescent fillers in a hosting polymeric matrix, it is possible to
apply standard techniques of polymer processing to the development of photoactive
material. Moreover, standard polymers present improved thermo-mechanical properties
and a greater resistance toward the aging if compared to intrinsic photoluminescent
polymers.

On the other hand, as for all the composite materials, the dispersion of the fillers and
their distribution in the polymer matrix is a key challenge in order to obtain uniform
properties, both optical and mechanical. Finally, for many applications, transparency is
a key point. In order to obtain this property, it is necessary to embed fillers that have
nanometrical (e.g., quantum dots or QDs) or molecular scale (e.g., rare-earth com-
plexes) in a transparent polymeric matrix, thereby obtaining polymeric nanocomposites
in this way.

Here, the main classes of photoluminescent nanofillers dispersed in polymeric matrices
and the most relevant application of photoluminescent polymer nanocomposites will be
presented.

7.2.1 Nancomposite with Quantum Dots

QDs are semiconductor nanocrystals generally composed of atoms of elements from II-IV
groups (e.g., CdSe, CdS, ZnS, and ZnSe) or III-V groups (e.g., InP and InAs) defined as
particle with a dimension smaller or comparable to the exciton Bohr radius, usually between
2 and 20nm [9]. The photoluminescent properties of the QDs arise from interaction
between free photogenerated electrons and holes [10]. Light is absorbed when the energy
of the exciting radiation overcomes the band-gap of the materials; in this process, electrons
are promoted from the valence band to the conduction band. Light emissions arise from the
recombination of free or trapped charge carriers (electrons or holes), and this mechanism
is called excitonic fluorescence and is observed as a sharp peak [11]. By changing the
dimension of the QDs, the emitted light can be tuned from the ultraviolet (UV) range to all
the visible range up to the near-infrared (NIR) (Figure 7.2) due to the quantum effect
induced by the particle size [10, 12].

One of the most important trends in the past 20 year is the dispersion of QDs in poly-
meric matrices. From a technological point of view, the fabrication of bulk QD/polymer
nanocomposites, and in particular, thin film architectures comprising semiconductor
nanoparticles and polymers, is extremely relevant. The development of optoelectronic
devices, such as solar cells or light-emitting diodes, has seen its most significant improve-
ment through the control of the quality of such hybrid thin films. In any case, in order to
synthesize materials for such applications, issues concerning the poor compatibility of
QDs with polymeric environments must be solved. Such problems of compatibility in fact
generally lead to agglomeration of the QDs inside the polymers and, consequently, to the
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Figure 7.2 Lightemission of ZnS-capped CdSe excited in the UV range. Dimension of colloidal
QD:s increase from 2 (left) to 6 (right) nm. Chan et al. [10]. Reproduced with permission of
Elsevier (See insert for color representation of the figure)

Red Yellow Orange

-

Figure 7.3 PS/QDs nanocomposites. Zhang et al. [23]. Reproduced with permission of John
Wiley & Sons (See insert for color representation of the figure)

quenching of the luminescence and loss of transparency of the composite. One of the
goals is therefore to establish methods to obtain transparent materials with high concen-
tration of QDs [13].

In this frame, the main direction is to modify the surface of QDs in order to improve the
solubility of QDs in polymeric matrices [14, 15], and also to tune their emission [16]. From
the matrix point of view, QDs/polymer composite were prepared dispersing different types
of QDs (ZnO, CdS, ZnSe, etc.) in different polymer matrices such as PE [17], PMMA
[15, 18-20], polystyrene [15, 21-23] (Figure 7.3), PVA [24, 25], epoxy [26-28], polyure-
thanes [29, 30], and many others [31-36].

Photoluminescent nanocomposite with QDs was also synthetized via UV-curing both in
radical [37-41] and cationic systems [28, 42, 43].
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Figure 7.4 Polystrene fibers with copper photoluminescent complexes. Li [57]. Reproduced
with permission of Elsevier

7.2.2 Transition Metal Nanocomposites

Transition metal ions represent the most important class of luminescent center. Their
importance could be easily represented considering that in the 1960s, the study of Cr** in
Al O, crystal (ruby) was the basis of the development of solid-state laser. Transition metals
are extensively used as PL active centers both in inorganic lattice and with organic complex
(e.g., clusters and MOF). They have an incompletely filled d shell so their electronic
configuration is d" (0>n>10). Energy configuration diagrams of the ions that change n value
as well as the effect of the crystal field were extensively studied in the literature [44—47].

Regarding transition metal particles, they are often employed in combination with
conjugated polymers in order to improve the properties of OLED, as it is reported by Cheuk-
Lam Ho andWai-Yeung Wong in a recent review [48], but also in medical applications as
theranostic [49]. They were also employed in other polymeric matrices as polycarbonate
[50], PMMA [51-54], PE [55, 56], PS (Figure 7.4) [57-60], PDMS [48, 59, 61], and many
others [62-64] most of all as oxygen sensors and as probes for the polymerization or
the medium rigidity.

Regarding photopolymerized materials, there are few studies in the literature on transition
metal photoluminescent composites. Recently, Gao et al. published an extended review on
their work of photocured gold nanocomposite using the antenna effect of the gold to enhance
the efficiency of solar cells [65]. In any case the main use of transition complexes in UV
curable formulation was as probe of the photocuring measuring the shift of main peak of
emission during the photopolymerization process [66—69]. However, recently there was an
increasing interest in investigating photocurable materials containing transition metal
complex for optical application [70] (Figure 7.5) and with tunable properties [71, 72].

7.2.3 Rare-Earth Polymer Nanocomposites

The last main class of photoluminescent polymer composite is the one based on rare-earth
nanoparticles. Rare-earth metals, by IUPAC definition, consist in lanthanide elements plus
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Figure 7.5 Acrylate composite film (5um) containing copper iodide clusters (2.5x2.5cm) on
glass substrate with a square patterned area in the center (a) under ambient light and (b) under
UV irradiation at 312nm (UV lamp) at room temperature. Roppolo et al. [70]. Reproduced with
permission of Royal Society of Chemistry (See insert for color representation of the figure)

scandium and yttrium [73]. In this case, the emission is due to transitions inside the 4f
shell, thus intraconfigurational f—f transitions. The incomplete filled 4f shell is shielded
from the surroundings by the filled 5s? and 5p® orbitals; therefore, the effect of the host
lattice or of the surrounding organic ligands on the intra-4f transition is small but, in any
case, essential. Although PL of rare-earth ions can be an efficient process, all lanthanide
ions suffer from weak light absorption. Because the molar absorption coefficients ¢ of them
are smaller than 101 mol™ cm™!, only a very low amount of radiation is absorbed by direct
excitation in the 4f levels. Since the luminescence intensity is not only proportional to the
luminescence quantum yield but also to the amount of radiation absorbed, low light absorp-
tion lead to weak luminescence. However, the problem of weak light absorption can be
overcome by the so-called antenna effect (or sensitization) [74]. This could be achieved by
dispersing in host lattices or bonding the ions with organic ligand. Because of the intense
absorption bands of the inorganic matrices or organic chromophores, much more light can
be absorbed and, subsequently, the excitation energy is transferred from the organic ligands
to the lanthanide ion by intramolecular energy transfer [74, 75]. Thus principally nanopar-
ticles doped with rare earths or rare-earth organic are used as filler for nanocomposites.

Many polymeric matrices were used as hosting materials: PS [76-79], PMMA [80-84],
polyethylene glycol [85], PEO [86, 87], PVA [88, 89], polycarbonate [90], PDMS [91], and
many more [92-97] with also particular application such as y-ray scintillators [98],
temperature sensors [99], or up-converters [100]. Some materials were even synthesized
via UV-curing both in radical [101-104] (Figure 7.6) and cationic systems [105, 106] or
electrospinning [107].
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Figure 7.6  Urethanes acrylates UV and thermal cured containing Europium complexes. Zhou
etal.[101]. Reproduced with permission of John Wiley & Sons (See insert for color representation
of the figure)

7.3 Light Emission in Polymer Nanocomposites: From Science
to Applications

As already stated in previous section, rare-earth ions have been widely used as fillers in
inorganic matrices for the realization of luminescent devices, such as LEDs, LASERs,
optical amplifiers, and biological fluorescent labeling. It is possible to overcome the
problem of quenching from the polymeric matrix, due to a huge vibrational spectrum, by
incorporating those ions in inorganic nanoparticles.

As an example in Figure 7.7, we report the flowchart of a typical synthesis for inorganic
NPs of Tb**:LaF, which were then dispersed in PMMA to produce a sharp emission spectra
with a typical FWHM < 5nm, as shown in the emission spectra of Figure 7.8 [108].

A typical application for hybrid QD/phosphor nanocomposites is the realization of
white light-emitting devices, WLEDs (polymers), intentionally exploiting transparency,
flexibility, processability, and cost-effectiveness of the host matrices. Different approaches
have been proposed for the realization of such materials, such as in situ polymerization
[109, 110], electrostatic interaction [111, 112], physical entrapment [113], and frontal
polymerization [114]; particularly interesting is its high reaction rate that prevents the
easy occurrence of photoxidation, photocorrosion, and luminescence decrease. As an
example, we report the typical route for the frontal polymerization synthesis of white light
emitting CdS-poly (2-hydroxyethyl acrylate (HEA)-co-N-vinylcarbazole NVK) nano-
composites, Figure 7.9. Such materials are then blended with their compensating-color
nanocomposite, to produce a broad white spectrum, and are finally positioned on top of a
semiconductor LED, Figure 7.10.

As a different approach, we propose the fabrication scheme of a nanocomposite again
for WLED applications, based on N,N-dimethylacrylamide (DMAA) matrix, containing a
dispersion of ZnS nanoparticles, functionalized with 2-(2-hydroxyphenyl)-benzoxazol (BOX),
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Figure 7.10 PL spectra (a), digital images of the nanocomposites (b), emitting WLED in
operation (c) and chromaticity diagram of the systems based on frontally polymerized CdS-
poly(HEA-co-NVK) nanocomposites (d). Zhou et al. [114]. Reproduced with permission of
John Wiley & Sons (See insert for color representation of the figure)
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Figure 7.11 Scheme related to the preparation of a ZnS-BOX-DMAA nanocomposite by
in situ bulk polymerization. Liu et al. [115]. Reproduced with permission of Elsevier

Figure 7.12 TEM image of the ZnS-BOX-DMAA nanocomposite bulk sample. Liu et al. [115].
Reproduced with permission of Elsevier

in Figure 7.11 and the relative TEM image in Figure 7.12 [115]. ZnS is a preferred choice
due to its relative abundance and cost.

When the QD-incorporated polymer is used as a waveguide, it is possible to exploit
interesting properties, in particular, by adding multiple materials, a broad range of visible
spectrum can be guided into a patterned structure. As an example, CdS, CdTe, CdSe, and/
or PbS embedded into PMMA matrix have been used and characterized, according to the
experimental setup shown in Figure 7.13, to collect the waveguided spectrum of Figure 7.14,
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Figure 7.14 PL waveguided spectrum obtained from nanocomposite QD-PMMA thin-film
waveguides. Gordillo et al. [116], www.hindawi.com/journals/inm/2012/960201. Used under
CC-BY-SA 3.0 http://creativecommons.org/licenses/by/3.0/
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where the effect of adding CdS, CdTe, and CdSe in the same nanocomposite material is
clearly visible [116].

Other interesting applications of nanocomposites are those systems where metal NPs
are incorporated to quench the triplet states in organic LEDs (OLEDs). Normally, the
main materials employed in device fabrication are fluorescent dyes and polymers that
emit light as a result of the radiative decay of singlet excitons. The operation of LEDs
generates both spin-symmetric triplets and spin-antisymmetric singlets, in the ratio of
3:1. However, the energy of triplet excitons is wasted via non-radiative processes.
Furthermore long-lived triplet excitons via energy transfer produce singlet oxygens
that are able to initiate oxidation processes. A possible solution is the incorporation of
Au NPs, for example, where the triplet excitons are quenched by the overlap with NP
optical absorption spectra. In Figure 7.15, we present the great enhancement of quantum
efficiency in a blue OLED device where the poly(9,9'-dioctylfluorene) (PDOF) layer
incorporates Au NPs [8].

