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Chapter 1

Surfaces, Interfaces and Recycling

from Reactive and Functional Polymers:
Editor’s Insights

Tomy J. Gutiérrez

Abstract Surface modifications and reactions on polymer systems have achieved
to improve their performance as reactive and functional materials, compatibility of
polymer blends, among others. Likewise, there is a great interest in the reduction of
plastic waste or its reuse. This has been more recently addressed by reactive poly-
mer processing or the use of reactive and functional polymers per se with the aim of
reducing pollution from conventional petroleum-derived polymers. With this chap-
ter, we open these main topics that will be analyzed in this volume.

Keywords Biodegradability - Composting

1.1 Editor’s Insights

The future of the new materials will go through the development of reactive and
functional polymers with the objective of obtaining polymers with outstanding and
extravagant properties to be used in different domestic, industrial and extraordinary
applications. With this in mind, the superficial modifications and reactions will give
a great guideline in this case, as well as with the aim of avoiding environmental pol-
lution. Keeping this in view, these aspects will be exhaustively analyzed in this book
(Gutiérrez 2017a, b, 2018a, b; Gutiérrez and Alvarez 2016, 2017a, b, ¢, d, 2018;
Gutiérrez and Gonzalez 2016, 2017; Gutiérrez et al. 2015a, b, 2016a, b, 2017,
2018a, b, 2019; Herniou-Julien et al. 2019; Merino et al. 2018a, b, 2019a, b; Toro-
Marquez et al. 2018; Zarrintaj et al. 2019).
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Chapter 2 )
Surface Functionalization of Polymers b

Deval Prasad Bhattarai, Pashupati Pokharel, and Dequan Xiao

Abstract The wide range of inherent and tunable physicochemical properties of
polymers made them ubiquitous and unavoidable materials in the physical and bio-
logical world. Both natural and synthetic polymers find their wide range of applica-
tions from everyday life to technical innovations. The unique physicochemical
properties dependent on the morphology of the polymers have led its wide range of
applications in therapies and diagnostic options. The inherent and tunable surface
characteristics of polymers are used for technical applications with specific surface
specialties. The polymers used for biomaterial application must meet some criteria,
such as non-cytotoxicity, high drug loading capacity and improved cellular internal-
ization. However, the polymer may have some special surface properties due to its
performance according to its application design. In these perspectives, the surface
functionalization of polymers is necessary to take advantage of their properties and
achieve the selective and specific recognition required for biomedical applications.
The surface functionalization of polymers is a promising technique to introduce and
monitor some specific surface properties, such as adhesion, adsorption, biocompat-
ibility, electrical conductivity, optical properties and wettability to target their cor-
responding applications. In this chapter, the chemistry, scope and current trends of
surface functionalization will be discussed in terms of chemical, physical, and nan-
otechnological methods.

Keywords Advanced materials - Macromolecule - Nanotechnology - Surface
properties
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2.1 Introduction: Fundamentals of Surface
Functionalization of Polymer

Various polymeric substances have been designed in different nano-forms (poly-
meric NPs, nanofibers, nanorods, nanospheres, nanotubes, electro-spun fibers, etc.)
and have been used in various aspects of research and commercial applications
(Bhattarai et al. 2019b, 2020). The properties of the polymeric nanomaterial are the
synergistic effect of its bulk properties, surface properties, formulation and engi-
neering. The nanomaterials endowed with the intended bulk and surface properties
could be the material chosen for their applications as advanced materials with desir-
able characteristics. The high surface/volume ratio of nanomaterials and quantum
confinement have triggered its scope and dynamics in various research fields, as
well as trades and commerce. A wide range of materials and their performance
depend largely on their surface characteristics. In biological settings, surface func-
tionalization of polymer is intended to influence on the implant biocompatibility,
thus reducing thrombogenicity and tuning the adhesion of proteins and cells (Tang
et al. 2008). Some properties such as thermal stability, mechanical strength, behav-
ior towards solvent, polymer degradation, swelling/deswelling properties are more
related with bulk properties of polymer, while other properties such as surface adhe-
sion, chemistry and wettability, as well as behavior towards harsh chemical/envi-
ronmental agents are more concerned with surface characteristics. In most cases,
the polymers of choice may be lower than the intended properties required for par-
ticular applications. To fill these gaps, the polymerization surface functionalization
strategy can be a way of implementation (Penn and Wang 1994).

The understanding of the material surfaces and their engineering has increased
significantly with a greater capacity to tailor and modulate the surface characteris-
tics for specific application. Especially, such surface modifications of polymers via
surface functionalization would change the fate of surface hydrophilicity, cellular
behavior and physicochemical platforms such as antibacterial or photothermal
properties (Tiwari et al. 2019).

Different types of polymers are used for several types of physical applications.
The electric charge transfer process through the polymer film and metal electrode
interfaces plays a key role in many polymeric optoelectronic devices, including
light-emitting diodes, photovoltaic cells and thin film transistors. Polymers such as
PBTP, PC, PDMS, PMMA, polyolefins (e.g. PE and PP), etc. can be used in the
manufacture of thermosetting materials (Zarrintaj et al. 2019). However, the poly-
mers used can capture some specific types compounds from the solution passing
through it. In order to inhibit such undesired molecular adsorptions, it is required to
functionalize the surface of such polymers (Rohr et al. 2003).

Polymers, in different forms and designs, are being used in different fields of
bio-applications. Whatever the polymeric materials or their design, it is the surface
of the biomaterials which comes into contact with physiological environment
immediately after their accommodation into the body (Dai et al. 2003). To improve
the surface effectiveness of the engineered material, it is a common practice to carry
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out surface functionalization of the material. However, the approaches of surface
functionalization might be different. The surface of electro-spun fibers can be modi-
fied or functionalized by various ways to introduce new functionalities. In some
cases, even after surface functionalization, cell-recognizable ligands can be chemi-
cally immobilized on the substrate surface for anchoring (Gutiérrez et al. 2018). The
surface functionalization of polymers can be linked to different fields of applica-
tions including drug delivery, gene delivery and various aspects of tissue engineer-
ing. The high surface area of nanomaterials could provide platforms for the
immobilization of bioactive molecules such as antibodies, DNA, enzymes and pep-
tides (Kim and Park 2006). In view of the bio-application of any polymer, the cel-
lular interaction and cytotoxicity of the materials depends on the physicochemical
properties and the surface modification of material (Dowding et al. 2013). Once
nanomaterials enter the body’s administration, they come into immediate contact
with various plasma constitutes. The initial interaction of nanomaterials with body
environment induces the formation of protein coronas which influences the subse-
quent immunological cascade and can either stimulate or mitigate the immune
response. For this reason, in vivo therapeutics requires the evaluation of the nano-
material/protein corona formation and their subsequent destination towards the
physicochemical properties of the substrate (Lee et al. 2015). The surface of poly-
meric substrates (electro-spun mats, NPs, nanorods, etc.) can be chemically or
physically modified with bioactive molecules (carbohydrates, nucleic acid and pro-
teins) and cell-recognizable ligands (Yoo et al. 2009). Such types of biologically
modified synthetic nanofibers can further support the specific cell phenotype and
cell organization due to diverse biochemical signals on the cell contact surface.

The chemical functionalities of the surface influence the adsorption of proteins,
cell behavior and subsequent tissue responses. Common functionalities in relation
to biomaterial interactions are the amino (—NH,), carboxyl (-COOH), hydroxyl (-
OH) and methyl (—CH3;) groups. The hydrophilic surface provides low interfacial
free energy resulting in less protein adsorption and cell adhesion. Reduction of pro-
tein adsorption influence on subsequent cellular responses. The interactions between
protein and biomaterial can be modulated by the nature of functional groups and
their density. Increasing the density of —-OH and —-NH, groups onto the polymeric
substrate can improve the surface hydrophilicity and the influence on immunoglob-
ulin G (IgG) adsorption from serum. Fibrinogen can be linked to the hydroxyl and
amino surfaces, as well as fibrinogen can be linked to methyl-functionalized surface
via hydrophobic interactions (Tang et al. 2008). The functional group of polymeric
surfaces characterized by hydrophilic nature, presence of hydrogen bond acceptors
(no hydrogen bond donor) and electrically neutral charge can resist the protein
adsorption (Ostuni et al. 2001).

All in all, the inherent surface properties of the polymer may not meet all the
requirements for specific physical or biomedical applications. However, it is possi-
ble to induce and monitor the desired interfacial properties of a substrate by some
chemical or physical means. In this context, it has been commendable to modify the
outermost layers of polymer by introducing some types of functional groups onto
the polymer surface. The approaches of surface functionalization may be different
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for each case and particularly depends on the interplay between functionalized
materials and anchor molecules. For example, aminolysis, hydrolysis, and plasma
treatment can be adopted for surface functionalization of non-degradable synthetic
polymers (Croll et al. 2004).

2.2 Scope of Surface Functionalization of Polymers

Surface functionalization of polymers paves the way for their novel applications in
different research fields, including biomedical applications, electronics, protective
coatings, textiles, thin film technology and others (Fig. 2.1) (Iijima et al. 2016).
Different fields of research involving surface functionalization of polymers are
described briefly below.

2.2.1 Surface Functionalization of the Polymer
in Microfluidic Channels

Surface chemistry plays an important role in the interactions of flowing liquid to the
inner surface of the microfluidic channels. The polymers commonly used in micro-
fluidic channels are PC, PDMS, PMMA, etc. These polymers exhibit hydrophobic
nature and can capture some specific molecules during the solution flow through the
channels. The capture of specific molecules can change the concentration of the
solution by denying the precise quantitation of the analytes, as a result, the adsorbed
molecules on the wall of channels continuously change the surface chemistry, thus
affecting the reliability of quantitative assays. Appropriate functionalization of the

Electronics Biomedical

Texiles Protective coating  Thin film technology

Fig. 2.1 Scope of surface functionalization of polymer
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polymeric microchannel surface could control the undesired adsorption process
causing better reliability in the tests (Rohr et al. 2003).

2.2.2 Surface Functionalization of the Polymer
in Ultrafiltration

Ultrafiltration is a kind of membrane filtration that is used to separate high molecu-
lar weight solute (1-1000 kD, retentate) from low molecular weight solute and
water (permeate) through a semipermeable membrane under the effect of gradient
of pressure or concentration. Adsorption and permeation are two main events that
can occur in biological filtration. During the filtration process, the protein molecules
are adsorbed and deposited onto the porous membrane. Researches have shown that
hydrophilic polymers adsorbed on the surface of membranes relieve fouling of pro-
teins during the time of ultrafiltration and microfiltration (Chen and Belfort 1999).
In such cases, the polymer layers can be functionalized on the surface to obtain
more stability and durable surface properties to support the ultrafiltration process.

