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Preface

Rreactive and functional polymers are essentially linked to the chemistry of the
polymers and their applications. The multiple tasks that they have accomplished in
our recent history, and how they will help new advances in different crucial fields
such as agriculture, environmental remediation, food, medicine, among others are
indisputable. Volume 2 of this book has been focused on coupling, crosslinking and
grafting reactions to improve the compatibility of reactive and functional polymer
blends. I thank Dr. Sabu Thomas (Editor-in-chief for the journal ‘Nano-Structures
& Nano-Objects’) and his research group for their valuable contribution to
this volume.

Tomy J. Gutiérrez, Ph.D

National Scientific and Technical Research Council (CONICET)
Institute of Research in Materials Science and Technology (INTEMA)
Thermoplastic Composite Materials (CoMP) Group

Mar del Plata, Argentina
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Chapter 1
Advances in Reactive and Functional
Polymers: Editor’s Perspective

Tomy J. Gutiérrez

Abstract Reactive and functional polymers are generally obtained via coupling,
crosslinking and grafting reactions using different processing methodologies such
as extrusion reactive in order to improve the compatibility of polymer blends, as
well as to obtain active and functional polymer surfaces. These polymers have
proven important for the development of advanced materials for different applica-
tions. With this chapter, we open the main topics that will be analyzed in this volume.

Keywords Block copolymers - Coupling - Crosslinking - Grafting - Natural and
synthetic polymers - Surface

1.1 Fundamentals for Reactive and Functional Polymers

Reactive and functional polymers are mainly obtained via chemical or physical
modifications of the polymer structures using different coupling, crosslinking
and grafting reactions in order to improve the compatibility of polymer blends
based on natural and synthetic polymers, as well as to obtain active and func-
tional polymer surfaces (Gutiérrez 2017a, b, 2018a, b; Gutiérrez, Herniou-Julien
et al. 2018a; Gutiérrez and Alvarez 2016; Gutiérrez and Alvarez 2017a.b.c.d;
Gutiérrez and Alvarez 2018; Gutiérrez and Gonzalez 2016, 2017; Gutiérrez,
Guaras et al. 2017; Gutiérrez, Guzman et al. 2016a; Gutiérrez, Morales et al.
2015a; Gutiérrez, Ollier et al. 2018b; Gutiérrez, Suniaga, et al. 2016b; Gutiérrez,
Tapia et al. 2015b; Gutiérrez et al. 2019; Herniou--Julien et al. 2019; Merino
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et al. 2019a,b; Merino, Gutiérrez et al. 2018a; Merino, Mansilla et al. 2018b;
Toro-Marquez et al. 2018; Zarrintaj et al. 2019). These aspects are the focus of
this volume.
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Chapter 2
Role of Functional Polymers
in the Compatibilization of Polymer Blends

Ajitha Anthickamalil Ramachandran, Arunima Reghunadhan,
Hanna J. Maria, and Sabu Thomas

Abstract Polymer mixing is one of the direct and practical strategies for creating
new superior materials for commercial and industrial applications. The polymer
blend can reinforce the setting of the properties according to the focused need. The
compatibility of the immiscible polymer mixing system by incorporating a new
material, helps in the development of high-performance materials. In general, graft,
block or random copolymers have widespread applications as compatibilizers.
Compatibilization is based on a specific chemical reaction between two functional
polymer components during mixing, and is known as a reactive mixing. The intro-
duction of reactive and functional polymers into an immiscible polymer blend with
a strong interaction between the two polymer components of the mixtures can
improve the adhesion between the components. Functional polymers have signifi-
cant importance because of the high compatibilizing efficiency since the compatibi-
lizer is created directly between the interfaces. In this chapter the interfacial reaction
and morphology, the effect of reactive polymers on the polymer mixing process, the
relationship between the flow field or process parameters, the compatibilizing effi-
ciency of a reactive compatibilizer in different mixing techniques will be discussed.
The concept of reactive compatibilizer, the characterization techniques used to
monitor the compatibility of functional polymers, future perspectives and chal-
lenges in this field will also be discussed in this chapter.

Keywords Characterization - Grafting - Immiscible polymers - Polymer
thermodynamics
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2.1 Introduction

Polymer mixtures is the combination of two or more polymers. Polymer mixing is
an effective method to fabricate a new material with combined properties of both
components. It is an efficient strategy to make a new material profitable other than
synthesizing a new one. It can generally be said that polymer mixtures are physical
mixtures of two or more polymers with chemical and physical interactions. Polymer
mixing can be considered as a cost-effective method for the development of a mate-
rial with specific properties according to customer requirements (Bahrami et al.
2015; Chiu 2017; Otero-Navas et al. 2017; Wang et al. 2017; Utracki 1982; Roman
et al. 2017; Paul and Newman 1978; Brown 2003). Polymer mixtures can be classi-
fied into three types depending on the miscibility between the components, such as
miscible, compatible and immiscible mixtures. Miscible mixtures are of a homoge-
neous nature and show properties of individual components (Lu and Weiss 1992),
while immiscible mixtures are heterogeneous. The miscibility of polymer mixtures
depends mainly on the chemical nature of the polymers, the interaction between the
polymer components, the interfacial tension and the polarity of polymer compo-
nents. Miscible mixtures will obtain negative free energy of mixture (Gibbs-
Helmholtz equation - AG,, = AH,, - T. AS,,) (Zarrintaj et al. 2019). Some examples
of miscible polymer mixtures are poly(styrene)/poly(phenylene oxide) (PS/PPO)
and  poly(styrene-acrylonitrile)/poly(methyl  methacrylate) (PSAN/PMMA)
(Thomas and Grohens 2014).

Compatible mixtures have a fine phase morphology and show better properties
even though they are not completely miscible. Polymer mixture from acrylonitrile-
butadiene-styrene (ABS)/poly(carbonate) (PC) involved in this category (Tjong and
Meng 2000). Due to the large difference in polarity and viscosity between the indi-
vidual polymer components and due to the absence of chemical interaction between
individual polymer components, most mixtures are immiscible with a heteroge-
neous phase structure. The immiscible mixtures acquire clear interfaces due to the
great interfacial adhesion between the components and the poor interfacial adhesion
between the components. The real reason for the immiscibility based on thermody-
namics sheds light on the insignificant entropy of the mixture (AS,,). Some exam-
ples include mixtures from poly(ethylene terephthalate)/poly(vinyl alcohol) (PET/
PVA), poly(butylene terephthalate)/PS (PBT/PS), poly(propylene)/PS (PP/PS), PP/
poly(ethylene) (PP/PE), PC/PP and PP/poly(trimethylene terephthalate) (PTT), etc.
(Thomas and Grohens 2014; Arif et al. 2017; Mathew et al. 2018).

Four basic morphologies can be expected for miscible mixtures, such as co-
continuous morphology, droplet/domain morphology, fiber-like morphology and
lamellae morphology. Most mixtures exhibit co-continuous and domain morpholo-
gies. Co-continuous morphology can be defined as the coexistence of two or more
continuous structures within the same amount, while the droplet/domain morphol-
ogy means the dispersion of the minor phase (polymer phase with low concentra-
tion) on the major continuous phase (polymer phase of high concentration) (PStschke
and Paul 2003; Gergen et al. 1987).
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2.2 Thermodynamics of Binary Polymer Mixing Systems

As already discussed, most polymer mixtures are thermodynamically immiscible
and incompatible by nature. The miscibility of polymer mixtures can be predicted
using thermodynamic relations through the Gibbs free energy of mixture (AG,,), i.e.
miscible polymer mixtures satisfy the following equations:

AG, =AH, —T.AS, <0 @2.1)

2
[a A(j’" J 2.2)
a(Di T,p>0

where, AG,, is the free energy of the mixture per unit volume and AH,, and AS,, are
enthalpy and entropy of the mixture, respectively, while @, represents the volume
fraction of the component, and p and T represent fixed pressure and temperature,
respectively. Generally, the AS,, is very low due to the macromolecular size. The
AG,, is thus more positive due to the important contribution of the positive AH,,.
Miscible mixtures can be formed if the entropic contribution exceeds the enthalpic
contribution. So, for the negative AG,, values, there must be excellent intermolecu-
lar interactions between the components (Paul and Barlow 1984; Robeson 2007).
The general phase diagram showing the variation in AG,, for miscible, immiscible
and partially miscible mixtures is given below in Fig. 2.1.

The mixtures of immiscible polymers do not satisfy Egs. 2.1 and 2.2, and have
positive AG,, values, which represents the curve ‘a’. Miscible mixtures satisfy the
above equations and represent as the curve ‘b’ in the phase diagram. The curve ‘c’
represents a partially miscible mixing system (Ajitha and Thomas 2020).

Fig. 2.1 Free energy of
mixture for: (a) completely
immiscible mixtures, (b)
completely miscible
mixtures and (c) partially
miscible mixtures.
Reproduced with
permission from Ajitha and
Thomas (2020)
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2.3 Purpose of Compatibilization

Most polymer mixtures are thermodynamically immiscible and incompatible.
Therefore, poor and inferior properties can be expected compared to individual
components, and their applications are limited. The poor properties of incompat-
ible mixtures are due to the great interfacial tension and the poor interfacial adhe-
sion between the components The immiscibility and incompatibility result in an
unstabilized morphology, phase separation and poor interfacial adhesion between
the polymer components, because of this, the mixtures show poor physical-
mechanical properties. In general, the compatibilization method is used to over-
come these problems and improve the applications of the mixtures. The
compatibilization can be carried out using compatibilizers, which are interfacial
agents that can be aligned along the interfaces between the two polymeric phases,
thus reducing the interfacial tension. Thus, due to the interfacial activities of the
compatibilizers, there are opportunities to improve the interfacial adhesion
between the components, and therefore, to improve the compatibility between the
components with the stabilized morphology. It can thus be said that compatibil-
izers play a fundamental role for improving the properties of immiscible and
incompatible polymer mixtures by improving interfacial adhesion between poly-
mer components.

Block, graft or random copolymers are generally used as compatibilizers for
compatibilizing thermodynamically immiscible and incompatible mixtures
(Bharati et al. 2017a, b). Immiscible and incompatible binary mixtures can be pre-
pared, using a compatibilizer so that one segment is miscible or interacts with one
phase of the mixture, while the other miscible segment interacts with the second
phase of the mixture. As a result, compatibilizers are found in the interfaces of the
mixtures and their interfacial activities result in better adhesion between the
components by producing a useful product with improved properties (Bharati et al.
2017a, b).

2.4 Thermodynamic Theories

The compatibilization action of compatibilizers is similar to that of an emulsifier
(Saleem and Baker 1990; Sinha Ray and Bousmina 2005; Utracki 2002; Wang et al.
2003). Noolandi and Hong (1982, 1984) studied the emulsifying effect of compati-
bilizers. Noolandi (1984) noted the importance of the copolymer concentration and
molecular weight (Mw) in reducing the interfacial tension between the polymer
components in the case of highly incompatible polymer mixtures. Leibler’s theory
means almost compatible systems. Leibler (1982) studied the interfacial properties
of copolymer polymer mixtures and developed midfield formalism. Hong and Burns
(1971) also developed the role of concentration and Mw of compatibilizers to
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improve interfacial adhesion between polymer components in the polymer mixture.
Hong and Burns (1971), Noolandi and Hong (1982, 1984) and Noolandi (1984)
reported that as the concentration and Mw of the copolymers increases, the interfa-
cial tension decreases. While at a particular concentration (critical micelle concen-
tration - CMC) of copolymer produces interfacial saturation and particle size is
leveled (interfacial saturation). No further changes in the interface can be observed
with the addition of copolymers above CMC, but it leads to the formation of copo-
lymer micelles in homopolymer phases.

According to Hong and Burns (1971), Noolandi and Hong (1982, 1984),
Noolandi (1984), Thomas and Prud (1992) and George et al. (1995) for ternary
systems of two polymers A and B with copolymer A-b-B (A/A-b-B/B), the reduc-
tion of interfacial tension can be expressed by the following equation:

Ay =do [1/2x+1/1Z.~11Z.exp(Zox /2)] (2.3)

where ¢, represents the bulk volume fraction of the copolymer, y represents the
Flory-Huggins interaction parameter between the two segments of the copolymer, d
represents the width of half the height of copolymer profile and Z. represents the
degree of polymerization of the copolymer. According the above equation, the
reduction or increase in particle size (AD) can be written as:

AD = Kde [1/12y+1/Z, =11 Z.exp(Z.x 12) ] (2.4)

where K is proportionality constant.

Figure 2.2 shows the mechanism of compatibilization of a copolymer A-b-B
within an immiscible mixture, the yellow part of the copolymer has more affinity
with the A polymer segment, while the blue part interacts selectively with the B
polymer segment (Dal Lago et al. 2019; Ajitha and Thomas 2020).

During compatibilization, compatibilizers migrate to the interface between the
components and interact with the polymer components. This action of compatibil-
izers helps reduce the dimensions of the dispersed phase, thus stabilizing the mor-
phology of the mixture and improving the adhesion between the polymer
components. Generally, graft, block copolymers and coupling agents are used as
compatibilizers. Another important strategy for the compatibilization of immiscible
mixtures involves the use of functional polymers, micro- and nanofillers and Janus
nanoparticles (NPs). This chapter deals the role of functional polymers in the com-
patibilization of polymer mixtures.

2.5 Functional Polymers in Compatibilization

In compatibilization, the widely used functional polymers are maleic anhydride
(MA) and glycidyl methacrylate (GMA). Compatibilizers of this type usually con-
tain some polar groups in addition to the reactive functionalities. Compatibilization
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Fig. 2.2 Schematic representation of the compatibilization of a polymer mixture by block copo-
lymers. Reproduced with permission from Ajitha and Thomas (2020)
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using functional polymers is given under ex-situ compatibilization conditions.
Reactive rubbers are also considered compatibilizers. The compatibilized system
having a reactive functional polymer as a compatibilizer can be represented in
Fig. 2.3.
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2.6 Characterization of Composites Involving
Functional Polymers

Polymer composites and compatibilized mixtures can be characterized by several
methods. Compatibilization usually introduces some kind of miscibility and inter-
action between the two polymers in a mixing system.

2.6.1 Structural Characterization

The compatible mixing system can be studied for the interfacial reaction by a series
of techniques. Spectral studies, including nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) spectra, are the most widely selected techniques.
Special techniques including neutron reflectivity and forward recoil spectrometry
(FRES), labeling of a functional polymer with a fluorescent group, etc.

Urethanes can, for example, be considered as a model compound to explain the
process of reactive compatibilization. The -NHCOO and —-NCO group into thermo-
plastic polyurethanes are reactive to most functional polymers. Urethanes react with
acids, amines, anhydrides, epoxides, etc. Lu et al. (2002) used NMR spectra to
control the reaction of urethanes with the functionalities mentioned above. The
NMR spectra of the compatibilized systems showed a peak around 0.06 ppm, which
was protected by the imide formed by the reaction between the urethane and the
anhydride (Fig. 2.4).

Dal Lago et al. (2019) used FTIR spectroscopy for analyzing the changes in the
PC/PET mixture system by adding a methylene diphenyl diisocyanate (MDI) com-
patibilizer. After extrusion using MDI, the FTIR spectra exhibited changes other
than the previous ones. The vibrations around 2250 cm~' and 1590 cm™! due to the
isocyanate and amide functionalities, both improved with the MDI content.
Therefore, the effect of compatibilization for a binary mixture can be well under-
stood by continuously monitoring the variations of reactive functionalities
(Fig. 2.5).

2.6.2 Morphology

Morphology control is one of the most important properties when polymer mixtures
and composites with superior properties are developed. Uncompatibilized mixtures
show a clear interface and the particle size is larger (Kudva et al. 1999a). This means
that the uncompatibilized mixing system follows the same structure and morphol-
ogy of an immiscible system. This statement can be explained by considering a
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Fig. 2.4 Monitoring the reaction of urethane with a primary amine (a) and an acid (b) using 'H
NMR spectra. Reproduced with permission from Lu et al. (2002)

simple example of a binary mixing system formed from poly(amide) (PA) and
PS. In this sense, Kudva et al. (1999a) showed that binary mixing systems had an
average domain size of 30 pm, while the use of styrene-GMA as a compatibilizer,
was shown to decrease the domain size and interfacial tension of the mixtures
(Fig. 2.6). PA polymers are usually compatibilized by reactive functionalization
and/or using reactive and functional polymers. In particular, the styrene-GMA pair
is considered the most preferred compatibilizing agent for the immiscible polymer
mixing system (Kudva et al. 1998). This compatibilizing pair has been used to com-
patibilizer mixtures made from PA/PS, PET/PS, PBT/PS, PBT/PPO, etc. (Hu et al.
1996; Liu et al. 1996).
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Fig. 2.5 PC/PET mixtures with and without the use of MDI as a compatibilizer. Reproduced with
permission from Dal Lago et al. (2019)

Fig. 2.6 Scanning electron microscopy (SEM) images of PA mixtures using styrene-GMA as a
compatibilizer. Reproduced with permission from Kudva et al. (1999a)
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Fig. 2.7 Different types of
interfacial morphology
developed during
compatibilization using
functional polymers: (a)
interfacial roughness, (b)
interfacial pinch-off and
(¢) microemulsion
formation

On the other hand, the morphology change at the interface can be divided into
three: (a) interfacial roughness, (b) interfacial pinch-off and (c) microemulsion for-
mation (Fig. 2.7). For example, Larocca et al. (2005) used low Mw methyl methac-
rylate (MMA)/GMA/ethyl acrylate (EA) terpolymer (MGE) as a compatibilizing
agent, which led to the formation of micelles and/or microemulsions in the PBT/
styrene-acrylonitrile (SAN)/MGE mixture (Fig. 2.8).

Macosko et al. (2005) conducted a detailed investigation of the reactions of func-
tional polymers at the interface. These authors explained that the interfacial reac-
tions can be increased by selecting certain pairs for compatibilization. The common
pairs for this purpose are acid/amine, acid/epoxy, acid/oxazoline, aliphatic amine/
anhydride, aliphatic amine/epoxy, anhydride/aromatic amine, aromatic amine/
epoxy and hydroxyl/(anhydride or acid) (Fig. 2.9) (Macosko et al. 2005).

2.7 New Challenges

The compatibility of a mixture made from naturally immiscible polymers is an
important academic and technological challenge. An example of this is the compat-
ibility of petroleum-based polymers with biobased polymers, in order to reduce the
carbon footprint of the final material, while maintaining the outstanding
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Fig. 2.8 Formation of microemions using MGE as a compatibilizing agent into the PBT/SAN
mixture. Reproduced with permission from Larocca et al. (2005)
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Fig. 2.9 Possible reactions between different functional groups. Reproduced with permission
from Macosko et al. (2005)
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thermomechanical properties of the final mixture. Another main challenge is with
the recycled material, since in many cases, it is very difficult to predict the exact
mixture of resins in any feed flow, and nowadays there is no ‘one-size-fits-all’ com-
patibilizer in the market for any mixture of materials. It is also mentioned from the
literature that the optimal properties of the polymer mixtures are often based on an
average dispersed-phase diameter less than several microns. Therefore, the stabili-
zation of the dispersed-phase domain size against thickening is key to processing
immiscible mixtures.

Among the compatibilization strategies tested so far, most involve a reduction in
interfacial tension and/or steric hindrance against coarsening. The addition of block/
graft copolymers normally leads to compatibilization, but this has not been com-
mercialized, due in part to the very low CMC that prevents enough copolymer from
reaching interface regions during melt processing. The addition of random copoly-
mer leads to the encapsulation of the dispersed phase, and therefore, does not lead
to compatibilization even in small-scale studies. There are some new approaches
that can be studied to further expand the significance of compatibilizers. In one
strategy, the gradient copolymers dispersed into homo polymer have much higher
CMCs, and exhibit a broader interfacial coverage than block copolymers of the
same composition, thus suggesting that gradient copolymers may be effective mix-
ing compatibilizers. Other studies are have been carried out with functional com-
patibilizers and are preferred in the compatibilization of nanomixtures (mixtures of

b) Janus Particle

PMMA

Ps Ml

200 nm 2L 100 nm

Fig. 2.10 Schematic illustration of SEM and transmission electron microscopy (TEM) images of
Janus NPs at the interface. Reproduced with permission from Kirillova et al. (2019)



2 Role of Functional Polymers in the Compatibilization of Polymer Blends 17

mixing .
K
@Prcmh with PLL.-\------.= —d Sy, H
ieees(DThen mix with PA1L-¢  In-situ
Grafting2

Route B

VM» L-'\.-.fr» L, éfr
AaAl T5CU £

Grafting1 .
(SUNFE T F o2 i)

Fig. 2.11 Schematic representation of the compatibilization mechanism of PA11/
PALLA. Reproduced with permission from Yang et al. (2019)

immiscible polymers in which the dispersed phase has particles with a size of
100 nm or less). In order to obtain nanostructured polymeric system, an attractive
method is the inclusion of Janus NPs (J NPs), in which the surface is composed of
hydrophilic groups and hydrophobic groups, resulting in asymmetric NPs able to
act as surfactants in immiscible mixtures (Fig. 2.10) (Kirillova et al. 2019).

‘Dual-reactive compatibilization’ is another recent development in this area.
This strategy uses a compatibilizer containing bi-functional groups. It has been
shown that a compatibilizer containing two types of reactive groups shows greater
compatibilization efficiency compared to the traditional compatibilizer with only
one type of reactive groups. With this in mind, Yang et al. (2019) reported a series
of poly(styrene-co-GMA-co-MA) ternary copolymers (SGM) containing both reac-
tive epoxide groups and MA groups were synthesized and then incorporated into the
immiscible poly(amide 11)/poly(L-lactic acid) (PA11/PLLA) mixture (Fig. 2.11)
(Yang et al. 2019).

Another strategy in the reactive compatibilization is the use of thermo-oxidative
synergistic maleation of the polymer. The synergistic action of maleation coupled
with thermo-oxidation of the polymer backbone allows both improvements in
hydrophilic/hydrophobic balance and availability of functional groups that can react
during the reactive extrusion. Keeping this in view, Jubinville et al. (2019) investi-
gated the maleation process of PA11, resulting in a multifunctional compatibilizer
due to partial thermo-oxidation. The incorporation of PA11C into PA6/PBT mix-
tures promoted grafting reaction and resulted in better compatibilized mixtures
(Jubinville et al. 2019).
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2.8 Conclusion

Compatibility is a term related to the miscibility of the polymer. Several methods
and theories have been developed to achieve the compatibilization process, which
depend on the thermodynamics of polymer mixtures. The compatibility process is
generally performed to improve the interfacial adhesion between the immiscible
polymers. Polymers or fillers having reactive functionalities are preferred for this
purpose. Functional polymers are an important part in compatibilization, followed
by ex-situ mechanisms. The addition of functional polymers leads to a chemical
reaction which improves miscibility and properties. The reactions can be controlled
using spectroscopic techniques in which one can have a detailed analysis of the
scope of the compatibilization process by analyzing the variation of the functional
groups. The change in morphology at the interface is generally controlled by micro-
scopic techniques. This chapter covered the theories and techniques mentioned
above in detail and examined the latest trends or strategies in the compatibilization
process. The use of block copolymers, Janus particles and the development of nano-
structures are recent trends in compatibilization.
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Chapter 3

Compatibilization and Crosslinking

in Biodegradable Thermoplastic Polyester
Blends

M. Z. Ahmad Thirmizir, Z. A. Mohd Ishak, and M. S. Salim

Abstract Biodegradable polymers, especially bacterial synthesized polymers, have
gained great attention and interest due to the concerns raised regarding the accumula-
tion of petrochemical plastic wastes in the environment. It is known that biodegrad-
able polymers have advantages such as being biocompatible, biodegradable, natural,
renewable and have similar mechanical properties compared to conventional poly-
mers. Poly(hydroxybutyrate) (PHBs) are biodegradable polyesters produced natu-
rally by bacteria. PHBs are highly crystalline polyester, which are brittle and prone to
thermal degradation during processing. In the past, attempts have been made to
reduce the degree of the brittleness of the PHB by copolymerization with hydroxy-
hexanoate (HHx) or hydroxyvalerate (HVx) co-monomers. Among PHB copolymers:
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHB-co-HHXx), poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) and  poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P(3HB-co-4HB)) have improved the flexibility and mechanical
properties more than other PHBs. This chapter aims to emphasize the potential on the
compatibilization of biodegradable polymer blends with the presence of maleated
compatibilizers derived from the host or guest polymers.
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3.1 Introduction

Biodegradable polymers, especially bacterial synthesized polymers, have gained
significant attention in recent years, given the growing concerns regarding the accu-
mulation of petrochemical plastics wastes in the environment (Zhang et al. 2012). It
is well known that biodegradable polymers have advantages such as biocompatible,
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biodegradable, natural, renewable, and having comparable mechanical properties
compared to conventional polymers. Among the biodegradable polymers, biode-
gradable polyesters show an important role as biodegradable plastics due to their
potentially hydrolysable ester bonds (Environment Australia 2012). As shown in
Fig. 3.1, the biodegradable polyester family is divided into two main groups: aro-
matic (aromatic rings) and aliphatic (linear) polyesters.

The group of aliphatic thermoplastic polyester (ATP) is the most widely studied
given its important diversity, synthetic versatility, variety of monomers and various
routes ready for the polyester development (Vroman and Tighzert 2009). During the
last decades, several types of ATP, such as poly(butylene succinate) (PBS),
poly(lactic acid) (PLA), poly(hydroxybutyrate) (PHB) and its co-polyesters such as
poly(hydroxybutyrate-co-hydroxyhexanoate) ~ (PHB-co-HHx) and  poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) have been studied in terms of sin-
gle polymer, blends and their composite applications. However, some disadvantages
of biodegradable polymers include brittleness and their susceptibility to thermal
degradation during processing (Chen and Luo 2009), low toughness (T) and melt
viscosity in PLA (Pradeep et al. 2017; Zhang et al. 2017), and low glass transition
temperature (T, = -62 °C) and melting temperature (T,, = 57 °C) in poly(e-
caprolactone) (PCL) (Abdul et al. 2013) have limited the processing and application
of these polymers. The relatively high production cost of these polymers compared
to conventional polymers is also an additional problem. However, to overcome
these drawbacks, various strategies such as blending, compositing and copolymer-
ization, are normally used. Among them, blending is the most preferred approach,
since it is relatively easy to be carried out with lower costs compared to the copoly-
merization approach (Si et al. 2016). In addition, most commercially available plas-
tic materials are polymer blends which have been used successfully for numerous
applications.