Most interestingly, the possibility of generating coherent light from a nanocom-
posite material was recently explored. In particular, the experiment conceived a high
refractive index filler, ZrO, NPs dispersed in an acrylate monomer, doped with
Pyrromethene 567 laser dye [117]. Distributed feedback (DFB) resonators, which may
be created inducing volume repetitions of high refractive index portions within low
refractive index areas, provide the necessary light coupling to obtain a stable lasing.
The periodic modulation of refractive index was produced by holographic lithography,
according to the configuration shown in Figure 7.16. Resulting lasing output is shown
in Figure 7.17.
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Figure 7.15 Relative quantum efficiency and threshold voltage as a function of the Au NP

content in Au-DPOF OLED devices. Park et al. [8]. Reproduced with permission of American
Chemical Society
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7.4 Transparency and Adsorbance in Polymer Nanocomposite

Since transparency in the visible range is one of the most important polymer properties,
inorganic nanoparticles were used to tune the absorption of the polymeric nanocomposites
in the other spectral ranges in order to create novel materials with shielding properties
[118]. In this regard, the synthesis of UV and IR shields is of particular interests for improving
the outdoor stability of polymers or in coating for solar cell applications [119].

TiO, and ZnO are the two most important classes of nanoparticles used for creating nano-
composites because nanoparticles of these oxides absorb in the UV range but do not absorb
in the visible range. Moreover, by embedding particles with a diameter lower than 40 nm,
also the light scattering is negligible thus maintaining a high transparency [102].

Titanium dioxide nanoparticles were used as fillers for producing polymeric UV shield
in many matrices such as polyvinylacetate [120], polyurethanes [121], epoxies [122], poly-
vinyl alcohol [123], and others [124, 125]. However, this metal oxide is photochemically
active when it is in the anatase phase and thus can degradate the polymer matrix under UV
irradiation [118]. For this reason, ZnO is preferable as nanofillers for UV shields since ZnO
is a strong UV absorber but with a lower photochemical activity if compared with TiO,.

ZnO oxide was used as active filler in polystyrene [126—128], polymethyl methacrylate
[129], PVDF [130], epoxy [131], silicones [132], or polymer blends [133—135] maintaining
high transparency (Figure 7.18).

Also other nanoparticles were employed in order to synthesize UV shielding properties
such as indium oxide [136], iron sulfide [137], and cadmium telluride [138].

Other interesting applications, pushed by the increasing environmental and energy saving
concern, regard the use of nanoparticles for synthesizing novel materials that possess selective
absorption in other spectral ranges such as IR [139, 140] (see Figure 7.19) or microwaves [141].

Figure 7.18 PS/PMMA polymer blend containing 5% ZnO Nanoparticles. Ge et al. [135].
Reproduced with permission of Wiley (See insert for color representation of the figure)
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8.1 General Properties and Applications of Bismuth

Bismuth (Bi) has been known from ancient times, although until the 18th century it was
often mistaken with lead and tin, which share some similar physical properties [1-3]. Its
name come from German and is related to its meaning of having the properties of antimony
(weisse masse or wismuth which means “white mass”) that was translated in the mid-
sixteenth century to a new Latin word bisemutum. It has a high electrical resistance and
the thermal conductivity is lower than any other metal except mercury; considering that,
Bi is sometimes called a semimetal [4]. These semimetallic properties are particularly
interesting for its use as a thermoelectric material because of its low effective mass, highly
anisotropic Fermi surface, and its potential to induce a semimetal/semiconductor transition
with decreasing crystallite size that is typical for soft metals [5]. Among the soft metals,
Bi and Pb are the most widely studied due to their thermoelectric and corrosion resistance
properties, respectively.

Functional and Physical Properties of Polymer Nanocomposites, First Edition.
Edited by Aravind Dasari and James Njuguna.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



160  Functional and Physical Properties of Polymer Nanocomposites

~Pollutants ™
\._degradation_/

///
Photodegradation
'

¥

(" Antibacterial / Bismuth RCCR—
' nanomaterials " Casting and ™,

\_ galvanizing _/

X

Metallurgical '
additives
Sensors and ‘

— 7 Xray N @ blosensors - /" Bismuth ™

~_contrast _~ ~__ alloys .~

Cosmetics and
pigments

Low-metling-
point solders

o
=
c
Q
[7]

Figure 8.1 Summary of the various application fields of bismuth nanomaterials

Similar to the noble metals, a typical synthesis of bismuth nanoparticles (BiNPs) begins
with the decomposition or reduction of a precursor compound, forming nuclei that then
grow into nanocrystals [6]. For those nanocrystals prepared by a thermal decomposition
method, often the reaction temperature has to be kept above the melting point of the metal
[7]. Consequently, the “nanocrystals” remain in a liquid state throughout the entire syn-
thesis and assume a spherical shape so as to minimize their surface area and thus the total
interfacial free energy. When the reaction is quenched (typically by cooling down the
solution), the liquid “nanocrystals” solidify into nanospheres with smooth surfaces.

Bi nanomaterials are being used for various applications, see Figure 8.1. Thanks to the
low toxicity in comparison to heavy metals, the use of Bi in fields, such as medicine, pho-
todegradation of organic pollutants, cosmetics, pigments, and alloys, where it replaces lead
in free-machining brasses for plumbing applications is reported [8]. Historically, several Bi
salts were used in medicine; as examples of that, Bi tartarate was used to treat syphilis,
while Bi sodium triglycollamate has been used to treat warts, stomatitis, and upper respira-
tory tract infections [9-11]. Two compounds have been extensively used for gastrointes-
tinal medication for decades. Pepto-Bismol contains Bi subsalicylate (BSS), and De-Nol
contains colloidal Bi subcitrate (CBS). Other Bi compounds are used as X-ray and NMR
contrast agents.

Recently, there has been intensive research in the fabrication of structured photocatalytic
materials for both energetic and environmental applications, such as photocatalytic hydro-
gen evolution [12], degradation of organic contaminants [13], disinfection of water [14],
and conversion of carbon dioxide into hydrocarbon fuels. Different Bi-based photocatalytic
materials, which exhibited superior photocatalytic performance in pollutant degradation
due to their special morphological structure with respect to specific surface areas, have
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been fabricated by various approaches. As an example, synthetic (Bi0),CO, is found to
display interesting activity in antibacterial and environmental applications [15, 16].

Besides the various applications, the use of Bi in the fabrication of sensing and biosens-
ing platforms has shown a great interest. Its use in relation to electrochemical stripping
analysis with interest for heavy metals analysis is the most significant. Electrochemical
stripping techniques are particularly suitable for the determination of trace metals in sam-
ples of environmental and biological origin, due to their excellent detection limits, their
sensitivity to the presence of different metal species, their capacity to perform multiele-
ment determination, and their relatively low cost. Bi-based nanomaterials, as will be shown
later, play an important role in this field being the principal function its use for the surface
modification of working electrodes.

8.2 BiNPs Synthesis

Various strategies for the synthesis of BiNPs have been reported since mid-1990s. As
demonstrated for other metallic NPs [17, 18], following the typical approaches to synthetize
nanoparticles: bottom up and top down, as will be discussed bellow. To summarize, BiNPs
are able to be synthesized by laser ablation, electro-hydrodynamic techniques, high energy
ball milling, vapor flow condensation, inverse micelles technique, high-/low-temperature
chemical reduction, etc.

BiNPs can be easily obtained from bulk metallic Bi [19] by using thermal decomposition,
although this method usually is not efficient enough in terms of production yield. On the
other hand, reductive methods to synthesize BiNPs also have been reported. Various reducing
agents and Bi precursors have been used to prepare Bi crystals. In fact, the use of an organo-
metallic complex of Bi as a precursor for the decomposition is the most used. In addition to
the decomposition of a compound or reduction of a salt precursor, nanocrystals of low-
melting metals, as in the case of Bi, can be prepared by directly breaking large droplets of the
molten metals under a shear force. BiNP synthesis strategies reported so far are grouped in
chemical and physical methods and described in Sections 8.2.1 and 8.2.2, respectively.

8.2.1 Chemical Methods

Chemical methods employed for BiNP synthesis are based on the use of reducing agents
able to reduce the Bi precursor. The distribution of the reducing agent into the synthesis
medium directly affects the local variations in the rates of nucleation and growth that are
directly related with the formation of polydisperse particles. To address this problem, dif-
ferent strategies such as the use of strong reducing agents with slow kinetics that enable
homogeneous nucleation and growth have been used. Reducing agents such us ethylene-
glycol [20], sodium borohydride [21], aqueous hydrazine solution [22], ethylene diamine,
and, recently, sodium hyposphite [23] have been used to prepare Bi nanocrystals. The use
of an organometallic complex of Bi as a precursor has been recently reported [24, 25].
In addition, photochemical activation has been used to synthesize BiNPs [26, 27]. In the
following parts, these strategies are described in more detail.



162  Functional and Physical Properties of Polymer Nanocomposites

(@)

. ]
L
o L] ...o
e ‘e ®
oo

(b)

L J
®. o,
il
O (°-°

Figure 8.2 Schematic illustration of two different approaches to obtain monodispersed
spherical colloids of metals with relatively low melting points: (a) the bottom-up approach,
where a molecular precursor is decomposed to generate metal atoms that nucleate and grow
into monodispersed colloids and (b) the top-down approach, where large drops of a metal are
broken into smaller pieces and then transformed into uniform droplets by shear forces through

a mechanism similar to conventional emulsification. Wang and Xia [34]. Reproduced with
permission of American Physical Society

Polyol process is found to be one of the most used methodologies in the synthesis of Bi
and other metallic NPs. This method of synthesis have been useful to prepare platinum
[28], silver [29], gold [30], copper [31], and nickel [32] NPs with the idea to achieve NPs
of different shapes and sizes [33]. The simple reagents and materials used in this technique
are the main advantages. More advantages include the low cost of the reagent and the
relative large productivity; nevertheless, anaerobic atmosphere and stabilizing agents are
required during the synthesis. Different strategies that try to solve these drawbacks and
achieve an appropriate control of the obtained nanostructure have been reported.

In 2004, Xia et al. reported two different solution-based approaches that allowed them
to process metals with melting points below 400°C. Using both approaches, monodis-
persed spherical Bi colloids, in high quantities and with controlled diameters in the range
of 100-600 nm can be obtained, depending on the synthesis conditions [34]. The versatility
of polyol process is clearly demonstrated by the authors with Bi as an example. The pro-
duction of monodispersed BiNPs was performed by either thermal decomposition of Bi
acetate in boiling ethylene glycol (the bottom-up approach) or by emulsifying molten drops
of Bi in boiling diethylene glycol (the top-down approach); this procedure was schemati-
cally resumed in Figure 8.2. Depending on the concentration of Bi precursor and the stir-
ring rate, the diameters of these uniform spherical colloids could be readily varied from
100 to 600 nm. The synthetic protocols have also been extended to prepare uniform spheri-
cal colloids from other metals with relatively low melting points, and typical examples
include Pb, In, Sn, Cd, and their alloys.
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Figure 8.3 TEM images from different examples of bismuth nanostructures generated through
polyol reduction in the presence of different amounts of PVP: (A) cubic (Wang et al. [46].
Reproduced with permission of American Chemical Society) A1, A2 and A3 show different
amplified images and A4 the high resolution TEM image with the atomic planes, (B) spherical with
wrinkled surface (Mayorga-Martinez et al. [47]. Reproduced with permission of Elsevier), and
(C) spherical nanoparticles (Wu http://www.nanoscalereslett.com/content/6/1/66. Used
under CC-BY 2.0 http://creativecommons.org/licenses/by/2.0) C1 and C2 show different
zoom magnifications.

This methodology was improved by the addition of polymeric materials, which are
usually used as stabilizers to prevent the agglomeration and precipitation. The most used
polymer in this type of synthesis was polyvinyl pyrrolidone (PVP); in fact, PVP has been
used for years as a capping agent in the synthesis of NPs of silver [35-37], gold [38], nickel
[39, 40], copper [41], and different metal and semimetal oxide NPs [42-44]. The chain
length of PVP in the synthesis can affect dramatically the prepared particles [45].

In the case of BiNPs, PVP was found to be the most critical element in the shape control.
Wang et al. demonstrated this phenomenon while synthesizing BiNPs from sodium
bismuthate (V) using different amounts of PVP [46]. BiNPs with different shapes such
as sphere, triangles, and cubes were found (Figure 8.3).