2.2.3 Surface Functionalization of the Polymer
in Drug Delivery

Recent studies have suggested that the surface functionality of drug delivery vehi-
cles influence on rate and mechanism of cellular absorption. Polymeric nanomateri-
als can be a good drug delivery depot and form a vehicle for slow drug molecule
release, thus obtaining a sustained therapeutic effect. The surface functionalization
of polymeric nanomaterials by hydrophilic polymer (e.g. PEG) can increase the
residence time of polymeric NPs in the systemic circulation. The tailor of tissue-
recognizable ligands can also help drug delivery to targets (Patil et al. 2009; Otsuka
et al. 2003). Surface functionalization of the polymer can complement some addi-
tional tunable characteristics of polymeric materials and can make them responsive
to external stimuli such as light (e.g. near infrared (NIR) and ultraviolet (UV) radia-
tion), pH, temperature, ultrasound, etc. to trigger the controlled release of drugs.
Surface functionalization can significantly change the biological response beyond
the mere performance of the polymer’s core structure (Masserini 2013). The pH-
responsive drug delivery systems can mediate the drug release rate according to the
pathophysiological need demand. For example, Jiang et al. (2014) reported that
PDA coating can load and release the rate of charged molecules from PCL nanofi-
bers with different pH values. In this work, the positively charged molecules trig-
gered the quick release of the drug in acidic medium compared to the neutral and
basic medium under the same incubation conditions. In addition, polymer NPs must
be biodegradable and biocompatible, as well as non-inflammatory and non-
immunogenic for medical use. They should be nontoxic to bloodstream cells or to
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Fig. 2.2 Graphical representation of surface functionalized NPs with cationic molecules, target-
ing aptamer and peptide, fluorescent and PEG spacer, and drug

stationary cells. Figure 2.2 shows the graphic representation of surface modified
NPs with drugs for brain drug delivery (Masserini 2013; Jiang et al. 2014).

2.2.4 Surface Functionalization of the Polymer in Electronics

Uniform dispersion of NPs into polymer nanocomposites for polymer matrix for-
mulation in order to tune the desired electrical, mechanical opto-electronic and ther-
mal properties is a challenging task. One of the solutions for such complications
could be surface functionalization of particles with organic surfactant molecules to
develop compatible polarity in mixing solutions. Polymer composite materials with
low temperature processability and various functionalities are good materials for
optoelectronic applications. For example, functionalized GO nanosheets with
hydrophobic brushes (e.g. PtBuA-grafted GO nanosheet) can be tailored onto an
electroactive polymer matrix for switching behavior of bistable electrical conduc-
tivity (Jiang et al. 2006; Li et al. 2010). Dopamine-functionalized PMMA has also
been shown to improve dielectric properties compared to pristine PMMA films
(Thakur et al. 2014). Functionalized conductive polymers could be used to improve
performance, selectivity and sensitivity of sensors beyond the level of their pristine
form (Anantha-Iyengar et al. 2019).
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2.2.5 Surface Functionalization of the Polymer in Textiles

Superhydrophobic surfaces offer a self-cleaning mechanism in compliance with
lotus effect. The concept of superhydrophobicity arose in the field of textile industry
since about 1940. For example, amine functionalized SiO, coating onto cotton fibers
followed by dipping into epoxy functionalized silica (particles solution) was per-
formed to avail epoxy group for surface grafting (Hao et al. 2012). Stearic acid
grafting can also impart superhydrophobic property to the cotton fabric (Gao and
McCarthy 2006; Xue et al. 2008). Zemlji¢ et al. (2018) also reported the encapsula-
tion of iodine with chitosan (Cs) on cellulose viscose fabrics to exhibit an antimi-
crobial and antioxidative function.

2.2.6 Surface Functionalization of the Polymer in Food
Packaging Process

The application of novel technique in the food packaging process could reduce dis-
comfort related to operating conditions and processing costs, which reduces envi-
ronmental and financial costs. Plasma-induced effects can exploit the surface
functionalization of food packaging polymers to promote adhesion or anti-adhesion,
printing and sealing capacity, adhesion of antibacterial coatings. PP is a polymer
commonly used to develop packaging films which are often coated with acrylic to
improve durability, flexibility and resistance to degradability caused by UV rays
(Vukusic¢ et al. 2018). PEGylated CNCs via PDA chemistry have been shown to
significantly improve the crystallization, mechanical and barrier properties of PLLA
bio-nanocomposites, thus exhibiting great promise for potential applications in
packaging fields (Li et al. 2019).

2.2.7 Surface Functionalization of the Polymer
in Protective Coatings

Only a polymer coating on a substrate may not satisfy the anticorrosive action, but
the surface functionalization of polymer could support this. PDA, which contains
the catechol and amine groups, can be used to modify a wide variety of material
surface to support protein immobilization (Kang et al. 2010; Cho et al. 2009).
Keeping this in view, Tian et al. (2016) demonstrated that the PEO/PCL coating on
the AZ31 magnesium alloy can improve bioactivity, cytocompatibility and corro-
sion resistivity of the substrate.
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2.2.8 Surface Functionalization of the Polymer to Influence
Particle Stability

Zeta potential value of NPs allows to know the fate of the stability of the particles
(Bhattarai et al. 2019b). Some polymeric NPs need to improve their stability for
their sound stability under a physiological pH value. Under such requirements, a
greater zeta potential magnitude can be achieved by surface functionalization. The
research results shown, e.g. that the zeta potential magnitude of PLGA NPs can be
increased by surface functionalization using heparin- or Cs-pluronic conjugates
(Chung et al. 2010). Zeta potential of polymeric NPs can also be tuned by varying
the nature of surfactants (anionic, cationic or non-ionic) and, consequently, changes
the stability of the particles (Sis and Birinci 2009).

2.2.9 Surface Functionalization of the Polymer
in Biomedical Applications

The applications of polymer varieties in different forms and functions are ubiqui-
tous and wonderful in the biological world. It would be commendable in most of the
cases to functionalize the polymer surface by inducing some desired physicochemi-
cal properties. The surface functionalization of polymers for bio-application can be
multipurpose. For example, the surface functionalization of polymers is carried out
not only to develop hydrophilicity, or to develop a conducive environment to protein
adhesion, but also to develop antimicrobial and antifouling properties (Zeng
et al. 2018).

Metallic implants are prone to corrosion under physiological environment. It is
usual to develop a coating of anticorrosive polymer on the substrate to solve the
corrosion problem. Under such conditions, the surface functionalization of poly-
mers plays a crucial and promising role in the field of materials science. Surface
functionalization of polymers for biomedical applications is considered under the
tuning possibilities of the physicochemical properties of the polymer capable of
working within a physiological niche. The reduced dimensions, the high surface
area/volume ratio and the high drug loading efficiency of biocompatible NPs also
make them attractive for drug delivery (Wang et al. 2017). These NPs may have the
ability to respond quickly to environmental stimuli, such as magnetic field, pH,
temperature or ultrasound. Different synthetic polymers such as PGA, PLA and
PLGA copolymers have been used for the manufacture of NPs to control drug
release due to its established safety profile, its long history of clinical applications
and its well-understood degradation mechanism. Figure 2.3 shows the multiple
nanocarriers for the encapsulation and release of growth factors.
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Fig. 2.3 Multiple nanocarriers for the encapsulation and release of growth factors. Adapted with
permission from Wang et al. (2017)

2.3 Classification of Surface Functionalization of Polymer

Surface functionalization of polymer can be classified into different bases. Some of
the classification approaches are given below:

2.3.1 Classification According to the Surface Charge

— Cationic surface functionalization:
In this type of functionalization, cationic moieties are tailored onto the polymer
surfaces. As an example, a large number of hydroxyl groups present onto CNCs
make it a space for diverse chemical functionalization possibilities with the gen-
eration of relevant surface properties. In addition, the extent of surface function-
alization and the nature of tailored functional group onto the substrate can
influence the surface charge density and impact the physic-chemical properties
of the substrate. Wide varieties of surface functionalization of polymers have
been made possible to interact with the corresponding biomolecules for multiple
biomedical applications. With this in mind, Despres et al. (2019) obtained a
CNC-PAPMA polymer with cationic surface functionalization. The cationic or
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anionic surface charge of the synthesized polymer can be determined by zeta
potential measurements, while functionalized chemical structure can be deter-
mined by Fourier transform infrared (FTIR), energy-dispersive X-ray (EDX),
X-ray photoelectron spectra (XPS) or nuclear magnetic resonance (NMR) analy-
sis. Such types functionalized polymer on different surfaces behave differently
towards cell interaction.
— Anionic surface functionalization:
In this type of surface modification, the anionic groups are tailored onto the poly-
mer surface. This can be done by acid hydrolysis process or by some other meth-
ods. For example, hydrolysis of cellulose by using sulphuric acid incorporates
anionic sulphate half-ester (OSO;~) (Fig. 2.4) (Sunasee and Hemraz 2018) and
hydrolysis by using phosphoric acid incorporates phosphate groups onto the sur-
face of CNCs (Eyley and Thielemans 2014). In such cases, the extent of the
sulphate or phosphate groups onto the polymer can be estimated by elemental
detection or functional group identification. Similarly, CNC-PNIPAAm is a
polymer with anionic surface functionalization.
— Zwitter-ionic surface functionalization:

Zwitterion is a chemical moiety that has at least one positive and one negative
electric charge. The net charge of the entire chemical species is zero. The surface
charge of such molecules is a function of the pH value of the solution. It means
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Fig. 2.4 Hydrolysis of cellulose through the use of sulfuric acid incorporating anionic sulfate
half-ester (OSO;"). Adapted with permission from Sunasee and Hemraz (2018)
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that they behave like cationic or anionic molecules below or above a particular
pH value. However, the molecule behaves like a neutral molecule at a particular
pH value, called an isoelectric point. At the isoelectric point, the zwitterionic
molecule does not migrate at all, even under the application of electric field.
Such zwitterionic molecules can be exploited to functionalize the polymer sur-
face. Wu et al. (2018) reported the grafting of zwitterionic PSBMA onto the
cotton fabrics via intermediate reaction of reactive dye and a surface-initiated
atom transfer radical polymerization method to develop a non-fouling property.