Polyesters

™

Aliphatic Aromatic

e

T

R

Fig. 3.1 Biodegradable polyester family. Reproduced with permission from Environment
Australia (2012)
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The blending of biodegradable polymer with other biodegradable polymers is
favored due to the biodegradability of the blends which could be maintained, while
improving the properties of the host polymer. According to Si et al. (2016), a num-
ber of studies on the blending of PLA with flexible biodegradable polyesters, such
as PBS, PCL, poly(butylene succinate-co-L-lactate) (PBSL), poly(butylene-
succinate-co-ethylene succinate) (PBES) and poly(ethylene succinate) (PES), have
been published previously.

The key success of polymer blends is due to their good compatibility and misci-
bility between the components of the blend. The production of blends with an ideal
physical-mechanical performance depends on the interfacial tension between the
blends and the size of the dispersed phase droplets. Apart from that, a cohesive
interfacial adhesion is also essential to allow the effective stress transfer from the
continuous to the dispersed phase (Mani et al. 1999). This ideal condition could be
achieved by adopting the compatibilization approach through the introduction of
compatibilizer or by adding block or graft copolymers. The production of compati-
bilizer is relatively easier than the copolymerization process and also has a similar
effect on improving the chemical and physical interactions, and phase dispersion
between the blend’s components. The compatibilizers can be derived by reacting
with the host or via guess polymers with suitable unsaturated polar molecule func-
tional groups such as amines, anhydrides, epoxides, etc. (Pracella et al. 2010).

To the best of our knowledge, very limited compatibilizers commercially avail-
able specifically for biodegradable polymers have been produced. In previous stud-
ies, many attempts have been made to develop compatibilizer for biodegradable
plastics, especially aliphatic thermoplastic polyesters such as glycidyl methacrylate
(GMA)- or maleic anhydride (MA)-grafted compatibilizers (Tansiri and Potiyaraj
2015). According to Gardella et al. (2014), moieties such as acrylic acid (AAc),
GMA, MA and oxazoline, are suitable to be grafted onto non-reactive polymers.
MA is generally preferred, since it is relatively easy to handle, has low toxicity, and
is not be likely to be homopolymerized under standard free-radical melt-grafting
conditions. In addition, the compatibilizer is expected to have a good miscibility
when the components are combined, thus promoting chemical interactions with
another, which improves the interfacial adhesion between them (Gardellaetal. 2014).

3.2 Maleated Compatibilizer of Biodegradable Polymers

In the last year, the development of biodegradable polymers as an alternative to
petroleum-based polymers has motivated researchers to develop MA-based com-
patibilizer in order to make the polymer more developed for industrial processing
and applications. Compatibility by grafting with MA on several conventional poly-
mers such as ethylene vinyl acetate (EVA-g-MA), linear low-density polyethylene
(LLDPE-g-MA), polypropylene (PP-g-MA) and styrene-ethylene-butylene-styrene
block copolymer (SEBS-g-MA) have been well established, and mainly investi-
gated by previous researchers (Papadopoulou and Kalfoglou 2000).
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Normally, a maleated compatibilizer is an additive used to improve interfacial
adhesion or interaction between two or more blends and/or composite components.
In polymer blend applications, the maleated compatibilizers are added to produce
blends with good overall physical-mechanical behavior and can regulate interfacial
tension to generate a smaller dispersed phase size and stronger interfacial adhesion,
thus allowing the effective stress transfer between the phases of the blends (Mani
et al. 1999). The compatibility of the blends is essential since most polymers are
commonly immiscible and have little interfacial adhesion. Furthermore, it is known
that the miscibility between polymers is determined by a balance of enthalpic and
entropic contributions to the free energy of mixing (Fink 2013).

Notwithstanding, the quantity and the effectiveness of the compatibilizer in com-
bination with the ratio of the components has a significant effect on the mechanical,
morphological and thermal properties of the blends. According to Markham (1990),
other factors may also affect the final properties of the blends such as the cooling
rate, the mixing time, the rate of cooling, the shear rate and the temperature during
the molding process. The compatibilizers can may also preserve or/and stabilize the
morphology of the blends such as agglomeration, delamination, ‘skinning’ and
other unwanted phase effects resulting from the blending process (Markham 1990).

3.2.1 Preparation of Maleated Compatibilizer

As is already known, the miscibility between the components of a blend is deter-
mined by a balance of enthalpic and entropic of thermodynamic contributions to the
free energy of mixing (Fink 2013). However, in reality, thermodynamically compat-
ible blends are difficult to achieve, and in industrial practice, technological compat-
ibility is more than adequate. In addition, technological compatibility can be
achieved through chemical or mechanical approaches. As suggested by Fink (2013),
technological compatibility of immiscible polymers blends can be achieved by
incorporating a compatibilizer in advance or during the blending process.

3.2.1.1 MA Reactive Monomer

MA (furan-2,5-dione) is a well-known monomer for the development of compatibi-
lizer and is commonly used for the modification of polyolefin (Mehrabzadeh 2009;
Gao et al. 2012; Paolo et al. 2018). According to Musa (2016), the basic chemical
structure of MA is fundamentally versatile where it has a five-member heterocyclic
ring, comprising a double bond at the C3-C4 position and two carbonyl groups; one
at the C2 position and the other at the C5 position, as shown in Fig. 3.2.

The C=C of MA is a powerful electron-accepting monomer due to the electron-
deficient character of the double bond. The electronic deficiency originates from
strong electron-withdrawing forces from the two C=O substituent groups (Musa
2016). Aside from that, the carboxylic acid groups are also known for their high
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Fig. 3.2 Structure of Cy——C;5
the MA unit L/ &
o 5\02/ "o
Table 3.1 Physical Properties MA
properties of MA CAS number 108-31-6
EINECS number 203-571-6
Molecular formula C,H,04
Molecular weight (Mw) (g/mol) 98.06
Physical state Solid
Color Colorless to white
Odor Irritation, choking
Density (g/cm?) 1.48
Melting point (°C) 53.58
Boiling point (°C) 200
Vapor pressure (kPa) 0.033
Refractive index [d?% (solid)] NA
Heat of formation (kJ/mol) -470.4
Heat of fusion (kJ/mol) 12.26
Heat of sublimation (kJ/mol) 71.5+50
Heat of combustion (kJ/mol) -1391.2
Specific heat (liquid) (kJ/mol K) -1.67
Heat of evaporation (kJ/mol) 54.8
Solubility in water ~400 g/L at 20 °C
pKa NA
Biodegradation Readily biodegradable

Source: Musa (2016)

reactivity coupled to two different acid dissociation constants (Musa 2016). The
physical properties for MA chemical compounds are summarized in Table 3.1.
In addition, with respect to the economic point of view, MA is an attractive

chemical compound, since it can be easily derived from butane gas and benzene that
are readily available in world petroleum resources (Musa 2016).

3.2.1.2 Type of Grafting Reaction

Maleated compatibilizer can be produced by a grafting reaction of the polymer with
MA functional groups in the presence of a peroxide radical initiator. As reported by
Mani et al. (1999), many methods for producing compatibilizer through grafting
reaction such as melt, solid-state, solution, solvents redox and suspension grafting
in aqueous or organic solvents have been reported by previous studies. Table 3.2
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Table 3.2 Advantages, disadvantages and application of free radical grafting

Technology | Advantages Disadvantages Main applications

Melt phase Simple technology. Limited grafting level by Grafted polyolefins;
No limit regarding short reaction time. low Mw SEBS.
melting point of
backbone polymer.

Solid state High grafting possible. | Grafting only on partially Grafted polyolefins;
Grafting of PP without | crystalline polymers or very | high Mw SEBS.
f-scission possible. high Mw polymers.

Grafting of high Mw
SEBS possible.
Grafting of various
monomers possible.

Solution Very homogeneous High production cost. Grafted polyolefins
grafting. Waste solvent. (gel-free).
High grafting levels.

No degradation.

Suspension/ | Use of sticky polymers | High production cost. Grafting of fibers.

emulsion possible. High grafting of
High grafting levels. acrylates onto

crosslinked
polyolefins.

Source: Rapthel et al. (2018)

summarizes the advantages, disadvantages and applications of free radical grafting
technologies.

The solid-state grafting, also known as mechanochemical grafting, is where the
polymer is generally used as a powder and mixed with MA with a high concentra-
tion of initiator in the presence of an interfacial wetting agent, e.g. solvent of the
polymer. The reaction is carried out in a low-shear mixer or stainless-steel reactor at
a temperature ranging from 100-150 °C. Since the grafting reaction does not imply
high temperature, degradation of the host polymer is very minimal. However, the
homogeneity of the grafted product depends on the solvents used in the particle size
of polymer powder and/or other co-monomer that are required to increase the degree
of grafting (DG) of the polymer (Qiu and Hirotsu 2005). Solvents or water can fur-
ther purify the maleated compatibilizer. Nonetheless, this technique only introduces
the grafting reaction on the surface of the polymer powders, and the MA could not
react with the polymer chain inside the powder particles (Ahmad Thirmizir 2011).

According to Qiu and Hirotsu (2005), the solution grafting process involves the
dissolution of polymer in a suitable solvent at an elevated temperature followed by
the addition of MA together with a peroxide radical initiator at a predetermined
reaction time. The reaction must be carried out in a homogeneous chemical environ-
ment to allow a better interaction and reactivity between the polymer and other
components. The resulting graft copolymer is further purified via a selective disso-
Iution approach to obtain the compatibilizer with a relatively higher purity. The
process is relatively complex and expensive, and it is difficult to eliminate by-prod-
ucts. Aside from that, it is not practical for large-scale production due to the large
quantity of solvents recycling involved (Qiu and Hirotsu 2005).
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The most practical method to produce compatibilizer is via melt grafting, also
known as reactive extrusion (REx). The process involves grafting of MA onto poly-
mer in the molten state with the presence of a free radical initiator. The functional-
ized polymer is further purified to remove unreacted MA and a radical initiator. In
line with this, Ahmad Thirmizir (2011) obtained maleated PBS.

Normally, the effectiveness of the grafting process depends on the reactive com-
ponents and the processing parameter applied. Previously, He et al. (2013) con-
ducted a exhaustive study to investigate the effect of the concentration of reactive
components and grafting parameters on the DG of maleated LDPE (LDPE-g-MA)
via solution grafting in xylene solvent with the presence of dicumyl peroxide (DCP)
radical initiator. Table 3.3 shows the studied parameters, and Fig. 3.3 summarizes
the findings via an orthogonal experiment.

Following He et al. (2013) the concentration of reactive components (DCP and
MA) can affect the DG of the compatibilizer (Fig. 3.3). These authors reported that
there is a positive trend between the DG and the concentration of MA and DCP up
to an optimal value before dropping with an additional increase in concentration and
trends proportional to the reaction temperature. While the reaction time and total
time for initiator dropped, thus showing an increasing pattern up to a plateau point
where any additional increase does not affect the DG value.

A similar study done by Ahmad Thirmizir et al. (2011) also confirmed that the
grafting reaction of MA with biodegradable aliphatic polyester (PBS) is affected by
the concentration of MA, and this also affected the DG of the compatibilizer. As
shown in Table 3.4, Ahmad Thirmizir et al. (2011) also reported that a maleated
PBS at a constant mixing parameter and radical initiator concentration (DCP), as
well as an increase of the MA concentration in the compatibilizer significantly
increased the DG. In addition, as mentioned by Mani et al. (1999), increasing the
MA concentration leads to an increase in the DG due to the better probabilities that
free MA will bind to the polymer macro radical sites during the grafting reaction.

Chen et al. (2003) investigated the solution grafting of maleated PHB in chloro-
benzene at a temperature of 130 °C with the presence of benzoyl peroxide (BPO)
radical initiator. These authors reported the relationship between MA monomer
concentrations on the DG. As illustrated in Fig. 3.4, the DG increased with increase
in the MA concentration up to a maximum of 0.85%, at an MA concentration of 3%
(w/v). Beyond 3% (w/v), the DG then decreased and gradually leveled off. According

Table 3.3 Reactive components concentration and grafting parameters for LDPE-g-MA
compatibilizer

Factors levels A (wt. %) B (wt. %) C (h) D (°C) E (min)
1 1 10 1 120 10
2 2 15 2 130 25
3 3 20 3 140 40
4 4 25 4 150 50

A: DCP concentration; B: MA concentration; C: reaction time; D: reaction temperature; E: total
time for initiator dropping
Source: He et al. (2013)
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Fig. 3.3 The changing trend of test index (GD). A: DCP concentration, B: MA concentration, C:
reaction time, D: reaction temperature and E: total time for initiator dropping. Reproduced with
permission from He et al. (2013)

Table 3.4 Effect of MA Content of

content on the percentage of PBS-g-MA compatibilizer | MA (phr) | DG (%)

MA grafting onto PBS 3pPBSgMA 3 0.91 +0.03
5pPBSgMA 5 1.07 £0.02
7pPBSgMA 7 2.14 £0.04
10pPBSgMA 10 2.32 + 005

Source: Ahmad Thirmizir et al. (2011)

to Chen et al. (2003), under the solution grafting condition, it is difficult for the MA
to homopolymerize given its special molecular structure. However, MA could bind
to the PHB backbone in the form of single succinic anhydride rings. The DG is
mostly influenced by the number of macroradicals initiated by a radical initiator.
Here, as the concentration of MA increases, the chances of PHB macroradicals
reacting with MA are higher. When the MA is excessive, unwanted reactions, such
as the effect of the cage, easily occur, thus reducing the DG value (Chen et al. 2003).

Chen et al. (2003) also investigated the relationship between DG, MA concentra-
tion and Mw. These authors suggested from their results that the increase in the DG
is not correlated with the Mw change, which shows that MA grafting is not pro-
duced at the ends of the polymer chains, but macro radical sites were formed along
the polymer chain. However, in the melt grafting process conducted at relatively
high temperature and high shearing rate, chain scission can occur. Meanwhile, our
study on the production of maleated PBS and PHB-co-HHx via melt grafting at a
temperature of 160 °C and a rotor speed of 50 rpm and a reaction of 5 min, showed
that at a constant peroxide concentration, an increase in the MA concentration
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Fig. 3.5 Effect of the MA concentration on the grafting degree and Mw of PBS and PHB-co-HHx
(PHBHH) (Own results from the authors)

resulted in an increase in the DG and reduction of Mw (Fig. 3.5) (Own results from
the authors). Mani et al. (1999) also reported the occurrence of chain scission
accompanying the grafting event showed a reduction of intrinsic viscosity of male-
ated PBS and poly(butylene succinate-co-adipate) (PBSA) compared to pure poly-
mers with an increasing MA concentration.

3.2.1.3 Organic Peroxide Radical Initiator

In the grafting process, the reaction begins with the formation of free radicals via
homolytic scission of the organic peroxide initiator (Ahmad Thirmizir 2011). The
initiator has the ability to dehydrogenation to extract hydrogen atoms from a-carbon
atoms in relation to the ester carbonyl group of that particular polyester in order to
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form a polymeric macro-radical. While, simultaneously the polymeric macro-
radical also undergoes a certain degree of degradation via p-scissoring to form an
end of the radical chain and an end of the vinylidene chain. The ideal compatibilizer
will also achieve an optimum DG and a minimal degree of degradation of the poly-
mer chain (Ahmad Thirmizir et al. 2011). However, the grafting reaction is typically
accompanied by a chain scission, which changes the rheological behavior of a poly-
mer. Indeed, determining the optimum conditions of the grafting process is a very
complex study. Actually, a great number of variables are involved, such as an addi-
tional sequence of the reagents, MA concentration, reaction temperature and time,
rotor speed, type and concentration of peroxide, and type of stabilizers if added
(Oromiehie et al. 2014).

In general, the grafting of MA onto the polymer chains is carried out via a reac-
tive melt-blending technique in the presence of a peroxide initiator, such as BPO,
DCP and #-butyl peroxide (Ahmad Thirmizir et al. 2011). Mani et al. (1999) in the
study on the grafting of MA onto PLA via solution grafting comprehensively
reported the effect of different types of radical initiators (2,2-azobis(isobutyronitrile)
(AIBN), BPO, DCP and di--butyl peroxide (DBP)) on the DG and intrinsic viscos-
ity. The condition of this grafting procedure included: toluene, DCP and MA con-
centration, 1 and 3% (w/w), respectively, temperature: 110 °C and a reaction time
4 hours. The results are shown in Table 3.5.

The maleated PLA obtained the highest DG with the addition of the BPO initia-
tor due to the slow rate of initiator decomposition at that particular reaction tem-
perature (Mani et al. 1999). As reported by Aldrich Chemical Company Inc. (2020),
BPO has a 10-hour half-life temperature lower than DBP and DCP, and at 100 °C,
the decomposition rate of BPO is considerably high, approx. k; = 5.0 x 10
Takamura et al. (2008) reported the lifetime of several peroxides at 190 °C, where
DCP peroxide had good stability at that temperature compared to other peroxides.
Aside from that, the maleated PLA produced via solution grafting exhibited mini-
mal chain scission/degradation even with different species of radical initiator
(AIBN, BPO, DBP and DCP) compared to the one produced by the melt grafting
procedure (Mani et al. 1999; Takamura et al. 2008).

In addition, the radical initiator concentration also affects the DG of MA onto a
polymer backbone. Phua et al. (2013) in their study on grafting of MA onto PBS via
melt grafting procedure, reported that the grafting efficiency increased as the DCP
initiator concentration increased from 1 to 1.5 phr due to increased formation of

Table 3.5 Effect of peroxide radical initiator on the DG and the intrinsic viscosity of maleated PLA

No. Initiator DG (%) Intrinsic viscosity (dL/g)
1 BPO 0.6 0.8305
2 DCP 0.27 0.8874
3 AIBN 0.20 0.9103
4 DBP 0.21 0.8744

Source: Mani et al. (1999)
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radicals through the initiator decomposition reaction. Moreover, when the concen-
tration of radicals was high, the probability of chain transfer to the polymer back-
bone was also high, resulting in a greater DG of the compatibilizer. Mani et al.
(1999) also studied the effect of initiator (BPO for PLA and DCP for PBS) concen-
tration on MA grafting onto the backbone of the polymer. These authors suggested
that melt grafting showed an increase in the DG g with respect to the initiator con-
centration, which appeared to be quite linear. However, excess of radical initiator
can promote termination or a combination reaction between polymer macroradicals
due to the available free radical species, thus resulting in a decrease in the DG (Chen
etal. 2003). As reported by Chen et al. (2003), the intrinsic viscosity of the compati-
bilized polymers was reduced by about 30% for PBS, 25% for PBSA and 12% for
PLA compared to the unmodified polymer due to the chain scission reaction. The
excess radical initiator may cause the polymer to depolymerize, and may also cause
an acute reduction of Mw (Chen et al. 2003). Other than that, the presence of perox-
ide radical initiator could be due to the unwanted crosslinking reaction between the
polymer chains, especially for the grafting reaction that was conducted at a high
concentration of the initiator.

3.2.1.4 Purification of Compatibilizer

Another critical issue for manufacturing maleated compatibilizer is the purity of the
compatibilizer itself. According to Bettini and Agnelli (2000), the MA residue could
not be removed by self-evaporation during melt grafting if the reaction was carried
out at a temperature below the boiling point of the MA (= 202 °C). The purification
procedure is essential for producing good quality compatibilizers without the traces
of any unreacted residues (Bettini and Agnelli 2000). Ahmad Thirmizir et al. (2011)
demonstrated that the removal of ungrafted MA and unreacted DCP residues via
solvent extraction improves the fiber-matrix interfacial adhesion. The residuals of
the ungrafted MA and the unreacted DCP initiator present in the compatibilizers
might interrupt the fiber-matrix interfacial adhesion since it could not form a com-
plete bridging between the composite components (Ahmad Thirmizir 2011).

The high concentration of unreacted MA in the blends causes color fading,
degassing, reduces ultraviolet (UV) resistance, release of unpleasant odors and the
fogging of proximate surfaces (Martin 2019). In addition, Clasen et al. (2015)
informed in its study about the thermoplastic starch (TPS)/PLA blends, that the
grafting of MA onto polymer backbone restricts the segmental movement of the
polymer chains. However, the presence of ungrafted MA in the blends act as a plas-
ticizer and reduce stiffness of the blends. Here, the MA can act as a plasticizer or
compatibilizer in the TPS/PLA blend depending on the concentration of the mono-
mer used and residual of the unreacted monomer. MA as a plasticizer can reduce the
rigidity of the blends by reducing the T, and increasing the mobility of the polymer
chain. Furthermore, the grafted MA reduces the crystallinity of the PLA-g-MA,
which led to a reduction in the TPS/PLA blends module as a whole. Aside from that,
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the balance degradation rate and degree of crosslinking are essentials for producing
maleated compatibilizer with an optimal Mw distribution, low Mw degradation and
a greater number of reactive sites (Rapthel et al. 2018).

3.2.2 Reaction Mechanism of Maleated Compatibilizer

Free radical polymerization is the most commonly used functionalization technique
for polyolefins in which organic peroxides are commonly used as initiators. Several
formulations of MA-grafted PP (MAPP) are available in the plastics market depend-
ing on the processing method and end-use applications. The grafting reaction of
MA onto PP by the melt grafting technique involves a reaction between the polymer
melt with MA, in the presence of organic peroxides such as BPO, DCP, etc. As
reported by Oromiehie et al. (2014), the organic peroxides are thermally unstable
and undergo haemolytic scission at the oxygen-oxygen bonds to form primary radi-
cals. The radicals remove hydrogen atoms from the PP chains and form macroradi-
cals to initiate the grafting process. As reviewed by Oromiehie et al. (2014) in other
experiments, they found the mechanism of MA grafting onto PP can be divided into
three stages: stage 1- initiation, stage 2 - grafting and stage 3 - termination. The
schematic reaction mechanism is shown from Eq. 1 to Eq. 21.

(i) Decomposition of a radical initiator:
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(ii) Some possible reaction for chain radical:
W""CHZ—CH—CHZ—éW“ — NWCHZ—{::Hz t CHpy=—=C ™"
CH; CHs CH, CH;
P=Scission
CH,

A CHy—— G T
2 McHz_éW —_—

5
AN CHy — G )
CHj
CHy
Gel Formation
(iii) Grafting of MA
o o o
WCHZ—éW + —_—\ = T CHy —— C T (6}
CH |
3 o o (s} CH;,
o o o
NWCHz—éH [ - —
| WCHZ_TH D
CH
* o o (o] CH,
o o o o o o
n - (n=10) (8)
n
@iv) Chain transfer
(@)




38 M. Z. A. Thirmizir et al.

(v) Termination by combination reaction
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(vi) Termination by disproportioning
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The grafting of MA onto PP was shown in Eqs. 6 and 7. Other than that, the
homopolymerization of MA (Eq. 8) is possible to occur mainly at the high content
of MA, while the chain transfer reaction was shown in eq. 9, and the different types
of termination reactions included combinations and disproportions, which were
shown in equations from Eq. 10 to Eq. 15 and Eq. 16 to Eq. 21, respectively.

Mani et al. (1999) investigated the functionalization of PBS and PLA with MA,
and suggested the mechanism of grafting reaction of MA onto polyester (Fig. 3.6).

According to Ahmad Thirmizir et al. (2013), the organic peroxide initiator
formed a homolytic scission as a free radical. The reaction between a free radical
and polyester resulted in the hydrogen abstraction of an a-carbon atom to the ester
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Fig. 3.6 Grafting reaction mechanism for MA grafting onto polyesters. Reproduced with permis-
sion from Mani et al. (1999)

carbonyl group of polyester to form a macroradical. Some of the macroradicals then
suffered fB-scission to form a radical chain end and a vinylidene chain end.
According to Mani et al. (1999), in solution grafting reactions, in the presence of
organic peroxide, the additional reaction of the macroradicals is predominant before
[-scission, but in the melt-grafting reaction, p-scission is predominant. Once the
MA is grafted onto the polymer macroradical, several reactions such as chain trans-
fer reaction, oligomerization, termination and some side reactions can occur.
However, the materials made by Mani et al. (1999), no signs of homopolymeriza-
tion or oligomerization of poly-MA were observed. Similar findings have been
reported in previous studies in which the MA monomer has a poor homopolymer-
ization tendency due to its unique structure consisting of 1,2-disubstituted double
bonds and the reaction temperature is higher than the MA ceiling temperature
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(Mantere 2015; Moghaddam et al. 2012; Muthuraj 2015). However, Mani et al.
(1999) suggested based on evidence from Fourier transform infrared (FTIR) spec-
troscopy and nuclear magnetic resonance (NMR) analysis that the termination reac-
tion of MA onto the polyester could occur via two routes: recombination and radical
termination reactions to produce end products I and III as shown in Fig. 3.6. Some
examples of biodegradable maleated polymers, mainly aliphatic polyesters, will be
presented in Sect. 3.2.3.

3.2.3 Maleated Biodegradable Polymers: Some Examples

Rzayev (2011) used with successfully as a monomer in the grafting of biodegrad-
able polymers such as PBS, PBSA, PCL and PLA. Functionalizing the biodegrad-
able polymers with reactive groups is an effective strategy to produce commercial
blends and composites suitable for end-user applications. In this section, some
examples of maleated biodegradable will be further developed.