Later, the synthesis of BiNPs was focused on the obtaining of spherical NPs using a
simple refluxing method being PVP one of the most important ingredients. Although the
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use of less oxidized states of Bi was also studied [47]. Nevertheless, the use of anionic spe-
cies of Bi (III) was found to improve the synthesis. Examples include the addition of NaOH
to Bi trichloride solution [48] or the use of Bi** complex with mannitol as a precursor [49].

Although PVP was found necessary as a protective agent to promote nucleation and
prevent NP aggregation, the use of other polymers or surfactant offers other interesting
properties. Polyethylene glycol (PEG) and cetyltrimethylammonium bromide (CTAB) are
also used in the synthesis of Bi micro- and nanospheres in ethylene glycol by a simple
refluxing method [50]. As a variation of the polyol process, the use of reducing agents such
as hydrazine [22], sodium borohydride [51], sodium hydride [52], or potassium hydrogen
phosphite was also reported [23]. The change of the reducing agent, as well as of the cap-
ping agents, plays crucial roles in the size and the stability of the particles.

Synthesis of metallic NPs by using an organometallic complex as precursor is another
interesting strategy. The conditions of the decomposition of the complex and the stability
of the ligand are crucial in the resultant NPs. Due to their affinity with sulfur compounds,
thiol ligands are commonly used in the synthesis, for example, dodecanothiol ligands are
used to synthesize disc-shaped BiNPs [21]. However, tris[bis(trimethylsilyl)amide] [53],
2-ethylhexanoate [54], and ethyl [55] ligands can also be used to functionalize the surface
of BiNPs.

Bi nanoclusters can be prepared through the reduction of an aqueous Bi salt inside of
AOT (dioctyl sulfosuccinate, sodium salt) reverse micelles [56]. Lin et al. reported for
the first time a self-assembly of BiNPs, formed by reducing an organometallic Bi com-
plex (bismuth 2-ethylhexanoate) with a hard reducing agent, lithium triethylborohydride,
at high temperature. The synthesis of Bi nanocrystallites was carried out in dioctyl
ether ([CH,(CH,).],0, a nonpolar solvent with high boiling point), using standard orga-
nometallic reaction procedures with anaerobic atmosphere and commercially available
reagents [54].

Smaller and more homogenous NPs can be obtained from the decomposition of
Bi[N(SiMe,),1, [27], as shown in Figure 8.4. An example of that is the development of a
simple and large-scale synthetic route for uniform-sized Bi nanocrystals with controlled
particle sizes ranging from 6 to 27nm [53]. To achieve it, the reduction of Bi thiolate with
TOP is needed. The electrical and thermal conductivities of the pressed Bi nanocrystals
were strongly size-dependent. Another recent synthesis is based on the thermal decomposi-
tion of ethyl-bismuth, in the presence of Na[N(SiMe,),], a novel low-valent precursor and
PVP obtaining highly crystalline cubic NPs [55].

8.2.2 Physical Methods

Another different way to synthetize BiNPs is focused on the physical attack to different Bi
species to obtain nanopowders. One of the first attempts was based upon solution disper-
sion of melted Bi, taking advantage of their low melting point. On the one hand, Zhao et al.
introduced a method using paraffin oil as a solvent and capping agent [19]. On the other
hand, Wang et al. presented a top-down approach synthesis using diethylene glycol as a
solvent and PVP as a capping agent [34].
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Figure 8.4 Examples of bismuth nanostructures generated by (A) a decomposition of a bismuth Bi[N(SiMe.,) ], compound
(Yarema et al. [53]. Reproduced with permission of American Chemical Society) A1, A2, A3 and A4 show different
nanoparticles obtained at 100°C, 110°C, 120°C and 130°C respectively, A5 shows a graphic with the effect of the temperature
reaction in the final size nanoparticles and A6 shows the size distribution of the different synthesis conditions, and (B)
thermal decomposition of the novel subvalent metal organic precursor tetraethyldibismuthine Bi Et, under kinetic control at
low temperatures (Schulz et al. [55]. Reproduced with permission of American Chemical Society) B1, B2, B3 and B4 show
SEM images at different magnifications.
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A

Figure 8.5 Examples of bismuth nanostructures generated by electrodeposition: (A) hexagonal
discs (Ni et al. [59]. Reproduced with permission of Royal Society of Chemistry), and
(B) nanoflowers (Yang et al. [57].Reproduced with permission of Chemical Society of Japan).

Another route to obtain Bi nanostructures is by using electrochemical methods [57].
The electrochemical reduction of Bi** solutions has resulted in a plethora of interesting
shapes of metal NPs such as spheres, cubes, prisms, dendrites, stars, spikes, rods, and flow-
ers to name just a few; some of these are shown in Figure 8.5. The electrodeposition
of nanostructured metals is an intense area of research interest with various important
analytical applications [60]. This kind of synthesis process can be controlled by a number
of electrodeposition techniques, such as cyclic voltammetry (CV), step methods such as
chronoamperometry (CA), chronopotentiometry (CP), and chronocoulometry (CC), pulsed
plating at a fixed or varying potential or by using AC methods.

A good way to improve the properties of Bi nanostructures obtained during electro-
chemical methods is to use different template techniques: the use of chemical or physical
templates. The aim of chemical templating is to include in the deposition bath a ligand that
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is capable of directing the growth of the material and, therefore, its properties such as shape
and/or crystallography, in the same way as in chemical synthesis. The surfactants are often
the same as used in chemical syntheses and are able to alter the growth kinetics at particular
facets of the electrodeposited material due to their preferential adsorption at these sites.
A good example of that is the use of Nafion, which was carried out by ion exchange in
the Nafion film coated on the electrode surface and subsequent on-site electrochemical
reduction of Bi** ions to BiNPs [61].

8.3 Bi-Based Modifications and Composites for (Bio)sensing Platforms

Historically, stripping voltammetry for heavy metal detection has been performed at
mercury-based electrodes [62]. This was mainly due to the properties of this metal such as
large hydrogen evolution overpotential, fast electrode kinetics, and simplified voltammet-
ric response (associated with the formation of metal amalgam), which make its use quite
advantageous [63]. Nevertheless, the toxicity of mercury has strongly limited its use for
real-time/laboratory analysis due to strict environmental regulations leading to the investi-
gation of alternative materials including noble metals (gold, platinum, iridium, and silver),
Bi, and carbon-based materials (glassy carbon, carbon paste, boron-doped diamond, carbon
nanotubes, and graphene). However, none of these materials, with the possible exception of
Bi, can’t compete with mercury in terms of potential window, sensitivity, resolution of the
voltammetric responses, dynamic range, and limit of detection.

In fact, from the early 2000, Bi has emerged as a promising electrode material in elec-
troanalysis field being with interest overall in electrochemical stripping and voltammetric-/
amperometric-based sensors [47, 64—66]. It’s good to remark that the interest comes from
the environmental-friendly (“green”) character of Bi-based electrodes in comparison to
mercury (the most used in voltammetric techniques [67—69]) and its good performance in
heavy metal detection applications [70-72]. As it is well reported, Bi electrodes offer a
well-defined, undistorted, and highly reproducible stripping response, excellent resolution
of neighboring peaks, high hydrogen evolution, wide linear dynamic range, with signal-to-
background characteristics comparable to those of common mercury electrodes [73, 74].

Different types of Bi-based sensors have been reported, but the most used configurations
are based on the co-deposition (in situ) of Bi during electrochemical analysis and the use
of Bi modified (ex situ) electrodes. In the following sections, some examples of Bi-based
systems for both sensing and biosensing are described and discussed.

8.3.1 Chemical Sensing

The use of Bi in sensing field started on 2000 by Wang et al. by using Bi film electrodes
or BiFEs [75]. Bi-coated carbon electrodes display an attractive stripping voltammetric
performance that compares favorably with that of common mercury FEs. These BiFEs
were prepared by adding 400 ug/1 (ppb) Bi** directly to the sample solution and simultane-
ously depositing Bi and target metals (i.e., cadmium, lead, thallium, and zinc) on the
glassy-carbon or, also, carbon-fiber substrate [67, 76—79]. The use of Bi was focused on Bi
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Figure 8.6 (A) Example of multielemental analysis using ex situ deposited bismuth film onto
SPCE and (B) DPASV measurements in tap water samples on BiSPCE at pH 6 in 0.01mol/l
maleic-maleate buffer using an E of —1.50V during 120s and t of 5s; (C1) and (C2) standard
addition plots for the determination of Zn** and Pb*, respectively (B and C). Serrano et al. [90].
Reproduced with permission of Springer

film-based sensors and the use of different techniques such as electrochemical stripping
analysis [76, 80], electrochemical impedance spectroscopy [81], and amperometry [82]. Bi
films have been normally generated by its electroplating onto electrode surfaces such as
glassy carbon electrodes [83], carbon paste electrodes [84], boron-doped diamond
electrodes [85, 86], gold microelectrodes [87, 88], and screen-printed carbon electrodes
(SPCEs) [89, 90] (Figure 8.6).

Beside the use of Bi-film electrodes synthetic BiNPs [91] and Bi nanopowders [92-94]
were also considered as modifiers of electrodes. Chang-Kyu Rhee [95, 96] reported a sensi-
tive and conveniently usable electrode sensor for a trace analysis of heavy metal developed
by using Bi nanopowder synthesized by levitational gas condensation (LGC) method. This
electrode has been proven to be highly sensitive and reliable for trace analysis of heavy
metals in conjunction with an anodic stripping voltammetry. The detection limits of
0.15 g/l for Cd and 0.07 pg/1 for Pb confirm the good performance of this sensor.
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Another way to improve heavy metal sensing is the combination of Bi films or nano-
structures with other nanomaterials, such as carbon nanotubes [97], graphene [98], or car-
bon nanofibers [99]. Hwang et al. describes the possibility of the Bi-CNT electrode for the
determination of cadmium, lead, and zinc [77]. This Bi-CNT electrode was successfully
applicable to analysis of trace metals in real environments.

Most of papers in the literature shows the capacity of Bi electrodes for cadmium, lead,
and zinc sensing. However, arsenic [100, 101], antimony [102], chromium [103], mercury,
thallium [104], vanadium [105], cobalt [106], nickel [107], selenium [108], and uranium
[109] have also been reported as targeted analyte to be detected using Bi-based electrodes.
The most commonly used electrochemical stripping analysis techniques depending on the
sample and the target analyte are square-wave anodic stripping voltammetry (SWASV)
[110], Osteryoung square-wave cathodic stripping voltammetry (OSWCSV) [101, 111],
differential pulse anodic stripping voltammetry (DPASV) [77] and square-wave adsorptive
stripping voltammetry (SWAdSV) [112]. Probably, the most frequently reported parameter
by which authors evaluate the electroanalytical performance of newly developed methods
is the quoted limit of detection (LOD). Table 8.1 summarizes LOD values reported by using
different Bi-based electrodes while detecting various metals in different kind of samples.

Another way to generate Bi electrodes is by using Bi oxide as a precursor. In 2002, Pauliukaite
et al. prepared a carbon-paste electrode bulk-modified with Bi, O, for the determination of Cd**
and Pb*; this sensor was evaluated in synthetic solutions and real samples of river water [121].

In the field of environmental control and public health, the investigations are focused on
the study of the evolution of heavy metals and other pollutants in seawater, river and lake
water, drinking water, and waste water. Examples of that are the on-line lead detection
[122] in tap water samples and the detection of lead and cadmium in seawater samples
using SPCE modified with BiNPs (Figure 8.7).

Additionally, electrochemical methods are also used in food and health applications.
Some examples are the analysis of Chinese herbal remedy samples that contain germanium
contaminations [108], or propolis a honeybee product that contains lead as one of the main
contaminants [123, 124]. In the second case, a BiFE plated on a modified glassy carbon
electrode was prepared to determine lead and copper in raw propolis samples being a good
alternative to the quality control of this kind of products [125].

Besides applications in heavy metal analysis, Bi-based sensors have been seen with
interest for sulfide detection. Using BiEFs as working electrode, an indirect determination
method for sulfide in water samples, based on the determination of residual Cd** after
reacting with S*-, is reported [126].