2.3.2 Classification on the Basis of Functional
Group Modification

— Amine functionalization:
It is the tailoring of the amine groups onto the polymer surface. For example, the
amine functionalized PS NPs can be synthesized by a copolymerization of sty-
rene miniemulsion and a different amount of amine functionalized monomer
such as 2-aminoethylmethacrylate hydrochloride (Fig. 2.5) (Holzapfel
et al. 2005).

— Amide functionalization (Amidation):
It is the tailoring or insertion of amide groups onto the polymer surface. Amide-
functionalized polymers have shown substantial electron mobility and have
gained the most encouraging device performance in the field of organic optoelec-
tronics and polymer semiconductors (Guo et al. 2014). Suresh et al. (2014) syn-
thesized amide-functionalized microporous organic polymers from trimesic acid
and p-phenylenediamine in the presence of thionyl chloride. The amide group in
the polymer helps, e.g. to adsorb carbon dioxide molecules via Lewis acid-base
type interaction.
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Fig. 2.5 Amine-functionalized PS NPs. Adapted with permission from Holzapfel et al. (2005)
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— Carboxylate functionalization:
It is the tailoring of carboxylate groups onto the polymer surface. For example,
the carboxylate functionalized PS NPs can be synthesized by mini-emulsion
copolymerization of styrene and a different amount of carboxylic functionalized
monomers such as AA (Holzapfel et al. 2005). Murphy et al. (2005) reported the
increased stability of polythiophene against oxidative doping due to the addition
of an electron-withdrawing alkyl carboxylate substitute.

— Ester functionalization (esterification):
Esterification is the process of introducing the ester group onto the polymer sur-
face. Esterification by substituting hydroxyl groups of polymers introduce less
polar ester group onto the polymer surface. The hydroxyl substituted esterifica-
tion is applied to hydrophobize polymer. For bio-application, natural a-hydroxy
acids such as citric acid, glyceric acid, glycolic acid, lactic acid, malic acid,
mandelic acid, tartaric acid, etc. can be used to catalyze the esterification of CNC
(hydroxyl rich molecule). CNCs can, for example, be esterified by treatment
with acetic anhydride in presence of citric acid. Here, the hydroxyl group of
a-hydroxy acid presumably induce a nucleophilic attack on the acylating agent
(Avila Ramirez et al. 2014, 2017).

— Surface acetylation:
The acetyl group can be introduced onto the polymer surface by an acetylation
process. For example, surface acetylation of CNC can be carried out by treating
the CNC with acetic anhydride in presence of pyridine (Eyley and
Thielemans 2014).

— Surface acylation:
It is the tailoring of acyl (RCO-) group onto the polymer by chemical method.
For example, alkenyl succinic anhydride can be used as an acylating agent for
polysaccharide nanocrystals in non-polar media (Gopalan Nair et al. 2003;
Angellier et al. 2005).

— Catechol functionalization:
Catechol group of a molecule imparts water solubility, which makes it a useful
candidate in the design of biomimetic materials. Catechol functionalization onto
polymer such as Cs increases the bio-adhesiveness and antioxidant properties
(Zhang et al. 2018; Ryu et al. 2015; Faure et al. 2013).

— Oxidation:
The oxidation modification of the functional groups on the surface significantly
affects the surface charge density, hydrophilicity/hydrophobicity of polymer
which influences the cellular interactions accordingly. For example, the primary
hydroxyl (hydroxymethyl) group of cellulose into carboxyl group is possible by
2,2,6,6-tetramethylpiperidinyloxyl radical-mediated oxidation process (Habibi
et al. 2006). However, the oxidation of CNCs by sodium periodate can develop
aldehyde functional group (Sun et al. 2015).
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2.3.3 Classification Based on the Polymer Grafting/Spraying

— Polymer grafting:
The results of current research have suggested the grafting of conjugated poly-
mers into biopolymers to introduce novel functionalities with new features.
Conductive polymer grafting over the specified polymer introduces conductivity
in the polymer composite. Surface functionalization of cellulose can, for exam-
ple, be performed by direct grafting of P3HT via oxidative polymerization. The
grafting of P3HT onto the cellulose surface increases the hydrophobic properties
with lotus effect and also increases conductivity (Hai and Sugimoto 2018).

— Spray coating:
The antibacterial or antimicrobial properties can be developed onto a polymer by
a spray coating method. For example, mussel-inspired polyglycerol (MI-PG) can
be successfully functionalized to impart antibacterial activities via the spray
coating of an aqueous solution of silver nitrate (Schlaich et al. 2018).

— PEGylation:
PEG is an amphiphilic polymer composed of a repetitive unit of ethylene glycol.
PEG is activated for polymer conjugation by substituting its terminal —-OH func-
tional group by appropriate group retaining its biological activities. The activated
PEG may be PEG-aldehyde, PEG-alkyne, PEG-amine, PEG-hydrazine, PEG-
NHS ester, PEG-thiol, etc. (Giorgi et al. 2014). This process links the PEG poly-
mer chain to the target molecules via covalent or non-covalent bonding.
PEGylation is most commonly adopted to functionalize proteins and anticancer
drugs. Generally, PEGylation is carried out to improve the water solubility of
substances such as drugs, proteins, etc. and to improve colloidal stability to poly-
mers (Lin et al. 2008; Veronese and Pasut 2005; Pelaz et al. 2015).

— Silylation (silane grafting):
It is the process of introducing a substituted silyl group (R3Si) to a molecule such
as alcohol, amine, carboxylic acid, phosphate, thiol, etc. of a particular polymer.
The silane group can be introduced onto CNCs to increase hydrophobicity.
APTES is a commonly used silane, and can functionalize the CNC surface for
silylation. For example, Khanjanzadeh et al. (2018) linked the APTES hydrocar-
bon chain to the surface of the CNC via an Si-O-C bond by the condensation
reaction between the hydroxyl group of CNC and the silanol group of
APTES. This type of surface modification promotes the dispersion of the poly-
mer into non-polar media. The surface properties of polymers can change with
the incorporation of functionalized nanomaterials and, consequently, improve
the effectiveness of the material for a specific application (Pokharel and Lee
2014; Pokharel et al. 2015a; Pant et al. 2015; Pokharel and Truong 2014).
Figure 2.6 shows the schematic diagram for grafting of PU chains onto the
APTES-treated GO surface (Pokharel et al. 2015b). The epoxide groups of GO
react with the amine group of aminosilane in aqueous medium via Sy nucleo-
philic displacement (Pokharel et al. 2015b). Following Pokharel et al. (2015b),
the GO-grafted APTES methoxy groups underwent hydrolysis and this was
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Fig. 2.6 Schematic diagram to illustrate the functionalization of polymers during the preparation
of GO-based PU nanocomposites. BD 1,4-butanediol, FGSs functionalized graphene sheets, MDI
4,4’-methylene diphenyl diisocyanate, PTMEG poly(tetramethylene glycol) (average Mw = 1000 g/
mol). Reprinted with permission from Pokharel et al. (2015b)

responsible for increasing the number of hydroxyl groups onto the GO surface.
The hydroxyl and carboxyl groups onto GO surface can also react with the -NCO
groups of MDI and the PU pre-polymer (Pokharel et al. 2015¢, 2019; Pokharel
and Choi 2015; Pokharel 2014). As a result, the electrical, mechanical, surface
and thermal properties of the nanocomposite are completely changed during the
preparation of PU nanocomposites by in-situ polymerization (Pokharel et al.
2015c, 2019; Pokharel and Choi 2015; Pokharel 2014).

2.4 Methods of Surface Functionalization of Polymers

The surface functionalization of polymer depends on several factors, such as the
material used in the surface functionalization, the functional group intended to bind
onto the polymer and purpose of the specific application. Although several methods
of surface functionalization of polymers are theoretically possible, practically some
methods are limited by some types of technical problems and aspects of
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applicability. Basically, the surface modification/functionalization of polymer can
be carried out by covalent fixation of chemical moieties, plasma treatment, wet
chemical oxidation, and functionalization based on classical organic chemistry
(Penn and Wang 1994). Some commonly used methods of the surface functionaliza-
tion of polymers are given below:

2.4.1 Plasma Treatment

Plasma is considered the fourth state of matter, it is a mixture of highly-excited
molecular, atomic, ionic and radical species (Chu et al. 2002). Plasma treatment can
be used to etch the polymer surface, develop a certain functional group and thin
layer coat of polymer on the substrate. For surface functionalization of polymer,
plasma sources are selected to direct a particular functional group on the polymer
surface to introduce the desired functionality without compromising their bulk
properties. Plasma treatment with oxygen, ammonia or air can generate amine and
carboxyl groups on the surface of the substrate. Air, water vapor and oxygen plasma
are used to introduce oxygen-containing functional groups, while alkyl amine,
ammonia, nitrogen, etc. are used to introduce nitrogen-containing functional groups.

Plasma treatment can also modify the polymer surface via different ways such as
activation, cleaning, crosslinking, etching, etc. Chemical etching is promoted by
radicals such as O, and CF, discharge, while physical etching is promoted by strong
ion bombardment (e.g. argon plasma). Plasma treatment on polymer refines the
surface and also leaves some post-reaction-active sites (Hegemann et al. 2003).
Plasma treatment can increase or decrease the surface hydrophilicity of polymer.
For example, oxygen plasma (mixing several reactive oxygen species) can improve
the hydrophilicity while fluorocarbon treatment increases the surface hydrophobic-
ity to the polymer. According to Park et al. (2007a) the hydrophilicity of electro-
spun PLGA nanofibers can be increased by the gas plasma treatment method. The
increase in hydrophilicity could be associated with the intrusion of polar functional
moieties (Park et al. 2007a), whereas air plasma treatment on PCL nanofibers can,
for example, introduce ~COOH functional groups which can help gelatin grafting in
the presence of carbodiimide cross-linker (Ma et al. 2005a).