3.2.3.1 Maleated PBS

The grafting of MA onto PBS via the melt grafting technique was initially reported
by Mani et al. (1999). In general, the mechanism of MA grafting onto PBS is similar
to that of MA grafting onto polyolefins as presented in Fig. 3.6. Many researchers
have reported on the production of maleated PBS and its copolymers for the appli-
cation of polymer blends (Ramaswamy Mani and Bhattacharya 2008; Yin et al.
2015; Muthuraj et al. 2017) and composites (Ahmad Thirmizir et al. 2011; Phua
et al. 2013).

In this sense, Mani and Bhattacharya (2008) reported the use of maleated PBS as
a compatibilizer for PBS/starch blends. Here, the compatibilizer was produced
using the melt grafting method in a twin-screw extruder. The results showed that the
tensile strength (o) values of the PBS/starch blends without PBS-g-MA compatibil-
izer decreased. For uncompatibilized blends, the increase in starch load decreased
the ¢ values of the blends. At the higher concentration of starch approximately
>50 wt.%, a tremendous reduction in ¢ values of about 60% was observed.
Meanwhile, when PBS-g-MA was incorporated into the blends, the ¢ values
increased for all blend’s ratios. In contrast, the ¢ value decreased slightly at 30 wt.%
starch content before increasing with an additional increase in starch content. At
70 wt.% starch content, the ¢ values were approximately similar to that of the pure
PBS. As expected, the strain at break (g,) of the PBS/starch blends was severely
reduced with the addition of starch. As reported by Mani and Bhattacharya (2008),
at 10 wt.% starch content, only a slight reduction in ¢, values was observed, while
at higher starch load, a tremendous decrease of ¢, values was reported. At concen-
trations of 30 wt.% or higher, the g, values of non-compatible and compatibilized
blends was comparable (approx. Between 10 and 20% of g,). Starch is brittle
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material with a modulus of approximately >1 GPa, and the addition of this into
blends makes this material rigid.

Another study by Yin et al. (2015), also reported the consumption of maleated
PBS as a compatibilizer in thermoplastic starch/PBS (TPS/PBS) blends. The male-
ated PBS was produced via the melt grafting technique with the presence of a DCP
radical initiator. The formulation of maleated PBS was not mentioned in the paper.
The TPS/PBS blends were produced in a twin-screw extruder, and then the blends
were compression molded at 135 °C into test specimens and were characterized.
The FTIR analysis of maleated PBS confirmed the presence of MA attributed to a
weak peak at 1633 cm, representing the symmetric stretching of the anhydride
groups of MA. The 'H-NMR analysis also confirmed the chemical interaction
between MA and PBS, as indicated by the existence of new peaks at 2.74 and
3.52 ppm in the maleated PBS spectra. The mechanical properties in terms of ¢ and
g, values for 40TPS/60PBS blends were significantly improved with the incorpora-
tion of maleated PBS. The TPS/PBS (40/60) blends showed good flexibility with an
&, of about 20% higher compared to the pure blends. Most importantly, the ¢ values
for TPS/PBS (40/60) blends increased almost twice with the same maleated PBS
content. However, the tensile properties did not change, obviously, when maleated
PBS content was increased even more from 5% to 10%. The result shows that male-
ated PBS has an excellent compatibilizing effect where it is thermodynamically
miscible with PBS and could form a chemical interaction with TPS. With respect to
thermal properties, the addition of maleated PBS reduced the crystallization tem-
perature and degree of crystallinity of the TPS/PBS (40/60 wt.%) blends. The higher
concentration maleated PBS resulted from the lower crystallization temperature and
degree of crystallinity of the blends. It can also be specified that the maleated PBS
could make the blends more ductile by promoting the migration of pure PBS molec-
ular chain (Yin et al. 2015).

As reported by Yin et al. (2015) three T, can be observed by dynamic mechanical
analysis (DMA) and be associated with the glycerol-rich phase, the PBS phase and
the starch-rich phase. The introduction of maleated PBS resulted in the DMA peaks
approaching each other, indicating that PBS and TPS are partially compatible. In
addition, the maleated PBS also improved the interfacial compatibilization through
a plasticizing effect in the blending system.

Muthuraj (2015) reported the development of maleated PBS as a compatibilizer
for poly(butylene adipate-co-terephthalate) (PBAT)/PBS blends. These authors
investigated the effect of the concentration of DCP on the maleated PBS properties.
The DG of maleated PBS increased with the increase of DCP concentrations, and
the highest percentage of 2.56 was achieved at a concentration of 1.0 phr. The MA
grafting efficiency of the batch and the continuous process were also compared, and
the results showed that the batch-processed samples had a slightly higher grafting
yield compared to the continuously processed samples. The grafting yield was
slightly higher in the internal batch process, and can be attributed to a longer resi-
dence time and air contact of the reaction medium. Muthuraj (2015) reported from
the differential scanning calorimetry (DSC) analysis that the crystallization and T,
of the maleated PBS decreased significantly and were lower compared to that of
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pure PBS. It is believed that the presence of MA groups prevents the nucleation and
lamella growth of PBS, thus leading to the formation of the imperfect crystalline
structure.

3.2.3.2 Maleated PHB

Among the PHAs, PHB and its copolyesters are the most studied because they are
relatively easier to produce and can yield a consistent quality of bioplastics (Avérous
2013). As for physical properties, PHBs are highly crystalline polyester, i.e. they
are brittle and prone to thermal degradation during processing. In the past, attempts
have been made to reduce the degree of the brittleness of the PHB by copolymeriza-
tion with hydroxyhexanoate (HHx) or hydroxyvalerate (HVX) co-monomers.
Among PHB copolymers, PHB-co-HHx, PHBYV, poly(3-hydroxybutyrate-co-3-hy-
droxyhexanoate) (PHB-co-HHx) and poly(3-hydroxybutyrate-co-4-hydroxybutyr-
ate) (P(3HB-co-4HB)) have improved flexibility and mechanical properties over
other PHBs. In addition, they have properties comparable to those of conventional
polymers such as poly(ethylene terephthalate) (PET), poly(ethylene) (PE) and
PP. PHB-co-HHx become soft and flexible, with an increase in the
3-hydroxyhexanoate (3HH) co-monomer fraction. Doi et al. (1995) reported that an
increase in the 3HH co-monomer from 0 to 17 mol% greatly increased the €, values
from 6 to 850%, but the ¢ values decreased from 43 to 20 MPa. Another study done
by Laycock et al. (2014) reported as the concentration of 3HH comonomer in the
melt press P(3HB-co-3HH) copolymers increases from 2.5 to 9.5 mol%, the g,
significantly increased from 6.7 to 43% and the ¢ tremendously reduced from 25.7
to 8.8 MPa.

Beyond that, its mechanical strength and T characteristics can be further
improved by blending with ductile biodegradable polymers such as PBS and
PCL. The blending approach is widely known for its use in conventional polymers,
and is cost effective and relatively easy to be undertaken compared to the biological
way. From the study by Thirmizir et al. (2017), it is known that the PBS/PHB-co-
HHx blends are immiscible or immiscible limitedly, depending on the ratio of the
components where it is expected to observe the morphology associated with phase
separation. To overcome this drawback, several methods such as the addition of
compatibilizer and/or the introduction of a crosslinking agent at the blending inter-
phase can be employed. According to Chen et al. (2003), very limited studies on the
graft copolymerization of PHB have been published. A study on the radiation graft-
ing of 2-hydroxyethyl methacrylate (HEMA), AAc, acrylamide, methyl methacry-
late (MMA) and styrene (St) onto PHB and its copolymer, found that grafted
polymers are thermally stable and have a faster biodegradability rate (Chen et al.
2003). However, the graft copolymerization only modifies its surface properties and
can produce long graft side chains by homopolymerization. These homopolymers
can reside in the environment after PHB, which degrades completely and will dam-
age the environment. Therefore, to avoid those drawbacks, Rzayev (2011) chose the
MA monomer to be grafted to the PHB chains via free-radical polymerization due
to its good reactivity and controllability reaction.
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Fig. 3.7 Grafting of MA onto poly(3-hydroxybutyrate) (P(3HB)). Reproduced with permission
from Rzayev (2011)

The grafting reaction is depicted in Fig. 3.7. As reported by Chen et al. (2003),
grafting reaction of MA onto PHB chains was conducted in chlorobenzene with a
solution temperature of about 130 °C using BPO as an initiator.

3.2.3.3 Maleated PLA

Gardella et al. (2014) studied PLA/PCL blends, and reported maleated PLA (PLA-
g-MA) which was introduced to promote grafting between PCL and PLA-g-MA
backbone and physical compatibility at the PLA-PLA-g-MA interface. The male-
ated PLA was produced by using the melt grafting technique employing a glass
reactor with a mechanical stirrer placed in an aluminium block oven. Before the
reaction process, MA, PLA and 2,5-dimethyl-2,5-di-(s-butylperoxy)hexane were
purged with helium for 30 min and repeated at least three times, to ensure a mois-
ture free atmosphere. The reaction was conducted at 180 °C under the stirring con-
dition for a reaction time of 10 min. The peroxide content was 0.5 wt.%, and MA
was 6 wt.%. The maleated PLA was then purified by dissolving in chloroform and
precipitated into methanol. The blends were prepared by mixing different amounts
of PCL, PLA and maleated PLA in the same reactor. The suggested reaction mecha-
nism between PCL and maleated PLA is shown in Fig. 3.8.

Ma et al. (2014c) reported the production of maleated PLA via the melt grafting
technique using a mini twin screw extruder. Before the grafting process, the PLA
pellets were sprayed with a mixture of acetone dissolved in DCP, MA and St and
allowed to dry. After that, the pre-treated PLA pellet was fed into the extruder, and
the grafting reaction was conducted at 160—190 °C with a screw speed of 35 rpm. In
this study, the DCP radical initiator and St co-monomer were used to promote the
formation of free radical. St with an electron-donating feature can easily interact/
react with the electron-attracting monomers (i.e. MA via a charge transfer complex
(CTC)) or through copolymerization (Ma et al. 2014b). St could activate MA to
form an asymmetric structure and IT bonds of radical-anion. As a result, the interac-
tion between macroradicals and MA monomers could be bridged by St, and a higher
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Fig. 3.8 Reaction scheme between PCL and PLA-g-MA. Reproduced with permission from
Gardella et al. (2014)
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Fig. 3.9 Free radical grafting of MA onto PLA with the presence of DCP radical initiator.
Reproduced with permission from Ma et al. (2014b)

DG could be achieved. The St co-monomer has been widely used for the production
of maleated polyolefins, but for maleated aliphatic polyester, it is considerably rare.
Keeping this in view, Ma et al. (2014b) reported that the use of the St co-monomer
successfully increased the DG of MA onto PLA backbone and achieved an opti-
mum at the St/MA ratio of 2/1. The St co-monomer is necessary in the maleated
reaction due to the low MA reactivity towards the macro-radicals attributed to its
structural symmetry and low electron density around the -CH=CH- bond. The reac-
tion mechanism of the free radical grafting of MA onto PLA with the presence of
DCP radical initiator is shown in Fig. 3.9.
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The grafting mechanism of MA onto PLA in the presence of St co-monomer is
produced in two steps. As proposed by Ma et al. (2014b), first, the reaction begins
with the decomposition of DCP to form primary radicals (RO"). This is followed by
the initiation of PLA macroradicals (PLA") by hydrogen abstraction. The PLA mac-
roradicals then react with grafting monomers, and some of them involve inside reac-
tions such as chain scission or recombination. Most of the PLA macroradicals
would be used before reacting with MA due to the inert character of the MA towards
the macroradicals. St reacts with PLA macroradicals, thus forming stable styryl
macroradicals, which then copolymerize with MA. St then reacts with MA to form
a CTC which can improve the electric asymmetry on the -CH=CH- bond of
MA. The CTC can increase the reactivity and DG of MA, which could be copoly-
merized with St in the presence of free radicals to form oligomer-radicals
(St-co-MA"). The St-co-MA’ could also react with macroradicals (PLA") by a com-
bination reaction. Subsequently, more routes for MA to be grafted onto PLA chains
are obtained, thus significantly increases the DG. However, the excess of St may
result in the copolymerization of St and MA or the grafting of St rather than MA,
which could reduce the DG (Ma et al. 2014b).

The maximum DG of MA was reported by Ma et al. (2014b) at a St/MA ratio of
2/1 in the PLA-g-MA/St system and not at a 1/1 ratio due to polymer chain struc-
tures. In the presence of primary radicals (RO"), the residual St may react with PLA
macroradicals to produce relatively stable styryl macroradicals (PLA-g-St") or
copolymerize with MA to form short oligomer-radicals (St-co-MA®). The PLA-
g-St° could then react with short St-co-MA®, CTC or MA to form branched struc-
tures. Ma et al. (2014b) suggested that the grafting of short St-co-MA" onto PLA
chains causes the main reaction to occur at the St/MA ratio of around 2/1, as shown
in Fig. 3.10.

As stated by Ma et al. (2014b), St-co-MA is a random co-oligomer rather than a
block co-oligomer, due to the strong free radical reactions. Ma et al. (2014b) also
reported the effect of MA concentration on the DG at a constant St MA/DCP ratio
where the DG remained unchanged with the increase in the MA concentration. The
DG also depends on the number of reactive species associated with the MA mono-
mers and the DCP concentration. Another factor that affects the DG is the reaction
temperature. In this sense, Ma et al. (2014b) reported that at a fix MA concentration
of 4.5 phr and constant St/MA/DCP ratio of 2/1/0.1, the DG increased with tem-
perature and achieved optimum at 180 °C. Beyond that, the DG was reduced.

3.2.3.4 Maleated PCL

PCL is a ductile biodegradable polyester commonly used to improve the brittleness
of other biodegradable polymers, such as PBS (Can et al. 2014; Gumede et al.
2018), PHB (Barghini et al. 2010) and PLA (Gardella et al. 2014) through the blend-
ing approach. However, Gardella et al. (2014) indicated that PCL and PLA are ther-
modynamically incompatible and form blends with a multiphase structure and an
inadequate interfacial bonding, which deteriorates their mechanical performance.
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Fig. 3.10 The main grafting reactions proposed at low St/MA ratios (R = CoH,;). Some possible
side reactions are not present here. Reproduced with permission from Ma et al. (2014b)

Many studies have been carried out to improve the compatibility between them via
compatibilization techniques, such as the incorporation of polymeric compatibiliz-
ers and reactive compatibilization approaches (Gutiérrez and Alvarez 2017 a,b,c;
Herniou--Julien et al. 2019). Wu and Liao (2012) studied PCL/rice straw fiber
blends and used maleated PCL as a compatibilizer. The maleated PCL was pro-
duced by the solution grafting technique using tetrahydrofuran (THF) as the solvent
and BPO as the free radical initiator. The grafting reaction of MA onto PCL was
carried out at a temperature of 40 = 2 °C and a rotor speed of 60 rpm for 10 hours.
The optimal DG was 1.02 wt.% with BPO and MA contents of 0.3 and 10 wt.%,
respectively. The schematic reaction of MA onto PCL is shown in Fig. 3.11.

Wau and Liao (2012) assessed the maleated PCL by FTIR and *C-NMR to con-
firm the grafting reaction. The FTIR analysis exhibited the presence of two addi-
tional bands at 1786 and 1857 cm™!, representing anhydride carboxyl groups in the
modified PCL-g-MA. The presence of the bands represents free acid in the PCL-
g-MA showing an effective MA grafting onto PCL (Wu and Liao 2012). Meanwhile,
solid state *C-NMR analysis was conducted to confirm this finding. These authors
observed six peaks, corresponding to carbon atoms in the unmodified PCL (1,
0 =643 ppm; 2, 8 =28.9 ppm; 3, & =25.8 ppm; 4, 5 =25.1 ppm; 5, & = 34.4 ppm;
6, 6 = 172.9 ppm). For PCL-g-MA, the additional peaks at (7, & = 42.3 ppm, 8§,
0 =36.2 ppm; 9, —C=0 6 = 174.3 ppm) confirmed that MA was covalently grafted
onto PCL (Wu and Liao 2012).

An overview on the REx of PCL/starch blends made by Kalambur and Rizvi
(2006) was reported using maleated PCL as a compatibilizer in PCL/starch blend
systems suggested by John et al. (1997). The maleated PCL was prepared by melt
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Fig. 3.11 The grafting reaction of MA onto PCL. Reproduced with permission from Wu and
Liao (2012)

grafting of MA onto PCL in a batch mixer with a roller blades type rotor in a twin-
screw extruder using DCP as an initiator. The results indicated that no crosslinking
reaction occurred during the grafting process.

According to John et al. (1997), the reaction mechanism begins with the homo-
lytical scission of peroxide, which produces radicals followed by hydrogen extrac-
tion of a- carbon atom relative to the carbonyl group. The second step involves the
formation of radical on the PCL chain and some degree of p-scission due to the
existence of organic peroxide. The third step involves the addition of a double bond
to the radical from f-scission. In this case, the termination reaction can occur in
three possibilities: homopolymerization, radical termination and recombination.
Based on the FTIR and NMR analysis, the termination reaction and recombination
reaction are favored and no traces of homopolymerization reaction products were
detected in the compatibilizer. The reaction mechanism between the maleated PCL
and the starch was further developed by Kalambur and Rizvi (2006) and the sche-
matic reaction is shown in Fig. 3.12.

3.3 Free Radical Crosslinking of Biodegradable Polymer

During the last decade, stabilization of polymer blends by the crosslinking reaction
has been widely practiced in many industries. Initially, the concept of a system of
crosslinked blends was practiced in the production of thermoplastic vulcanizates for
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Fig. 3.12 Reaction mechanism of MA grafting onto PCL and reaction between maleated PCL and
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replacing pure elastomeric block copolymer which was relatively expensive and
complicated to be produced. The blends were dynamically crosslinked using vari-
ous crosslinking agents such as organic peroxides (e.g. 2,5-dimethyl-2,5 bis(z-
butylperoxy) and DCP), phenolic curative (e.g. dimethyl alkyl phenol), sulphur and
zinc oxide (Harrats and Groeninckx 2007). Various compatibilizers such as GMA-
grafted ethylene propylene diene monomer (EPDM), MA-grafted EPDM and
MA-grafted PP, have been to improve the interfacial adhesion between the rubber
phase and thermoplastic matrix. As for the mechanical properties, thermoplastic
vulcanizates show a full strain recovery compared to pure thermoplastics. They also
have higher ¢ values compared to pure rubbers and are controlled by the size of the
vulcanized rubber particles in the blends. As shown in the EPDM-PP blends in
Fig. 3.13, the smaller the particle size, the higher the tensile stress of thermoplastic
vulcanizate.
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Fig. 3.13 Effect of vulcanized-rubber particle size on the mechanical properties of EPDM-PP
thermoplastic vulcanizates. Reproduced with permission from Harrats and Groeninckx (2007)

3.3.1 Type of Peroxide Radical Crosslinking

Peroxide initiated crosslinking commonly produced by adding small amounts of
peroxide during melt processing. Peroxides can be classified into seven types
according to the chemical structures: diacyl peroxides, dialkyl peroxides, diper-
oxyketals, hydroperoxides, ketoneperoxides, peroxydicarbonates and peroxyesters
(Takamura et al. 2008). In the context biodegradable polymers, various types of
peroxides have been used in the crosslink or partial crosslink polymer blends, such
as BPO, DCP, dilauroyl peroxide (LPO), n-butyl 4,4-di-(¢-butyl peroxy) valerate
(BTBV), OO-(t-butyl) O-(2-ethylhexyl) peroxycarbonate (TBEC), #-butyl peroxy
benzoate (TBPB), r-butyl peroxy-2-ethylhexanoate (TBEH) and t-butyl
peroxy-3,5,5-trimethylhexanoate (TBTH) (Takamura et al. 2008). Among these
peroxides, DCP has been the most widely used peroxide crosslinking agent in the
biodegradable polymer blends system (Semba et al. 2006; Mishra et al. 2007;
Takamura et al. 2008; Deng and Thomas 2015).

Takamura et al. (2008) reported the use of various types of peroxides as cross-
linking agents of PLA under REx conditions. The peroxides can be divided into
three main groups according to their decomposition rates: group I: fast, group II:
moderate and group III: slow, as shown in Table 3.6.



3 Compatibilization and Crosslinking in Biodegradable Thermoplastic Polyester Blends 51

Table 3.6 Life time of peroxides at 190 °C

Name Mw (g/ Lifetime Peroxide amounts (g/kg
Group | Type (purity) mol) (s)® PLLA)"
1 Diacyl peroxides | LPO (98%) | 399 2 324
BPO (75%") | 242 5 257
Peroxyesters TBEH 216 11 177
(97%)
1T Peroxyesters TBEC 246 68 206
(97%)
TBTH 230 110 189
(97%)
TBPB (97%) | 194 108 157
I Diperoxyketals | BTBV 334 190 138
(95%)
Dialkyl DCP (98%) | 270 190 219
peroxides

Source: Takamura et al. (2008)

“Moisture content 25%

"Lifetime at 190 °C calculated using decomposition parameters (AE and A) from NOF Technical
bulletin 2004. Lifetime (s) = -In(ratio of residual peroxide to initial peroxide)/Aexp(AE/RT),
where the ratio of residual peroxide to iniatl peroxide = 0.0001, R = 831 J mol"! K'!(gas constant)
and T=463 K

‘Radical content was fixed at one peroxide molecule per poly(; -lactic acid) (PLLA) molecule

3.3.2 Crosslinking Reaction Mechanism

According to Takamura et al. (2008), crosslinking of polymers initiated with perox-
ides occurs through three key steps:

(1) The generation of primary radicals derived from thermal decomposition of
peroxides.

RO—ORe — 2ROe (primary radicals)

(i) Hydrogen abstraction from polymer chains by primary radicals to generate
polymer radicals.

ROe + P(Polymer) — Pe(Polymer radical) + ROH

(iii) The bimolecular recombination of polymer radicals to form carbon-carbon
cross-links.

2P — P—P (crosslinking).

In contrast, Mishra et al. (2007) proposed the mechanism of crosslinking reaction
from PCL/epoxidized natural rubber (ENR) (50/50) blends that occurred via two
schemes: (1) formation of PCL macroradical and chain scission of its polymer chain
(Fig. 3.14) and (2) inter-chain crosslinking between PCL and ENR at the interface
(Fig. 3.15).
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On the other hand, Hu et al. (2018) produced crosslinked PBS/PLA blends by
using BPO as a peroxide radical initiator in hot chloroform at a temperature of
65 °C as a blending solution. The reactive solution was blended for 120 min, and the
blends were them dried for 48 h at 50 °C before compression molding at a tempera-
ture of 160 °C. The possible BPO-initiated crosslinking reaction mechanism of
PLA/PBS is shown in Fig. 3.16.

3.3.3 Peroxides Concentration

Fei et al. (2004) and Takamura et al. (2008) reported the influence of the concentra-
tion peroxides on the degree of crosslinking of the partially crosslinked copolymer
poly(; -lactic acid) (PLLA) and PHBV via the gel content, Mw analysis and thick-
ness swelling. According to Fei et al. (2004), by varying the concentration of perox-
ide during processing, the degree of crosslinking of PHBV chains can be tailored to
a suitable degree. By tailoring the Mw of PHBV via the grafting approach, the
undesirable effect of heat processing on the melt viscosity and Mw of PHBV could
be compensated, and the resulting material even shows better mechanical properties.

Generally, the crosslinking time can be estimated based on the half-life of the
peroxide used at that particular grafting temperature. The grafting period is nor-
mally five times than the half-life of the peroxide (Fei et al. 2004). In addition, the
crosslinking density can be controlled by the initial amount of peroxide at constant
crosslinking parameters.
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Fig. 3.16 Reaction mechanism of BPO-initiated PLA/PBS crosslinking. Reproduced with per-
mission from Hu et al. (2018)
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Fig. 3.17 Gel fraction based on DCP content for crosslinked PHBV. Reproduced with permission
from Fei et al. (2004)

It can be seen in Fig. 3.17 that the gel fraction is almost zero at 0.17% DCP. Fei
et al. (2004) suggested that mainly branched PHBV was produced under these con-
ditions. When the DCP content was increased to 0.5%, the gel fraction of about 2%
was obtained, and since the DCP content is increased to 1%, the gel fraction is about
55%. However, additional increases in the DCP content did not result in a signifi-
cant increase in the gel fraction. Fei et al. (2004) also compared the gel fraction
analysis between PHBV with LDPE, where the crosslinking efficiency of PHBV
was much lower than that of LDPE when the peroxide concentration used reached
between 3 and 5%. While at the lower peroxide concentration (1% of DCP), the
crosslinking efficiency in PHBV is comparable to that in LDPE, thus suggesting
that the ideal DCP content should be in a range between 0.5 and 1% in order to
obtain an optimal degree of crosslinking of the PHBV. On the contrary, the gel
swelling ratio decreased as the content of DCP increased, which explains why the
crosslink density of the copolymer increased as the content of DCP increased
(Fig. 3.18).