8.3.2 Biosensing Applications

Although the analysis of organic compounds does not represent the most important part of
the research activity of Bi-based electrodes in recent years, it has been gaining presence in
the literature [82]. Bi-based electrodes have been reported for the analysis of model organic
compounds, pharmaceutical substances [127, 128], and pesticides [129-131] as well as in
other compounds of biological relevance [132, 133].
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Figure 8.7 SW anodic stripping voltammograms (A1) and calibration curve (A2) for different
concentrations of Hg obtained with MWCNT-modified SPBE (A) ( Niu etal. [120]. Reproduced
with permission of The Japan Society for Analytical Chemistry, Copiright 2011 ©) and SW
voltammograms (B1) and standard addition curve for the determination of Co(ll) in a certified
river water sample after preconcentration for 60s on a sputtered BiFE (B2) (Kokkinos et al.
[119]. Reproduced with permission of Elsevier)

Electrocatalysis for the oxidation of carbohydrates is important in various fields, includ-
ing biological fuel cells, waste water treatments, and sensors for medical and food industry
applications. In particular, the electro-oxidation process of glucose at various types of plati-
num electrodes has been the subject of research interests for many years. In this way, a
second-generation glucose biosensor was developed by using neutral red (NR) as a media-
tor and a BiFE as a transducer along with immobilized glucose oxidase [134]. In this work,
Anik et al. found a very low limit of detection, 40.56 pM, showing the possibility of future
applications of Bi-based platforms in other samples.

The rapid in situ determination of phenolic compounds and their derivatives is an
important environmental challenge because of the easy penetration of such species through
membranes or skins of plants, animals, and humans, with toxic side effects [135]. The
development of a novel immobilization procedure including electrodeposition of mush-
room tissue onto the surface of an SPCE with the aid of Bi* precursor that interacts with
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Figure 8.8 Proposed mechanism for the phenol and catechol electrocatalytic detection
by using BiNP-based biosensor (a). Current-time response curves of bare SPE, SPE/BiNF,
and SPE/BiNP/Tyr-modified electrodes upon successive additions of 2uM phenol (b).
Chronoamperometric responses of SPE/BiNP/Tyr (c), SPE/BiNP (d), and SPE (e) biosensors
upon successive additions of 10uM phenol, catechol, and o-quinone. All the experiments were
carried at —200mV, without nitrogen saturation. Mayorga-Martinez et al. [47]. Reproduced
with permission of Elsevier.

the tissue and gets reduced onto the transducer surface was reported [136]. The immobili-
zation procedure represents an in situ Bi and tissue deposition/entrapment without using
any cross-linking agent. By this way, a disposable biosensor that gives promising results
for phenol detection was obtained. This study demonstrates that this system can be with
interest as a novel platform for biosensing studies and may open the door to other new
configurations.

The use of BiNPs in an amperometric BINP/Tyr-based biosensor has been also demon-
strated [47]. Figure 8.8 shows the whole detection mechanism of this platform. This is
achieved through BiNP/Tyr integration onto the working electrode of an SPCE by using
glutaraldehyde as a cross-linking agent. The resulting BiNP/Tyr-based biosensor exhibited
high sensitive response toward phenol and catechol detection with very low detection lim-
its (26nM for catechol and 62nM for phenol) showing a linear response up to 100 and
71 pM for catechol and phenol, respectively.
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Another nanomaterial used is polycrystalline Bi oxide films in combination, for the first
time, with polyphenol oxidase (PPO) for the development of a biosensor for determination
of phenolic compounds in environmental water samples [137].

The use of Bi film is also extended in biosensing systems that involve immunoreaction
assay such as interactions between IgE and anti-IgE molecules [138]. The immobilized
reagents and their interaction with anti-IgE were monitored by using atomic force micros-
copy technique and electrochemical impedance spectroscopy.

8.4 Conclusions

The most advanced methodologies for synthesis of Bi nanostructures of different shapes and
sizes based on the use of different reducing and stabilizing agents are shown. The most interest-
ing approach is the one based on the use of ethylene glycol as both solvent and reducing agent
and of the PVP as an NP protector. This versatile methodology is a good alternative for interest-
ing applications due to the large variety of the obtained NPs. In addition, the use of electro-
chemical deposition methods opens up a range of new size and shape of Bi nanostructures.

Recent advances in Bi-based platforms for sensing and biosensing applications are also
shown. Bi started as a promising material, basically as an alternative to mercury. During the
past 15 years, scientists focused their efforts on the development of new mercury-free
platforms. Nowadays, Bi can be considered as an important candidate to develop reliable
non-mercury electrode. Most of the Bi-based nanostructures are used in heavy metal analy-
sis. By using Bi-based platforms, the detection of lead, cadmium, zinc, nickel, cobalt,
mercury, germanium, arsenic, chromium, and copper has been successfully achieved.
Besides, the good performance in heavy metals detection Bi is also reported to be of inter-
est for application in biosensors systems. The biocompatibility of Bi makes possible the
conjugation of Bi nanostructures with enzymes and antibodies. The analysis of organic
compounds, pharmaceutical substances, and pesticides as well as other compounds of
biological relevance is also achieved by using Bi-based biosensors.

It’s important to highlight that overall in sensing applications and especially in situ
ones, the current electrochemical stripping technology would particularly benefit from the
elimination of mercury electrodes by using Bi nanostructures.
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9.1 Background

High-performance/temperature-resistant polymers are a unique class of semicrystalline
or amorphous polymers, primarily developed to cater specific needs in aerospace and
electronic applications. Generally, they are expected to have (i) long-term durability at
high temperatures (more precisely, 30000h at 200°C, 10000h at 250°C, 1000h at
300°C, 10h at 400°C, or a few minutes at 500°C), (ii) high thermal decomposition tem-
peratures (5% mass loss should be higher than 450°C), (iii) high heat deflection tempera-
tures (>120°C, temperature at which 10% deflection occurs under a load of 1.52 MPa),
and (iv) high aromatic content and rigid segments imparting a higher glass transition
temperature (>150°C) [1, 2]. Polyetheretherketone (PEEK) and polyetherketone (PEK)
belong to semicrystalline group; while polysulfone (PSU), polyimide (PI), polyetherim-
ide (PEI), and polyethersulphone (PES) are representative examples of high-temperature-
resistant amorphous polymers. Chemical structures of some of these polymers are
provided in Table 9.1.

Major factors that contribute to high temperature resistance include primary bond
strength (see Table 9.2 [4]), molecular symmetry, intermolecular forces between
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Table 9.1 Chemical structures of some representative high-performance polymers
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Monti and Camino [3]. Reproduced with permission of Elsevier.

Table 9.2 Typical values of primary bond dissociation energies

Bond Dissociation energy (kcal/mol)
c—C 83
C=C 145
=S 65
C—N 73
Cc—Cl 81
c-O 86
=N 147
C—H 99
C—F 102
C—B 89
Si—O 106
Si—N 104
P—O 126

P—C 138
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chains, cross-linking density, mechanisms of bond cleavage, and reinforcements.
Difference in the bond dissociation energy between C—C (83 kcal/mol) and C=C
(145 kcal/mol) or N—N (57 kcal/mol) clearly suggests why these polymers are composed
predominantly of aromatic or heterocyclic rings. This presence of non-coplanar aromatic
groups or hetero-aromatic groups in their backbone generally results in high softening
temperatures in addition to offering resonance stabilization (~40 to 70kcal/mol). For
example, though the bond energy of N—N is low, heterocyclic polymers like poly-1,3,
4-oxadiazoles containing N—N in the ring are thermally stable due to resonance stabili-
zation [5]. It is important to note that higher primary bond strength in many systems is
often compromised by chemical (or environment) attack even involving mechanisms
with relatively low activation energy. Hydrolytic or oxidative cleavage reactions fall
under this category. Therefore, along with high bond dissociation energies, absence of
unzipping degradation reactions is required. This in fact elevates the significance of reso-
nance stabilization along the aromatic backbone. Contrary to aromatic units, aliphatic
segments are prone to oxygen attack forming radicals. Such radicals gain stability due to
delocalized # electrons, resulting in inertness of these polymers even with aliphatic
segments in their backbones.

Nonetheless, there are major challenges associated with these polymers like their high
cost and difficulty with processing, particularly on a large scale for practical use. As a
result, heteroatoms like sulfur and oxygen or groups like —COO— and —CONH— are intro-
duced along the backbone. Their incorporation not only improved chain flexibility and
processing ability, but also the compromise on thermal stability was very little [1, 6]. These
heteroatoms or groups, thus, impart characteristic properties to polymers. For example,
rigid units like p-phenylene and p,p’-biphenylene were found to increase the T, and melt
viscosity, but lowered solubility [6].

Apart from the these, to yield high-performance/high-temperature-resistant polymers,
another approach that has been commonly employed is to place latent reactive groups
(terminal or pendant) on oligomers and polymers [7]. This results in cross-linking in the
cured polymers, and thereby influencing many of the resultant polymer properties like
T , solvent resistance, and modulus. Some examples of reactive end groups are given in
Table 9.3. Most of the groups listed result in relatively high cross-linking density except
for trifluorovinyl ether group (generally dimerizes to form perfluorocyclobutane ring)
and phenylethynyl group (results in high degree of linearity in the polymer).

Further, to exploit the potential of these materials and their functionality, another
approach that has been recently employed is the addition of nanoparticles. The proper-
ties that are mostly targeted include chemical resistance under aggressive conditions,
performance under high temperatures, dimensional stability, coefficient of thermal
expansion, and tribological properties. As there are a number of review articles and
books dealing with high-performance and high-temperature polymers [1, 2, 4, 6-9], this
chapter is not intended to be comprehensive but dedicated to provide an overview of
the recent advancements and advantageous effect of nanoparticles in selected high-
performance polymers.



Table 9.3 Representative reactive end groups for high-temperature-resistant polymers and
their approximate curing temperatures

Group name

Chemical structure

Approximate curing
temperature (°C)

Cyanate
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Maleimide
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Adapted from Ref. [7].
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9.2 Representative High-Performance Polymer Nanocomposites

9.2.1 Polyethersulfone Nanocomposites

Monti and Camino [3] incorporated nanosized spherical-shaped boehmite particles (aver-
age particle size ~40 nm) to improve thermal and flammability properties of PES. Boehmite
(y-AlO(OH)) is a natural mineral of partially dehydrated aluminum hydroxide. It is similar
to aluminum trihydroxide, a well-known fire retardant used in polymers, which however,
starts to decompose at much lower temperature than that used for PES processing. TGA
results in air showed that in the presence of 2 wt.% boehmite, onset degradation tempera-
ture (7,,) of PES increased by 12°C (from 502 to 514°C) (Figure 9.1). More importantly,
there were no significant variations in mass loss rate profiles for PES before and after the
addition of boehmite, irrespective of environment. This clearly highlights that there is no
deviation in decomposition mechanism of PES even in the presence of boehmite. Further,
combustion data from cone calorimeter indicated some interesting results (Table 9.4).

100 —— T T T
80 |- 7
< J
2 60 7
©
e -
E
S 40 7
[%]
)
o | ——PES \ 1
20 k| =+ =-- PES+2 wt.% boehmite air \ ]
1
A
. 4
o)) APHNEN NI NP I N S - =

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 9.1 Mass loss curves for PES and PES/boehmite composite in oxidative conditions.
Monti and Camino [3]. Reproduced with permission of Elsevier

Table 9.4 Cone calorimeter data of PES and PES/boehmite composite

Material TTI(s) pHRR THR® TSR® EHCe Residue (%)  FPI FIGRA?
(kW/m?)  (M)/m?)  (m*m?)  (MJ/kg)

PES 88 226 52.9 1249 17.8 27.0 0.39 2.1
PES/2 wt.% 112 252 42.9 1488 15.9 35.4 0.45 1.7
boehmite

Adapted from Monti and Camino [3].
2Total heat released.

bTotal smoke released.

¢Effective heat of combustion.

dFire growth rate.
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Scheme 9.1 Grafting of PES on to HNT surface via condensation reaction. Lecouvet et al.
[11]. Reproduced with permission of Elsevier

Though the mechanisms are not clear, the incorporation of boehmite nanoparticles resulted
in a remarkable 24 s increase in time-to-ignition (TTI), but peak heat release rate (pHRR)
was compromised. However, the fire performance index (FPI), defined as the ratio of TTI
to pHRR, was observed to be higher for nanocomposite (0.39 for neat PES and 0.45 for
nanocomposite), implying that this material requires more time to reach flashover stage.