Plasma treatment followed by grafting of hydrophilic moieties could also be an
alternative approach to polymer surface modification. For example, the surface of
biodegradable polymers such as PGA, PLGA and PLLA can be chemically modi-
fied by an oxygen plasma treatment which makes a room for grafting hydrophilic
acid such as AA. Such grafting of hydrophilic moieties can be evidenced by a higher
ratio of oxygen to carbon, a lower contact angle and the presence of a carboxylic
acid group. Such surface-functionalized scaffolds improve the cell attachment and
proliferation (Park et al. 2007b). The surface of the electro-spun PVDF fibers can
also be treated to argon plasma followed by graft-copolymerization with meth-
acrylic acid, thus increasing material hydrophilicity (Kaur et al. 2007). Hetemi and
Pinson (2017) showed that the surface functionalization of S-Nitrosated
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Fig. 2.7 Surface functionalization of S-Nitrosated PLGA-cysteine (PLGH-cysteine) by water
plasma treatment without disturbing the active NO group. Adapted with permission from Hetemi
and Pinson (2017)

PLGA-cysteine (PLGH-cysteine) by water plasma treatment without disturbing the
active NO group can also decrease water contact angle values from 116° to 0°
(Fig. 2.7).

2.4.2 UV Treatment

Surface functionalization of polymer can be made feasible by UV treatment
(~200-400 nm of radiation). The effect of UV treatment depends on the UV irradia-
tion parameters (distance, power and time of UV irradiation), room temperature,
concentration of functionalizing and oxidizing agent (Gutiérrez and Gonzélez
2016). UV treatment can cause surface functionalization of polymer via radical
formations, or oxidation of the polymer or some types of bond cleavage (Hetemi
and Pinson 2017). For example, surface functionalization of PES nanofibers can be
carried out by UV irradiation into the PES nanofibers immersed in an aqueous solu-
tion of functionalizing agent (e.g. AA) in the presence of oxidant (e.g. sodium peri-
odate solution) (Chua et al. 2006). The functionalization of AA onto the substrate
introduces a functional group of carboxylic acid, while the poly(acrylic acid)-
grafted PES can further be conjugated with other chemical moieties (such as the
amino groups) by using different spacers (butylene, ethylene, hexylene, etc.) ethyl-
ene diamine employing carbodiimide crosslinking technique (Chua et al. 2007).
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2.4.3 Ozone Treatment

Surface functionalization of polymer by ozone treatment method is also a type of
oxidation process. This can develop the peroxide formation on or within the poly-
mer, making a space for the binding of the active group. For example, an active
group can be linked onto PE via ozone treatment (Hetemi and Pinson 2017).

2.4.4 Electrospinning

The desired functional group in the polymer can be introduced by electrospinning
of the mixing solution. For example, the primary amino groups can be introduced
onto the polymer surface by electrospinning of the PLGA and PLGA-b-PEG-NH,
diblock copolymer mixture. Such surface-aminated polymeric fibers offer rich sites
for enzyme or peptide immobilization, which lead to greater cell attachment and
proliferation (Kim and Park 2006).

2.4.5 Enzyme Immobilization

In some cases, polymer nanofibers are activated and processed for a chemical reac-
tion with enzyme such as lipase. For example, hydrogen chloride gas can be bub-
bled into the PAN fiber immersed in an absolute ethanol solution to introduce
imidoester (R-CNH-OR’) functionalities which impart the sites for conjugation
with amine moieties of lipase (Fig. 2.8) (Li et al. 2007).
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Fig. 2.8 Modification of PAN fiber by enzymatic immobilization of lipase. Adapted with permis-
sion from Li et al. (2007)
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2.4.6 Hydrolysis

Hydrolysis of the esters produces carboxylic acid and hydroxyl groups. The carbox-
ylic acid groups can be introduced into the ester bond polymer by hydrolysis, which
would be beneficial for further processing. For example, partial hydrolysis of PCL
fibers develops carboxylate groups which promotes the nucleation of calcium ions
during the biomineralization process (Fig. 2.9) (Araujo et al. 2008). Similarly, the
hydrolysis of PET produces a polymer surface with functionality of the carboxyl
and hydroxyl groups (Chen and McCarthy 1998).

2.4.7 Grafting

It is the method of chemical immobilization of molecular moieties or polymer chain
onto the polymer surface. The polymer chain can be linked onto the polymer either
by graft polymerization (synthesis of polymer chains from the reactive sites of the
polymer substrate) or by polymer grafting (attachment of polymer segment previ-
ously synthesized onto the polymer substrate). Proteins or some types of monomers
are covalently conjugated onto the material surface to alter surface chemistry. The
polymer surfaces are activated with some types of reactive groups followed by
grafting of the desired functionality. The polymer surface activation can be carried
out by ozone exposure, plasma treatment, UV irradiation, etc. Chemical grafting
method is more prone to toxicity compared to the physical adsorption method (Tang
et al. 2008).
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Fig. 2.9 Hydrolysis of PCL using sodium hydroxide. Adapted with permission from Araujo
et al. (2008)
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2.4.8 Chemical Reduction

The functional groups of some polymer can be reduced to other types by treating the
polymer with some types of reducers such as NaBH,. For example, the ketone func-
tional group of PEEK polymer can be reduced to hydroxyl functional group by
treating the polymer with NaBH, in DMSO at 120 °C (Fig. 2.10) (Park et al. 2007b).
The —OH group can further be transformed into other desired functionalities by
some types of chemical treatment (Hetemi and Pinson 2017; Diez-Pascual et al.
2009). Similarly, the alcohol functionality can be introduced onto PET by reducing
it with lithium aluminum hydride (Chen and McCarthy 1998).

Some specific polymers and approaches for surface functionalization, as well as
their advantages are briefly presented in Table 2.1.
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Fig. 2.10 Surface functionalization of PEEK polymers by transforming its carbonyl group into
hydroxyl group by the reducing action of NaBH, in DMSO medium. Adapted with permission
from Hetemi and Pinson (2017)
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Surface functionalization of polymers

Polymers Approaches Achievements References
PCL Immobilization of soluble | Increases hydrophilicity and Jia et al. (2008)
eggshell membrane on PCL | proliferation of human dermal
electros-pun mat fibroblasts
PCL Plasma treatment on PCL | Increases hydrophilicity and Prabhakaran
mat improves Schwann cell adhesion et al. (2008)
and proliferation
PCL Plasma treatment on PCL | Increases biomineralization and Yang et al.
mat followed by immersion | hydrophilicity (2008)
in a synthetic body fluid
solution
PCL Alkaline hydrolysis Carboxylic acid group is Sun and
followed by peptide introduced by ester hydrolysis, Onneby (2006)
coupling peptide coupling can increase the
cell attachment and proliferation
PET Formaldehyde treatment on | Improves the viability of Ma et al.
PET nanofibers to introduce | endothelial cells (2005b)
hydroxyl group on the
surface of the substrate
PES Helium plasma or UV Improves stability in acetonitrile Chen and
treatment on PES mat medium where amination can be Belfort (1999)
carried out efficiently
PLA Surface functionalization Sustained drug delivery for growth | Kim and Park
by heparin or hyaluronic factors (2008)
acid
PLA, Plasma treatment Increases hydrophilicity and Yang et al.
PLGA, PS, improves the cellular affinity of (2002) and
silk fibroin porous scaffolds Cheon et al.
(2010)
PLLA, PCL | Alkaline hydrolysis Increases biomineralization and Yoo et al.
hydrophilicity (2009)
Ester, PLLC | Surface aminolysis Develops surface positive charge
and creates amine functionalized
surface
PET Modification of PET Increases surface hydrophilicity
nanofibers | nanofibers with PMAC by | Introduces multifunctional groups
graft polymerization in on the surface which support for
mild condition the covalent immobilization of
bioactive molecules. This enhances
the cell adhesion, proliferation, and
differentiation
PU Modification of PU Improves antibacterial properties
nanofibers | nanofibers with poly(4-

vinyl-N-hexyl pyridinium
bromide) on the surface

(continued)
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Table 2.1 (continued)

Surface functionalization of polymers

Polymers Approaches Achievements References

PDA Amines (Schiffs base Organic ad-layer formation Lee et al.
reaction) or thiols (Michael (2007)
addition)

PLLA Co-electrospinning High surface free energy, increases
(electrospinning of the hydrophilicity and decreases
HAp/PLLA mixture) degradation rate

PP, PE Water vapor plasma Increase hydrophilicity Lee et al.
treatment (1991)

PP, PE, Wet chemical oxidation Introduces carbonyl, hydroxyl and | Penn and Wang

polyester carboxylic group onto the polymer | (1994)

surface

2.5 Analytical Techniques for Surface Characterization

The surface functionalization of polymer causes some types of chemical and physi-
cal changes associated to surface chemistry, morphology and topography, as well as
hydrophilicity or hydrophobicity, crystallinity and functional group on the polymer
surface. Accurate evaluations of such modifications are required in relation to phys-
icochemical characterizations and their targeted objectives. However, the character-
ization is a bit sensitive because the mass or volume of the functionalizing species
is extremely low in relation to bulk mass. In addition, the spectroscopic signal from
the bulk mass overwhelms the contribution from the surface. No single method of
characterization can provide a complete evaluation of the surface. Many of the char-
acterizations in concert can give supporting evidence on surface characterization.
The techniques commonly used for the assessment of surface functionalization of
polymers are given in Table 2.2.

2.6 Recent Trends in the Surface Functionalization
of Polymers

Several approaches of surface functionalization of polymers have been practiced for
some decades. In this sense, surface functionalization of polymer should be carried
out without compromising their inherent biocompatibility, biodegradability con-
cerns, non-cytotoxicity and bulk properties. Until now, the surface functionalization
of polymers has expanded the various promising aspects of the polymer, from phys-
ical applications to biomedical applications. Currently, research is not limited to
only reducing or increasing the hydrophilicity of polymers, but are expanding for
multipurpose applications. In addition, modulation of the degree of surface func-
tionalization has been achieved based on the polymer nature and the flux of reactive
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Measurement properties

Characterization method

References

Surface morphology and
roughness

Field emission scanning electron
microscopy (FESEM)/atomic force

microscopy (AFM)

Pant et al. (2011)

Surface hydrophilicity

Water contact angle

Croll et al. (2004) and
Tiwari et al. (2017)

Functional group insertion FTIR Tiwari et al. (2018)

or modification

Crystallinity XRD Bhattarai et al. (2019a)
Elemental detection EDX Bhattarai et al. (2019a)
Surface composition XPS Weibel (2010)

and elemental analysis

D/G ratio in carbon

Raman spectra

Pokharel et al. (2019)

materials

Hyperthermia Photothermal performance Tiwari et al. (2018, 2019)
and Bhattarai et al.
(2019a)

Chemical analysis NMR

Surface charge measurement | Zeta potential Bhattarai et al. (2019b)

plasma species (Vesel and Mozetic 2017). Selective synchrotron radiations can be
applied to functionalize the polymer in presence of reactive gas species (Weibel
2010). Medical implants are more susceptible to microbial attack and embedding.
Polymer-coated implants must retain certain specific properties for their targeted
applications. Sterilization and other material processing events should not deterio-
rate the properties of polymers. For this reason, surface functionalization of poly-
mer should be seen as a holistic approach rather than as a stereotype. Today, surface
functionalization of polymers has developed new properties on the simple state of
the polymer. For example, Tiwari et al. (2018) functionalized the PCL electro-spun
mat by using poly(pyrrole) via chemical polymerization to induce photothermal
property for hyperthermia applications targeted at cancer treatment. PDA surface
functionalization onto PCL mat unveils an efficient photothermal chemotherapy
route (Tiwari et al. 2019).