Peroxide radical crosslinking has also been used to improve the compatibility of
biodegradable polymer blends via partial crosslinking of the components of the blend.
Previous studies have reported the positive impact of partial crosslinking on the
improvement of o, €, and T of the blends (Dong et al. 2013; Ji et al. 2014; Ma et al.
2014a; Signori et al. 2015). In line with this, the incorporation of peroxides tends to
promote the formation of chain branching, as well as crosslinking, thus increasing the
degree of crystallinity, T and thermal behavior of the polymer blends. Indeed, the
crosslinking reaction is also an effective approach to improve interfacial adhesion of
the immiscible polymer blends by initiating the emerging of mixed chains (copoly-
mers), which act as compatibilizers at the interphases (Signori et al. 2015).
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Fig. 3.18 Effect of DCP content on the swelling ratio of crosslinked PHBV obtained via chloro-
form extraction. Reproduced with permission from Fei et al. (2004)
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Fig. 3.19 Gel fraction of the crosslinked PHB/PDLLA (70/30) blends as a function of DCP con-
tent. Reproduced with permission from Dong et al. (2013)

The formation of branching or crosslinking of the polymer chains by heterogeneous
and/or homogeneous radical coupling reactions are controlled by the concentration of
peroxides used in the blending system.
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Dong et al. (2013) reported the effect of peroxide (i.e. DCP concentration on the
properties of PHB/poly(D,L-lactic acid) (PDLLA) blends). It can be seen from the
result of the gel fraction (Fig. 3.19) that the gel fraction of the PHB/PDLLA (70/30)
blends increased up to 2 wt.% before being leveled with an additional increase in
DCP concentration. A similar observation was also reported by Signori et al. (2015)
for PLA/PBAT/DCP crosslinked blends where the gel fraction of the blends
increased with the peroxide content from 0 to 0.2 wt.%. Ji et al. (2014) also observed
similar trends in which the gel fraction of partial crosslinked PLA/PBS blends
increased when the DCP peroxide concentration increased from 0.1 to 0.5 phr. In
addition, Dong et al. (2013) reported, at a low concentration of DCP (1%) the gel
fraction obtained was considerably low, while with a 2% DCP content, the gel frac-
tion was almost doubled. However, a slight drop in the gel fraction was observed at
the high DCP concentration (4%). This was related to the domination of the chain
scission reaction of the components of the blend’s main chains instead of crosslink/
branching reactions.

According to Dong et al. (2013), PHB/PDLLA blends with a DCP concentration
greater than 1% were relatively more difficult to be processed due to the presence of
a highly density portion from crosslinking which tended to increase the melt viscos-
ity of the blends. Dong et al. (2013) reported that the incorporation of DCP into
PHB/PDLLA (70/30) blends resulted in a large increase in the mixing torque: the
higher the DCP content, the higher the mixing torque. This phenomenon was due to
the formation of the crosslinking/branching structure by carbon-carbon crosslinks
as a result of the recombination of polymer radicals (Takamura et al. 2008).

Regarding the rheology point of view, Dong et al. (2013) reported the effect of
the DCP addition on the storage module (G’) and the complex viscosity (n*) of the
PHB/PDLLA (70/30) blends (Figs. 3.20 and 3.21). The G’ of the blends increased
significantly after adding DCP, while the plots of G’ vs frequency show a flatter
curve in the low-frequency zone. The trends denote the presence of branched
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structures and/or partial crosslinks in the blends. It can be seen from the n* result
that the partial crosslinking improved the melt strength of the blends. However, the
n* for the partially crosslinked PHB/PDLLA blends at the high frequency zone was
not so high, thus indicating that the blends maintain good melt processability even
after partial crosslinking. Signori et al. (2015) also found good processability for
partial crosslinked PLA/PBAT blends up to the peroxide content of 0.2 wt.%.

3.4 Compatibilization of Blends

The polymer blend is a relatively easy and cost-effective approach to produce poly-
mer products with beneficial combinations of valuable properties with respect to the
single polymer properties (Rapthel et al. 2018). Many of the polymer blends are
immiscible and incompatible, and therefore, a compatibilization process either non-
reactive or reactive is essential to ensure that the properties of desired blends can be
achieved (Muthuraj 2015). Non-reactive compatibilization usually involves a pro-
cess in which a prefabricated graft or block copolymers are used. On the other hand,
reactive compatibilization is carried out via melt blending with the presence of com-
patibilizer can effectively form chemical interactions at the interfacial region of the
components of the blend (Muthuraj 2015). This procedure is conducted by the addi-
tion of pre-produced polymers (block copolymer, graft copolymer, homopolymer,
etc.) or by forming reactive compatibilizers in-situ to improve the interfacial adhe-
sion, decrease the interfacial tension and the dispersed phase size and suppress the
coalescence of the dispersed phase (Rapthel et al. 2018).
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3.4.1 Reactive Compatibilization of Biodegradable Blends

Reactive compatibilization is also known as REXx if it is conducted in a continuous
mixing system and reactive melt blending if it is conducted in a batch mixing sys-
tem. Although REx has been well known for conventional polymer processing in
the last decade, its application for processing of biodegradable polymer blends is a
somewhat a new direction of scientific research. The reactive compatibilization of
polymer blends can be produced via one step (in-situ) or two-step REx. In one-step
REx, all components are introduced simultaneously during blending. Both the func-
tionalization and reactive blending steps are carried out in the same extrusion pro-
cess (Sun et al. 1996). The functionalization can be conducted in the first section of
the extruder, followed by interfacial reaction compatibilizer and polymer blends.
The process is also known as in-situ compatibilization. While in the multi-steps,
usually two-step REX, it includes functionalization of the polymer with reactive
agents normally with the presence of the free radical initiator in the first step and
blend of functionalized polymers with other components through an extrusion pro-
cess in the second step (Gutiérrez et al. 2017).

3.4.1.1 Single Step or in-situ Reactive Compatibilization

Finding the components of polymer blends that are thermodynamically correct with
good miscibility is realistically challenging, since the incompatibility between the
components tends to occur. The improvement of compatibility and adhesion
between phases can be carried out by incorporating suitable interfacial agents,
either block or graft copolymers, which is a relatively complicated and less eco-
nomical process. Alternatively, these copolymers can be produced in-situ by a
blending process through polymer-polymer graft reactions using functionalized
polymers (Rzayev 2011). The incorporation of block copolymers or functionalized
homopolymers, which can react to form copolymers in-sifu, is an effective method
for compatibilizing immiscible polymer blends and preventing coalescence
(Fink 2013).

Sun et al. (1996) reported in-situ compatibilization based on the REx technologi-
cal point of view, where the compatibilization and reactive melt blending are carried
out in the same barrel. The authors also suggested two types of extruder and screw
configuration, specifically for in-situ reactive compatibilization purposes, as shown
in Fig. 3.22. For an extruder with type (a) screw configuration, e.g. the PP pellets,
the monomers (GMA and St) and the peroxide are fed by the first hopper, while the
poly(p-phenylene-2, 6-benzobisthiazolediyl) (PBT) pellets are fed by the second
hopper. In this configuration, the functionalization of the PP is produced almost
completely in the first zone between the first and second hoppers, after which (in the
second zone, from the second hopper to the matrix) the interfacial reaction between
the functionalized PP and the PBT occurs. While in type (b) screw configuration,
the devolatilization zone can be moved to the end of the first zone before the second
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Fig. 3.22 The two screw configurations used for the in situ compatibilization of PP/PBT blends
by one-step REx. Reproduced with permission from Sun et al. (1996)
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hopper. In addition, the devolatilization zone in the screw configuration (b) can also
be extended more than in the configuration (a) in order to efficiently remove unre-
acted monomers and avoid any unwanted reaction between the unreacted monomer
and the PBT.

Ma et al. (2014c) reported the preparation of PHB/EVA/starch ternary blends via
in-situ grafting between EVA-g-starch and PHB. The EVA-g-starch was prepared
separately in a twin-screw extruder at 135 °C and with a rotor speed of 100 rpm. The
reactive compatibilization was conducted with the presence of MA, using BPO and
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glycerol as a radical initiator and plasticizer, respectively. The possible MA-induced
chemical interaction in the EVA-g-starch copolymer is shown in Fig. 3.23. The
extruded PHB/EVA/starch blends were pelletized and compression-molded at
180 °C into the test specimens. In the grafting process between EVA and starch, the
starch gelatinization occurs due to a combination of plasticizer elements, heat and
shear during mixing, which resulted in the elimination of crystalline structure of
starch (Ma et al. 2014c). However, the phase morphology of starch is usually thick
due to its high Mw, hydrophilic nature and strong hydrogen bonds. In this grafting
process, MA was introduced to alter the blends in a fine morphology, in order to
produce better mechanical properties. The EVA-g-starch copolymers were gener-
ated in-situ at the interfaces to prevent the agglomeration of fine starch particles. As
a result, a reduction in starch particle size in the blends by a factor of about 100
times was achieved. In addition, the PHB/EVA/starch ternary blends had a better
affinity between starch and PHB due to the use of MA, thus reducing their parti-
cle size.

3.4.1.2 Two Steps or more Reactive Compatibilization

For example, Thirmizir et al. (2017) reported the use of maleated PHB-co-HHx
(PHB-co-HHx-g-MA) as a compatibilizer for the PBS/PHB-co-HHx blend sys-
tems. The process was conducted via two steps REx. In the first step, the compati-
bilizer was produced by reactive melt grafting of MA onto PHB-co-HHx at 160 °C,
using DCP as an initiator in a double-wing co-rotating internal mixer at 50 rpm
rotor speed. The compatibilizer was also purified before use. For manufacturing
blends, the 5 wt.% of PHB-co-HHx-g-MA was added to the PBS/PHB-co-HHx
blends, and the reactive melt blending was conducted at 160 °C for 5 min. The
blends were then compression molded at the same temperature and assessed using
tensile and morphological analysis. The compatibilized blends had higher ¢ values
in all the blend ratios compared to the uncompatibilized blends. The tensile modu-
lus of the compatibilized blends was also higher than uncompatibilized blends.
However, the €, values of the blends only experienced a significant increase effect
at 20/80, 30/70 and 40/60 ratio from blends before remaining unchanged at 50/50
blend ratio. It is known that the incorporation of the PHB-co-HHx-g-MA compati-
bilizer helps promote a good interfacial interaction between both phases. As
expected, the compatibilization between brittle and ductile polymers increased the
g, values due to the improved stress transfer from the brittle phase to the ductile
phase. The increase in the ¢ and T values denotes the improved mechanical proper-
ties. Therefore, these findings demonstrate that the addition of PHB-co-HHx-g-MA
had a synergistic effect in improving the properties and morphologies of the blends
towards a more cohesive and continuous structure (Thirmizir et al. 2017).
Persenaire et al. (2014) also investigated the reactive compatibilization of PLLA/
PBS blends with the addition of maleated PBS and PLLA. These authors used reac-
tive compatibilization of 2 steps, where the grafting process of the compatibilizers
was prepared by REx using a twin-screw extruder at 120 °C and a low screw speed
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of 30 rpm for developing PLLA-g-MA and PBS-g-MA. The compatibility of the
blends was carried out separately in a batch mixer bench scale kneader at 190 °C
with a reaction time sequence of 3 min at 30 rpm and 6 min at 60 rpm. The MA and
the radical initiator Luperox® 101 concentrations were fixed at 3 wt.% and 0.5 wt. %,
respectively, for both compatibilizers. The maleated compatibilizer was further
purified to remove un-grafted MA and initiator. The grafted MA content was
approximated to be 0.65 wt.% for PLLA-g-MA and 0.55 wt.% for PBS-g-MA. In
addition, Persenaire et al. (2014) observed that the incorporation of 4 wt.% of
PLLA-g-MA into PLLA/PBS blends 80/20 (w/w) exhibited the improvement of ¢
and g, values by 18% and 61%, respectively. With respect to the morphology of the
blends, PLLA/PBS blends 80/20 (w/w) showed a dispersed phase morphology
where the PBS drops were dispersed into the PLLA matrix, as shown in Fig. 3.24a.
In contrast, the addition of PLLA-g-MA (4 wt.%) resulted in a drastic reduction in
the size of the PBS drops, thus indicating a better dispersion of guest polymer. In
fact, most of the drops were less than 1 pm in diameter, as shown in Fig. 3.24b.
Furthermore, the polymer interface was improved as a result of the chemical inter-
action between both blend components.

Gardella et al. (2014) investigated the potential of PLA-g-MA as a compatibil-
izing agent for PLA/PCL blends. In this study, the maleated compatibilizer was
prepared to be used in 2-step reactive compatibilization. The first step involved free
radical grafting of MA onto PLA chains in the presence of 2,5-dimethyl-2,5-di-(#-
butylperoxy)hexane peroxide initiator. The second step involved the compatibiliza-
tion of the PLA/PCL blends with maleated PLA. As expected, the mechanical
properties of the uncompatibilized blends were an average between the two poly-
mers, depending on the ratio of the two components of blends. The module of the
PLA/PCL blends was intermediate between those of PLA and PCL, while the g, did
not significantly improve compared to that of pure PLA, indicating that there is no
toughening effect of PCL. However, by incorporating maleated PLA, a direct rela-
tionship between the concentration of maleated PLA and the tensile modulus was

Fig. 3.24 SEM microphotographs of cryo-fractured surfaces of 80/20 (wt/wt) PLLA/PBS blends:
(a) uncompatibilized and (b) PLLA-g-MA compatibilized. Reproduced with permission from
Persenaire et al. (2014)
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observed. In addition, g, values were significantly increased (650%) with the use of
maleated PLA up to 7 wt.%, since at higher maleated PLA concentrations, €, values
declined. According to Gardella et al. (2014) the increase in the tensile modulus and
&y, values of the PLA/PCL blends was related to the improved compatibility between
the two phases. Nonetheless, at the high PLA-g-MA content, the loss of ductility
obtained was observed.

3.4.2 Non-reactive Compatibilization of Biodegradable Blends

The method to improve the properties of the polymer with blending with other poly-
mers has been well established in conventional polymers such as acrylonitrile buta-
diene styrene (ABS), poly(carbonate) (PC), polyolefins, etc. With respect to
biodegradable polymers, modification as the toughening approach by adding elasto-
meric biodegradable polymer such as PCL has been reported in previous studies
(Kalambur and Rizvi 2006; Barghini et al. 2010; Gardella et al. 2014). This type of
non-reactive compatibilization is also effective for improving the T values by reduc-
ing the stiff characteristic of blends. However, it is generally unable to compensate
for the reduction in strength of the blends due to two main factors, namely: (1) poor
interfacial adhesion and (2) immiscibility between the components of the blend. To
overcome these drawbacks and achieve more valuable properties, several methods
have been introduced, e.g. the addition of block copolymers such as PCL-
poly(ethylene glycol) (PEG) copolymer, PCL-PLA diblock, triblock and random
copolymers and poly(ethylene oxide) (PEO)-poly(phenylene oxide) (PPO)-PEO
triblock copolymer (Imre and Pukdnszky 2013). In the immiscible blends, block-
copolymer plays a role as a compatibilizer between the components of the blend,
which reduces the interfacial tension between them (Muthuraj 2015). While, the
incorporation of diblock-copolymer can improve the stability of the blend as it tends
to segregate at the interface between the two components. In addition, the graft or
block copolymer is designed to reduce the interfacial tension and create strong
interfacial adhesion, which leads to reduced particle size of the dispersed phase and
makes it more stable against coalescence during the melt processing (Karami
et al. 2019).

According to Kim and Park (1999), a random or block copolymer of two or more
biodegradable polymers can be produced by transesterification reaction using an
appropriate catalyst (di-n-butyltin-dilaurate at 0.5 wt.%) at high temperature to
accelerate the reaction. These authors demonstrated that the degree of transesterifi-
cation between PBS and PTB increased linearly with increasing reaction time and
the use of catalyst. The possible copolymer structure derived from the transesterifi-
cation reaction between PBS and PBT is listed in Fig. 3.25. Kim and Park (1999)
observed from the DSC and the dynamic mechanical thermal analysis (DMTA) that
although the PBS/PBT blends were immiscible, with the introduction of the PBS-
PBT copolyester, the degree of miscibility between both components was improved.
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copolymer structures of the transesterification reaction between PBS and PBT. Reproduced with
permission from Kim and Park (1999)

3.5 Crosslinking of Biodegradable Polymer Blends

Polymer blends are materials commonly used in the plastics industry for various
applications, such as adhesives, coatings, composites, foams, molded products and
many more. Many techniques can improve the blend properties. One of the simplest
techniques is the introduction of organic peroxide crosslinking between blend com-
ponents. The crosslinked blends are more compatible blends compared to simple
blends due to improved interfacial adhesion between the components of the blend
which can improve the mechanical properties of the blends as a whole (Mishra and
Wonho 2011).

Keeping this in view, Mishra et al. (2007) reported on the development of PCL/
ENR blends crosslinked with DCP as the peroxide crosslinking agent produced by
the melt blending technique in an internal mixer at 160 °C for 8 min. The
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crosslinking effect was improved the ¢ and g, values from the PCL/ENR (50/50)
blends. It was believed that peroxide (DCP) introduced inter-chain crosslinking
between PCL and ENR as presented in Fig. 3.15. Mishra et al. (2007) suggested that
the compatibility of the interchain reaction via crosslinking of peroxide radical is
similar to that of blends with the addition of block copolymers, which leads to an
increased ¢ and g, values. While in a homopolymer system, the introduction of
crosslinking normally increases the stiffness and causes a decrease in the €, values
(Fei et al. 2004). Mishra et al. (2007) also reported that the crosslinked blends have
a slightly lower modulus compared to uncrosslinked blends, possibly due to the
alteration of at least one or more of the following factors: degree of crosslinking,
entanglement network, number of binding molecules and crystallinity (Mishra
et al. 2007).

Aside from that, many other studies have reported the use of peroxides as a
crosslinking agent in the blend systems such as BPO (Hu et al. 2018) and DCP (Fei
et al. 2004; Semba et al. 2006; Mishra et al. 2007; Dong et al. 2013; Ji et al. 2014).
Dong et al. (2013) reported the introduction of partial crosslinking in PHB/PDLLA
blends by using DCP as a free radical initiator via melt blending at 170 °C and a
rotation speed of 40 rpm. The DCP was added after 4 min. of mixing, and the blends
were processed for another 2 min. The formation of free radicals in the PHB and
PDLLA chains was initiated by peroxide via a hydrogen absorption mechanism.
The grafting of PHB/PDLLA blends was produced at the interface through a com-
bination of free radicals on both components and also occurred in the PHB and
PDLLA rich phases, separately (Dong et al. 2013). As a result, complex products
such as branched/crosslinked PHB branched/crosslinked PDLLA, PHB-crosslinked-
PDLLA network and PHB-g-PDLLA copolymers could be produced.

Following Dong et al. (2013) the melt blending technique also caused chain scis-
sions due to the low thermal stability of the free radicals and PHB polymer. The
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Fig. 3.26 Effect of DCP on the torque vs processing time during blending. Reproduced with per-
mission from Dong et al. (2013)
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crosslinking and chain scissions occurred through a six-member ring transition,
which is difficult to avoid. The crosslinking and chain scission are two competitive
reactions. These phenomena could be seen during the mixing process, where the
torque value increases when the DCP is introduced until it reaches a maximum
value and then dropping with a prolonged mixing time. This observation was also
recorded by Dong et al. (2013) as indicated by the curves in the crosslinking zone
(Fig. 3.26). Since the peroxide crosslinking only occurred somewhere of the blends.
This is known as partial crosslinking systems.

Table 3.7 summarizes the properties of biodegradable blends crosslinked by per-
oxides that have been studied by previous researchers.

Table 3.7 Comparison of properties of biodegradable blends crosslinked by peroxides

Mechanical
Polymer Matrix | Peroxides properties
Content
Blends | Ratio | Type | (wt. %) Preparation methods o (MPa) | ¢, (%) |References
PLA/ 80/20 | DCP | 0.05 Internal mixed at 170 °C | 42.1 213 Semba
PBAT 0.1 and 50 rpm. 435 309 et al.
0.2 Compression molding at | 44 ¢ 277 (2006)
05 170 °C and 10 MPa. 45.9 244
1.0 46.0 29
PHBV/ |80/20 | DCP | 0.2 Internal mixed at 170 °C | 29.0 200 Ma et al.
PBS 0.5 and 40 rpm. 28.0 400 (2012)
1.0 Compression molding at |57 350
170 °C and 10 MPa.
PHB/ 80/20 | DCP | 0.5 Internal mixed at 170 °C | 40.0 4 Ma et al.
PBS 70/30 and 40 rpm. 38.0 11 (2012)
50/50 Compression molding at |37 15
170 °C and 10 MPa.
PLA/ 80/20  DCP | 0.1 Internal mixed at 180 °C | 68.0 134 Jietal
PBS 0.2 and 50 rpm. 73.0 195 (2014)
03 Compression molding at g 205
04 180 °C and 10 MPa. 770 151
0.5 72.0 92
PLA/ 70/30 | DCP | 0.1 Internal mixed at 180 °C | 52.0 40 Semba
PCL 0.2 and 60 rpm. 49.0 160 etal.
03 Compression molding at |4¢ 140 (2006)
180 °C.
PBS/ 20/80 | BPO | 0.1 Solution blending in 16.0 76.0 | Huetal.
PLA 0.3 chloroform at 65 °C. 16.3 973 | (2018)
05 Compression molding at || ¢ 1573
0.7 160°C. 17.8 247.9
1.0 16.8 399.9
1.5 153 2239
2.0 154 159.9
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3.6 Crosslinked-Compatibilized of Biodegradable Blends

Compatibilization is a chemical process that was introduced to improve the adhe-
sion between the phases of the blends, facilitate chain dispersion, reduce interfacial
tension and stabilize the morphology of the blends (James et al. 2009). On the other
hands, crosslinking in the context of polymer blends refers to in-situ free radical
crosslinking which introduces partial crosslinking inter- and intra-components from
blends. Crosslinking leads to a more cohesive interfacial interaction and phase dis-
tribution. In this chapter, the effect of phase compatibilization-crosslinking syner-
gism is further discussed. Many studies on compatibilization of polymer blends via
crosslinking have been focused on non-biodegradable polymers, as will be cited in
the literatures below. In this section, we will demonstrate that such a technique can
also be used to improve the properties of biodegradable blends.

In a review made by Koning et al. (1998) revealed the compatibilization reaction
of polymer blends through a combination of peroxides and multifunctional chemi-
cals. The peroxide is used to activate the reaction between a polymer and the func-
tional groups of the chemical. The multifunctional chemical then bound to the
polymer chains in graft or branch copolymers, which is the real compatibilizer. The
combination of a peroxide and unsaturated monomers such as hydroxypropylmeth-
acrylate, low Mw unsaturated rubber, MA, St, triallyl isocyanurate, and undefined
silane is actually similar to the peroxide/co-agent systems that are commonly used
for crosslinking of conventional polymers (e.g. EPDM, PE and PP). The main
advantage of the crosslinked-compatibilized reaction is to increase the efficiency of
the peroxide and the reaction rate. While for a single compatibilization reaction
system, the crosslinking or compatibilization will experience a lack of chemical
selectivity and the improvement of properties will not be pronounced.

Xu et al. (1993), reported on the synergistic effect of crosslinking-
compatibilization in poly(vinyl chloride) (PVC)/LDPE blends in the presence of
butadiene-acrylonitrile rubber (NBR) unsaturated monomer as a compatibilizing
agent and DCP organic peroxides as a crosslinking agent. A two-roll mixer pro-
duced the blends at 155 °C. In compatible PVC/LDPE blends, the NBR was added
to shear forces during blending by increasing the melt viscosity of the LDPE and
reducing the lubrication effect on PVC phase. As a result, the dispersion of the
blends was improved as indicated by the reduction domain size of the dispersed
phase. On the other hand, in the DCP-crosslinked PVC/LDPE blends, an increase in
mechanical properties was recorded due to the formation of the co-crosslinked
product. Without the NBR compatibilizer, the interphase area between two compo-
nents was quite small, which made the co-crosslinking reaction at the interface
region difficult, thus resulting in minimal improvements in the mechanical proper-
ties. In PVC/LDPE blends, crosslinked-compatibilized with DCP and NBR, pro-
vided a significant improvement in the ¢ and g, values. In this system, the possibility
of a crosslinking agent residing in the interfacial area is greater due to the better
phase dispersion which is promoted by the NBR compatibilizer. In addition, with
the presence of DCP, a greater number of co-crosslinked products could be formed
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to promote a more cohesive interfacial interaction. The phase morphology of the
crosslinked-compatibilized blends shows an unclear interface and smaller domains,
which indicates the successful synergism of crosslinked-compatibilized reaction
between the blending system.

James et al. (2009) reported the crosslinked-compatibilized reaction between
ultra-high Mw polyethylene (UHMEPE) and natural hyaluronan (HA) polysaccha-
ride for biomaterial applications. These authors used MA-grafted high-density
polyethylene (HDPE-g-MA) as a compatibilizer and DCP organic peroxide as a
crosslinking agent. In this case, the anhydride group of MA reacted with the
hydroxyl groups onto the HA to form ester bonds, while the hydrophobic chain por-
tion of the compatibilizer diffused and entangles with the UHMWPE chains. Aside
from that, HDPE-g-MA also helps improve the processability since the HDPE por-
tion of the compatibilizer has a lower T,, compared to pure UHMWPE, which
makes the molding process easier and spends less thermal energy compared to the
molding of pure blends. To crosslink the compatibilized UHMWPE/HA, DCP was
introduced as a crosslinking agent via dipping the compatibilized UHMWPE/HA
preform in a DCP/antioxidant solution. This novel crosslinked-compatibilized pro-
cess is simplified in Fig. 3.27.

James et al. (2009) also subjected the blends to a wear resistance test conducted
in 90% bovine calf serum at 37 + 1 °C, applying a load cycle with a maximum force
of 330 N at a frequency of 1.6 Hz. The duration of the test was almost two million
cycles. The authors found that the wear rates of crosslinked and crosslinked com-
patibilized UHMWPE/HA were non-significant compared to the control (50 kGy

Fig. 3.27 Crosslinked
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HA process. Reproduced
with permission from
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irradiated and stabilized PE GUR 1050) at 1.98 million cycles. Within the same
cycles, the total wear of crosslinked compatibilized UHMWPE/HA was 5.54 mg,
while the total wear of the control sample was 3.56 mg. The lower wear (mg) and
wear rates (mg/million cycles) of crosslinked and crosslinked compatibilized
blends, compared to pure blends, demonstrated the effectiveness of crosslinking-
compatibilization reaction on the wear resistance properties of UHMWPE/
HA blends.

3.7 Performance Evaluation

In this section, the evaluation of the performance of biodegradable polymer blends
will be further discussed in terms of water performance or exposed to moisture,
natural weathering, and biodegradation in the natural environment. The discussion
will also cover the effect of the type of polymer, the blending system and type of
additives used to alter or improve the properties of the blends.