From a different perspective, it is interesting to note that boehmite exhibits size-dependent
change in morphology and interfacial reactivity between 10 and 100 nm. It was noted that
100-nm-sized y-AIOOH are fibers or rods, and they are formed by the aggregation of very
small platelets (3 nm thick and 6 nm wide) with (100) lateral faces and (010) basal planes
[10]. However, in between 10- and 25-nm-sized particles are diamond-shaped with (101)
lateral faces. Therefore, size changes are strongly reflected in a change of the (area) ratio
between the crystallographic planes. This influences the surface charge density and surface
energy of these particles, subsequently effecting their reactivity in a polymer.

Lecouvet et al. [11] investigated the effect of addition of halloysite nanotubes (HNTs,
ALSi,O,(OH),-2H,0) to PES on its thermal stability and combustion properties. They
showed that chemical affinity between terminal —OH groups from PES and siloxane
groups on outer surface of HNTs resulted in hydrogen bonding and in turn facilitated good
dispersion. In addition, as a result of water-assisted extrusion process employed, the authors
believed that PES chains were grafted onto HNTs surface through condensation reaction
between Bronsted acid sites of HNTs, Si—OH and Al—OH and phenol groups of PES
(Scheme 9.1). This was confirmed by mass loss observations between 550 and 600°C for
neat HNTs and HNTs extracted from solution-mixed PES/HNT composite and melt-
extruded PES/HNT composite (Figure 9.2a). Also, irrespective of the test atmosphere, the
addition of HNTS to PES resulted in significant increase in degradation onset temperatures
(by 20-30°C) as well as higher TTI in cone calorimeter combustion tests (see Table 9.5 and
Figure 9.2b). This kind of improvement was not noted with PES if chemically inactive
nanoparticles like BaTiO, were incorporated instead of HNTs [12]. It was noted that
BaTiO, was unreactive with monomer and/or decomposition products. Nevertheless, in
PES/HNTSs systems, under oxidative conditions, higher thermal stability for intermediate
carbonaceous residue highlights the formation of protective alumino-silicate frame (see
later text) that delayed the oxidation of carbonaceous matter.
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Figure 9.2 (a) Mass loss curve obtained from TGA for neat HNT, PES with HNTs extracted
from solution-mixed PES/HNT composite, and HNTs extracted from solution-mixed PES... and
melt-extruded PESmelt-extruded PES/HNT nanocomposite. (b) Heat release rate profiles of
PES and its composites. Lecouvet et al. [11]. Reproduced with permission of Elsevier

Table 9.5 TCGA data of PES and its nanocomposites in inert and oxidative conditions along

with TTI values obtained from cone calorimeter

Material TGA Cone calorimeter
Purgegas T, (°C) T,(°0) Residue (%) TTI (s)
PES N, 475 550 36 39
Air 483 556, 604 0
PES/6 wt.% HNT N2 518 588 44 56
Air 502 583, 658 6
PES/T6wt.% HNT N2 507 587 50 65
Air 511 578, 661 15

Lecouvet et al. [11]. Reproduced with permission of Elsevier.
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Figure 9.3 Cross-section picture of polyethylene terephthalate residue obtained by
interrupted combustion just after TTI. Fina and Camino [13]. Reproduced with permission
of Wiley (See insert for color representation of the figure)

Figure 9.4 Intumescence-like behavior of residues for PES (a) and PES/HNT nanocomposites
with 6wt. % (b) and 16 wt.% HNTs (c) as obtained from cone calorimeter. Lecouvet et al. [11].
Reproduced with permission of Elsevier

Analysis of cross sections of samples (interrupted after ignition) highlighted that under
external radiation, only the top exposed surface experienced thermo-oxidative degradation
even for neat PES. This is in contrast to engineering polymers, for example, polyesters,
where the whole cross section participates in the ignition process. An example of this is
shown in Figure 9.3 [13]. It was suggested that high melt viscosity of PES system and
limited thermal conductivity are the key factors. Moreover, PES by itself possesses self-
extinguishing characteristics (VO in vertical burning UL94 test) that remained unaffected
in the additional presence of nanoparticles. Even under forced combustion conditions (cone
calorimeter), PES showed good performance in terms of HRR values compared to other
engineering polymers due to its superior thermal stability and intumescent behavior
(Figure 9.4a). Interestingly, this swelling was not hindered even in the presence of nanopar-
ticles (Figure 9.4b and c). In fact, HNTs reduced char cracking and improved structural
integrity as evident in Figure 9.4b and c. This was attributed to ablative reassembling and
migration of HNTS reinforcing the char structure by forming an alumino-silicate “skeleton
frame,” further supporting the expanded carbonaceous char.

In another study, PES was used as an additive in carbon fiber reinforced epoxy rather
than as a matrix by itself [14]. Apart from improving the impact strength of the composite,
expectedly, it improved combustion properties as well. However, the extent of improve-
ment was little (see Table 9.6) considering the amount of PES added (~20 wt.%). In a
similar manner, Li er al. [15] embedded PES and PES/multiwalled carbon nanotube
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Table 9.6 Cone analysis of epoxy and PES toughened epoxy

Material TTI(s) pHRR THR H_(MJ/kg) Smoke (L) Char (%) FIGRA
(kW/m?)  (M)/m?)

Epoxy 33 1393 44.4 19.7 2628 2.3 26.3

Epoxy/20wt.% PES 32 1086 38.5 17.3 2401 6.2 22.0

Biswas and Kandola [14]. Reproduced with permission of Wiley.
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Figure 9.5 Degradation activation energies indicating effect of PES and PES/MWCNT when
incorporated in carbon fiber-reinforced epoxy. Li et al. [15]. Reproduced with permission of
American Chemical Society

(MWCNT) films in epoxy composites. Again, it was observed that the improvement in fire
properties was minimal (particularly, pHRR values). Limiting oxygen index (LOI) values
slightly improved from 32.0 in epoxy composites to 35.4 in epoxy composites with PES
film and 34.8 in epoxy composite with PES/MWCNTs film. However, after analyzing
thermal degradation kinetics using the Flynn—Wall-Ozawa method, it was concluded that
epoxy composite and epoxy composite with PES film had similar degradation activation
energies, while the introduction of MWCNTs in PES further increased activation energy as
shown in Figure 9.5. It was argued that at high temperatures MWCNTSs migrate to surface,
carried by molten PES, to form a stable surface char (Scheme 9.2). Nevertheless, as men-
tioned before, the improvement in combustion properties is not significant to support the
mechanism provided. In another similar study, Diez-Pascual and Naffakh [16] incorporated
fullerene-like tungsten disulfide nanoparticles into structural composites (here, PPS/carbon
fiber). They noted that nanoparticles improved fiber impregnation (greater wetting and
lower degree of porosity) as well as delamination resistance. A marked improvement
in Tg (90-118°C), heat deflection temperature (253-270°C), and coefficient of thermal
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PES film
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Scheme 9.2 |llustration of proposed migration of MWCNTs in molten PES toward fire-exposed
surface forming a strong barrier. Li et al. [15]. Reproduced with permission of American
Chemical Society

expansion (115x 107%/°C to 79 x 107%/°C at 120°C) was also observed with 2 wt.% of nano-
particles. In addition, degradation onset temperatures were also higher with 2 wt.% nano-
particles (from 538 to 557°C).

Moreover, due to its high aromatic content, PES shows excellent stability to y- and
e-beam radiations [17, 18]. An example of this is shown in Figure 9.6 illustrating that PES
retain close to 100% of its tensile strength even after exposure to 80 kGy of radiation [18].

9.2.2 Polyimide Nanocomposites

Morgan and Putthanarat [19] explored the use of nano-fillers like carbon nanofibers, exfoli-
ated graphite in addition to micro-sized alumina and fumed silica (FS) in PI resins. These
PI composites were tested as protective coatings for carbon fiber-reinforced structures. To
evaluate their thermal aging characteristics, Morgan and Putthanarat have exposed these
materials to isothermal conditions at 260 and 316°C in oven with air atmosphere. Although
the exact underlying mechanisms are unclear, they noted that at 260°C, the presence of
fillers reduced the weight loss, whereas at 316°C, their presence accelerated the degrada-
tion (Figure 9.7). Further, based on heat release data obtained from pyrolysis combustion
flow calorimeter (PCFC), the addition of CNFs and exfoliated graphite (ExG) to Pl/alu-
mina/FS micro-composite displayed impressive reductions in THR in the order of 95 and
88% (refer to Table 9.7). It was hypothesized that inorganic char residue combined with



120

100
=

B

g _. 80
> X

(0]

36 60
85
E® 40
o

Jo)

o 20

0 :

60
Radiation dose (kGy)
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Table 9.7 PCFC results for Pl and Pl composites

Material pHRR (W/g)  THR (W/g) % Reduction inTHR  Char (%)
Pl 162 13.3 — 45.7
PI/CNF 130 10.9 11.8 48.8
PI/S0AL,0,/10FS 50 4.2 46.2 78.5
PI/40Al,0,/10FS/5CNF 6 0.6 95.5 87.2
PI/40AL.O /10FS/5EXG 13 1.5 88.8 85.5

Morgan and Putthanarat [19]. Reproduced with permission of Elsevier.
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Figure 9.8 Influence of nano-fillers (CNF and ExG) on thermal conductivity of Pl filled with
alumina and fumed silica. Morgan and Putthanarat [19]. Reproduced with permission of
Elsevier

network structure as a result of nano-fillers protect the polymer to a greater extent. These
excellent PCFC results, however, could not be translated when these PI-based composites
were used as protective coatings on carbon fiber-reinforced panels. Only marginal changes
were observed in TTI and no noticeable changes in other combustion properties when
coated panels were tested using cone calorimeter. Furthermore, thermal conductivity data
of these materials clearly indicated that in the presence of nanoparticles, thermal conduc-
tivities were higher as compared to neat PI (Figure 9.8). Based on this, it was argued that
application of one thin coat of this composite over carbon fiber-reinforced panel would
fail to act as a thermal barrier. On the contrary, due to their higher thermal conductivities,
accelerated heat transfer was expected to underneath material.

In another study, though Fan and Yang [20] cross-linked PI with octa(aminophenyl)
silsesquioxane (OAPS), thermal stability of PI was not influenced (even OAPS does not
seem to interfere with the degradation mechanism of PI, which was confirmed by analyz-
ing evolved gases using TGA coupled with FTIR). Although no reasons were given for
these results, it is surprising considering that LOI results showed marked improvements,
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Figure 9.9 Combustion of Pl (a) and PI/5.4wt.% OAPS (b) at their respective LOI+0.5% O,
(i.e., 47 and 57.5). Fan and Yang [20]. Reproduced with permission of American Chemical
Society (See insert for color representation of the figure)

from 46.5 for neat PI to 55.5 for PI composite with 2.7 wt.% OAPS. Further, during LOI
experiments, it was observed that neat PI ignites quickly and sparkled throughout the burn-
ing process (Figure 9.9a). This was absent in the case of composite (Figure 9.9b). Based on
the surface morphological analysis of the char from LOI experiments (Figure 9.10), the
authors suggested that sparkling might be due to the coalescence of bubbles that were
formed due to localized volatilization process. The coalescence released some of the flam-
ing melt from the sample surface generating sparks. In the case of composite, it was argued
that OAPS decomposition products restrain the coalescence process creating char with
higher porosity and longer torturous path for volatile migration.

In another investigation, considering the importance of thermo-oxidative stability for
tribological conditions, Liu ef al. [21] synthesized PI/graphene oxide (GO) nanocomposite
as a potential tribo-material under dry sliding conditions. The composite was synthesized
via in situ polymerization of PI precursors. Although no reasons were provided, the synthe-
sized PI/GO nanocomposite improved thermal stability over neat material (Figure 9.11).
Even with reduced GO, Cao et al. [22] reported huge improvement in thermal stability
of PI (~44°C increment in T, with 0.5wt.% filler). Similarly, Yang et al. [23] observed
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Figure 9.10 SEM micrographs of char obtained from LOI experiments: (a) neat Pl and (b) Pl/
OAPS composite. Fan and Yang [20]. Reproduced with permission of American Chemical
Society
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Figure 9.11 Mass loss profile for Pl and PI/GO nanocomposites in oxidative conditions. Liu
et al. [21]. Reproduced with permission of Springer

significant increase in thermal stability of PEEK by incorporating thermally reduced gra-
phene (TRG) modified with PES. TGA results shown in Table 9.8 highlight the increase in
T,, and T, , with increase in loading level of PES-TRG.