Although there have been several types of surface functionalization approaches
in practice, surface functionalization by plasma treatment has played a leading role
among many other methods. The reasons behind the main role of plasma treatment
in surface functionalization is that plasma treatment can introduce various func-
tional groups with different concentrations (Zille et al. 2015; Kajjout et al. 2019).
For example, oxygen plasma treatment can introduce several oxygenated functional
groups, such as carbonyl (>C=0), ether (C—O-C), hydroxyl (-OH), peroxy (—C-O-—
O-), etc. As plasma treatment does not involve the maximum use of harsh chemi-
cals, it is more applicable in industrial sectors.
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2.7 Conclusion

Regarding the various aspects of surface functionalization of polymers, the crucial
issue is to tune the surface functionalities without compromising the inherent bulk
properties, targeted for a specific application. Specifically, the related nanotoxicol-
ogy and cytotoxicity issues are the main concerns regarding their bioapplication in
clinical trials. However, it may get some exemption of toxicity concerns for physical
applications. To date, significant progress has been made in the field of surface
functionalization of polymers. A large number of polymer surface functionalization
approaches have been designed, formulated and employed in recent decades.
Successes in surface functionalization of polymers has led to progress in the design
and formulation of multifunctional platforms to recapitulate the complex function-
ing process both in biological and physical fields. The surface functionalization of
polymer has not only modified the polymer surface, but also provides efficiencies of
differential immobilization and release kinetics of growth factors and drugs. The
surface functionalized polymer can be used for a wide range of nanocarriers to
improve the therapeutic efficacy. Future research directions related to surface func-
tionalization of polymer should be focused on a comprehensive understanding of
surface functionalized polymer-tissue interactions and optimization for long-term
performance.
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Chapter 3
Surface Reactive and Active Polymers

Saeed Ghanooni, Nasser Nikfarjam, and Pooyan Makvandi

Abstract Modified polymer surfaces have experienced rapid growth over the past
decade in industries such as biomedical, bioprocessing, food packaging, microelec-
tronics and textiles. Although the final use of the bio-functionalized polymer varies
with each application, the general concept is the same. The first step is to design or
select a polymer with bulk properties matching the needs of the final applications,
such as conductivity, degradability, elasticity, optical clarity, origin (natural vs. syn-
thetic) and strength. The second step is, therefore, to optimize surface functionaliza-
tion techniques in order to introduce the desired type and amount of reactive
functional groups. This chapter aims to introduce the advances in the covalent bond-
ing to functionalized polymer surfaces, including the relevant techniques in the
modification of the polymeric surface.

Keywords Antibacterial - Functional polymers - Functionalization - Surface
modification

3.1 Introduction

The inert nature of most commercial polymers cannot be developed for specific
applications in various industries, and therefore, must undergo surface modification
to improve their adhesion, printing and wetting by bringing a variety of polar groups
on polymer surfaces. Several surface modification methods have been established
during the past decade, and generally follow a general path: first the binding of
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primary reactive functional groups to the polymer chain ends at the surface, fol-
lowed by modifying the reactive surface with active/bioactive agents, hydrophobic
and hydrophilic monomers, oligomers or polymers to achieve specific surface char-
acteristics matching the needs of the end use. The immobilization of active/bioac-
tive agents on a polymeric surface are generally performed by covalent bonds,
electrostatic interactions and ligand-receptor pairing. Non-covalent physical adsorp-
tion is desirable for some applications such as certain drug delivery systems (Richey
et al. 2000) and regenerable antimicrobial textiles (Kim and Sun 2001; Sun et al.
2001). However, immobilization of the agent via covalent bonding leads to the more
stable bond between the active/bioactive agent and the functionalized polymer sur-
face. The covalent immobilizations also offer some other advantages by providing
the durability of active/bioactive agents, the extended half-life for biomolecules and
preventing their quick metabolism (Harris; Alferiev et al. 2006), as well as prevent-
ing the migration of bioactive agents to food from the active food packaging films.
Grafting of polyfunctional and anchoring compounds via a spacer molecule onto
the surface of the solid substrate leads to an increase in the number of available
active/bioactive agents per unit area and improves the efficiency of active/bioactive
agents by reducing steric restrictions. Therefore, this chapter focuses on recent
advances in the modification of solid surfaces, mainly polymer surfaces, through the
covalent bonding of active/bioactive agents targeted for various applications.

3.2 Surface Reactive and Active Polymers
for Several Applications

3.2.1 Surface Modifications for Antimicrobial Applications

There are two main strategies to inhibit microbiological growth on the surface of
nanocomposite polymers: (1) release of antibacterial agents embedded into poly-
mers and (2) fixation of antibacterial compounds on their surfaces (contact-killing).
As for the first strategy, nanomaterials are able to inhibit the bacteriological by
releasing them from the matrix (Makvandi et al. 2019a, b; Zare et al. 2019a). In the
second strategy, the surface modification of polymer (or metallic) is performed to
chemically or physically link various agents with antimicrobial activities, resulting
in direct contact with microorganisms. For example, the functionalization of
implants by antimicrobial peptides (AMPs) can improve the microbicidal properties
of implants (Makvandi et al. 2019c; Zare et al. 2019b). Zhan et al. (2018) conju-
gated a polydopamine-coated titanium (Ti) substrate using AMPs through a ‘click’
chemistry reaction (Fig. 3.1). The AMPs can reduce the infection of different types
of microbes, including bacteria and fungi. AMPs can penetrate the bacterial cell
membrane and even fatally damage the drug-resistant bacteria (Zhan et al. 2018).
Zhan et al. (2018) indicated that AMP-functionalized surfaces showed high micro-
bicidal effects with low cytotoxicity.
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Fig. 3.1 (a) Schematic preparation antibacterial implants by conjugation of antimicrobial peptides
(AMPs) on Ti substrates. (b) Temperature-sensitive behavior of the platform. Adapted with per-
mission from Zhan et al. (2018)

Quaternary ammonium compounds (QACs) have also been widely used to
improve the antimicrobial efficacy of various surfaces through a contact-killing
mechanism. QACs, especially those possessing long alkyl chains, are frequently
used as antimicrobial materials and disinfectants against fungi, amoebas and envel-
oped viruses (Makvandi et al. 2016, 2018a, b). In this context, another example that
can be mentioned is the grafting modification onto the surface of the
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Fig. 3.2 Surface modification of SiO, NPs. Adapted with permission from Makvandi et al. (2015)

polysaccharides (cellulose and chitosan) using glycidyl trimethylammonium chlo-
ride (Kim et al. 1998; Fu et al. 2011; Pour et al. 2015; Chaker and Boufi 2015).

Some ceramic nanocompounds, e.g. hydroxyapatite and silica nanoparticles
(Si0, NPs) do not possess antimicrobial activity, and therefore, they can be modi-
fied with polymers to generate surface microbicidal materials (Makvandi et al.
2018). Makvandi et al. (2015) functionalized SiO, NPs with quaternary ammonium
methacrylate using a bisphenol A glycerolate dimethacrylate/triethylene glycol
dimethacrylate blend, thus creating a polymerized nanocomposite with antimicro-
bial properties (Fig. 3.2). The photocurable SiO, NPs containing two functional
segments: QAC as an antimicrobial agent and methacrylate monomers that are
copolymerized with the organic polymer matrix can also be development to obtain
polymer-functionalized particles (Makvandi et al. 2015).

The hydrophobic nature of some polymers containing surface-free functional
groups, such as polyethylene (PE), polypropylene (PP), polystyrene (PS) and etc.,
in contact with biological systems are susceptible to microbial growth. Chemical
etching via surface oxidation and morphological changes is a way to alter the hydro-
phobicity of the polymer surfaces mentioned above. In addition, several radiation
sources such as gamma (y), infrared, ultraviolet and visible light radiation, as well
as microwave plasma and high-energy electrons have been primarily used to graft
species and monomer to/from the surface (Pearson and Urban 2014). Microwave
plasma-mediated surface reactions is a fast, solvent-free and sterile approach, which
provides covalent bonds from carboxylic groups on almost any polymer substrate
(Pearson and Urban 2014). Several researchers have also employed an excited ion-
ized gas to produce reactive functional groups onto the surface of the polymers, thus
providing controllable conditions to covalently bond desirable compounds (Pearson
and Urban 2014). For example, maleic anhydride when applied as a monomer, the
modification of the resulting surface produces ‘“COOH’ entities which are linked to
a polymer main chain (backbone). Figure 3.3 schematically represents this simple
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maleic anhydride (a), followed by alkyne fixation using propargylamine (b) and then ampicillin
grafting via ‘click’ reaction (c¢). Adapted with permission from Pearson and Urban (2014)

two-step process: (a) microwave plasma reactions lead to the formation of ‘~“COOH’
on the surface and (b) covalent bonding of alkyne moieties. The polymer surface
after this surface treatment is ready for further modifications and to link antimicro-
bial agents. This approach was used by Pearson and Urban (2014) for the fixation of
antibiotics, such as ampicillin, to provide microbicidal properties on the surface of
PP and PE substrates. These authors indicated that these modified surfaces revealed
strong antibacterial effects against Staphylococcus aureus (Pearson and Urban
2014). Some of the other antibiotics such as amoxicillin, cephalexin, methicillin and
vancomycin have also been linked to various surfaces to provide active surfaces (Gu
et al. 2003; Ye et al. 2018). For example, Ye et al. (2018) prepared amoxicillin-
grafted bacterial cellulose sponges for antibacterial materials and wound healing
applications.