3.7.1 Water Absorption

Some applications of biodegradable polymers involve a greater understanding of
the durability and the possibility of the macroscopic properties. Functional groups,
such as carboxylic acid, hydroxyl and lactide, as well as other hydrophilic mole-
cules, can increase the level of moisture, which leads to higher degradation rates.
Water absorption causes a severe alteration of the properties of biodegradable poly-
mer blends, including chemical and physical modifications such as hydrolysis,
interface debonding and plasticization (Hiljanen-Vainio et al. 1996).

In addition, water absorption is highly dependent on the morphology of polymer
blends (Choi et al. 2002). In this case, the morphology cannot only affect water
absorption based on crystallinity but also via the existence of microvoids or porosity
(Drumright et al. 2000). The degree of crystallinity plays an important role in deter-
mining barrier properties, as well as the water absorption of the polymers. Berthé
etal. (2010) revealed that crystallinity seemed to be the most influential factor rather
than Mw to determine the water absorption properties of two different PLLA resins.
These authors also found that PLLA resin with greater crystallinity induced less
water absorption. According to Berthé et al. (2010), high crystallinity possibly
reduced the mobility of the chain that could hinder the water diffusion into the poly-
mer. Zhang et al. (1995) also investigated water absorption and hydrolytic degrada-
tion of PCL, PLA and PLA/PCL blends, and reported that highly crystalline PCL
was more hydrophobic compared to amorphous PLA, which could explain the
greater water absorption of PLA compared to PCL. Meanwhile, the water absorp-
tion of PLA/PCL (25/75 and 50/50) blends was between that of simple PCL and
PLA. Interestingly, it was found that the PLA/PCL (75/25) blend exhibited greater
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water absorption compared to the PLA component. Zhang et al. (1995) also stated
that this was contributed by a higher content of the amorphous region and its two-
phase nature of the blends. Realizing the importance of having a crystalline phase,
some studies have focused on increasing the crystallinity of biodegradable blends
(Bucci et al. 2007; Zhang and Thomas 2011). The incorporation of PHB, a highly
crystalline biopolymer into the PLA matrix by melt blending, is a relatively easy
approach to increase crystallinity and control the properties of the blends. Similar
T,, values also allowed both polymers to be blended in the melt state. In the previous
work of Arrieta et al. (2014), the PLA was melt blended with 25 w.% of PHB and
showed an improved water resistance, the oxygen barrier and the reduction of the
high transparency typical of PLA.

The presence of microvoids has also allowed water molecules to migrate into the
blends and increase the rate of hydrolysis. Therefore, in some case, water absorp-
tion from biodegradable polymer blends is followed by hydrolysis that can also
affect the absorption rate. Pitt et al. (1992) reported that the water absorption of the
blends from poly(glycolic acid-co-lactic acid) (PGLA) and poly(vinyl alcohol)
(PVA) increased rapidly at an early stage and then gradually decreased due to
hydrolysis of PGLA in the blends. In contrast, Tsuji and Muramatsu (2001) not
observed this behavior for PLLA/PVA blends. Rather, the water adsorption increased
with immersion time and then reached saturation in 10 h, regardless of the blend
ratio. This was due to the low hydrolysis rate of PLLA compared to that of PGLA.

It has also been reported that the hydrolysis rate constant (k) for PLLA and
PGLA is 2.59 x 107 day"' (Tsuji et al. 2000) and 7.44 x 1072 (Cha and Pitt 1990),
respectively. Hydrolysis of polymers is influenced by chemical structure (crosslink-
ing, co-monomers) (Li and McCarthy 1999), crystallinity (Li and McCarthy
1999), Mw (Bastioli 2005), pH (Bastioli 2005), polydispersity (Lépine and Gilbert
2002), shape of the sample (Grizzi et al. 1995), temperature (Dell’Erba et al. 2001)
and traces of catalysts (Sodergard and Stolt 2002).

On the other hand, blending biodegradable polymer with starch is a good way to
balance cost-effective problems and obtain new material that has outstanding
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properties (Ren et al. 2009). However, the starch is hydrophilic in nature due to the
hydroxyl groups present in its structure. Tianyi and Xiuzhi (2000) studied the
effects of the blend ratio of starch and PLA on the physical properties of the blends,
including water absorption. Figure 3.28 shows the water absorption as a function of
soaking time of PLA/starch blends at different ratios. Water absorption was
increased sharply on day 1 and then stabilized on day 3 regardless of the blend ratio.
According to Tianyi and Xiuzhi (2000), starch was mainly responsible for the water
absorption of the blends. Tianyi and Xiuzhi (2000) also reported that the PLA
formed a good continuous phase that covers the starch component at a lower starch
content (< 60%), resulting in less water absorption (Fig. 3.29). As the starch content
increased to >60%, the degree of the discontinuous phase of PLA increased consid-
erably (Fig. 3.29). The water penetration into the blends could occur via voids and
be absorbed by starch, resulting in greater water absorption values. A similar obser-
vation was reported in several studies of various biodegradable aliphatic polyester/
starch blends (Lai et al. 2006; Yu et al. 2006; Liao and Wu 2009).

In the literature, a great effort has been made to modify the properties of starch-
based blends in order to obtain blends with better dispersion, miscibility and mor-
phology, as well as less water absorption. The increase in water resistivity is
important because starch disintegrates in water and loses its properties when
exposed to environmental humidity, since both amylose and amylopectin are swol-
len in the presence of water (Liao and Wu 2009). Zeng et al. (2011) also found that
the incorporation of hydrophobic PBS significantly reduces the water sensitivity in
TPS/PBS blends compared to TPS alone. This is understandable, since PBS is
hydrophobic. Interestingly, Yin et al. (2015) obtained a further improvement in
water resistance in maleated PBS-containing blends due to good dispersion, homo-
geneous microstructure of starch and well dispersion of starch particles hindering
the diffusion of water molecules into TPS/PBS blends. Similarly, Wu (2003) found
that at the same starch content, maleated PCL (PCL-g-MA/starch) blends showed

Fig. 3.29 Scanning electron microscopy of corn starch/PLA blends: (a) 20:80 and (b) 80:20.
Reproduced with permission from Tianyi and Xiuzhi (2000)



3 Compatibilization and Crosslinking in Biodegradable Thermoplastic Polyester Blends 71

moderately good water resistance compared to PCL/starch blends. The author
deduced that this was due to a good miscibility between the components of the
blend because of the presence of the carbonyl ester group in the blends.

3.7.2  Weathering

The weathering test is conducted within a specific time to measure the durability of
the material towards the elements of environmental exposure. These elements are
relative humidity/water, solar radiation, temperature and/or other environmental
variables such as pollutants (dirt, dust, nitrogen oxides, sand and sulphur oxides)
that can deteriorate the properties of the polymer, and polymer blends and compos-
ites (Li 2000; Falk et al. 2001; Matuana et al. 2002; Ariawan et al. 2017). Several
studies have also reported that color fading, loss of mechanical properties, surface
erosion and weight loss are the most common harmful effects on the polymeric
materials that have been exposed to the weathering test (Lopez et al. 2006). Among
all the weathering elements, it is important to analyze the solar radiation that induces
photo-degradation of polymers, since it greatly influences the properties of poly-
mers during their in-life service, especially in outdoor applications.

Solar radiation induces photo-degradation due to the absorption of UV radiation,
which promotes chemical and physical alterations. The complex process of photo-
degradation involves a sequence of reactions which produce radicals that progress
as a sequence of chain mechanisms where peroxides are the oxidation initiators.
The presence of a stabilizer and the material structure influences the properties of
the final and stable end products. Fully formed products appear as an oxygen-
containing structure caused by the collateral reactions (chain branching) or by the
self-decaying of peroxyl radicals (chain termination) as shown in Fig. 3.30.

On the other hand, few studies have reported on the degradation mechanism of
biodegradable polymer blends. In most studies, comparisons between the blends
and the original homopolymers in terms of stability have been made (Kaczmarek
and Podgoorski 2004; Therias et al. 2010). In some cases, polymer blends with two
or more components have less stable combinations (Waldman and De Paoli, 2008).

Chain initiation Chain termination Chain branching
hv C PP POOH  — PO + OH
PH— (PH)* — P+ g P+ P —> P—P
PO, + P —3= POOP OH + PH —H,0 + P’
Chain propagation . . S Lop .
propa PO; + PO; —= Inactive products + O, k0 . = POH + P
P+ 0y — P+ PO, PO’ —» p—0+ R
PO; + PH — POOH + P’

Fig. 3.30 Photodegradation of most polymers by exposure to UV rays. Reproduced with permis-
sion from Rosu and Visakh (2016)
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The formation of free radicals in the less stable polymer degrades the more stable
polymer. In most blends, the degradation rate of the blends was among that of the
components of the blend. However, such a relationship is not obvious or direct due
to several factors involved, and the mechanism of radical transport from one poly-
mer to another is not simple. In addition, the photodegradation behavior of polymer
blends is greatly influenced by the components of the blend which may deviate from
the single polymer system due to chemical interactions between the different spe-
cies in the blends during degradation and interactions between the degradation
products. These chemical reactions can lead to an acceleration of the degradation
rate (Kowalonek 2016) or a stabilizing effect (Botta et al. 2009; Fernandes et al.
2010). For example, Rivaton et al. (1998) studied the photolysis rate on PP/PBT
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blends, and found that photo yellowing was more prevalent for the PP/PBT blend
than PBT alone. These authors clarified that the appearance of a more extensive yel-
lowing was due to the macroradicals formed by the photochemical hemolysis of the
ester bonds in PBT that cannot extract hydrogen atoms from the PP chains.
Figure 3.31 illustrates the mechanism of photolysis, as suggested by the authors.
The mechanism includes cross-degradation of the polymer resulting in acceleration
degradation of the blends.

However, in some polymer blends a stabilizing effect could occur. For example,
Rivaton et al. (1998) studied polymer blends made from PP containing between 5
and 80% of PE exposed to UV radiation. A blend containing 5% PE endured the
maximum degradation, and the degradation became less severe as the concentration
of PE increased. This is in line with the performance of the individual polymers
where PE had a better resistance since it does not contain susceptible tertiary hydro-
gens. In this case, the properties of the blends are the sum of the properties of their
components. Meanwhile, Kaczmarek et al. (2011) suggested that the PEC/PVA
blend is an example in which the blends have superior properties than the sum of the
components. As confirmed by the authors, through spectroscopic analysis, they
stated that intermolecular interactions between PEC and PVA explained the effect
of mutual stabilization.

Among the various research works conducted on polymer blends, studies on
biodegradable polymer blends under the weathering test are limited. With this in
mind, Persenaire et al. (2014) investigated the weathering behavior of biodegrad-
able polymers in a varied blending ratio of PLLA/PBS with and without the use of
MA as a compatibilizer. These authors found that the addition of PBS to PLLA
accelerated the degradation of the blend. In addition, PBS demonstrates a higher
degradation rate than PLLA. As a consequence, its dispersion in the PLLA matrix
improved the PLLA degradability. When considering the PLLA/PBS blend at a
80/20 (w/w) composition as the optimal ratio of polymer blends, the authors
deduced that PBS tends to promote the degradation of PLLA in the presence of
compatibilizer. Meanwhile, uncompatibilized blends seem less degradable com-
pared to pure PLLA. This phenomenon was attributed to the existence of homoge-
neously dispersed carboxylic acids produced by PBS degradation, which preferred
the hydrolysis of the PLLA matrix.

It can thus be concluded that the prediction of the degradation of polymer blends
is not directly related to the behavior of the pure component. The composition of the
blend and the possible presence of a compatibilizer can strongly affect the degrada-
tion behavior of a polymer blend. The degradation means of the pure components
may differ from the blends since interactions can occur between the different com-
ponents in the blends during degradation or between the degradation products.
Therefore, the additive rule cannot be used for the degradation of polymer blends.
Apparently, the degradation rate of a polymer blend may be greater, intermediate or
lower than that of the pure components. The chemical and physical changes of
degraded blends are comparable to those that occur in the single polymer. The pos-
sible changes in carbonyl index, the hydroxyl/hydroperoxide index, the optical
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density of the material can be determined by deterioration of the mechanical proper-
ties, IR, UV-Vis, gel content and cloud point determination (Wypych 2008).

3.7.3 Biodegradability

Most conventional polymers are petroleum based, have good resistance against bio-
logical degradation (biodegradation), and therefore, exist in the environment for
many years (Muniyasamy et al. 2016). This problem has motivated researchers to
develop biobased and biodegradable polymers (Gutiérrez 2018a; Toro-Mdarquez
et al. 2018; Gutiérrez et al. 2019; Herniou--Julien et al. 2019). In addition, these
polymers have mechanical properties comparable to conventional polymers and
have been used as eco-friendly materials in various industries such as automotive,
medical, packaging, pharmaceutical and consumer products (Gutiérrez 2018b;
Gutiérrez and Alvarez 2017d). They are also widely used for single-use applications
and short-term applications, such as food packaging, trash bags, mulch films, per-
sonal products and some home care products (Muniyasamy et al. 2016; Merino
et al. 2018a, b; 2019a, b).

However, these biodegradable polymers have several drawbacks, such as poor
mechanical properties and resistance to environmental degradation, as well as low
thermal resistance. For that reason, several approaches have been imposed to mod-
ify biodegradable polymers using blending, compatibilization, crosslinking and a
combination of them to improve the chemical, thermal and physical properties.
Other than that, the lifetime of a biodegradable polymer can be tailored by incorpo-
rating additives (e.g. antioxidants, antioxidants, plasticizers and other chemicals)
(Gutiérrez 2018c, d; Gutiérrez and Alvarez 2018; Gutiérrez, Herniou-Julien
et al. 2018).

Consequently, further studies should be carried out to understand the influence of
the modification of chemical, thermal, physical and mechanical properties on the
biodegradability and degradation performance of biodegradable polymers in natural
environments. Therefore, it is necessary to carry out an exhaustive study on the
degradation and biodegradation mechanisms of these polymers to ensure their safe
use in various end-use applications. Several international norms and standards can
be adopted and used to test the biodegradability properties of biodegradable poly-
mers in a natural environment. The biodegradation rate can also be measured
through loss of mechanical properties, morphology variations and weight reduction
under different environmental conditions (Muniyasamy et al. 2016). Several stan-
dards can be also used as guidelines for biodegradation analysis, such as ASTM
D5338-15, biodegradation under composting conditions and ASTM D5988-12,
biodegradation under soil burial condition.

Biodegradation can be described as the decomposition of materials by the action
of microorganisms, which involve the recycling of carbon, the mineralization of
organic compounds and the production of biomass (Lucas et al. 2008).
Biodegradation occurs in three steps: biodeterioration, biofragmentation and
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Dead biomass

Other
organic matter

Fig. 3.32 Polymer biodegradation process. Reproduced with permission from Lucas et al. (2008)

assimilation, without neglecting the participation of abiotic factors (Fig. 3.32). The
biodegradation of polymeric materials involves several steps, so the process can be
stopped at each stage, as shown in Fig. 3.34.

According to Lucas et al. (2008), the biodegradation process involves several
stages. Starting with biodeterioration via the combined reaction of microbes, other
decomposing organisms or/and abiotic factors, biodegradable plastics become small
pieces. This is followed by depolymerization by microorganism-secreted catalytic
agents (e.g. free radicals and enzymes) that can reduce the polymer molecules into
oligomers, dimers and monomers. Certain molecules are identified by microbial cell
receptors and can across the plasmic membrane. The other molecules remain in the
extracellular environment and may be object to different changes. Next is assimila-
tion, where in the cytoplasm, the transported molecules are integrated by microbial
metabolism to produce storage vesicles, energy and new biomass. The last stage is
mineralization, where some simple and complex metabolites can be excreted and
reach the extracellular environment (e.g. aldehydes, antibiotics, organic acids, ter-
penes, etc.). Simple molecules such as CH,, CO,, H,O, N, and various salts from
intracellular metabolites are completely oxidized and released into the environment.

In addition, polymeric products exposed to outdoor conditions (i.e. aging, bury-
ing and weathering) may experience abiotic degradation that will deteriorate the
chemical, light, mechanical and thermal properties of polymers.
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Keeping this in view, Muniyasamy et al. (2016) reported the biodegradation of
PHBYV, PLA and PLA/PHBYV blends under composting and soil burial conditions
according to ASTM D5338-15 and ASTM D5988-12, respectively. The degree of
biodegradation was calculated as a percentage of the overall theoretical CO,. For
biodegradation under control compositing condition, the test was conducted for
200 days. According to the results, no significant amount of CO, emission was
observed for both pure PHBV and PLA during the first 32 days of compost incuba-
tion. After the initial phase, the blends reached 70% biodegradation rate in 120 days
and a slight static phase that achieved a 92% biodegradation in 200 days. This slow
biodegradation could be due to the crystalline and brittle nature of the PLA. While
the delayed degradation of PHBV could be due to an approx. 12% valeric acid con-
tent present in the degradation of PHBV polymer.

On the other hand, Muniyasamy et al. (2016) reported that the PLA/PHBV
blends showed about 20% biodegradability in the first 32 days because the blending
process could break the crystalline structure of the PLA, as well as the surface-
enriched heterogeneous phase in one constituent. In terms of physical degradation,
all samples (PHBV, PLA and PLA/PHBYV blends) began to experience fragmenta-
tion after 32 days. The size of fragmented samples became smaller over time and
apparently could not be detected in the composting medium after 45 days, thus
indicating that the composting environment conditions were adequate for the pri-
mary degradation (i.e. fragmentation/disintegration) to occur.

Regarding biodegradation under the soil burial environment, the pure PHBV and
PLA/PHBYV blends exhibited about 30% biodegradability after 120 days while pure
PLA showed no significant biodegradability even after 200 days of exposition.
Following Muniyasamy et al. (2016) results indicated the pure PHBV and PLA/
PHBYV blends have a better degree of biodegradability under the soil burial environ-
ment compared to pure PLA. The PLA had a better biodegradation capability under
industrial composting conditions than in soil burial because the PLA requires envi-
ronment temperature in order to trigger hydrolytic degradation of its Mw before
allowing the action of microbial degradation (thermophilic bacteria and fungi).

Lucas et al. (2008) mentioned that another way in which the polymer can undergo
chemical degradation during biodegradation in the compost or in the soil environ-
ment is by hydrolysis. Polymers containing hydrolysable functional groups, such as
amide, anhydride, carbamide, ester and ether can be hydrolyzed. However, the deg-
radation reaction depends on some parameters such as pH, temperature, time and
water activity. The crystalline fraction could prevent the diffusion of oxygen and
water, thus limiting hydrolytic degradation. While amorphous domains which dis-
organize molecular regions are prone to oxidative and hydrolytic degradations.
Lucas et al. (2008) proposed the schematic reaction of the PLA hydrolysis under
acidic and alkaline condition as examples of abiotic degradation via chemical deg-
radation, as shown in Figs. 3.33 and 3.34, respectively.

These biodegradation conditions require adequate controls of moisture content,
pH and temperature, and a specific thermophilic microorganism, which is only
available in an industrial composting facility to adequately test the biodegradation
of plastic materials. In addition, the biodegradation of polymer blends depends
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largely on the ratio of the components and the type of polymer blend. For example,
Zhang and Thomas (2011) observed that the PHB/PLA blends and the components
of the blends experienced a different degradation mechanism. In this sense, the PHB
is mainly degraded by the reaction of several enzymes on the surface, while the
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degradation of the PLA begins with non-enzymatic hydrolysis, which depends
largely on the ambient temperature.

In another study by Liu et al. (2019) reported the species of soil bacteria respon-
sible for the biodegradation of PHB, PLA and their blends. In this accelerated bio-
degradation test, the soil bacteria were collected and cultured several times,
approximately three times in the generation of bacterial culture (Gen III) until a
stable bacterial community was achieved before the biodegradation test. The bacte-
ria were then inoculated into a vial filled with several nonwoven samples and grown
for 15 days on a shaker at 150 rpm at room temperature. As expected, the morpho-
logical observation revealed that the incubation of nonwoven blends for 15 days
with the soil bacterial resulted in severe degradation with different changes, such as
the presence of pores and microcracks on the nonwoven samples. In line with this,
the CO, evolved during the 15 day of incubation period also exhibited an increasing
percentage of biodegradation over time.

Liu et al. (2019) in order to identify bacterial species that may be responsible in
the biodegradation process, extracted the Gen III bacteria DNA and then subjected
to pyrosequencing analysis. From the sequencing analysis, the relative abundance
of marker gene sequences in the samples was associated with members of the gen-
era Citrobacter, Lysinibacillus (phylum Firmicutes) and Pseudomonas (phylum
Proteobacteria), which demonstrates that these newly identified bacterial species
can play an important role in the biodegradation of PHB/PLA-blended nonwovens
(Liu et al. 2019). Several species belong to the genus Citrobacter, such as C. amalo-
naticus, C. freundii and C. koseri, which have been reported to use polyhydroxyl
compounds as the sole carbon source (Liu et al. 2019).

According to Shah et al. (2008), the biodegradation rate of polymer blends is
mainly controlled by the degradation of the most susceptible biodegradation com-
ponents with respect to the type of presence of bacteria and the environmental con-
dition. Table 3.8 shows a list of microorganisms that could degrade biodegradable
polyesters.

To date, limited studies have reported on the biodegradability of biodegradable
polymer blends and the effect of the compatibilizer and crosslinking agent on the
biodegradation rate. With this in mind, a slower biodegradation for compatibilized
blends in another mixing systems (biodegradable/non-biodegradable polymer
blends) such as PC/PLA (Lee et al. 2011), PHB/PP (Sadi et al. 2013) and PBS/PP
(Bionelle/CPP) blends (Zainuddin et al. 1999) have been informed.

As reported by Zainuddin et al. (1999), the addition of Modic compatibilizer into
PBS/PP blends improved the dispersion of the dispersed phase into finer droplets,
thus allowing the microbes to attack randomly and penetrate the blends as a whole
matrix. However, the biodegradability of the compatibilized blends seems to depend
on the ratio of the blends. At the 25/75 blend ratio, the biodegradability was consid-
erably lower is due to the PBS droplets since they were protected from microbial
attacks and degradation by the surrounding PP layer as the interfacial interaction
between the components of blend. On the contrary, the degradation rates appear to
increase exponentially up to 75% PBS content due to the changes in the morphol-
ogy of the blends and the presence of higher PBS-rich area.
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Table 3.8 Different degrading microorganisms of biodegradable polyesters

Plastic Microorganism

Poly(3-hydroxybutyrate-co-3-mercaptopropaonate) Schlegelella thermodepolymerans

Poly(3-hydroxybutyrate-co-3-mercaptopropionte) Pseudomonas indica K2

P(3HB) Alcaligenes faecalis

P(3HB) Caenibacterium thermophilum
Schlegelella thermodepolymerans

P(3HB) Pseudomonas lemoignei

P(3HB) Streptomyces sp. SNG9

PHBV

Poly(hydroxybutyrate-co-3-hydroxypropionate) Ralstonia pikettii T1

Poly(hydroxybutyrate-co-3-hydroxypropionate) Acidovorax sp. TP4

P(3HB) Alcaligenes faecalis

poly(3-hydroxypropionate)
poly(4-hydroxybutyrate)

PES Comamonas acidovorans
poly(ethylene adipate) Pseudomonas stutzeri
PHBV Clostridium acetobutylicum

Clostridium acetobutylicum
Clostridium botulinum
Clostridium botulinum
PCL Clostridium acetobutylicum
Clostridium botulinum

PCL Fusarium solani

PLA Amycolatopsis sp.
Bacillus brevis
Fusarium moniliforme
Penicillium Roquefort
Rhizopus delemer

Source: Shah et al. (2008)

Hu et al. (2018) investigated the effect of BPO as a crosslinking agent on the
biodegradable properties of PBS/PLA blends. In this study, the biodegradation rate
was determined by the enzymatic degradation of proteinase K from the Tritirachium
album. The hydrophobic interaction of proteinase K is well known to be the main
cause of degradation of PLA. Aside from that, it could reside on the surface of PLA
and be able to change its conformation to create the catalytic site to hydrolyze PLA
around the enzyme molecules. Hu et al. (2018) reported that the BPO-crosslinked
PBS/PLA blends showed a better resistance to enzymatic degradation of proteinase
K than pure PLA. It is known that PBS is relatively less susceptible to degradation
of proteinase K than PLA and that the incorporation of PBS in the blends reduces
the degradation rate of the blends. In addition, the introduction of peroxide cross-
linking can change the structure of the blends and limit degradation by proteinase K
(Hu et al. 2018). Along with the degradation, the surface morphology of PBS/PLA/
BPO blends changed from the filament to the segments and finally to the particles
as structures. It can also be concluded from the work of Hu et al. (2018) that the
uncrosslinked PLA fraction was degraded first and left the crosslinked PLA/PBS
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filaments in the blends. Then, the fragments of crosslinked PLA began to degrade,
causing the filaments to change to segments and eventually to particles. The remain-
ing particles or fragments could be associated with the PBS and a portion of non-
degraded crosslinked PLA. The results obtained in this study were useful to tailor
the biodegradation characteristic of the new biodegradable polymers and can also
be used to understand the biodegradation mechanisms in new polymers or mixing
systems.

3.8 Conclusions

In recent decades, biodegradable polymers have been developed, along with many
published studies on biodegradable polymers. The research in this field is focused
on strategies to improve the mechanical, thermal and biodegradable properties of
polymers through many approaches, such as compatibilization, copolymerization,
crosslinking and addition of reinforcement or functional additives.