9.2.3 Polyetherimide Nanocomposites

Tabatabaei- Yezdi and Mehdipour-Ataei [24] reported the influence of sepiolite on thermal
stability of PEIL Sepiolite is a hydrated magnesium silicate (Mg,Si ,0, (OH),-12H,0) with
needle-like morphology. These particles have an average length of 1-2um, width
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Table 9.8 TCA data for PEEK and PEEK/PES-TRG nanocomposites

Sample T, O T, CO)
PEEK 575 581
PEEK/0.5 wt.% PES-TRG 582 589
PEEK/1 wt.% PES-TRG 586 596
PEEK/3 wt.% PES-TRG 599 609
PEEK/5 wt.% PES-TRG 598 608

Adapted from Ref. [23].

Coordination
Tetrahedral water
sheet silicon

Octahedral sheet

Silanol
groups

3.6Ax 10.6A

\ Open channels

Scheme 9.3 Schematic of crystal structure of sepiolite. Courtesy of Tolsa SA

approximately 10nm, and the dimensions of open channels (along the axis of a particle)
approximately 3.6Ax10.6A (Scheme 9.3). The arrangement of these particles results in
loosely packed and porous aggregates with an extensive capillary network. It is non-swelling
and its granules do not disintegrate even when saturated with liquids. It has a surface
area of 300 m%g, with a high density of silanol groups (—SiOH), which manifests its hydro-
philicity. Under oxidative conditions, higher T,, and T, , were observed for PEI in the
presence of sepiolite needles (Table 9.9). It was argued that sepiolite needles acted as local-
ized cross-linking agents by forming secondary hydrogen bonds with C=0 in imide link-
age. This was attributed to the improved thermal stability as well as T, and CTE (Table 9.9).

In another study, Chen et al. [25] reported PEI nanocomposites containing bucky gels
made up of MWCNTs and ionic liquid, IL (1-butyl-3-methyl imidazolium hexafluorophos-
phate). Due to a strong cation—z/z—z interaction of IL with MWCNT and PEI, uniform
dispersion of MWCNTSs was observed. Apart from drastic reduction in volumetric resistiv-
ity by 12 orders (suggesting excellent channels for electron transfer), PEI/bucky gel nano-
composite displayed significant increase in onset degradation temperatures (7,,) as shown
in Table 9.10. Initially, with an increase in MWCNTSs concentration up to 1 wt.% in bucky
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Table 9.9 Glass transition temperatures (Tg), TGA results, and CTE values for PEl and PEI/
sepiolite nanocomposites

Sample 7,(°0) T, O T,0, O Residue (%) CTE (ppm/°C)
PEI 215 478 495 57.2 73
PEI/T wt.% sepiolite 219 484 512 57.8 67
PEI/3 wt.% sepiolite 222 488 519 59.4 63
PEI/5 wt.% sepiolite 223 487 516 62.3 61

Tabatabaei-Yazdi and Mehdipour-Ataei [24]. Reproduced with permission of Wiley.

Table 9.10 Class transition temperatures (T ) and TGA results for PEI and PEI/IL composite
filled with bucky gel containing MWCNT

Sample T, (°C) T, CO) 1,0
PEI 188 488 216.9
PEI/TOwWt.% IL 328 353 182.9
PEI/TOwt.% IL/0.1 wt.% MWCNTSs 354 445 197.1
PEI/1T0Owt.% IL/0.5 wt.% MWCNTSs 368 453 199.3
PEI/TOwt.% IL/1.0wt.% MWCNTSs 413 468 203.1
PEI/1TOwt.% IL/2.0 wt.% MWCNTSs 408 450 206.9
PEI/T0wt.% IL/5.0 wt.% MWCNTs 383 459 208.2

Chen et al. [25]. Reproduced with permission of American Chemical Society.

gel, T, and T\ showed remarkable increase of 85 and 115°C, respectively. However, the
authors claimed that further increase of MWCNTSs in bucky gel resulted in aggregation of
MWCNTs influencing the interaction between polymer chain and MWCNTs and, in turn,
thermal stability.

9.3 Applications of High-Temperature Polymers and their Nanocomposites

As evident from earlier discussions, despite some potential improvements in key properties
like degradation onset temperatures, HDT and CTE, with the addition of nanoparticles to
high-performance/high-temperature-resistant polymers, the progress in this field is
extremely slow. The depth of knowledge in many of these studies is also limited. Processing
temperature conditions along with high material costs are a couple of major factors for this.
Nevertheless, ongoing industrial research have led to development of various new pro-
cessing friendly grades targeted toward specific applications. Table 9.11 presents list of
commercial high-performance polymers and their typical applications.
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Amycolatopsis, 71

Amycolatopsis sp. HT-6, 75

a-amylase, 80

amyloglucosidase, 80

amylopectin, 63

amylose, 63

anisotropic nanocomposites, 20
anisotropic nanofillers, 20
antenna effect, 144
antigen-detecting biosensors, 43
anti-IgE molecules, 173
antimicrobial agents, 42
antimicrobial carriers, 42
antimicrobial packaging, 40, 4243
food packaging films, 42
antimony, 169
aroma emitters, 40
aromatic polyesters, 78-79
arsenic, 169
ART see algebraic reconstruction technique
Aspergillus fumigates, 76
ASTM, 60
atomic force microscopy (AFM), 36, 173

Bacillus megaterium, 79
Bacillus strain TT96, 75
background subtraction, 20
back projection (BP), 11
see also weighted BP (WBP)
bacteria,
for degradation of polymers, 61
Gram-negative, 42, 44, 75
Gram-positive, 42, 44, 75
bactericidal effects, 1, 33
barium titanate fibers, 99, 103-104, 105
barrier nanocomposites, 41
Bayer Polymers, 38
beer, 37, 38
bentonite, 64
benzyl alcohol, 121, 122, 124
BF imaging mode, 8, 13
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BF-STEM, 16
BF-TEM, 13, 16
Bi-CNT electrodes, 167
BiFEs see Bi film electrodes
Bi film electrodes (BiFEs),
biosensing, 169-171
chemical sensing, 167-169
Bi nanoparticles (BiNPs), 160
disc-shaped, 164
self-assembly, 164
synthesis, 161-167
synthetic, 168
Bi nanopowders, 168
BiNPs see bismuth nanoparticles
BiNP/Tyr-based biosensors, 172
biodegrability,
assessing, 60-61
effect of nanoclays, 48, 59, 68, 72-73, 75
biodegradable films, 45
biodegradable packaging, 39
biodegradable polymers, 47-48, 57-59, 8§1-84
assessing biodegradability, 60—61
classification, 59-60
definitions, 60
from fossil origin, 74-81
from mixed sources, 60
petroleum-based, 59
renewable resource-based, 59
standards for, 59-61
biodegradation, 47-48
cellulose, 64—66
chitosan, 64-67
gelatin, 67
mechanisms of, 61-63
montmorillonite (MMT), 63-68, 72-73, 75,
78, 80-81
polyesters, 69—79
polylactic acid, 71-74, 83
polymers from natural resources, 63—74
polysaccharides, 63—64
polyurethanes, 80-81
polyvinyl alcohols, 79-80
primary degradation, 61
proteins, 66—69
site, 62
ultimate, 61
via hydrolysis, 61-63, 67, 70-74, 76, 79-83
wheat gluten, 68—69
bio-hybrid nanocomposite coatings, 44—45
Biopol TM, 70
biopolymers, 35, 39, 42, 4546, 64, 81, 82

biosensing, 169-173

bismuth-based nanomaterials see Bi film
electrodes (BiFEs); Bi nanoparticles (BiNPs)

bismuth ferrite, 99, 109-114, 131

bismuth oxides, 169

Bisphenol A diglycidyl ether (DGEBA), 122,
127, 130

block copolymers, 8

boehmite, 2, 187—-188

BonelJ, 20

boron-doped electrodes, 168

bottles, 37-39

BOX see 2-(2-hydroxyphenyl)-benzoxazol

BP see back projection

BPS Japan, 60

breathing, 109

bright field (BF) imaging mode, 8, 13

bucky gels, 197

C see solvent-casting, 13
C30B see Cloisite 30B
cadmium, 169
cadmium telluride, 150
calcium carbonate, 41, 81
calcium hydroxide, 41
calcium oxide, 41
carbohydrates, electrocatalysis of, 171
carbonated beverages, 37, 39
carbon black (CB), 16-17
carbon dioxide, 29
absorbers, 40, 41
conversion into hydrocarbon fuels, 160
emitters, 40, 41
retention of, 37, 39, 45
carbon nanofibres, 169, 192
carbon nanotubes (CNTs), 3—4
for biosensors, 43
for heavy metal sensing, 169
for reinforcing electrospun fibers, 101-102
see also multi-walled carbon nanotubes
(MWCNTs)
carbon paste electrodes, 168
carboxy MC (CMC), 80
K-carrageenan, 49
carrageenan biopolymer, 39
catechol, 172, 173
CB see carbon black
CdS, 148-150
CdSe, 19, 148-150
CdS-poly (2-hydroxyethyl acrylate (HEA)-
co-N-vinylcarbazole NVK), 145, 146, 147



CdTe, 148-150
cellobiohydrolases, 64
cellulases, 64, 80
cellulose, 32-33
biodegradation, 64—66
nanocomposites, 64—65
nanofibers, 32
nanofibrils, 32
nanowhiskers, 32
see also nanocellulose; microcellulose
CEN, 60
cetyltrimethylammonium bromide (CTAB), 164
Chaetomium globosum, 76
chemical sensing, 167-169
chemical templating, 168
chemical vapor deposition, 44
chemisorption, 3
chitin, 33, 64, 65
nanofibrils, 32, 39
chitosan, 42, 43, 44, 45, 48
biodegradation, 64-67
chromium, 169
chronoamperometry (CA), 166
chronocoulometry (CC), 166
chronopotentiometry (CP), 166
clay nanoparticles, as nanofillers, 33-34
clay nanoplatelets, 20
Cloisite 25A, 72
Cloisite 30B, 42, 43, 48, 68, 72, 73,75, 77
Cloisite Na+, 72
closure field, 129
CMC see carboxy MC
CNTs see carbon nanotubes
cobalt, 169
coercive field, 128-131
compost method, 61, 64, 65, 68, 70, 74, 79
compressed sensing, 13
copper nanoparticles, 33, 42
CTAB see cetyltrimethylammonium bromide
cyclic voltammetry (CV), 166

dark field (DF) imaging mode, 8

DART see discrete ART

DAS see dialdehyde starch

delamination, 35

De-Nol, 160

DFB resonators see distributed feedback (DFB)
resonators

DGEBA see Bisphenol A diglycidyl ether

dialdehyde starch (DAS), 67

diamond electrodes, 168
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diethylene glycol, 164

differential pulse anodic stripping voltammetry
(DPASV), 169

N,N-dimethylacrylamide (DMAA), 145, 148

dioctyl ether, 164

1,5-dioxepan-2-one) (PDXO), 76

discrete ART (DART), 13

disinfection, of water, 160

distributed feedback (DFB) resonators, 150, 151

DMAA see N,N-dimethylacrylamide

DNA-based biochips, 43

dodecanothiol ligands, 164

DPASYV see differential pulse anodic stripping
voltammetry

drug delivery systems, 134

Durethan, 38

edible coatings, 45
edible films, 45
EDX see energy-dispersive X-ray spectroscopy
EELS see electron energy loss spectroscopy
EFTEM see energy-filtered TEM
elastomers, 132
electroactive clothing, 114
electrocatalysis, 171
electrochemical impedance spectroscopy,
168, 173
electrochemical methods, 166167
electrochemical stripping, 161, 168
electrochromic devices, 132
electrodeposition, 44, 166—167
electron energy loss spectroscopy (EELS), 9, 17
electronic coating, 44
electronic precipitation, 44
electron microscopy, 8
see also transmission electron microscopy
(TEM)
electron tomography (ET), 7-8
image analysis, 19-20, 21, 23-25
“low-dose” technique, 23
multiple-axis, 13
3D microstructure, 7-25
see also transmission ET
electrospinning, 94
fabrication of aligned fibers, 96-97
fabrication of ferro/piezoelectric fibers, 98—99
fabrication of fibers with reinforcements,
100-102
future directions, 114-115
magnetoelectric fibers, 112-114
principle of, 95-96
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electrospun fibers, 93-115
aligned, 96-97
energy harvesters based on, 107
ferro/piezoelectric, 97-99, 100, 102-103
filled with reinforcements, 100—-102
nanogenerators based on, 106107
piezoelectric response, 102—-104
electrostatic interaction, 145
endoglucanases, 64
energy-dispersive X-ray spectroscopy (EDX), 9, 36
energy-filtered TEM (EFTEM), 10, 17
energy harvesters, 107
energy harvesting materials, 93—115
enzymes, 62, 65
and biodegradation of gelatin, 67
and biodegradation of polymers, 65
and degradation of PVA, 80
epoxies, 152
Escherichia coli, 44
ET see electron tomography
ethylene, 41
absorbers, 40-42
ethylene diamine, 161
ethylene glycol, 161, 162
ethylene vinyl alcohol copolymers, 41
2-ethylhexanoate, 164
exfoliated graphite (ExG), 192
exfoliated nanocomposites, 35-36