Poly(propylene carbonate) (PPC) is a partially renewable polymer, since it is
produced by carbon dioxide (CO,), and can be degraded into CO, and water
(Bahramian et al. 2017). The functionalization of PPC surface increases its applica-
tions in food industry as biodegradable packaging (Bahramian et al. 2017). The
plasma coating has been used for the chemical immobilization of thymol, a natural
microbiocide, on the surface of the PPC. Bahramian et al. (2017) reported a greater
antibacterial effect for coatings containing thymol superficially (1.25 mg/cm?)
immobilized with high-intensity plasma for 15 min. The antibacterial effect of the
thymol-decorated PPC was preserved for a week in aqueous medium, while under
dry conditions the antimicrobial properties were maintained for several months
(Bahramian et al. 2017).

Other polymers such as polydopamine have been used for surface modification
of other polymers such as polyurethane (PU). For example, Liu and Huang (2016)
reported that polydopamine-coated PU films and then modified with perfluoroalkyl
exhibited strong antifouling properties, while coatings containing silver NPs (Ag
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NPs) showed biocidal activity. In addition, polydopamine-coated PU films deco-
rated with Ag NPs and perfluoroalkyl exhibited a synergistic effect, thus showing a
high antibacterial effect against Gram-positive and -negative bacteria (Liu and
Huang 2016).

The antibacterial surfaces of PE and PS have also been exploited through the use
of dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride as QACs.
According to Fadida et al. (2014) the QAC-decorated PE and PS surfaces exhibited
antibacterial activity against Salmonella enterica (Gram negative bacterium).
However, the antibacterial effects of the QACs-decorated PS was higher compared
to QAC-decorated PE, which was attributed to the higher density of active sites
(Fadida et al. 2014). It should be noted that the surface functionalization with short
alkyl chain, e.g. methyl (C,) consists of trimethyl [3-(trimethoxysilyl) propyl]
ammonium chloride, did not show a considerable antibacterial effect, thus suggest-
ing the importance of the length of the alkyl chain. Therefore, this technique pres-
ents an adequate approach to develop antibacterial hydrocarbons with contact active
sites (Fadida et al. 2014).

The stainless steel surfaces have also been functionalized by antimicrobial moi-
eties. With this in mind, Bastarrachea and Goddard (2013) prepared the covalent
functionalization of the stainless steel surface to have N-halamine antibacterial
groups. The multiple layers of poly(acrylic acid) (PAA) and polyethylenimine (PEI)
were linked to the surface of stainless steel by a layer-by-layer technique.
N-halamine-functionalized steel exhibited an antibacterial effect (99.7% reduction)
against Listeria monocytogenes (Bastarrachea and Goddard 2013).

3.2.2 Drug Delivery Applications

For a successful delivery of a drug or other biomolecules, the desired dose of drug/
biomolecule should be delivered at the targeted site for a desired period. A success-
ful methodology to comply with the controlled and targeted release of the drug has
been the use of polymeric membranes. However, surface modification of nanomate-
rials has also been used for this purpose, e.g. polymeric or metallic NPs modified by
organic compounds, thus improving drug release in the human body. Several studies
have shown the improvement of delivery efficiency using surface functionalized
nanostructures. The surface functionalization of polymeric nanomaterials can be
classified into two categories (Fig. 3.4). In the first approach, a coupling agent is
used for the modification of the nanostructure and, consequently, at least one reac-
tive group must be available onto the surface of NPs. The second approach is similar
to the micellar formation of the amphiphilic block copolymers which have hydro-
philic and hydrophobic segments such as Pluronic, which is a polyethylene oxide-
polypropylene oxide-polyethylene oxide (PPO-PEO-PPO) copolymer. It is worth
noting that such amphiphilic copolymers are used for the preparation of thermosen-
sitive injectable hydrogels for biomedical applications (Yang et al. 2011; Zarrintaj
et al. 2019).
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Fig. 3.4 Schematic presentation for the surface functionalization of polymeric nanomaterials.
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Encapsulated drug

In general, the hydrophobic core provides a domain for encapsulation of hydro-
phobic biomolecules, such as diclofenac, while the shell layer is in direct contact
with body fluids and organs, which are used for site-specific delivery. For example,
polylactic-co-glycolic acid (PLGA) NPs have been functionalized using
poly(ethylene)glycol (PEG) for various purposes, including improved diffusion of
PLGA NPs into human cervical mucus or better delivery of drugs/biomolecules (Cu
and Saltzman 2008; Park et al. 2009).

In addition to surface functionalization by covalent bonds, another method is
surface coating by chemical interactions between the coated compounds and poly-
meric NPs. For example, the main drawback to the use of PLGA NPs for DNA/
RNA delivery is its negative charge, which restricts the interaction with negatively
charged DNA, as well as the poor transportability of the DNA-loaded PLGA NPs
through the cell membrane. With this in mind, many researchers have coated PLGA
NPs using cationic polymers such as chitosan to overcome or reduce the aforemen-
tioned problems (Nafee et al. 2007).

Some other types of nanostructures based on natural polymers, such as hyal-
uronic acid (HA), have been decorated to improve their drug delivery capability. In
addition to polymeric nanomaterials, some metallic and ceramic particles have also
been extensively researched as delivery vehicles for various biopharmaceuticals.
However, to improve their biocompatibility and properties, the surface of these
nanostructures has been modified. For example, gold NPs (Au NPs) have been func-
tionalized using HA. HA is a natural glycosaminoglycan, which is presents in the
connective tissues of mammals, such as the dermis, synovial fluids, the vitreous
body and the nucleus pulposus, where it fulfills important physiochemical and bio-
logical functions. As a drug delivery vehicle, a biocompatible linear polysaccharide
of HA is highly efficient for site-specific delivery to tissues with HA receptors such
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as the hyaluronan receptor for endocytosis (HARE) and the cluster determinant 44
(CD44) (Lee et al. 2012; Mayol et al. 2014).

3.2.3 Textile Applications

Naturally derived materials, such as cotton fiber, have been widely applied as solid
phase extraction absorbents for sample preparation due to their high adsorption
capacity of hydrophobic materials (He et al. 2014). This type of adsorbents exhibits
high mechanical strength, good biocompatibility and desired stability in non-
aqueous or aqueous solutions. However, the versatile application of cotton-based
materials is restricted due to their monotonous functional groups. In thi sentes, He
et al. (2014) functionalized sulfthydryl cotton fiber-based (SCF) materials by using
‘thiol-ene’ click chemistry via the abundant thiol groups onto sulfhydryl cotton
(Fig. 3.5). The reaction consists of the esterification of solid cotton to prepare SCF
followed by the reaction of the sulfide groups with vinyl functionality (He
et al. 2014).

Surface modification of the cotton can also be carried out via graft polymeriza-
tion by using the hydroxyl groups on its surface. Grafting copolymerization is a
versatile and attractive technique to provide several chains with different function-
alities to the polymer backbone. The polysaccharide graft copolymerization is based
on three common methods namely ‘grafting to’, ‘grafting from’ and ‘grafting
through’ (Fig. 3.6) (He et al. 2017). In the ‘grafting to’ method, the precursors of
tele-functional side chains made individually react with a complementary function-
ality distributed in the polymer backbone. In contrast, the ‘grafting through’, mac-
romonomers are polymerized using an appropriate initiator, while in the ‘grafting
from’, polymerization of the second monomer occurs from functionalities induced
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Fig. 3.5 Scheme for the preparation of zirconium phosphonate-modified (SCF-pVPA-Zr*") and
phenylboronic acid-grafted (SCF-PBA) sulthydryl cotton fibers. Adapted with permission from He
et al. (2014)
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into the polymer backbone which can initiate polymerization (Sumerlin et al. 2005;
Gao and Matyjaszewski 2007; Tsarevsky et al. 2007; Van Camp et al. 2007).

3.2.4 Water Desalination/Purification Applications

One of the most practical and viable approaches to achieve high metal removal
efficiency is the surface modification of natural polymer adsorbents with functional
polymeric materials (Kobayashi and Uyama 2003). In line with this, superficially
modified cellulose has been used for environmental remediation and water purifica-
tion in industrial processes (Wang 2019). It should be noted that cellulose is the
most abundant polysaccharide in nature (Bracone et al. 2016; Gutiérrez and Alvarez
2017; Herniou-Julien et al. 2019). Unlike the bulk form, the cellulose nanomaterials
show improved properties, such as large surface area and high strength, which make
them very promising materials for the manufacture of high performance filters and
membranes. These properties allow them to be used in numerous applications for
the removal of contaminants and the purification of drinking water and industrial
wastewater systems (Wang 2019). Different cellulose materials such as cellulose
nanofibers (CNFs), cellulose nanocrystals (CNCs, also known as cellulose
nanowhiskers, CNW) and bacterial cellulose nanocrystals (BCN) with an excellent
capacity have been used for water purification (Wang 2019). The CNCs is isolated
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from the monocrystalline region of cellulose with an almost perfect crystalline
structure. It has rod-like morphology with 10-20 nm in width and several hundred
nanometers in length. The nanoscale advantages of CNCs along with properties
such as high aspect ratio and high specific strength make it a desirable reinforcing
agent for different polymers. The CNFs are longer than CNCs, and therefore, have
a much larger aspect ratio and a stronger percolation network, which generally
exhibit stronger reinforcing effects than CNCs (Wang 2019). Surface modification
of CNFs by using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxida-
tion, coupling agents, acetylation, polymer grafting and cationic modification are
commonly performed to extend their applications for hydrophobic polymers, as
well as to promote its compatibility and dispersion in other polymers (Wang 2019).
Reactive molecules can also be grafted onto the nanocellulose surfaces by means of
functional groups from chemical reactions such as amidation, carboxylation, esteri-
fication, etherification, oxidation, phosphorylation and sulfonation (Fig. 3.7). The
resulting materials can be used for the removal of heavy toxic metals from contami-
nated water. In particular, Wang (2019) demonstrated that carboxyl, phosphonate
and sulfonate groups present on nanocellulose surfaces can exhibit selective absorp-
tion of contaminants in water, such as dyes, metal ions and microbes for water
purification.

Yang et al. (2013) and Sheikhi et al. (2015) created carboxyl groups through
selective oxidation of the hydroxyl groups located at C, and C; positions of the
nanocellulose to give rise to aldehyde groups, and then to 2,3-dicarboxyl groups in
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Fig. 3.7 The main chemical modifications/functionalizations of the nanocellulose surface for
water purification. Reprinted with permission from Kobayashi and Uyama (2003)
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acidic media. The succinylation of CNC (Yu et al. 2013) and CNF (Srivastava et al.
2012) has resulted in efficient, stable and recyclable adsorbents to be use for the
removal of Pb**, Cd**, Ni** and Cr**. According to Yu et al. (2013), sulfated CNCs
grafted by amide-bearing polymers have shown a very high mercury absorption
(710 mg/g) at pH 6.2. In addition, carboxylate bearing polymers grafted onto diverse
CNCs have also helped in the removal of numerous cations. For example, PAA-
grafted CNCs (obtained from bamboo) can be used for the removal of Cu?* ions
from aqueous solutions (Zhang et al. 2014), while sulphated CNCs have also been
used for adsorption of drugs such as doxorubicin hydrochloride (DOX) and tetracy-
cline hydrochloride (TC) from the water (Jackson et al. 2011).