In terms of compatibilizer, maleated compatibilizers have been the most studied
and are well established in the polymer industry. It has also been demonstrated that
the incorporation of maleated compatibilizers improves the mechanical properties
of binary and ternary biodegradable polymer blends. The maleated compatibilizer
also reduces the interfacial energy, which results in a reduction of the size of the
dispersed phase. It is known that the presence of active chemical sites on the MA
(i.e. the double bond and the carboxylic acid group) is a powerful electron-accepting
monomer and reactive. The most extensive method to produce compatibilizer is by
the melt grafting technique, which involves the grafting of MA onto polymer in a
molten state with the presence of a free radical initiator. MA has been used success-
fully as a monomer to graft onto biodegradable polymers such as PBS, PBSA, PCL
and PLA to produce maleated compatibilizer.

Other than that, crosslinking by means of radical peroxides is an interesting strat-
egy that has been widely used to stabilize and improve the properties of biodegrad-
able polymer blends due to its simplicity and efficiency. Among these peroxides,
DCP is the most widely used peroxide crosslinking agent in the biodegradable poly-
mer blend system. The use of peroxides promotes the formation of chain branches,
as well as crosslinking, which increases the T,, the modulated crystalline content
and the thermal behavior of polymer blends. The crosslinking reaction is also an
effective means to improve interfacial adhesion in immiscible polymer blends by
initiating the appearance of mixed chains (copolymers), which act as compatibiliz-
ers at the interfaces. The formation of chain branching or crosslinking by heteroge-
neous and/or homogeneous radical coupling reactions also depends on the
concentration of peroxides and the reaction temperature used.

In addition, reactive compatibilization, either by incorporating a maleated com-
patibilizer or peroxide-induced crosslinking, can be performed in one step (in-situ)
or two-step extrusion, depending on the available processing equipment and the
system of blends and additives used. In addition to the compatibilization and
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crosslinking approaches, the combination of the crosslinked-compatibilization
approach seems to be more effective for improving the mechanical properties such
as o, &, and T of the biodegradable polymer blends. The synergistic effect of cross-
linking and compatibilization is produced due to the presence of a compatibilizer,
which reduces the interfacial energy and forms a better interfacial adhesion which
in turn helps the guest polymer to be well dispersed, thus providing larger interface
area between the components of the blend. When the peroxide radical crosslinking
agent is added, the higher number of crosslinking will be formed at the interface
region, thus resulting in a significant increase in the properties of the blends.
Finally, the performance of biodegradable blends depends on the moisture or
water exposure. Likewise, the biodegradation rate of polymers in the natural envi-
ronment depends largely on the characteristics of the components of the blend and
how they interact with environmental factors. Additions of compatibilizer or cross-
linking agent have improved the resistance of the blends to environmental degrada-
tion. However, due to limited studies on the effect of compatibilizer and crosslinking
agent on the performance of biodegradable polymer blends and natural degradation,
a comprehensive study is necessary to understand the degradation mechanism and
its safe use in many applications. International norms and standards should be used
to test the degradation properties of biodegradable polymers in the natural environ-
ment in order to allow these materials to be used safely in consumer products.
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Chapter 4
Crosslinked Polymer Hydrogels

Reem K. Farag and Salma Hani

Abstract The use of synthetic crosslinked polymer gels has increased in recent
years, due to their unique characteristics such as high mechanical strength, service
life and water and oil swelling, as well as being biocompatible. They have been
studied as promising candidates in various fields such as cardiac and oil sobrieties,
contact lenses, cosmetics, drug delivery, tissue engineering, wound dressing, among
others. This chapter provides general information on polymer gels, including defini-
tion, classification, preparation methods and applications.

Keywords Gel applications - Hydrophilic polymer - Hydrophobic polymer - Swelling

4.1 Introduction

Polymers are macromolecules made from small parts called monomers linked to each
other. The behavior of the polymer depends on several factors as inter- and intramo-
lecular interactions such as van Deer Waals forces, hydrophobic association, electro-
static interactions and hydrogen bonds (Zhang et al. 2015a, b). However, the
hydrophobic interactions and the hydrogen bonds result in an efficient polymer-
polymer attraction which causes the association between polymers (Dai et al. 2015).
Polymers can be divided into biopolymers and synthetic polymers. The biopolymers
are macromolecules manufactured by the living organisms such as cellulose, DNA,
peptides, proteins, etc. (Wang and Heilshorn 2015). These biopolymers are responsible
in the organism for performing biological functions such as homeostasis and molecular
motions. The synthetic polymers are chemical compounds that are man-made such as
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nylon, poly(acrylamide) (PAAm), poly(ethylene glycol) (PEG), poly(vinyl chloride)
(PVQO), etc., which are used in different industrial purposes (Chin et al. 2017).

Crosslinked polymer gels are three-dimensional (3D) hydrophilic polymeric
structures that can absorb huge volumes of water and other biological fluids and can
even preserve them under pressure sometimes (Tomadoni et al. 2019). In addition,
they have a high-water content, and with physical properties such as high flexibility
similar to soft tissues. Crosslinked polymers are made to tolerate strong chemicals
or eventually be disintegrated and dissolved (Peppas et al. 2000). The dissolution
process can be carried out by altering the environmental conditions such as ioniza-
tion of the solution, pH or temperature (Shimba et al. 2017).

4.1.1 Crosslinking Process

Crosslinking is a process in polymer chemistry that results in a network structure
that depends on a multidimensional extension of a chain polymer by a crosslink
which is a bond that could be ionic or covalent that works by linking a polymer to
other (Sun et al. 2018). This crosslinking process changes the liquid polymer to a
gel or solid by restricting the movement capacity of the polymer chains individually,
thus increasing the molecular weight (Mw) of the polymer (Lin et al. 2015; Gutiérrez
and Gonzalez 2017; Gutiérrez et al. 2016b; Gutiérrez et al. 2015a; Gutiérrez et al.
2016a; Gutiérrez et al. 2015b). The resulting crosslinked polymers have an essential
elastic characteristic which gives the polymer the ability to stretch and return to its
original structure. However, by increasing the number of crosslink, they become
less elastic and could be prone to be fragile (Rosales et al. 2017). But, by using
sulfur curing or vulcanization, depending on the insertion of short sulfur chains that
work on bonding the polymer chains in the rubber can give it more strength and
durability (Maitra and Shukla 2014), are also resistant to heat and wear, as well as
being mechanically strong, non-soluble in aqueous fluids, since crosslinking form
strong covalent bonds, which results in solvent insoluble materials. They can, how-
ever, absorb a larger solvent content, for this reason they are called gels (Billah et al.
2018). Crosslinking has been implemented to improve the mechanical strength,
insolubility, rigidity and stiffness of polymers, thus allowing polymers to be consid-
ered potential candidates in various fields, including agricultural, biomedical, envi-
ronmental and industrial (Griffith et al. 2018). Therefore, by controlling the type of
crosslinker and the required concentration, promising crosslinked polymers with
desired properties of pore size, thermal degradation, particle size and swelling are
generated (Vining et al. 2019). There are two types of crosslinking which are chemi-
cal crosslinking, including (1) free-radical radiation, ultraviolet-visible (UV) radia-
tion, condensation and (2) polymerization of small molecules, in addition to the
physical and biological crosslinking (Feng et al. 2016).



4 Crosslinked Polymer Hydrogels 93
4.1.2 Forms of Crosslinked Polymers

Over the last two decades, natural and synthetic crosslinked polymers have been
potentially used in several applications, since both types have advantages and disad-
vantages (Fortman et al. 2018). The natural polymers have low thermal stability,
more solubility and no strength, so in order to improve these characteristics it is
necessary (Gong et al. 2016). Crosslinking processes are classified into two types:
the in-situ crosslinking and the post-crosslinking (Akhtar et al. 2016). In order to
synthesize the in-situ hydrogels, there are two methods: the first method depends on
the polymerization of the small molecules in the presence of crosslinkers and initia-
tors (Desai et al. 2015), while the second method depends on the direct crosslinking
of the monomers, either naturally or synthetically, to obtain a polymer chain
(Takashima et al. 2017). In general, the synthetic polymers are hydrophobic and
tougher compared to natural polymers, which results in high durability in hydro-
gels, but slow degradation (Foster et al. 2015). However, the post-crosslinking pro-
cess depends on crosslinking after polymerization (Akhtar et al. 2016).

Crosslinked polymers are categorized into different types based on several parame-
ters, such as ionic charge, mechanical and structural properties and preparation method
(Slaughter et al. 2009). According to the crosslinking mechanisms, the crosslinked poly-
mers can be divided into three types: the chemical, biological and physical crosslinked
polymers (Pakulska et al. 2015). The crosslinking of the polymers may be reversible or
irreversible with respect to the nature of the crosslinking (Ghobril and Grinstaff 2015).
The chemical method produces irreversible polymers. However, physical and biological
methods lead to reversible crosslinked polymers through the application of electricity,
light, magnetic field, pH change, pressure or stress (Sawada et al. 2019).

4.1.2.1 Physically Crosslinked Polymers

The physical crosslinked polymers are crosslinked by physical forces such as elec-
trostatic forces, hydrogen bonds and hydrophobic interactions (Nystrom et al.
1996). This type of hydrogels can form reversible stable 3D gel structures from
polymer solutions, and this occurs by changing some external stimulus such as con-
centration, ionic strength, pH and temperature (Hennink and Van nostrum 2012).
According to Kjoniksen et al. (1998), an example of this hydrogels is the ethyl
hydroxyl ethyl cellulose (EHEC) in the existence of an ionic surfactant which forms
a thermo reversible gel at elevated temperatures.

4.1.2.2 Chemically Crosslinked Polymers

The chemically crosslinked polymers are also known as continuous or chemical
gels. They are responsible for primary forces such as covalent bonding through
chemical reactions in order to achieve the crosslinking of the macromolecules in
solution (Wang and Heilshorn 2015). They are efficient to obtain and have high
mechanical strength and heat resistance. When the chemical crosslinked polymers
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form a covalent bond, a permanent 3D network is formed. An example of these
polymers are hydrogels made from HEC in the presence of a divinyl sulfone cross-
linker (Ouyang et al. 2016). Two common methods are used for preparing chemi-
cally crosslinked polymers: the first method is the 3D polymerization which depends
on the polymerization of hydrophilic molecules as vinyl monomers in the presence
of multifunctional crosslinkers (Cao et al. 2015). However, the drawback of this
method is the significant amount of the unreacted monomers which can be toxic and
require extensive purification methods (Wu et al. 2018). The second method depends
on the direct crosslinking of the hydrophilic polymers so that extensive purification
procedures could be avoided due to the small available amounts of the toxic mole-
cules in the system (Mahou et al. 2015). Polymers that are water soluble, including
PAAm, PEG, poly(vinyl alcohol) (PVA) and polysaccharides are the main systems
used for applications in the biomedical and pharmaceutical fields, due to their bio-
compatibility and non-toxicity (Cal6 and Khutoryanskiy 2015).

4.1.2.3 Biological Crosslinked Polymers

The biological crosslinking method is an evolving technique that depends on the use
of biomolecules to achieve the crosslinking, such as opposite charged peptides,
complementary oligonucleotides, in addition to heparin growth factors (Sadtler
et al. 2019). While, the opposite charged peptides and the polymers can form con-
nections that allow the formation of the biological crosslink (Contessi et al. 2019).
In addition, this method aids the polymer is not solubilized in organic solvents or
aqueous solutions. However, this type of crosslinking is perceived as not strong
enough as the chemical crosslinking techniques (Chaudhuri et al. 2016).

4.2 Methods of Synthesis of Crosslinked Polymers

Several different strategies for crosslinking the polymers can be used depending on
the nature of the polymer, which could be through the polymerization of the small
molecules by condensation or by forming a covalent bond between the polymeric
chains through the irradiation, which is done by using high-energy ionizing radia-
tion, such as electron beam, and gamma and X-ray (Hassan and Peppas 2000).
However, the gamma irradiation is considered more economical, since it uses low
doses about 80 kGy and less for large parts that have high density, while for small
parts the electron beam is mainly used such as in the production of cables and wires
(Maitra and Shukla 2014). It could also be through the vulcanization of sulfur which
depend on chemical reactions by introducing different chemicals accompanied by
heating and, in some cases, with pressure. Thus, in all the cases, the chemical struc-
ture of the polymer will be altered during the crosslinking process.

Conventional polymerization techniques, such as the condensation and the free-
radical polymerizations, are mainly used for chemically crosslinked polymers (Das
et al. 2018). These techniques produce a degradable or a non-degradable



4 Crosslinked Polymer Hydrogels 95

crosslinked polymer which depends on the formation of the bond (Li et al. 2017). In
addition, the crosslinked polymers that could be obtained from these techniques do
not impose any difficulty during their application, i.e. due to their robust crosslink-
ing ability provided by the primary forces, while crosslinked polymers that are
achieved by physical crosslinking can cause some difficulties throughout its appli-
cation due to its fragile crosslinking provided by secondary forces (Li et al. 2016).
For this reason, chemical crosslinking is more preferred.

4.2.1 Free-Radical Polymerization

Free radical polymerization is one of the most widely used synthetic methods world-
wide to produce crosslinked polymers, both by academics and industrialists. It is
used to generate a substantial amount of the crosslinked polymers produced globally,
comprising 45% of the industrial synthetic plastics and 40% of the manufactured
rubber, which is equivalent to an amount of 100 and 4.6 million tons, respectively
(Kade and Tirrell 2014). It is widely used due to the favorable properties provided
over other polymerization methods. First, it is found to be highly reactive, which
results in crosslinked polymers of high Mws and ‘crosslinking density” (Pan et al.
2015). Second, this method supports several functional groups and takes place in soft
environments (Lansalot et al. 2016). It is thus considered an effortless approach to
the synthesis of crosslinking polymers. Free-radical polymerization is carried out in
the existence of an initiator and heat. Mainly, acrylic acids and small acrylate-based
molecules are synthesized and polymerized using this method. Free radical polymer-
ization is further categorized as homopolymer, copolymer, semi-interpenetrating net-
work and interpenetrating network (Sutirman et al. 2016). The homopolymers are
crosslinked polymers of a type of hydrophilic small molecules units, while the copo-
lymers are the result of crosslinking between two different monomers, where at least
one is hydrophilic in order to be swellable. The interpenetrating and the semi-inter-
penetrating networks are produced due to the formation of a swelling network first
and then to the formation of a second intermeshing network system.

4.2.1.1 Homopolymer

It refers to the polymer network that originates from the polymerization of a single
monomer species in the presence of a crosslinker and an initiator. Crosslinked
homopolymers are used in various applications such as contact lenses and drug
delivery systems. For example, homopolymerization of N-acryloylglycinamide
through free radical polymerization using the initiator 2,2’-azobisisobutyronitrile
(AIBN) and the crosslinker N,N’-methylenebisacrylamide (MBAm), produced a
hydrogel (Liu et al. 2014). N-vinyl-2-pyrrolidone can also be homopolymerized in
the presence of a radical initiator AIBN and a crosslinker MBAm to create a pH-
responsive hydrogel for the in vitro delivery of propranolol hydrochloride (Shantha
and Harding 2002).
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4.2.1.2 Copolymer

The copolymers are crosslinked polymers that are synthesized by polymeriza-
tion of at least two different monomers with somewhere around a hydrophilic
compound. Depending on the structure of the polymer chain, the copolymers
are categorized into block, random and alternating copolymers. According to
Zhou et al. (2016) a recent report portrays the synthesis of pH-temperature dou-
ble stimuli-responsive hydrogel for medication drug release. In this study, PEG
was reacted with methyl ether methacrylate to achieve methacrylate ended PEG,
which copolymerized with N,N’-dimethylaminoethyl methacrylate. The solu-
tion of the copolymer was then mixed with a-cyclodextrin (x-CD) to form a
pH-thermo double touch hydrogel, thus allowing the arrival of a model drug
5-fluorouracil to be adequately controlled by pH and temperature (Bi and
Liang 2016).

4.2.1.3 Semi-Inter Penetrating Network (Semi-IPN)

It refers to a crosslinked polymer generated from the combination of two indepen-
dent synthetic or natural polymer compounds, comprised in the form of a network.
In addition, in the semi-IPN polymer, one of the compounds is usually a crosslinked
polymer, while the other is a non-crosslinked polymer (Zhang et al. 2009). Due to
the absence of the restricting interpenetrating elastic network, the semi-IPNs can
effectively reserve fast kinetic response rates to pH or temperature, while offering
the advantages as modified pore size and slow drug release.

4.2.1.4 Interpenetrating Polymer Systems (IPNs)

It refers to the combination of two polymers or more of which are synthesized
immediately in the presence of the other polymer (Muniz and Geuskens 2001).
This is achieved by the immersing a pre-polymerized crosslinked polymer in a
solution of small molecules and an initiator. This method can overcome the ther-
modynamic incompatibility due to the permanent interlocking of the networks,
which causes the structure stable (Zhang and Zhuo 2000). The main advantages
of this polymer networks are that dense crosslinked polymers can be produced
which are characterized to have a robust mechanical strength, and is more com-
petent for drug delivery compared to the conventional gels. IPN’s pore sizes and
the surface chemistry can be controlled in order to tune the drug release (Yin
et al. 2007). IPNs can also moderate the effect of environmental changes on the
crosslinked polymers, thus minimizing the drug burst release during oral deliv-
ery, due to their ability to prevent the swelling of the interpenetrating phases with
respect to the elasticity (Rana et al. 2015).
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4.2.2 Condensation Polymerization

Condensation polymers are identified as any type of polymers formed through the con-
densation reaction by the combination of small molecules, and obtaining water or
methanol as byproducts (Kumru et al. 2017). Condensation polymerization is used to
produce some of the main polymers, such as poly(amide)s, poly(carbonate)s and
poly(ester)s. It also plays a special role in the history of polymer science, while the first
genuinely synthetic polymer, Bakelite, was developed in 1907, as a condensation prod-
uct of phenol and formaldehyde (Kade and Tirrell 2014). The polymers produced by
this method can be degradable or non-degradable depending on the groups formed
during the polymerization process (Kabiri et al. 2011). This polymerization method is
performed in the existence of heat, catalyst or both. In addition, the polymers resulting
from this method generally have low Mw (Wang et al. 2018a, b). The polymerizations
are divided into two groups, which are the condensation and the addition, while a step
growth method with the condensation polymerization has also been used by Song et al.
(2016). However, not all condensation reactions use a step growth method. Nonetheless,
the step growth mechanism is still considered the most widely used method for the
condensation of polymers for materials of industrial importance (Jain et al. 2016).

4.2.3 Bulk Polymerization

This technique of polymerization generates crosslinked polymers by using one or
more types of monomers (Wu et al. 2018). This variety of the types of monomers
permits the production of crosslinked polymers with the desired properties for dif-
ferent applications. This technique typically requires the addition of a small amount
of a crosslinking agent during the polymer production. The polymerization of the
monomers is usually initiated with the help of chemical catalysts or UV radiation.
In addition, the choice of the main initiator depends on the types of solvents and
monomers that is used. The resulting crosslinked polymer can be generated in vari-
ous forms comprising emulsions, films, membranes, particles or rods.

4.2.4 Ultraviolet (UV) Radiation

UV radiation is considered an economical route to achieve a crosslinked polymer
compared to condensation and free radical polymerization techniques. In addition, the
polymerization of the crosslinked polymer through this technique is perceived as safe,
it also has the least amount of effect on the properties of the crosslinked polymer and
does not require the addition of any chemical compound such as initiators, solvents
and surfactants. Thus, it allows the crosslinked polymer to retain its proper swelling,
mechanical strength and biocompatibility properties (Wang et al. 2016).
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4.3 Properties of Crosslinked Polymers

Much of the crosslinked polymer chains are chemically or physically linked, and
therefore, are considered as a molecule, regardless of size. For this reason, the
Mw of the crosslinked polymer is not perceived and are occasionally called mac-
romolecules or infinitely large molecules (Niu et al. 2019). Minor changes in
environmental conditions can cause reversible and fast alterations in the cross-
linked polymers. The changes in the environmental parameters, including electri-
cal signal, enzyme presence, pH or temperature, can cause a change to the
physical structure of the crosslinked polymers (Rao et al. 2016). The changes
that are produced can take place at macroscopic levels, since they change the size
and water content of the crosslinked polymer (Deng et al. 2011). The alteration
in the ion concentrations inside the crosslinked polymer in relation to the exter-
nal solution could change, the pH and the volume of the solvent. In addition, the
response of the crosslinked polymers with acidic or basic functional groups to
the external environment depends on the degree of ionization of the functional
group (Rana et al. 2015).

4.3.1 Biocompatibility

Crosslinked polymers to be used in various applications in the biomedical field
must be biocompatible and non-toxic. For this reason, before being applied the
crosslinked hydrogels must pass the cytotoxicity and in-vivo toxicity tests in
order to be applied (Nawaz et al. 2018). The biocompatibility is the ability of
the material to respond appropriately in the host during a specific application. In
addition, biocompatibility consists of two basic elements: biosafety and bio-
functionality (Kirschning et al. 2018). The biosafety is the performance of an
adequate response from the host with the absence of carcinogens, cytotoxicity
and mutagenesis. However, it is not only based on the systemic response but
also on the local response of the neighboring tissues (Ibafiez-Fonseca et al.
2018), while the biofunctionality is the polymer’s ability to perform the intended
and required tasks. This is mainly important for tissue engineering, since the
nature of tissue construction is to continuously interact with the body through
cell regeneration and healing processes (Szafulera et al. 2018). However, if the
requirements are not met, this means that the gel could be fouled or that there
are injuries and scars to the connected tissues (Molpeceres et al. 2018). In addi-
tion, the toxic chemicals such as emulsifiers, initiators, solvents, stabilizers and
unreacted monomers that are used in the polymerization of the synthesis of
crosslinked polymers could interact with the body if the conversion is not per-
formed 100% correctly. This presents a challenge for biocompatibility in vivo.
These chemicals are toxic to host cells if they are filtered to encapsulated cells
or tissues (Choi et al. 2015).
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4.3.2 Degree of Crosslinking (DC)

The DC of the polymers is often measured using the swelling experiment, where the
crosslinked terpolymer sample is placed in a solvent which is usually water at suit-
able temperature conditions (Nam et al. 2016). The DC is assessed by measuring the
changes that occur in the mass or the volume of the crosslinked polymer. It should
be noted that more crosslinked hydrogels have less swelling capacity. The DC will
be calculated according to Flory (1953), where the sample is weighed dry then
placed in the solvent for 24 hours and subsequently weighed at different time
intervals.

4.3.3 Mechanical Properties

The mechanical properties of crosslinked polymers vary and can be tailored depend-
ing on the nature of the material. To achieve a gel with a higher toughness, the DC
could be increased (Najdahmadi et al. 2018). A stronger gel can be acquired by
increasing the DC, while decreasing the DC leads to a more brittle gel structure. The
mechanical properties of crosslinked polymers have a great role in the biomedical
and pharmaceutical fields, as they can be used for tendon and ligament repair, as
well as they could be used as a matrix for the delivery of drugs, tissue engineering,
and cartilage replacement and wound dressing material (Ahmadi et al. 2015; Chai
et al. 2017). It is worth noting that crosslinked polymers can maintain their physical
texture during the delivery of therapeutic medications (Benjamin 2017).

4.3.4 Swelling Characteristics

Crosslinked polymers are networks that can be swollen in a fluid medium. The lig-
uids that are absorbed functions as a selective medium or filter to allow the entry of
some solute molecules, while the network of polymers act as a matrix that holds the
liquid together (Bukhari et al. 2015). Crosslinked polymers can contain up to a
thousand times of their weight in liquids (Wang et al. 2018a, b). The nature of the
water in the polymer can establish a complete infiltration of the nutrients into and
the cell products out of the gel. When a dry crosslinked polymer absorbs water, the
first molecules of water move towards the matrix working to hydrate the most polar
hydrophilic groups. Since the polar groups are primarily linked, these results cause
swelling of polymer bonds, exposing the hydrophobic groups, which also interact
with the water molecules, which leads to secondary water binding. As a result, the
network absorbs additional water due to the osmotic driving force of the network
system to be diluted (Wang et al. 2018a, b). This swelling is opposed by the covalent
or physical crosslinking, thus generating an elastic network withdrawal force.
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Finally, the crosslinked polymer reaches the swelling equilibrium level. The extra
water that is absorbed after the saturation of the polar and the hydrophobic groups
will be defined as bulk water and acts as a filling to the space between the network
chains and the pores (Zhu et al. 2019). Gradually, as the swelling of the networks
increases, if the crosslinks are degradable, the gel will begin to dissolve at rates that
depend on its structure (Chen et al. 2018).