FC/ZFC curves see field-cooled/zero-field-
cooled (FC/ZFC) curves
Fe(IIl) acetyloacetonate, 121, 122
FEM see finite element method
ferro/piezoelectric fibers,
inorganic, 99, 100
organic, 97-99
FIB see focused ion beam (FIB) technique
fibers,
magnetoelectric, 112-114
multifunctional, 109-110
see also electrospun fibers
FIB/SEM tomography, 24-25
fiducial markers, 11
field-cooled/zero-field-cooled (FC/ZFC) curves,
124-126, 128, 129, 130
finite element method (FEM), 120
fire performance index (FPI), 188
flavors, 29, 40
flexible nanogenerators, 94, 114
flexible packaging, 39
flexoelectric effect, 94

fluorescent dyes, 150
fluorescent labeling, 145
fluorohectorite, 73
Flynn—Wall-Ozawa method, 191
focused ion beam (FIB) technique, 13, 18
food additives, 45
food contamination, 29
food packaging, 29-50
active, 40-43
antimicrobial, 40, 42-43
biodegradable, 39
edible coating/packaging films, 45
flexible, 39
functions, 29
insulating materials, 45
intelligent, 4344
life cycle of, 30-31
nanocoating, 44-45
nylon-based materials, 38-39
rigid packaging, 37
types of, 3645
force sensors, 108—109
Fourier transform infrared spectroscopy (FTIR),
36,77, 124
FPI see fire performance index
freshness indicators, 44
Fresnel fringes, 16
frontal polymerization, 143
fruit, 41-42
FTIR see Fourier transform infrared
spectroscopy
full width at half maximum (FWHM), 22, 23, 145
fumed silica (FS), 192
fungi, enzymes from, 65
Fusarium sp., 76
FWHM see full width at half maximum

gas scavengers, 37

Gaussian blur, 19

gelatin, 42, 67

gelatin-based nanocomposites, 49
generally recognized as safe (GRAS) materials, 45
geometric confinement, 3

germanium, 169

giant magnetoresistance (GMR), 132, 135
glass transition temperature, 2-3, 4
glassy carbon electrodes, 168, 169
gliadins, 68

glucose oxidase, 171

glucoses, 169

glutaraldehyde (GA), 65, 172



glutenins, 68

glycerin, 64

glycerol, 63

GMR see giant magnetoresistance
gold microelectrodes, 168

gold nanocomposites, 143

gold nanoparticles, 43
Gram-negative bacteria, 42, 44, 75
Gram-positive bacteria, 42, 44, 75
graphene, 169

graphene oxide (GO), 195

HAADF imaging mode, 8
HAADF-STEM, 16
halloysite nanotubes (HNTs), 188, 190
HDDA see 1,6-hexanediol diacrylate
heavy metal detection, 167-169, 173
hectorite, 33, 78
heterocyclic polymers, 185
1,6-hexanediol diacrylate (HDDA), 128
high-angle annular DF (HA ADF) imaging mode, 8
high-barrier nanocoating, 44
high-performance polymer nanocomposites,
187-198
high-temperature resistance, 183-185
high-temperature resistant polymers,
183-185, 187
applications, 198, 199
HNTs see halloysite nanotubes
hot-pressing (HP), 13, 14
hydrazine, 161, 164
hydrocolloids, 45
hydrogels, 134
hydrolase enzymes, 62
hydrolysis,
abiotic, 76, 82
biodegradation via, 61-63, 67, 70-74, 76, 79-83
catalytic, 62
non-catalytic, 62
2-(2-hydroxyphenyl)-benzoxazol (BOX), 145, 148

IgE molecules, 173

Imagel, 20

immiscible tactoids, 35-36
immobilisation, 171-172
immunoreaction assays, 173
Imperm™, 39

indium oxide, 152

indium tin oxide (ITO), 108
ink jet device, 126
inorganic nanofillers, 32-33
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in-situ polymerization, 35, 120, 145

insulating materials, 45

intelligent packaging, 4344

interacting superparamagnetic model (ISP),
120, 126

intercalated nanocomposites, 35-36

interface, 2-3

ionic liquids, 197

iron oxides, 132

iron sulfide, 152

ISO 472, 60

ISP see interacting superparamagnetic model

kaolin, 64

lactic acid, 71-72
lanthanide, 143, 144
LASERs, 145
LCD see liquid crystal display
LDPE-coated paper, 45
lead, 169
lead zirconate titanate (PZT), 111-112
LEDs see light-emitting diodes
levitational gas condensation (LGC) method, 168
ligands, alkylamines, 2
light,
absorption, 139
emission, 145-151
reflection, 139
remission, 139
scattering, 139
transmission, 139
light-emitting diodes (LEDs), 114, 141, 145, 150
see also organic LEDs (OLEDs)
limit of detection (LOD), 169
limiting oxygen index (LOI), 191, 194-195
liquid crystal display (LCD), 112
Listeria monocytogenes, 42
LOD see limit of detection, 169

M9, 39
MA see maleic anhydride
magnetic field, 20
magnetic force microscopy (MFM), 112
magnetic hysteresis, 109, 114, 129-131
magnetic nancomposites,
anhysteretic properties, 124-127
applications, 132—-135
hysteretic properties, 127-131
interparticle interactions, 124—127
preparation of magnetic nanoparticles, 120122
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magnetic nanoparticles (NPs), 20, 119-120
for biosensors, 43
homogeneity and interactions, 121-122
interparticle interactions, 124—127
preparation of, 120-122
synthesis, 120-121
magnetic polymer actuators, 132
magnetic remanence, 129-131
magnetite, 119-130, 132, 133
magnetoelectric (ME) fibers, 112-114
magnetoelectric (ME) materials, 112, 114-115
maleic anhydride (MA), 63, 75
MC see methyl cellulose
MC/MMT nanocomposites, 65, 66
median filter, 19
melt intercalation method, 35
ME materials see magnetoelectric materials, 112
mercury, 169
electrodes, 167, 173
Mesua Ferrera L. seed oil (MFLSO), 81
metal nanoparticles,
antimicrobial food packaging applications, 42
as nanofillers, 33, 34
metal oxide nanoparticles, 121
antimicrobial food packaging applications, 42
for nanocoating, 44
as nanofillers, 33, 34
metal oxides, 152
meta-xylyenediamine, 39
methyl cellulose (MC), 64—65
see also carboxy MC (CMC); MC/MMT
nanocomposites
MFM see magnetic force microscopy
MgO, 42, 44
microbial growth, 29, 42, 44
see also antimicrobial packaging
microbial polyesters, 31
microcellulose, 33
micro-composites, 2
microwaves, 152
“missing wedge” effect, 13, 17, 18
MMT see montmorillonite
moisture absorbers, 40
montmorillonite (MMT), 33, 42, 48, 49
effect on biodegradation, 63-68, 72-73, 75,
78, 80, 81
octadecylamine-modified (ODA-M), 78
see also organo-MMT
multiferroic materials, 131-132, 135
multifunctional fibers, 109-110
multilayer nanocomposites, 37

multiple-axis tomography, 13

multi-walled carbon nanotubes (MWCNTs), 17,
190-191, 197-198

MWCNTs see multi-walled carbon nanotubes

Nafion, 167
nano-biocomposites, 59
nanocellulose, 32-33
crystaline 32
paper-mulberry pulp, 39, 49
nanoclays,
antimicrobial activity, 42, 43
and biodegradability, 48, 59, 68, 72-73, 75
nanocoating,
food packaging, 44-45
high-barrier, 44
nanocrystals,
bismuth, 160, 161, 164
quantum dots, 141
rod-like, 32
starch, 32
ZnO, 44
nanofibers,
carbon, 169, 192
cellulose, 49
lead zirconate titanate, 111
magnetoelectric, 114
multifunctional, 109, 111
nanocellulose, 33
Nanofil 804, 73, 77
nanofillers, 7
homogenous dispersion of, 34
inorganic, 33-34
organic, 32-33
and thermal stability of nanocomposites, 49
nanogenerators, 94-95
based on electrospun fibers, 106—-107
converting mechanical energy, 109
flexible, 94, 114
nanoscopic confinement, 3-5
nanosensors, 43
nano-SiO, particles, 80
nanostructure indicators, 43
nanotechnology, 30
natural fibers, 67, 70
needle-shaped nanocomposites, 18, 19
neutral red (NR), 171
nickel, 169
NMR see nuclear magnetic resonance
non-enzymatic catalysts, 62
non-hydrolytic sol-gel reaction (NHSG), 121



nuclear magnetic resonance (NMR), 36
nylon-6, 38-39

nylon-based materials, 38—-39
nylon-MXD6, 39, 40

nylon-MXD6/clay nanocomposites, 39—40

octadecylamine-modified MMT (ODA-M), 78
ODA-M see octadecylamine-modified MMT
odor absorbers, 40
oil spill recovery, 135
OLED:s see organic LEDs
OMMT see organo-MMT
optical amplifiers, 145
organically modified layered silicate (OMLS)
nanocomposites, 70
organic contaminants, 160
organic LEDs (OLEDs), 143, 150
organic nanofillers, 32-33
organo-MMT (OMMT), 75
orientation techniques, 67
Osteryoung square-wave cathodic stripping
voltammetry (OSWCSV), 169
OSWCSYV see Osteryoung square-wave
cathodic stripping voltammetry
oxidative chain scission, 61
oxidative cleavage, 63
oxygen, 29
barriers, 41
migration through the food packaging, 37,
39,45
scavengers, 40, 41
sensors, 141

PANI see polyaniline

paraffin oil, 162

PBAT see polybutylene adipate-co-terephthalate

PBS see polybutylene succinate

PbS, 146

PCFC see pyrolysis combustion flow
calorimeter

PCL see polycaprolactone

PDMS see poly(dimethyl siloxane)

PDOF see poly(9,9’-dioctylfluorene)

PDXO see 1,5-dioxepan-2-one)