Hong et al. (2018) recently efficiently immobilized carboxymethylated cellulose
nanofibrils (CMCNFs) onto PU foams in a cost-effective manner. The PU foam
structure was developed simultaneously due to the release of CO, gas formed from
the reaction between water and isocyanate (R-NCO) in the prepolymer (Eq. 3.1).

R-NCO+H,0 —[R-NHCOOH]| - R —NH, (amine)+CO,  (3.1)

During the formation of amine groups into the PU foam structure, the CMCNFs are
naturally bound to the surface of the PU foam to form a 3D porous PU/CMCNF
composite (Ram and Chauhan 2018). These composite foams have exhibited high
mechanical strength, recyclability and greater adsorption efficiency of 78.7, 98 and
216.1 mg/g for Cu**, Cd* and Pb** cations, respectively (Wang 2019).

Ram and Chauhan (2018) synthesized and demonstrated that a new thiolated
spherical nanocellulose (CNS) obtained via acid hydrolysis, followed by esterifica-
tion with 3-mercaptopropionic acid (3-MPA) by lipase catalysis (Fig. 3.8) can be
used as an efficient and selective absorbent of Hg?* ions. The results obtained
revealed a high adsorption capacity with rapid adsorption: 98.6% in 20 min.
Functionally-induced thiol groups led to an increase in the selectivity of SNC-3-
MPA towards Hg?* ions, while adsorption capacity remained very high even in the
presence of competitive ions (Ram and Chauhan 2018).

Cellulose nanomaterials can also be functionalized with positively charged
groups in order to adsorb anionic organic pollutants and metal species such as arse-
niates and chromates. The positively charged CNCs can be obtained by treating the
sulfated CNCs with epoxypropyl trimethylammonium chloride (EPTMAC) (Hasani
et al. 2008), or by synthesizing bisphosphonated nanocellulose by oxidation with
sodium periodate followed by the reaction with sodium alendronate and then used
to absorb vanadium in the form of metavanadate (VO?*) (Sirvio et al. 2016).

With respect to the absorption of dyes, carboxylated CNCs can also be prepared
by the TEMPO oxidation method with high carboxylic acid content for adsorption
and removal of methylene blue (a well known contaminant dye) with an adsorption
capacity of 769 mg/g at pH 9 (Batmaz et al. 2014). Qiao et al. (2015) indicated that
the esterification of existing hydroxyl groups on the surface of CNCs by using
maleic anhydride makes that carboxylated CNCs have a greater absorption effi-
ciency towards a variety of cationic dyes such as malachite green, methylene blue
and crystal violet. Jin et al. (2015) also prepared cationic nanocellulose as follows:
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Fig. 3.8 Scheme for the synthesis of SNC-3-MPA and its mechanism for adsorption of Hg?* ions.
Reprinted with permission from Ram and Chauhan (2018)

the CNCs were oxidized by sodium periodate and subsequently reacted with ethyl-
enediamine with the aim of removing the acid red GR dye (anionic dye), the result-
ing material showed a maximum absorption of 556 mg/g for acid red GR.

Other non-dye anionic water pollutants can be fluorides, nitrates, phosphates and
sulfates. With this in mind, cationic CNFs can be used for the removal of these
anionic species. For this reason, surface modification can improve the absorption
capacity of a dye selectively. In line with this, Pei et al. (2013) manufactured cat-
ionic CNF via quaternization through the use of glycidyltrimethylammonium chlo-
ride (GTAC) and then the material was used for the removal of green acid 25 and
Congo red. In contrast, anionic CNF can be used for cationic dye adsorption (Selkild
et al. 2018).

Polyester films based on polyethylene terephthalate (PET) have also been super-
ficially modified for water treatment. For example, the cyclodextrin polymer (CDP)
was coated on electro-spun PET nanofibers by polymerization of cyclodextrin in the
presence of citric acid (crosslinking agent) (Fig. 3.9) (Kayaci et al. 2013). The pre-
pared materials were targeted for removal of polycyclic aromatic hydrocarbons
such as phenanthrene (Kayaci et al. 2013).

New chelating thiosemicarbazide (TSC) moietie-functionalized PET fibers
(PET-TSC) were also made by Monier and Abdel-Latif (2013) for the removal of
heavy metal ions, such as Co*", Cu?** and Hg?* from water. The material was manu-
factured in three stages: (1) graft copolymerization of polyacrylonitrile (PAN) onto
PET backbone, (2) modification of PET-g-PAN fibers by using an alcoholic
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Fig. 3.10 Synthesis of PET-TSC chelating fibers. Adapted with permission from Monier and
Abdel-Latif (2013)

hydrazine hydrate solution to prepare PET-grafted poly(acrylic hydrazidine) (PET-
g-PAH) and (3) chelating PET-TSC fibers were obtained by treating PET-g-PAH
fibers with a aqueous solution of potassium thiocyanate and HCI (Fig. 3.10) (Monier
and Abdel-Latif 2013).

Bayramoglu et al. (2015) modified the algal biomass with PEI and amidoxime
ligand by using glutaraldehyde as a coupling agent with the objective of removing
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U* from aqueous solutions. It was discovered in this study that the interactions
between uranium cations and amine groups played an important role in the adsorp-
tion process (Bayramoglu et al. 2015).

On the other hand, polymeric resins due to easy regeneration and reuse have also
been widely used for the adsorption of phenol and its derivatives. In this sense,
Aversa et al. (2016) prepared polymer resin beads via suspension polymerization
and copolymerization of glycidyl methacrylate (GD-NORM), and were then pre-
pared two resin beads containing a weakly basic anionic exchange group (GD-DEA)
and a strongly basic group (GD-QUAT) by reaction of diethylamine using
GD-NORM beads and reaction of 1-bromobutane with GD-DEA beads, respec-
tively (Fig. 3.11). These authors found that the resin containing a tertiary amine
group (GD-DEA) was able to efficiently adsorb phenols more than the resin con-
taining a quaternary ammonium salt (GD-QUAT). The greater availability of the
electron pair in the resin with the weakly basic donor group was the main reason for
improving the interaction of the resin with the phenoxide ions (Aversa et al. 2016).

Kwak and Lee (2018) grafted PEI onto the surface of silk sericin beads by using
glutaraldehyde as a coupling agent. These authors reported the possible application
of the materials made for the removal of Cr®* from aqueous solutions. Interestingly,
Tripathi et al. (2013) also grafted multilayers of polyelectrolytes into pores and
surfaces of PET membranes. Poly(sodium 4-styrenesulfonate), as negatively
charged polyelectrolyte, and poly(diallyldimethylammonium chloride), as posi-
tively charged polyelectrolyte, were alternately assembled to make polyelectrolyte
multilayers via the convective flow method (Tripathi et al. 2013). These membranes
showed an almost complete rejection of the Congo red pollutant dye with adequate
flows (Tripathi et al. 2013).

3.2.5 [Improved Coating Applications

Diene elastomers have been widely used as suspension elements in cars, sport goods
and for the manufacture of plastic toys. The important synthetic diene elastomers
are acrylonitrile-butadiene-styrene (ABS), nitrile-butadiene rubber (NBR), polybu-
tadiene (PBD), polychloroprene (CR), polyisoprene (IR), styrene-butadiene rubber
(SBR) and styrene-isoprene-styrene (SIS). In general, additives are added to these
polymers to improve their properties. However, these non-reactive additives can
seep from materials over time. One way to solve this problem is to graft additives
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Fig. 3.13 Oxidation mechanism of P3HT films via O, plasma treatment. Adapted with permission
from Tountas et al. (2018)

into the polymer backbone. With this in mind, De Bruycker et al. (2017) synthesized
fluorinated triazolinedione (TAD) derivatives and then grafted onto the SIS, SBR
and SBS backbone (Fig. 3.12). Specifically, grafting 4-perfluorophenyl-TAD intro-
duces polarity in the polymer backbone, and therefore, the strong intra-intermolecular
hydrogen-bonding interactions can affect the properties of the material (De Bruycker
et al. 2017).

Poly(3-hexylthiophene) (P3HT) is one of the most attractive materials for pre-
paring field-effect transistors, organic photovoltaics and photodetectors. Generally,
the surface modification strategy is applied to increase the device efficiency of
P3HT materials. In this concept, the oxygen (O,) plasma treatment allows hydrox-
ylation of the surface of polymers, thus leading to the roughness of the nanoscale
interface in order to solve with the problem of the limited contact area of the accep-
tor and the donor. Direct oxidation of sulfur atoms in the thiophene ring via O,
plasma converts the hydrophobic surfaces of P3HT into hydrophilic ones by anchor-
ing polar groups on the surfaces (Fig. 3.13) In addition, an increase in the work
function is driven due to the change in the faction of the oxidized surface species
which in turn effectively increases the ionization potential via oxidative p-type dop-
ing (Tountas et al. 2018).

It is worth remembering that most surfaces of biopolymeric materials are
naturally hydrophobic, and therefore, many efforts have been made to solve this
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problem. For example, El-Saftawy et al. (2018) adapted the surface chemistry of the
ethylene-vinyl alcohol (EVOH) copolymer by using electron beam followed by
grafting of fucoidan. The fucoidan-coated EVOH samples exhibited a great improve-
ment in surface wettability and a reduction in the recovery effect compared to pris-
tine EVOH samples (El-Saftawy et al. 2018). The surface of the porous PE substrates
was also modified by Chen et al. (2018) through the use of polymers bearing phos-
phorylcholine groups, known as antifouling agents, by generating photochemical
generation followed by photoirradiation. According to Chen et al. (2018) the modi-
fied porous PE exhibited an increase in hydrophilicity and the rate of water penetra-
tion through the pores. Finally, the antifouling properties of this material can be
useful for biomedical applications (Chen et al. 2018).