4.4 Application of Crosslinked Polymers

4.4.1 Anti-Biological Crosslinked Polymers

Infections caused by pathogenic organisms such as bacteria, parasites and
viruses are a major health problem despite the expansion in the medical field
and health care. Conventional techniques for the treatment of the microbial
agent as antibiotics usually lead to the development of resistance to the antibiot-
ics (Anjum et al. 2016). Recent studies have found a new method to treat the
microbial agents by using the anti-biological crosslinked polymers (Jones et al.
2015). The crosslinked polymers work on the rupture of the cell membranes of
the microbial agent, resulting in the leakage of the cytoplasmic content and cell
death (Tian et al. 2018). Several types of anti-biological crosslinked polymers
have been developed in the recent years (Konwar et al. 2016). According to
Echazi et al. (2017), crosslinked polymers based on chitosan containing vary-
ing concentrations of benzoyl have demonstrated high antibacterial and antifun-
gal activity. The elevation of antimicrobial activity was associated with the
increase in crosslinking concentration. Some researchers have also produced
cellulose-based crosslinked polymers exhibiting high biocompatibility, mechan-
ical strength, swelling property and antimicrobial activity against Saccharomyces
cervisiae, thus showing the possibility of using crosslinked polymers as an anti-
microbial candidate (Nordstrom and Malmsten 2017; Hu et al. 2018). It has also
been reported that crosslinked polymers based on peptides show a significant
antibacterial effect. In this sense, Rinehart et al. (2016), reported the develop-
ment of a P-hairpin crosslinked polymer that had an anti-biological effect.
Although the anti-biological crosslinked polymers have demonstrated remark-
able activity against microbes. However, it was found that the interaction
between the polymer and the cell membrane was nonspecific, thus causing in
most cases the death of the mammalian cells (Picone et al. 2019). The solution
that was proposed in order to use the crosslinked polymer as an antimicrobial
agent, was to combine the crosslinked polymer with the antibiotics, in order to
decrease the associated toxicity (Gallagher et al. 2016). Some researchers have
also proposed another type of NP-loaded composite polymers which could be
used in various applications such as wound dressing and against microbes
(Mishra et al. 2018).
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4.4.2 Artificial Muscles

The first generation of the crosslinked polymer has been used to mimic the
neuromuscular and neurosensory systems (Miyamae et al. 2015). The muscles
work by converting chemical reactions into mechanical actions. The artificial
muscles that have been generated form the crosslinked polymers are comprised
of an elastomer layer present between two layers of crosslinked polymers,
while the elastomer layer acts as a di-electric, while the crosslinked polymer
layers behave as a conductor (Iwaso et al. 2016). Metallic cables are used in
order to connect the two layers of the crosslinked polymer to a power source.
Upon the application of the voltage, the mobile electrons in the metal and the
mobile ions present in the crosslinked polymer will move away or approach
each other (Chandler 2018). Furthermore, accumulation of the mobile ions
occurs between the elastomer and the polymer, simultaneously (Shi et al.
2016). In addition, due to the opposite polarities of the crosslinked polymers
and the elastomer layers, this leads to a reduction in the thickness and an eleva-
tion in the elastomer layer. However, this could be avoided by generating a
softer crosslinked polymer to prevent the deformation of the elastomer layer
(Lee et al. 2016). Different designs of the artificial muscles could be generated
depending on the electromechanical coupling which is based on the geometry
of the layers (Fig. 4.1) (Dicker et al. 2017).
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Fig. 4.1 Crosslinked polymer hydrogels for artificial muscle applications. Adapted with permis-
sion from Yang and Suo (2018)
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4.4.3 Cancer Research

Crosslinked polymers have been implemented in many applications, including the
cancer research (Song et al. 2015). Although most drugs are hydrophobic and this
reduces their efficacy to be loaded and released from a crosslinked polymer (Pires
et al. 2018). Two solutions to improve the release and loading of the drug from the
polymer have been proposed, which are introducing a hydrophobic compound into
the crosslinked polymer and incorporating nanoparticles (NP) which will act as an
encapsulation for the hydrophobic domain (Norouzi et al. 2016). Recent studies
have established that the crosslinked polymer nanostructures can help the develop-
ment of novel devices for various medical and industrial applications (Baek et al.
2018). The nanocomposite crosslinked polymers are robust and have a greater
capacity for controlled drug release (Pella et al. 2018). This polymer structure
allows a better quality of life by intra-peritoneal administration of the chemotherapy
drug for the cancer patient (Jamal et al. 2018). According to Fisher et al. (2018),
hyaluronic acid (HA)-based crosslinked polymers have been studied for their effect
on the invasion of breast cancer cells, and the results have shown that upon increas-
ing the crosslink density, the invasion of cancer cells from breast decreases. This
study proves that the crosslinked polymers could be a promising candidate in cancer
treatments (Huang and Huang 2018).

4.4.4 Contact Lenses and Ocular Implants

The production of contact lenses is one of the most widely used applications of
crosslinked polymers, while one of the main properties of the crosslinked polymers
is their ability to be perfectly tailored to the global ocular curvature (Schafer et al.
2018). In addition, they allow the oxygen to permeate the cornea by diffusing into
the lens. One of the methods used in the contact lens production industry is the
Lathe cutting technique, in which the lenses would be molded from ‘buttons’ of
solid dehydrated crosslinked polymers (Fig. 4.2) (Cal6é and Khutoryanskiy 2015).
According to Maulvi et al. (2016), the crosslinked poly(2-hydroxyethyl methacry-
late) (PHEMA) polymers have been used for producing contact lenses, due to their
mechanical properties and biocompatibility. In addition, a significant number of
companies have developed a range of crosslinked polymer contact lenses com-
pounds comprising different types of monomers in order to acquire a contact lens
that holds the highest amount of water content and mechanical properties, thus
allowing the lens to resist the eyelid strength with an increased oxygen permeation
(Pitt et al. 2015). Furthermore, with these applicable contact lenses, this has
increased the researches in the field of ophthalmic drug delivery, due to their ability
to increase the residence time of the drug in the precorneal region that is provided
due to the geometric barrier of the lenses to the medicine upon the diffusion out of
the gel matrix to the tear film (Wolffsohn et al. 2015).
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Fig. 4.2 Schematic representation of Lathe cutting technique for the production of contact lenses.
Adapted with permission from Cal6 and Khutoryanskiy (2015)

4.4.5 Drug Delivery

Crosslinked polymers right after their discovery were used in antibiotics and anti-
cancer drug delivery researches (Deen and Loh 2018). They have been seen as a
potential solution to achieve a sustainable and targetable drug release at appropriate
and specific sites, while working on increase the influence of the drug and decrease its
side effects simultaneously (Xing et al. 2015). Crosslinked polymers have a porous
system, which could eventually be controlled by the compactness of the crosslink or
by altering the swelling affinity of the polymer in the environment (Sharma et al.
2018). Due to this porous property, this aids the crosslinked polymer gels release the
drugs, which is achieved by monitoring the diffusion coefficient of the drugs (Fig. 4.3)
(Wang et al. 2016). Crosslinked polymers when used through topical transdermal
application, comprise many advantages, since they prevent liver metabolism, and
therefore, increase the drug effectiveness and bioavailability (Culver et al. 2017). Due
to the swelling property of the crosslinked polymers, they promise to be used in trans-
dermal drug delivery, since the crosslinked polymer are similar to living tissues which
can be effortlessly removed compared to ointments or patches (Dimatteo et al. 2018).
In addition, crosslinked polymers comprising gentamycin have been shown to be
more efficient in the treatment of skin infections compared to parenteral delivery of
the gentamycin which causes severe disorders (Garcia-Astrain and Avérous 2018).
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Fig. 4.3 Schematic representation of the release of a drug through a crosslinked polymeric mem-
brane and a matrix. Adapted with permission from Li and Mooney (2016)

4.4.6 Gene Delivery

Crosslinked polymers have been proposed as a promising candidate for
gene delivery, since they can reserve the activity of the viral and non-viral
vectors, and protect them from the immune system attack (Yang et al. 2016).
Crosslinked hydrogels can be injectable, in addition to being biologically
sensitive, so it has great promise in the field of gene delivery (Nurunnabi
et al. 2015). On the other hand, the crosslinked polymers implemented in
the gene delivery require advanced strength for the prolonged transgene
expression to occur (Nguyen et al. 2017). According to Zhang et al. (2017),
lentivirus gene therapy is generated from crosslinked fibrin polymers com-
prising hydroxyapatite NPs that have the ability to interact with the lentivi-
rus and the fibrin, this interaction leads to the stabilization of the crosslinked
polymer and subsequently improved the vector release and cell infiltration
rate. Therefore, with the appropriate biomaterial system and vector, gene
delivery could be improved, thus improving transgenic expression (Xiang
et al. 2017).



4 Crosslinked Polymer Hydrogels 105

4.4.7 Oil Sorbers

Crosslinking with chemical covalent bonds linking the crystalline and amorphous
domains is responsible for the 3D network structure that characterizes these materi-
als. This drastically improves a large number of low-, room- and especially high
temperature properties, such as abrasion, chemical and stress- cracking resistance
impact, heat deformation, tensile strength and viscous deformation, and also adds
new useful properties, such as shape memory. The elasticity and swelling properties
are attributed to the presence of chemical or physical crosslinks within the polymer
chains. Many authors have reviewed the advances in crosslinking technology for oil
sobers. For example, Jang and Kim (2000) studied the copolymerization of styrene
monomer with several long-chain alkyl acrylate monomers such as, 2-ethylhexyl
acrylate (EHA), lauryl acrylate (LA), lauryl methacrylate (LMA) and stearyl acry-
late (SA). These acrylates with long chain alkyl groups are generally known as
hydrophobic materials. Therefore, a highly absorbent property of oil can be obtained
by controlling the composition and the crosslinking density of the copolymer.

Jang and Kim (2000) conducted a detailed study on the swelling properties of the
crosslinked copolymers. The influence of the synthetic variables (amount of cross-
linking agent and initiator, monomer feed ratio, polymerization temperature and
type of acrylate monomer) of the crosslinked copolymers on the oil absorption
capacity was examined.

Atta and Arndt (2005) synthesized new oil- absorbing polymers containing alkyl
acrylate via different types of chemical crosslinkers and irradiation techniques.
These authors conducted a detailed study on the swelling properties of the cross-
linked 1-octene-isodecyl acrylate copolymers. The crosslinking polymerizations
were carried out in the presence of different concentrations of ethylene glycol diac-
rylate (EGDA) and ethylene glycol dimethacrylate (EGDMA) crosslinkers via cata-
Iytic initiation and electron beam irradiation at a dose rate of 80 kGy. More oil
sorption capacities were performed upon using longer alkyl acrylate, reaching a
maximum of 20.5 and 38.8 g of crude oil/g of sample, respectively. In addition,
crosslinked reactive macromonomers based on octadecyl acrylate (ODA) and poly-
isobutylene modified with maleic anhydride and cinnamoyloxy ethyl methacrylate
(CEMA) moieties were prepared and oil sorption was evaluated. Farag et al. (2011)
also synthesized linear and crosslinked copolymers with different compositions of
1-hexadecene and trimethylolpropane distearate monoacrylate monomers, and eval-
uated the oil absorption. Different concentrations of EGDA and EGDMA cross-
linkers were varied from 0.5 to 2%. These authors concluded that the oil absorbency
and swelling rate were mainly influenced by the DC and the hydrophobicity of the
copolymer units. Keeping this in view, El-Ghazawy and Farag (2014) prepared a
series of comb-like crosslinked dodecyl acrylate-co-ODA-co-vinyl acetate terpoly-
mers (DOVs) with four different feed ratios of vinyl acetate while remaining con-
stant the other monomer ratios. Crosslinking was carried out using trimethylol
propane triacrylate (hexafunctional) or divinyl benzene (tetrafunctional). The struc-
ture-performance relationship was discussed, especially with respect to crosslinker
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type, crystallinity and feed ratio. These authors found that the highest oil absorption
of crosslinked DOVs was 43.22 g of oil/g of sample after 20 min. of immersion.
Lauren et al. (2014) illustrated an example system of thermally crosslinked octene-
styrene-divinylbenzene (OS-DVB) copolymers. In the molecular models, the DC
was ranged from 0 to 100%, and the resulting structural and thermal properties were
examined. The simulations reveal an increase in the free volume with higher DCs.

On the other hand, Abdel-Azim et al. (2007) synthesized porous crosslinked
copolymers for the sorption of oil spills by CEMA copolymerized with different
monomer feed ratios of ODA and crosslinked using AIBN as a initiator and N,N’,N"-
trisacryloyl melanine (AM) or N,N’,N”-trismethacryloylmelanine (MM) as cross-
linkers. These authors observed that the sol fraction values of the CEMA/ODA
crosslinked copolymer were lower when MM was used instead of AM, and the
thermal stability of the crosslinked network increased as the ODA concentration
increased and also in the presence of MM crosslinker, as a consequence of a higher
crosslinking density. In addition, SEM results showed micropores that were formed
as the ODA content increased. Similarly, the flexibility of the network was improved
by incorporating MM instead of AM.

El-Ghazawy et al. (2014) prepared linear and branched polyesters by transesteri-
fication of methyl recinoleate without or with diethylene glycol, pentaerithirtol or
trimethylol propane for different durations. Mws of the synthesized polyesters were
determined using gel permeation chromatography and hydroxyl number. As an
example, Fig. 4.4 represents the crude oil sorption by the crosslinked polymethyl
recinoleates.
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4.4.8 Plastic Replacement

Plastics are synthetic polymers, which are considered easy to manufacture, as well
as being economical and efficient, although they are not ecological. Previously,
crosslinked gels were not perceived as suitable alternatives to plastics (Kondo et al.
2015). However, it was discovered that when the crosslinked polymer is binds to
clays, they retain properties as robust and can be easily molded, in addition to hav-
ing the ability to self-heal when cut, thus allowing them to be a potential substitute
for plastics (Cuadri et al. 2018).

4.4.9 Prevention of Soil Erosion

Crosslinked polymers have been applicable in the field of the environment for more
than a decade, while the soluble crosslinked polymers have been used to reduce the
soil erosion and improve the water infiltration from fine agricultural soils (Hotta
et al. 2016). According to Guilherme et al. (2015), the soluble crosslinked PAAm
polymers are dissolved in the irrigation water to form a thin slimy film that would
protect the soil surface of the wash floor. As the irrigation water causes erosion to
bare soils, and by the presence of a thin film that could hydrate the soil and allow
irrigation water to permeate easily (Cheng et al. 2018). Several investigations have
been carried out on different types of soils using the crosslinked PAAm polymer,
which are suitable for soil degradation and erosion (Kabir et al. 2017). It has also
been shown that the use of anionic soluble crosslinked PAAm polymer is more effi-
cient than cationic crosslinked PAAm polymers in reducing soil erosion (Neethu
et al. 2018).

4.4.10 Wound Dressing

The treatment that is applicable for damaged skin and the diabetic ulcers. These
polymers are used prosthetic skin engineering and have a high value, since it implies
many requirements for patients that are generally not met (Hamedi et al. 2018).
Thus, wound dressing is considered the potential new way to restore damaged skin
tissues and diabetic ulcers with the applicability of high biocompatible bioactive
compounds (Mohamad et al. 2018). Crosslinked polymers can retain the water and
the injected drug for an enough time. Attributing to this ability, they were applied to
contain wound exudates (Qu et al. 2018). According to Kamoun et al. (2017), the
sodium alginate and the gelatin crosslinked polymers have been used to protect and
cover the wounds from any bacterial infections. Zhang et al. (2015a, b) found that
gelatin and HA crosslinked polymers are promising compounds for the treatment of
skin regeneration.
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4.5 Conclusions

This chapter gave a general description of the crosslinked polymer hydrogels, forms
of the polymers (biological, chemical and physical), processes and methods for
preparation (free-radical polymerization, condensation polymerization, bulk polym-
erization and ultra-violet radiation). In addition, the chapter shows the swelling,
mechanical and biocompatible properties of crosslinked polymers. An emphasis on
different applications of hydrophilic networks mentioned in literature is provided.
Finally, the chapter shows several workers have successfully use oil sorbers with
their different categories in cleaning oil spills for hydrophobic networks applications.
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Chapter 5
Crosslinking of Polymers: Rubber
Vulcanization

Gordana Markovi¢, Milena Marinovi¢-Cincovic,
Suzana SamarZzija-Jovanovié, Vojislav Jovanovic,
and Jaroslava Budinski-Simendié

Abstract Crosslinking is a process whereby the polymer segments from different
polymer chains are interconnected by covalent (and sometimes ionic) linkages.
Crosslinks can be formed either during the polymer synthesis process, or addition-
ally by reaction leading to the connection of already finished macromolecules. The
crosslinking agent is necessary for the crosslinking of the finished polymer. Given
the great length of the macromolecules, only a small amount of crosslinking agent
is necessary to produce huge spatially arranged macromolecules. The increase in
the degree of branching and polymerization and the growth of the polymer are
observed at the beginning of the crosslinking reaction. The branched polymer grad-
ually passes into an infinite structure that is represented by the network of polymers.
The polymer with a small number of crosslinking sites contains part of the soluble
portion (sol) and part of the insoluble portion (gel). The portion of soluble (extract-
ible) polymer is decreased along with the growth of crosslinking density.
Crosslinking of polymers leads, on the one hand, to the reduction of solubility and
fusibility and, on the other hand, the increase of thermal stability and resistance to
chemicals. The most frequently used crosslinking reaction in technological practice
is the rubber vulcanization. Formerly, the plastic material is changed during vulca-
nization in highly elastic vulcanized rubber. Vulcanization resides in the reaction of
elemental sulphur, organic sulphur compounds or organic peroxides with linear
polymer chains, when crosslinks are forming. The most important and at the same
time the oldest vulcanizing agent of polydiene rubbers is sulphur. Polymers can also
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construct crosslinks by peroxides. The main objective of this chapter was to analyze
the crosslinking processes associated with vulcanization reactions between rubber
macromolecules, as well as the types of crosslinking and the determination of cross-
linking density.

Keywords Crosslinking density - Fillers

5.1 Introduction

A crosslink is a bond that links one polymer chain to another. These links can take
the form of covalent or ionic bonds and the polymers can be natural or synthetic
polymers (such as carbohydrate polymers and proteins) (Gutiérrez et al. 2015a;
Gutiérrez and Gonzdlez 2017). In polymer chemistry, ‘crosslinking’ usually refers
to the use of crosslinks to promote a change in the physical properties of polymers
(Markovi¢ et al. 2016). The resulting modification of the mechanical properties
depends strongly on the crosslinking density. Low crosslink densities decrease the
viscosities of molten polymers. Intermediate crosslink densities transform gummy
polymers into materials that have elastomeric properties and potentially high
strengths. Very high crosslinking densities can cause materials to become very rigid
or glassy, such as phenol-formaldehyde materials.

Crosslinks can be formed by chemical reactions that are initiated by heat, pres-
sure, pH change or radiation. For example, mixing of an unpolymerized or partially
polymerized resin with specific chemicals called crosslinking reagents results in a
chemical reaction that forms crosslinks (Gutiérrez et al. 2015b; Gutiérrez 2018).
Crosslinking can also be induced in materials that are normally thermoplastic
through exposure to a radiation source, such as electron beam exposure, gamma
radiation or UV light (Gutiérrez and Gonzalez 2016; Gutiérrez 2017a). For example,
electron beam processing has been used for crosslinking of type C polyethylene
(Cleland 1983; Drobny 2010). Other types of crosslinked polyethylene are made by
the addition of peroxide during extrusion (type A) or by the addition of a crosslink-
ing agent (e.g. vinilsilane) and a catalyst during extrusion and then performing a
post-extrusion curing (Gutiérrez and Alvarez 2017a, b, c; Merino et al. 2018, 2019).

5.2 Vulcanization

Vulcanization (curing, crosslinking) is one of the most important processes for rub-
ber technologies. During vulcanization, the rubber compound changes to an elastic
final product: vulcanized rubber. This is done by consecutive and parallel changes
of chemical and physical nature. The essence of vulcanization is the creation of
crosslinks between rubber macromolecules in which a three-dimensional network
of rubber matrix is formed. The part of the vulcanizing network are also physical
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bonds such as hydrogen bonds and polar or dispersive interactions between indi-
vidual macromolecules, which are created during the preparation or processing of
the relevant rubber compound. The rest of ingredients participating in rubber com-
pound are in original or changed form, chemically connected, dispersed or soluble
(Kruzelak et al. 2016).

For the formation of chemical bonds between rubber macromolecules, different
vulcanizing chemical agents such as sulphur, peroxides, metal oxides, resins, qui-
nones and others are used more frequently. These can react with suitable rubber
functional groups and create crosslinks between them during the process (Flory
1953). Curing can also be caused by the different types of radiation influence, which
is satisfactory for the generation of reactive forms of rubber macromolecules (Vasile
and Butnaru 2017). Microwave energy or ultrasound can also lead to cure (Baig and
Varma 2012). Vulcanization is required for most rubber processing methods, but is
not necessary for some types of thermoplastic rubbers (Drobny 2007).

Vulcanization occurs in the presence of vulcanizing agents formally divided into
three stages: first stage (induction period), gets to reciprocal interaction of elements
of used vulcanization systems and the crosslinks are even not created or only a little
(Joseph et al. 2015). The length of the cross links depends on the type of vulcaniza-
tion system and the temperature. In the case of sulphur vulcanization, it is affected
by the presence of accelerators, and eventually by vulcanizing retarders or pre-cure
inhibitors. Second stage (main stage of the vulcanization process) (Fig. 5.1), the
rapid curing of rubber macromolecules and the vulcanizate formation are given. For
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Fig. 5.1 Typical rheological curves for vulcanization processes using different network precur-
sors. Reproduced with permission from the authors



120 G. Markovi¢ et al.

° chemical

crosslinks
//§ physical

crosslinks
7% entaglements

Fig. 5.2 General scheme of vulcanized network

this reason, the vulcanization rate is directly related to this stage. Finally, in the third
stage, the restructuring of crosslinks created, and the modification of rubber chains
can be applied. At this stage, the decrease in the number of crosslinks (reverse) can
also be connected, thus showing changes in the properties of the final vulcanized
product. The scorch time (t,,), the optimal vulcanization time (t.), the difference
(AM) between maximum (M,,,,) and minimum torque (M,,,), the cure rate index
(CRI) and, eventually, reverse rate are the properties most frequently evaluated dur-
ing the vulcanization processes, which are followed through the so-called curves of
vulcanization obtained by different types of rheometers.

The number of created crosslinks (Fig. 5.2) between rubber macromolecules
(characterized by crosslink density - v) and their chemical structure depend mainly
on the content and activity of the vulcanization agent, the temperature and the vul-
canization time. The temperature at which vulcanization is performed mainly influ-
ences the cure rate. Therefore, vulcanization reactions tend to have a similar
tendency to chemical reactions governed by the Arhenius equations (Marinovié¢-
Cincovi¢ et al. 2013). With the vulcanization time, the crosslink content is initially
increased non-linear and after the optimal achievement of vulcanization may
decrease (reverse). At the same time, the properties of the vulcanization compounds
are altered, but its dependence with the vulcanization time is different. Some of
vulcanizing properties can reach optimal values even before achieving optimum
vulcanization.

There are different types of crosslinks such as: covalent, polysulfidic, mono- and
di-sulfidic, carbon-carbon bonds and ionic (Fig. 5.3), and they are dependent on:
sulphur content, accelerator type, accelerator/sulphur ratio and cure time. In gen-
eral, a high accelerator/sulphur ratio and longer curing time increase the number of
mono and di-sulfidic linkages. Mono- and disulfidic crosslinks have better resis-
tance to solvent, heat, setting and reversion, but generally are more rigid, therefore,
they have lower stress (6) and cracking resistance. Polysulfidic crosslinks have bet-
ter o, softer and crack resistance, but less resistance to setting, heat and solvent.
Rubbers have an optimum v range for practical use.

Sulphur curing systems for highly unsaturated general-purpose synthetic rubber
compounds based on natural rubber, polyisoprene and butadiene can be classified as
(Lien et al. 2008):
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Fig. 5.3 Typical chemical bonds formed in sulphur vulcanized rubber: (a) polysulfid cross-links,
(b) disulfid cross links, (¢) monosulfid cross-links, (d) intra-chain cyclic monosulfides and intra-
chain cyclic disulfides, (e) conjugated diene and conjugated triene and (f) fendent sulfidic group
terminated by moiety X derived from the accelerator. Reproduced with permission from Jovanovi¢
and Samarzija-Jovanovic (2013)

— Conventional curing system: when a relatively high dose of sulphur (above 1.5
phr) and a low dose of accelerators (0.5 to 1.0 phr) are used.

— Efficient vulcanization curing system (EV): when a low dose of sulphur (below
0.4-0.5 phr) and a high dose of accelerators (2.5 to 5.0 phr) are used.

— Semi-efficient vulcanization curing system: when sulphur and accelerator con-
centrations are between those of conventional vulcanizing system and the
EV system.

Vulcanization temperature has a significant effect on crosslink structure (Stojceva-
Radovanovi¢ and Markovi¢ 2001). Optimum properties are obtained when curing is
done at the lowest possible temperature. However, to increase productivity, higher
temperatures are frequently used. The modulus decreases with increase in cure tem-
perature irrespective of type of accelerator used, which could be recovered to a great
extent by increasing dosages of accelerators.

5.2.1 Methods for Determining Polysulfidic,
Mono- and Disulfidic Crosslinks

The sulphur crosslinks can be a mixture of polysulfide (S atoms >3), disulfide and
monosulfide crosslinks. Its distribution varies according to the curing system used.
Chemical probes can be used to determine the type of crosslinks. The sulphur-
sulphur bonds in the polysulfidic crosslinks are more susceptible to nucleophilic
attack by thiolate ions. The proportion of polysulfidic crosslinks is determined using
piperidine-propane-2-thiol, which can cleave only the polysulfidic crosslinks
(Casassa et al. 1986). The test sample extracted with benzene is placed under nitro-
gen and then treated with a 0.2 M solution of propane-2-thiol dissolved in 0.4 M
piperidine in heptane solvent at 25 °C for 6 days to break only the polysulfidic
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crosslinks. A comparison of original v and the value obtained after the probe treat-
ment can provide the concentration of the polysulfidic crosslinks. The same sample
can be further treated with 1 M hexane-1-thiol in piperidine for 48 h to cleave disul-
fidic (and polysulfidic crosslinks) and the v is determined. This gives the crosslink
proportions of crosslinked C-C monosulfidic bonds. Therefore, the determination of
v before and after the treatment of the sample with specified probes allows the
assessment of mono-, di- and polysulfidic concentrations of crosslinks in a vulca-
nized test sample. Tri-, tetra- and higher sulfides could not be separated by this
method proposed by Casassa et al. (1986) because their chemical reactivity is
similar.

Table 5.1 shows the typical rubber compound formulations from brominated
copolymer isobytilene isoprene and chlorsulphonated polyethilene (BIIR/CSM)
rubber mixtures consisting of 10 or more ingredients, which are added to improve
physical properties, affect vulcanization, prevent long-term deterioration and
improve processability.

These ingredients are given in amounts based on a total of 100 parts of the rubber
(parts per hundred of rubber).