PE, 76, 142, 143

peak heat release rate (pHRR), 188, 191

PEEK see polyetheretherketone

PEG see polyethylene glycol

PEGDA, 129, 130

PEI see polyetherimide

PEK see polyetherketone
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Penicillium funiculosum, 76
PEO, 144
Pepto-Bismol, 160
percolating networks, 24, 25
PES see polyethersulphone
pesticides, 169
PET see polyethylene terephthalate
PFM see piezoresponse force microscopy
PHAs see polyhydroxyalkanoates
PHB see polyhydroxybutyrate
PHBYV see
poly(hydroxybutyrate-co-hydroxyvalerate)
phenolic compounds, 171-173
photocatalytic hydrogen evolution, 158
photoluminescence (PL), 140-144
defined, 140
photoluminescent polymers, 140-144
photovoltaic solar cells, 132
PHRR see peak heat release rate
physical vapor deposition, 44
PI see polyimide
piezoelectric effect, 94
piezoelectric materials, 94
piezolectric fibers, 94-95
piezoresponse force microscopy (PFM),
102-104, 114
PL see photoluminescence
PLA see poly lactic acid
PLA-based nanocomposites, 49
PMMA, 142-145, 146, 148, 149
poling, 97-98
polyamide 6, 38
polyaniline (PANI), 132
polybutylene adipate-co-terephthalate (PBAT),
59, 78-79
polybutylene succinate (PBS), 48, 63, 71,
74-75, 82, 83
polycaprolactone (PCL), 47, 48, 59, 69, 81
biodegradation, 7677
polycarbonate, 144
poly(dimethyl siloxane) (PDMS), 24, 25, 111,
112, 141, 142
poly(9,9’-dioctylfluorene) (PDOF), 150
polyesters,
aromatic, 78-79
biodegradation, 69-74
from bio-derived monomers, 71-74
from fossil origins, 74-79
microbial, 31
produced by microorganisms or plants,
69-70
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polyetheretherketone (PEEK), 183, 184, 195
polyetherimide (PEI), 183, 184, 197
nanocomposites, 196—198
polyetherketone (PEK), 183
polyethersulfone (PES), 183, 184,
187-192, 193
nanocomposites, 187-192
polyethylene glycol (PEG), 144, 164
polyethylene oxide, 47
polyethylene terephthalate (PET), 39, 44, 71,
76, 111-112
polyglycolic acid, 47
polyhydroxyalkanoates (PHAs), 59, 70
applications, 69
biodegradability, 6970
polyhydroxybutyrate (PHB), 47, 69-70, 76
poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBYV), 69-70
polyimide (PI), 183, 184, 193, 194-195, 196
polyimide nanocomposites, 192—-196
polylactic acid (PLA), 59, 63, 69, 71-74
biodegradation, 71-74, 83
polylactide, 47
polymer chain scission, 61, 62
polymerization,
frontal, 145
in-situ, 35, 120, 145
UV-induced, 120, 124
polymer nanocomposites, 1-5, 31
barrier properties, 31, 46
biodegradation properties, 4748
characterization of films, 36
chemical resistance properties, 46—47
definition, 31
high-performance, 187-198
high-temperature-resistant, 183-199
light emission, 145-151
magnetic properties, 119-135
magnetoelectric properties, 131-132
mechanical properties, 46
optical properties, 139-153
preparation, 34-36
properties, 46—-50
thermal properties, 49
transmission ET, 13—-18
transparency and adsorbance in, 152, 153
UV light barrier properties, 48
polymers, for preparation of nanocomposites,
31,32
polymethyl methacrylate, 152
polyolefins, 63

polyol process, 162, 164
poly-1,3.4-oxazadioles, 185
polyphenol oxidase (PPO), 173
polysaccharides, 63—64
polystyrene, 142, 152
polysulfone (PSU), 183, 184
poly(trimethylene terephthalate)(PTT), 60
polyurethanes (PUs), 63, 80-81, 142, 152
polyvinylacetate, 152
polyvinyl alcohols (PVA) 76, 79-80, 83-84,
142, 144, 152
polyvinylidene fluoride (PVDF), 97-99,
103-104, 114
fibers with reinforcement, 100-104, /05
use in energy harvesters, 107
use in nanogenerators, 106—107
polyvinyl pyrrolidone (PVP), 163-164, 173
potassium hydrogen phosphite, 164
potassium hydroxide, 41
PPO see polyphenol oxidase
pressure sensors, 108—109
proteins, biodegradation, 66—69
Pseudomonas boreopolis, 719
Pseudomonas sp., 79
Pseudomonas vesicularis, 79
PSU see polysulfone
PTT see poly(trimethylene terephthalate)
pure culture method, 61
PUs see polyurethanes
PVA see polyvinyl alcohols
PVC, 76
PVDF see polyvinylidene fluoride
PVP see polyvinyl pyrrolidone
pyrolysis combustion flow calorimeter (PCFC),
192, 194
Pyrromethene 567, 150
PZT see lead zirconate titanate

quantum dots (QD), 141-142, 145-148, 149
for biosensors, 43
quantum effect, 141

Radon’s theory, 10, 11

rare-earth polymer nanocomposites, 143-144
rigid food packaging, 37

ripening, 41-42

rotating coating, 44

ruthenium nanoparticles, 2

saponite, 33
scandium, 144



scanning electron microscopy (SEM), 24, 36,
96, 99, 100
see also FIB/SEM tomography
scanning TEM (STEM), 8, 9
applied to ET on thick samples, 24
operating modes, 8
see also ADF-STEM; BF-STEM; HAADF
STEM
scintillators, 144
screen-printed carbon electrodes (SPCEs),
168, 169
selenium, 169
self-assembling, 44
SEM see scanning electron microscopy
sensing devices, 103
sensors, 43
force/pressure, 108-109
gas and vapor, 132
temperature, 142
see also biosensors; nanosensors
sepiolite, 73-74, 78, 196-197
Serratia marcescens, 65
sewage sludge, 61
shape-memory polymers (SMPs), 134-135
shelf life, 29, 31, 37, 39, 40, 41
silica,
gel, 41
nanoparticles, 12, 15, 17, 24, 132
PS-grafted, 20, 22
silicates, 16, 33-35
silk fibroin, 71
silsesquioxane (OAPS), 194-195
silver nanoparticles (AgNPs),
bactericidal effects, 1, 33
for antimicrobial food packaging
applications, 42, 45
in OLEDs, 150
and thermostability of nanocomposites, 49
simultaneous iterative reconstruction technique
(SIRT), 11, 13
sintering, 115
SIRT see simultaneous iterative reconstruction
technique
size—dependenent functionality, 1
smart packaging, 43-44
SMPs see shape-memory polymers
sodium borohydride, 161, 164
sodium hydride, 164
sodium hydroxide, 41
sodium hyposphite, 161
soft epitaxy, 3—4
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soil burial method, 60-61

solar cells, 19, 132, 141, 143, 152

sol—gel process, 44, 99, 112, 114, 121

see also non-hydrolytic sol-gel reaction

(NHSG)

solubility, 1

solution intercalation method, 35

solvent-casting, 13, /4, 34

soy protein films, 48

SPEC:s see screen-printed carbon electrodes

spin glass state (SSG), 125

spray coating, 44

square-wave adsorptive stripping voltammetry
(SWAdSV), 169

square-wave anodic stripping voltammetry
(SWASV), 167

SSG see spin glass state

Staphylococcus aureus, 42

starch, 63—64, 80

starch nanocrystals, 32

STEM see scanning TEM

Stoner—Wohlfarth (SW) response, 128

Stoner—Wohlfarth (SW) systems, 128, 129, 131

stripping voltammetry, 167, 168

succinic acid, 74-75

sulfide detection, 169

SWASYV see square-wave anodic stripping
voltammetry

SWdASV see square-wave adsorptive stripping
voltammetry

TCA see tricarboxylic acid

TEM see transmission electron microscopy

temperature sensors, 142

TGA see thermogravimetric analysis

thallium, 169

thermal decomposition method, 160, 161

thermally reduced graphene (TRG), 196

thermocompression method, 35

thermoformed containers, 37

thermoform nylon see polyamide 6

thermogravimetric analysis (TGA), 36, 187,
189, 196, 197, 198

thermoplastic materials, 134

thermoplastic proteins, 47

thermoplastic starch (TPS), 63, 80

thermosets, 60

tilted tomography, 10

time-to-ignition (TTI), 188, 194

TiO,-coated films, 44

titanium nanoparticles, 42
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titanium oxide (TiO,),
antimicrobial food packaging applications,
42,44
as ethylene absorber, 42
nanoparticles, 41, 152
see also TiO -coated films
tomograms, 11, 13, 15
TPS see thermoplastic starch
transition metal nanocomposites, 143
transmission electron microscopy (TEM), 7-9,
36,99, 100, 101, 123, 126, 133
operating modes, 8
see also BF-TEM; energy-filtered TEM
(EFTEM); scanning TEM (STEM)
transmission ET,
application to polymer matrix
nanocomposites, 13—18
principles of, 10-13
transparency, 141, 142, 152
tricarboxylic acid (TCA), 70, 76
Trichoderma, 65
tris[bis(trimethylsilyl)amide], 164
TTI see time-to-ignition
tungsten disulfide, 191

ultramicrotomy, 18

uranium, 167

UV-curing, 119, 120, 121, 142, 143, 144
UV-induced polymerization, 120, 124
UV-light barrier materials, 48—49
UV-light transmission, 45

vanadium, 169
vapor-cross linking, 67

vegetables, 41-42
volume calculation, 11
Voronoi tesselation, 20, 22

walking, 109

watershed process, 19, 20

waters vapor permeability, 29

WBP see weighted BP

weighted BP (WBP), 11

wheat gluten, 68—69

whey protein-based nanocomposite, 49

white light-emitting devices (WLEDs),
145, 147

WLEDs see white light-emitting devices

XRD, 36

Young’s modulus, 132
yttrium, 144

zinc, 169
antimicrobial food packaging
applications, 42
nanoparticles, 33
zirconia nanoparticles, 18, 79
see also ZrO,
Zn0O,
antimicrobial food packaging applications,
42,44
nanoparticles, 152
ZnO-coated glass, 44
ZnS, 145, 148
Zr0,, 150
see also zirconia nanoparticles



Figure 1.2 Interfacial regions in polymer micro- and nanocomposites. Particles are coloured
red, interfacial regions blue and the rest is polymer matrix (in light blue). Schadler [11].
Reproduced with permission of Nature Publishing

Figure 2.7 (a) Segmentation of CB (blue) and Si nanoparticles (red) in a digital slice and (b) in
the 3D reconstruction of the CB-Si/natural rubber system. Box size is 726 nm x 726 nmx 107 nm
(EFTEM imaging, WBP reconstruction). Jinnai et al. [11]. Reproduced with permission of
American Chemical Society
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Figure 2.8 Surface render of the nanotube (purple) and nylon (gray) from the tomographic
reconstruction of the plasmon ratio 28eV/22eV. The nylon that has filled the top end of the
nanotube is shaded in light purple. A hole that occurs in the nylon can be seen just under the
top end of the nanotube, and the voids within the nanotube are represented by pale green
(EFTEM imaging, SIRT reconstruction). Gass et al. [39]. Reproduced with permission of

American Chemical Society
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Figure 6.8 Temperature dependence of the coercive field (black symbols) and of FC/ZFC
magnetization for magnetite nanoparticles dispersed in HDDA
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Figure 6.9 Same as in Figure 6.8 for magnetite nanoparticles dispersed in PEGDA

Figure 7.2  Light emission of ZnS-capped CdSe excited in the UV range. Dimension of colloidal
QD:s increase from 2 (left) to 6 (right) nm. Chan et al. [10]. Reproduced with permission of Elsevier

Yellow Orange

Figure 7.3 PS/QDs nanocomposites. Zhang et al. [23]. Reproduced with permission of John
Wiley & Sons



Figure 7.5 Acrylate composite film (5um) containing copper iodide clusters (2.5x2.5cm) on
glass substrate with a square patterned area in the center (a) under ambient light and (b) under
UV irradiation at 312 nm (UV lamp) at room temperature. Roppolo et al. [70]. Reproduced with
permission of Royal Society of Chemistry
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Figure 7.6  Urethanes acrylates UV and thermal cured containing Europium complexes. Zhou
et al. [101]. Reproduced with permission of John Wiley & Sons
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Figure 7.10 PL spectra, digital images of the nanocomposites, emitting WLED in operation
and chromaticity diagram of the systems based on frontally polymerized CdS-poly(HEA-co-
NVK) nanocomposites. Zhou et al. [114]. Reproduced with permission of John Wiley & Sons



Figure 7.18 PS/PMMA polymer blend containing 5% ZnO Nanoparticles. Ge et al. [135].
Reproduced with permission of Wiley

Figure 9.3 Cross-section picture of polyethylene terephthalate residue obtained by interrupted
combustion just after TTI. Fina and Camino [13]. Reproduced with permission of Wiley
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Figure 9.9 Combustion of Pl (a) and PI/5.4wt.% OAPS (b) at their respective LOI+0.5% O,
(i.e., 47 and 57.5). Fan and Yang [20]. Reproduced with permission of American Chemical
Society
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