On the other hand, the values of Young’s modulus (E), maximum stress (Gy),
strain at break (e,) and average molecular weight of rubber (M.) are proportional at
low rubber density (p) values, and its relation is given by the following equation:

o:MLC-RTA(/l—M) (5.1)

where o is stress, A is the relative extension, R is the gas constant, T is the abso-
lute temperature, A is the cross-sectional area of the test sample in a non-
deformable state.

Table 5.1 Formulations from brominated copolymer isobutylene isoprene/chlorosulfonated
polyethylene rubber composites reinforced with nano- and micro-silica

Sample BIIR CSM SiO, (15 nm) SiO, (28 pm)
Cl 100 0 0 0
Cc2 0 100 0 0
C3 50 50 0 0
C4 50 50 10 0
C5 50 50 20 0
C6 50 50 30 0
Cc7 50 50 40 0
C8 50 50 50 0
Cc9 50 50 0 10
C10 50 50 0 20
Cl1 50 50 0 30
C12 50 50 0 40
Cl13 50 50 0 50
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However, the o values cease to increase proportionally to high p values. In this
sense, once an optimal condition is reached between the ¢ and p values, an increase
in the p values leads to a reduction in the ¢ values, thus demonstrating a fragile
behavior of the highly crosslinked materials. Other factors affecting ¢ are the rubber
structure and the crosslinking structure. Most synthetic rubber vulcanizates have
lower o than natural rubber vulcanizates, because they cannot crystallize in their
macromolecules by different types of structural units (cis-, trans-, 1.4-, 1.2-) or
more co-monomer units (e.g. butadiene, styrene, acrylonitrile and others). In addi-
tion, the vulcanizates with polysulfide crosslinks have higher ¢ values than vulcani-
zates with monosulfide, eventually carbon-carbon crosslinks. Initially, the ¢, values
have a proportional relationship with the p values. However, then is asymptotically
approached to minimum value. Vulcanized hardness also increases by the vulcani-
zation time as well as the p values. The highest structural strength is associated with
soft vulcanized conditions. After vulcanization, the optimal achievement of this
characteristic along with time decreases. The change in ¢, values is similar to the
change in the E values, it is proportional to p and the relative &, in the three coordi-
nates. After optimal vulcanization (maximum v value) the vulcanization time
decreases.

5.2.2 Cross-Link Density (v)

The density of the network and the M, are the most used properties for the charac-
terization of the network, and they can be determined using Eq. 5.2:

p
vV=—o 52
Mo (5.2)

where v is the crosslink density, p is the rubber density, and M, is the molecular
weight of rubber segments between two crosslinks.

Sometimes, the vulcanizing network is also characterized by the number of
crosslinks created in the vulcanizing volume unit. This property can also be calcu-
lated from the density of the network, assuming that crosslinks are created between
two rubber segments:

(5.3)

v
n=—
2

were n is the number of crosslinks per unit of vulcanized volume, v is its cross-
link density.

Several types of methods have been used to determine the characteristics of the
vulcanized network (Markovi¢ et al. 2014). In particular, chemical methods can
only be used when the curing mechanism of the crosslinking system is well known,
and the reaction products can be quantitatively determined. The number of
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crosslinks (n) can be calculated in this case on the basis of the material balance of
the appropriate chemical equation related to curing.

5.2.3 Effects of Cross-Link Density on Mechanical Properties

The mechanical properties of a vulcanized rubber depend largely on the vulcaniza-
tion time and v. The v effect on the properties of the compound is shown in Fig. 5.4.
Properties such as static modulus, dynamic modulus and hardness increase as v
increases. The fracture properties such as ¢ and tear strength pass through a maxi-
mum value as the v increases and then decreases. Mc is related to the ¢ of the vulca-
nized rubber. The practical value of Mc is between 8000 and 10,000 g/mol. The
effects of different particle sizes and silica content on the mechanical properties of
hybrid materials based on BIIR/CSM rubber mixtures can also be observed in
Fig. 5.5. For this last case, both the micro- (MPs) and nanoparticles (NPs) were used
as fillers, thus increasing the ¢ values to the filler contents of 40 phr and 30 phr,
respectively (Fig. 5.5a). However, the ¢ values decrease to higher contents than those
indicated. This fact may be associated with a better dispersion of the fillers at low
contents, and a tendency towards agglomeration of the fillers at higher contents. In
this way, a better dispersion of the particles improves the silica-rubber interactions,
and a tendency to agglomerate the particles is a result of the greater particle-particle
interactions, thus leading to fragile materials with lower ¢ values. Meanwhile, the
use of silica NPs increased ¢ values compared to rubber materials containing silica
MPs. This is due to the large surface area of the silica NPs, which make it possible
to improve the interactions between the NPs and the rubber matrix. Therefore, better
particle-matrix interactions increase the ¢ values. In contrast, the incorporation of
the fillers generally decreases the ¢, values, since their presence relatively reduces
the amount of resistant material available in the system. It can be seen (Fig. 5.5b),

Fig. 5.4 Variations of the
mechanical properties of
rubber composites during
vulcanization. Line 1: L 1
stress (o), line 2: strain at
break (&), line 3: hardness
and line 4: elasticity.
Reproduced with
permission from

the authors
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however, clearly that the incorporation of silica micro- and nanoparticle fillers in
BIIR/CSM rubber composites (50/50) up to 30 phr increased &, values. It should be
noted that the &, values of the composites containing silica NPs showed lower ¢,
values compared to the composites containing silica microparticles. These two prop-
erties, o and ¢, are also related to the nature and number of crosslinks.

Abrasion resistance is defined as the ability of the crosslinked material to resist
the progressive removal of the material from its surface, as a result of the mechani-
cal action of rubbing or scraping, or the action of some erosive nature. Abrasion
resistance values are increased by loading silica filler (Fig. 5.5¢). This suggests that
the silica NPs harden and the rubber matrix.

Theoretically, the content of the fillers in the polymer composites, when increased,
could significantly increase the ¢ and E values. In line with this, BIIR/CSM rubber
composites containing silica NPs had higher E values than BIIR/CSM rubber com-
posites containing silica MPs (Fig. 5.5d). This has been associated with a larger
matrix-filler contact area (Gutiérrez et al. 2017; Collazo-Bigliardi et al. 2018).

Higher hardness values have also been used as indicators of the degree of
crosslinking of the material. Higher hardness values have been observed from BIIR/
CSM rubber composites containing silica NPs compared to analogue materials con-
taining silica MPs, maintaining the same content of the filler (Fig. 5.5¢e). This is
supported by the v values (Table 5.2). The hardness as well as E show an increasing
tendency with the increase of the filler content, due to the reduction of the mobility
of the rubber chains. This also agrees with the previous discussion on the effect of a
larger area of matrix-filler interactions.

Table 5.2 Rheological properties of brominated copolymer isobitilene isporene and
chlorsulphonated polyethilene (BIIR/CSM) rubber mixtures reinforced withn nano- and micro-
silica. Reproduced with permission from the authors

ML(1+4) |[My, M. te teoo CRI
Samples Ratio at 373 K (dNm) |(dNm) |(min) |(min) |(min")
BIIR/CSM/SiO, 100/0/0 |25 2 34 2.35 6.39 |25
BIIR/CSM/SiO, 0/100/0 33 3 32 6.52 |50.15 2
BIIR/CSM/Si0, 50/50/0 29 3 38 2.29 6.06 |17
BIIR/CSM/nm SiO, | 50/50/10 |31 5 38 2.30 523 |30
BIIR/CSM/nm SiO, | 50/50/20 |32 5 39 1.57 445 34
BIIR/CSM/nm SiO, | 50/50/30 |34 7 42 2.12 543 |30
BIIR/CSM/nm SiO, |50/50/40 |40 9 47 1.52 430 |35
BIIR/CSM/nm SiO, | 50/50/50 |56 12 54 2.10 446 30
BIIR/CSM/um SiO, |50/50/10 |29 5 39 2.21 5.01 |36
BIIR/CSM/pm SiO, |50/50/20 |30 5 40 2.19 445 44
BIIR/CSM/pm SiO, |50/50/30 |30 4 41 2.07 4.09 |50
BIIR/CSM/um SiO, |50/50/40 |37 5 41 2.08 3.57 |50
BIIR/CSM/pm SiO, | 50/50/50 |38 3 39 2.09 4.03 |52

ML (1 + 4): Mooney viscosity at 373K, M,,,,: maximum torque, M,;;,: minimum torque, ty: time
up to 2 units of torque increase above the minimum and t.o: torque at 90% of full torque
development
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Tear resistance is defined as the force required to obtain a test piece of tear
crosslinked materials. Higher tear resistance values are also increased in the BIIR/
CSM rubber composites containing the silica NPs compared to the BIIR/CSM rub-
ber composites containing the MPs, maintaining the same content of the filler

(Fig. 5.56).

5.2.4 Determination of Cross-Link Density (v):
Rheological Method

It is known that the torque difference can be indirectly related to the v of the mix-
tures (Fig. 5.6). The values of each curing time represent the state or degree of vul-
canization (Markovi¢ et al. 2008a, Markovi¢ et al. 2008b). Consequently, the degree
of crosslinking in rubber mixtures can be determined using rheological data. Typical
rheological properties of BIIR/CSM rubber mixtures are shown in Table 5.2. The
CRI can be calculated following Eq. 5.4 (Jovanovic¢ et al. 2018).

cri=—9 00 (5.4)

(tc90 - tsZ )

The M,,;, can be increased slightly because of the addition of the fillers, thus
increasing the M,,,, values (the v and chain entanglement are increased) (Table 5.2).
These results are attributed to the fact that the nano-silica filler affects v by reacting
with the chemical ingredients of the formulation, thus leading to a torque.

Fig. 5.6 Variation of AM 65
(Mypax-Myi,) for BIR/CSM

rgpber mi?xtures containing 60 /\ nanosilica
silica particles.

Reproduced with r . .
permission from Markovié¢ 55 —e— microsilica
etal. (2012) ]

(Mmax-Mmin), dNm

0 20 40 60
Filler content (phr)
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The silica NPs have a larger surface area to interact with the rubber matrix, which
leads to an increase in torque and CRI values, while t;, and the t.y, are diminished
with the addition of fillers. In addition, the added silica NPs into the rubber mixtures
increase the mixing time compared to the rubber mixtures containing silica MPs.
This is due to the greater hydrogen bonding interactions between the silica NPs and
the rubber matrix. The incorporation of the fillers in the rubber matrices also
increases the mixing time, resulting in an increase in heat due to the friction of the
fillers. The increase in the content of the fillers also increases the viscosity of the
mixtures, so the heat generated accelerates crosslinking. The AM can thus be taken
as the extension of v in the rubber phase.

5.2.5 Determination of Cross-Link Density (v): Stress
(6)-Strain (e) Method

M. can be calculated under low deformations (<100%) (Fig. 5.7) from the experi-
mentally determined E (for tensile deformation) using Eq. 5.5:

g = 3PRT (5.5)
2M..
or G (for shear deformation):
E=3G (5.6)

Stress.MPa

Strain, %

Fig.5.7 Determination of the cross-link density (v) by the stress (6)-strain (¢) method. Reproduced
with permission from Stojé¢eva-Radovanovi¢ and Markovi¢ (2001)
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where E is Young’s modulus, G is the shear modulus, p is the rubber density, R is the
gas constant, T is the absolute temperature and Mc is the molecular weight of rubber
segments between two crosslinks.

The Mooney-Rivlin equation (Eq. 5.7) is used very frequently for the determina-
tion of the constants C,; and C,, thus allowing the calculation for the determination
of the v values, and eventually also determination of the M, values, since that these
measurements can be conducted under high deformations. In this sense, C; can be
determined graphically from the linearized form of the Mooney-Rivlin’s equation
(Eq. 5.8).

o
— % __¢-c, A" (5.7)
2(A-27) 7
¢ =Lty.rr=PRT (5.8)
2 M

C

where o is the stress, A is the relative elongation, and C; and C, are constants.

Some observations of 6-¢ method. The linearity plot may be affected by the
uncertainty in the initial length value when the A~' > 0.95. The C, constant is nor-
mally derived from measurements in the range 0.5 > A~' > 0.95. To ensure that the
equilibrium is reached, the o-¢ measurements must be carried out at a low e rate for
automated tests. The C, values obtained do not depend largely on the extension rate
up to 30 mm/min for a 100 mm test length (Markovi¢ et al. 2016).

5.2.6 Determination of Cross-Link Density (v): Solvent
Swelling Method

v of a vulcanized rubber can be measured using the solvent swelling method
(Jovanovi¢ et al. 2016; Stojceva-Radovanovi¢, & Markovi¢, 2001; Stojceva-
Radovanovic et al. 2002). A good should be used such that the crosslinked rubber
can absorb and swell as much as possible until the retraction forces in the network
balance the swelling forces. The rubber test piece is normally allowed to swell in the
dark at room temperature until equilibrium is reached.

The swelling of a rubber by a liquid is a mixing process. According to the Gibbs
equation (Eq. 5.9) two substances are mixed when the free energy of mixing (AG)
is negative:

AG =AH -TAS (5.9)

where AH is the enthalpy change, T is the absolute temperature and AS is the
entropy change.
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Mixing processes are thus favored by the minimum or negative AH values, or AS
variations (Flory 1953). The Flory-Huggins interaction parameter ()) can be calcu-
lated for the rubber mixtures in a benzene solvent using Eq. 5.10:

X:[Vv(vin—0.5Vs)+1n(1—vs)+vsJ/Vf (5.10)

Since v can be determined from the swelling data (Markovi¢ et al. 2002). M, can

then be calculated using the following equation:

Mc=-2V,p (V)" /In(1-V,)+V, +2>V? (5.11)

where M, is the molecular weight of the polymer between two crosslinks, pr is
rubber density, V, is the molar volume of benzene solvent, V, is the volume fraction
of swollen rubber sample and y is the filler-polymer (Flory-Huggins) interaction
parameter.

The percentage of swelling volume can also be calculated using the following
equations:

Ry = 1+[(w-w,)-1]2= (5.12)
P,
R, =— (5.13)
WO
1
- 5.14
V=g (5.14)

where R, is the ratio of the swelling volume with respect to the non-swollen
(original) volume of the samples, w and w, are the weights of the samples before
and after swelling, respectively, p, and p; are densities of the rubber and the solvent,
respectively, R,, is the ratio of the swelling weight with respect to the non-swollen
(original) volume of the samples and v, is the volume fraction of the sample in the
swollen gel.

The influence of the filler fraction on the values of the characteristic parameters
of the network such as R,, R, V,, ¥, and E can be obtained by measuring c-¢
(Markovi¢ et al. 2017). The v, M, and p, values of systems reinforced with nano- and
micro-silica particles are given in Table 5.3.

The R,, Ry, v, E, v, and w parameters are clearly increased with the increase in
the filler content except for M, values, which are diminished. Higher R, Ry, v,, E,
v, and w values of for rubber composites containing silica NPs are obtained as com-
pared to analogue composites containing silica MPs. This fact can be explained due
to the restriction of swelling, thus causing an increase in the V, values, which in turn
affect the increase in the v values.
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Table 5.3 The characteristic network parameters of the brominated copolymer isobutylene
isoprene/chlorosulfonated polyethylene rubber composites reinforced with nano- and micro-silica
particles. Reproduced with permission from the authors

E10° ve10? M. (g/ |p(g/
Samples Ratios |R, R, V. X (MPa) (mol/m?) | mol) cm?)
BIIR/CSM/ | 100/0/0 |2.557 |2.150|0.2881 | 0.8665 | 1.21 2.8 1478 1.002
Sio,
BIIR/CSM/ | 0/100/0 |2.576|2.150|0.3444 1 0.7883 | 1.15 3.1 1582 1.045
Sio,
BIIR/CSM/ | 50/50/0 |2.533/2.120/0.3911 | 0.6858 | 1.50 5.1 1874 1.096
Sio,
BIIR/CSM/ | 50/50/10 | 2.472 | 2.003 | 0.3882 | 0.6835 | 1.30 53 1827 1.107
nm SiO,
BIIR/CSM/ | 50/50/20 | 2.421 | 1.992 | 0.3956 | 0.6894 | 1.41 5.8 1841 1.116
nm SiO,
BIIR/CSM/ | 50/50/30 | 2.387 | 1.960 | 0.4021 | 0.6939 | 1.92 6.2 905 1.136
nm SiO,
BIIR/CSM/ | 50/50/40 | 2.352 | 1.900 | 0.4197 | 0.7066 | 1.58 6.4 1772 1.166
nm SiO,
BIIR/CSM/ | 50/50/50 | 2.229 | 1.840 | 0.4486 1 0.7287 | 1.71 6.9 1524 1.189
nm SiO,
BIIR/CSM/ | 50/50/10 | 2.502 | 2.100 | 0.3997 | 0.6921 | 1.26 5.1 1815 1.100
pm SiO,
BIIR/CSM/ | 50/50/20 | 2.480 | 2.080 | 0.4032 | 0.6945 | 1.26 5.1 2514 1.116
pm SiO,
BIIR/CSM/ | 50/50/30 | 2.392 1 1.990 | 0.4181 | 0.7053 | 1.42 5.2 1002 1.135
pm SiO,
BIIR/CSM/ | 50/50/40 | 2.365 | 1.950 | 0.4229 1 0.7089 | 1.31 53 2917 1.168
pm SiO,
BIIR/CSM/ | 50/50/50 | 2.314 | 1.880 | 0.4322 |1 0.7163 | 1.44 5.8 3435 1.216
pm SiO,

5.2.7 Effect of Crosslinking on Glass Transition
Temperature (T,)

Crosslinking reduces the mobility of the rubber molecules, which leads to a signifi-
cant increase in the T, values (Markovi¢ et al. 2009; Gutiérrez 2017b, 2018). This
effect depends on the types of crosslinks (Markovi¢ et al. 2013b; Markovi¢ et al.
2013a). The impact of crosslinks formed by sulphur on mobility of T, is greater
compared to those formed by peroxide or other crosslinking agents. Finally, other
methods are also used to characterize the vulcanized network, e.g. sol-gel analysis,
ultrasonic, small-angle neutron scattering (SANS) in swollen crosslinked gels and
also methods based on the 'H and "*C nuclear magnetic resonance (NMR) spectros-
copy of swollen and non-swollen vulcanized composites.
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5.3 Conclusion

The crosslink density (v) of vulcanized rubbers can be determined using the simple
solvent swelling method. When a filler is used in the rubber formulation, an appro-
priate correction must be made so as not to overestimate the v values. Additional
analyzes can be performed to quantify covalent and ionic crosslinks, as well as
mono-, di- and polysulfidic crosslinks in vulcanized rubbers. Excessive intraparticle
crosslinking in a latex system may not contribute to the desired mechanical proper-
ties of vulcanized rubber. There are many other methods to measure the v values
vulcanized rubber such as solvent freezing point depression, nuclear magnetic reso-
nance (NMR) signal line width, transverse relaxation decay and longitudinal relax-
ation in rotating frame techniques, but the latter were not discussed in this chapter.
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Chapter 6

Cross-Linkable Bio and Mineral Fillers
for Reactive Polymer Composites:
Processing and Characterization

Jelena D. Rusmirovié, Tihomir M. Kovacevié¢, Sasa J. Brzi¢,
and Aleksandar D. Marinkovi¢

Abstract It has been found that polymer composites possess advanced mechanical
and thermal performances after being loaded with functional/reactive bio or mineral
fillers. The high bonding strength between the polymer matrix and the fillers repre-
sents a crucial factor for obtaining a good reinforcement in the composite materials.
Many techniques have been developed for chemical functionalization of the filler
surface to improve its bonding strength, compatibility and dispersibility within
polymer matrices, and also to prevent deterioration of the structure. Thus, reactive
cross-linkable groups showing high reactivity toward the target functional groups of
the polymer matrix have been attached to the filler surface. However, the introduc-
tion of reactive residues onto the filler surface, such as vinyl and epoxy functional-
ized molecules, provides polymerizable centers convenient for copolymerization
with corresponding groups in monomer chains. This chapter aims to present a com-
prehensive review of various chemical modification techniques applied to obtain
reactive cross-linkable bio and mineral fillers suitable for copolymerization with
polymer matrices. It also covers the analysis of the processing and reinforcement
properties of reactive polymer/modified filler-based composites.

Keywords Composite materials - Polymerizable fillers. - Reactive composites. -
Reinforcement.
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6.1 Introduction

Today, polymer composites have been the focus of researchers mainly due to
their excellent mechanical, dynamic-mechanical and thermal properties (Gun’ko
2019). The addition of inorganic/organic fillers to the polymers reduces the cost
of the final product and extends its range of application, such as aerospace, auto-
motive, biomedical, constructions, etc. (Toro-Marquez et al. 2018; Gutiérrez
et al. 2019; Oguz et al. 2019). Depending on the desired characteristics (brittle-
ness, elasticity or ductility), thermosetting or thermoplastic polymers can be
used as a matrix in composite production (Purdevi¢ et al. 2017; Rusmirovic et al.
2017b; Gun’ko 2019). In addition, various processing techniques such as the
solution blending method, melt-compounding, in situ polymerization, etc. are
generally used for fillers compounding into the polymer matrices and the prepa-
ration of the hybrid composites.

To date, a fairly large number of researches on the influence of inorganic and
organic fillers on mechanical characteristics of polymers are presented in the
literature (Gutiérrez et al. 2017a) Some of them are related to composites based
on the silica (Si0,) (Rusmirovi¢ et al. 2017b), alumina (Kovacevi¢ et al. 2018;
Drah et al. 2019; 2020), carbon nanotubes (Tasi¢ et al. 2016), cellulose
(Rusmirovi¢ 2016; Rusmirovi¢ et al. 2017a; Rusmirovi¢ et al. 2018c; Herniou-
-Julien et al. 2019), and lignin (Gutiérrez et al. 2017b; Rusmirovi¢ et al. 2018a;
Rusmirovi¢ et al. 2019).

It is important, however, to choose compatible polymers and fillers for the
composite preparation, i.e. the adhesion and ease of incorporation and distribu-
tion of the filler throughout the polymer matrix (Akpan et al. 2019; Merino et al.
2018, 2019). Most commonly used fillers have a hydrophilic surface which lim-
its their use in non-polar hydrophobic polymers. This obstacle can be solved
using surface compatibilization to achieve uniform homogenization of fillers
into the polymer matrices and, therefore, desired properties. Chemical modifi-
cation using non-reactive or reactive modifying agents stands out as one of the
most promising methods for surface compatibilization of fillers with polymers
(Kango et al. 2013; Cakir et al. 2015; Ranci¢ et al. 2015; Soleimani and Zamani
2017). Functionalized surface fillers can react chemically with the polymer
matrix showing weak aggregation and homogenous dispersion (Rusmirovié¢
etal. 2018c; Oguz et al. 2019). The introduction of cross-linkable vinyl or epox-
ide groups onto a bio- or inorganic filler surface makes them suitable for copo-
lymerization with unsaturated polyester or epoxy resins.

This chapter presents a comprehensive review of several chemical modifi-
cation techniques applied to obtain reactive cross-linkable bio and inorganic
fillers (aluminum oxide, cellulose, lignin and silicon dioxide) suitable for
copolymerization with thermosetting polymer matrices with the main focus on
processing and reinforcement properties of reactive polymer/modified filler
composites.
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6.2 Polymer Composites

As the development of materials and the needs of end users have increased rap-
idly, composite materials have attracted a lot of attention due to their excellent
properties and immense fields of application. The composites are products made
from two or more constituents with unique physical and chemical properties,
which when combined, give materials with characteristics quite different from
the individual components. Composite materials are basically classified by the
continuous phase (matrix) into ceramic, metal and polymer composites. In
recent decades, interest in the field of polymer matrix composites (PMC) has
increased, as they provide easy to process and have tunable the product’s prop-
erties. The use of PMC instead of pure polymers allows better dimensional con-
trol/less shrinkage, which is of essential importance in the automotive or
aerospace industry. In addition, the construction industry has used wood poly-
mer composites as a natural wood replacement due to lower water absorption
and reduced price (Bayer et al. 2016).

PMCs are composed of short/continuous fibers or nano/micro filler particles
which are dispersed uniformly in a continuous polymeric matrix. The incorpo-
ration of bio or mineral reinforcements into polymeric matrix causes the
obtaining materials with superior properties for a wide variety of applications.
The analysis of these properties shows that they depend on (1) the properties of
the particular components; (2) the ratio and amount of constitutive phases; (3)
the orientation of embedded reinforcements; the bonding strength established
between the matrix and the reinforcements and (4) the size, shape and distribu-
tion of the reinforcements (Bagherpour 2012). Each of the materials involved
in the composite structure must have appropriate characteristics and function
both individually and collectively to achieve the desired superior properties of
end-product. Fillers contribute high stress (6) and Young’s module (E) values
to the composite and provides resistance to bending and breaking under the
applied load. The main role of the polymer matrix is to distribute stress among
the filler particles. The polymer matrix also provides protection against filler
abrasion and exposure to moisture or other environmental conditions
(Mohammad 2007).

The combination of type and amount/particle size of filler particles leads to
obtaining the composite material with targeted properties. Generally, the finer
the particle size, the better physical properties of the composites are obtained.
The addition of a greater amount of filler can lead to decreasing of physical
properties due to the increase of the discontinuity/heterogeneity of polymeric
network/system by the formation of filler agglomerates as a weak spot in the
composite structure (Rusmirovi¢ et al. 2016; Kovacevi¢ et al. 2017; Kovacevié¢
et al. 2019). According to these observations, the optimization of the men-
tioned parameters is the most important aspect in composite preparation
process.
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6.3 Polymer Matrices

The continuous phase of PMC can be thermoplastic or thermosetting polymers.
Thermosetting polymers are usually in form of a resin, polymerizes completely
when heated in the process known as curing (Chung 2017). One of the main advan-
tages of thermosets is easy processability in terms of applied temperature, which is
relatively low (about 200 °C) depending on the type of polymer. The most com-
monly used thermosetting polymers for PMC are epoxy, unsaturated polyester, phe-
no