3.3 Conclusions

Polymer modifications have become another important area of polymer science and
technology. Functionalized polymer have experienced rapid growth over the recent
years in various fields, including biomedical sectors and different industries such as
foods, microelectronics and textiles. These modified polymers have been used in
coatings, drug delivery, textiles and water treatments. The functionalization can be
done to impart various properties or improve existing features. Surface modification
of synthetic and natural polymers can obtain desirable properties, such as antimi-
crobial activity and biocompatibility, which are highly debated and researched
properties in modern times.
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Chapter 4
Polymer Interface Reactions

Michael Cordin, Judith R. Biittler, Thomas Bechtold, and Tung Pham

Abstract In recent decades, the functionalization and modification of polymers
has been extensively investigated in order to improve the compatibilization of
immiscible polymers in multiphase systems. Strengthening the interface increases
the phase stability, reduces coalescence and phase separation. The underlying
mechanisms play a crucial role in the control of the polymer interfaces, e.g. in-situ
formation of copolymers acting as phase compatibilizer, reduction of interfacial
tension, thus favoring the diffusion of a polymer into the other phase. Among others,
the interface reaction is an efficient method to tailor the polymer interface, as well
as to improve the phase bonding between polymer matrixes and reinforcing fibers,
typically in polymer composites. The objective of this chapter was to review the
recent advances in polymer interface reactions and the characterization of polymer
interfaces. In a selected polymer system, traditional techniques such as shear lab test
and rheological investigation, but also most advanced techniques, such as high-
lateral resolved infrared spectroscopy coupled with atomic force microscopy
(nanoIR-AFM) to characterize the polymer interface, were discussed.

Keywords Compatibilization - Functionalization - Interface reaction - Nano-scale
analysis

4.1 Introduction

The development of high-performance polymeric materials in recent decades has
been driven by a new design, synthesis and functionalization to create new polymer
structures, but also very strongly by the combination of the desired properties of
constituents in the multiphase system, such as polymer blends and composites. One
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of the advantages of blends and composites is the flexibility in the design of the
combination of an almost unlimited number of constituents with respect to the com-
positions and properties of the single components. Properties such as permeability,
stiffness, surface hardness, toughness, are just a few of those mentioned here.

One of the most critical aspects in the design of multiphase polymeric systems is
the interaction at the interface of the components, e.g. polymer/polymer interface,
polymer/reinforcement material interface, etc. Since most polymers are thermody-
namically immiscible, the research field in functionalization and modification of
polymers has been extensively investigated in order to improve the compatibility of
immiscible polymers in multiphase systems. Strengthening the interface increases
the phase stability, reduces coalescence and phase separation. The underlying
mechanisms play a crucial role in the control of the polymer interfaces, e.g. in-situ
formation of copolymers acting as phase compatibilizer, reduction of interfacial
tension, thus favoring the diffusion of a polymer into the other phase. Among oth-
ers, the interface reaction is an efficient method to tailor the polymer interface, as
well as to improve the phase bonding between polymer matrices and reinforcing
fibers, typically in polymer composites.

In general, the miscibility of polymers depends on the free energy of mixture
(AG,,) (Gibbs-Helmholtz equation — AG,, = AH,, — T. AS,,) (Zarrintaj et al. 2019).
Polymers are miscible if the AG,, is negative and the second derivation of the AG,,
(in terms of the volume fraction of one of the components) has to be greater than
zero. From the point of view of entropy, the polymer blend is always preferred,
because this increases the disorder or randomness of the distribution of components
in the new material formed, but because of the high molecular weight (Mw) of the
polymers, the entropy contribution to AG,, is small and the question whether poly-
mers are miscible or not is decided by the enthalpy of mixture (AH,,). The exact
AH,, value is determined by the intermolecular forces between the different poly-
mer molecules. If there are strong interactions between the components of the blend,
then AH,, is negative, which means that the energy is released during the mixing due
to an exothermic reaction. The energy released increases the entropy in the environ-
ment, and consequently, the mixing of the components occurs spontaneously. It is
thus very important to improve the interaction between the polymer components,
which occurs at the polymer/polymer interface (Fig. 4.1).

The interphase is the area between the two phases, and may have different prop-
erties compared to the bulk of the separated phases. The chemical interactions, the
crystallinity, the melting temperature (T,,), the viscosity and other properties may be
altered at the interphase.

:| Phase 1

} Interphase

} Phase 2

Fig. 4.1 Model of the interphase in a multilayer polymer system (left) and polymer blend (right)
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If the interaction between the polymer components is low, miscibility is not pos-
sible. If there is a low interaction between the components, then more energy is
needed to decrease the size of the phase separated particles, because the surface/
volume ratio increases as the particle size decreases. Poorly mixed polymers have
large phase separated polymer particles, and consequently, show poor mechanical
properties. There are few polymers pairs with strong intermolecular interactions,
which can form a homogenous single phase, but such polymer combinations are
normally the exception and the most polymer combination need special strategies to
form blends with good mechanical properties to be attractive for commercial
applications.

In general, the following general strategies are applied to strengthen the interface:

— Chemical interface reactions,

— Reduction of the interface tension by modifying the surfaces of the components,

— Adding a small amount of copolymers consisting of segments of both compo-
nents, such as block copolymers.

All these techniques are often summarized under the term ‘compatibilization’
between phases in multiphase systems.

4.2 Chemical Interface Reactions

An effective method to improve the interface adhesion is reactive mixture, i.e. the
combination of the physical mixture and the chemical interface reaction. The pre-
requisite for a reaction between the components is only possible, if the polymer
molecules contain appropriate functional groups. These functional groups can
already be present into the polymer molecule, such as alcohol, amine or carboxylic
groups. Alternatively, the functional groups can be subsequently linked at the poly-
mer molecule by specific reactions, often called grafting reactions onto polymers.
The best-known grafting reaction is the attachment of maleic anhydride (MA) in the
poly(propylene) (PP). Such modification not only improves the miscibility of poly-
mer components, but can also improve the adhesion to other solid materials, e.g. to
reinforcing fibers in composites to improve the mechanical properties. The chemi-
cal interface reaction during mixing is often called reactive compatibilization.

Reactive compatibilization is based on the reaction between functional groups,
e.g. as end groups in polymers, synthesized by polycondensation or as grafted side
groups. There are several typical compatibilization reactions which form covalent
bonds across the polymer phase boundaries. The following functional groups can be
used for the formation of covalent bonds:

Acyllactam and amine:
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Among others, interface reactions based on glycidyl methacrylate (GMA) and MA
have been investigated and used most in the literature. In flowing sections, these
main interface reactions will be discussed in more details.

4.2.1 MA Based Reactions
4.2.1.1 Grafting of MA onto Polymers

In order to realize the interface reaction on MA base, the grafting step of MA onto
polymer (often referred as functionalization) is often required, since the direct syn-
thesis of MA as a comonomer is only possible under very special conditions and not
yet is commercialized. If the other polymer component in the multiphase system has
suitable functional groups, the formation of covalent bonds through the polymer/
polymer interface is possible through the interface reaction by reacting with MA.

The functionalization of PP with MA can be done in solution, solid or molten
state (Ko and Ning 2000; Shi et al. 2001; Garcia-Martinez et al. 2002). The MA
grafting reactions are usually initiated by peroxide radicals under alkaline pH con-
ditions. Peroxides form radicals by the cleavage of the oxygen-oxygen bond. These
radicals then extract hydrogen from the polymer chain, which can react with MA
(Eq. 4.7).
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The MA grafting onto polyolefins was already explored in the 1950s (Van Duin
2003). The MA grafting onto PP is one of the most common systems for polymer
modification (Sathe et al. 1994; Machado et al. 2000). Several studies can be found
in the literature which discuss the reaction process and the mechanism for the MA
grafting onto PP (Gaylord and Mishra 1983; Shi et al. 2001; Li et al. 2003).

The solvent used also has a significant influence on the reaction conversion. The
stereospecificity of the polymer molecules and process conditions also influences
the reaction conversion. A quantitative analysis on the number of functional

4.7)
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carboxylic groups linked to the polymer molecule during the MA grafting reaction
can be determined by titration. Often for these tests it is necessary to purify the
grafted polymer to remove the residual MA (Bettini and Agnelli 2000). The higher
the peroxide concentration, the more grafting occur (Garcia-Martinez et al. 2002).
This relation is valid for low initial concentrations of MA. The conversion rate is
optimal for low concentrations of MA in the media. For a high peroxide concentra-
tion in solution, a radical transfer to the solvent molecules can occur so that a part
of the active grafting species can react with the solvent. So, a part of the MA reacts
with the polymer and another part can react with the solvent. A higher level of graft-
ing and conversion is produced by the reaction in the molten state without solvent.
In addition, the grafting of atactic PP is higher than that of isotactic PP. The influ-
ence of the initial MA concentration on the grafting reaction yield depends on the
peroxide concentration (Bettini and Agnelli 1999). The reaction conditions for the
grafting are difficult to optimize, because the MA concentration, the reaction time
and temperature, the reagent addition, the rotor speed and the type and concentra-
tion of peroxide sequence show an influence on the grafting efficiency. The reactive
extrusion for grafting of MA onto PP, e.g. was investigated by Bettini and Agnelli
(2002) using single extruder, twin-screw extruders and torque rheometer.

The solid-state MA grafting onto PP can also be carried out in a ball mill, which
provides a higher degree of grafting and alleviates the degradation of the PP (Qiu
et al. 2005; Qiu and Hirotsu 2005). The amount of reacted MA can be increased by
the presence of styrene during the grafting reaction (Bettini and Ruvolo Filho 2007).
A possible explanation is the activation of the MA double bond, which increases the
grafting efficiency and reduces chain cleavage, because styrene is an electron donat-
ing substance. A similar effect was also reported by Li et al. (2001) for styrene on
the reactivity of MA in the melt free radical-grafting reaction. The photoinitiated
MA grafting onto PP can also be carried out in the presence of benzophenone as
initiator (Pan et al. 2004). In this sense, Pan et al. (2004) observed a high level of
grafting. Unlike the peroxide-initiated grafting, the photo-assisted grafting is pro-
duced without a decrease in the conversion as the monomer concentration increases.
There are many different possible reaction pathways between peroxide radicals,
polymer and MA as reported in the literature. A good summary and overview was
provided by Oromiehie et al. (2014).

The grafting is always associated with a decrease in Mw of the polymer caused
by side reactions (De Roover et al. 1995). De Roover et al. (1995) also demonstrated
that the grafting reaction is limited by diffusion, while the crosslinking reactions is
limited the amount of initiator that can be used (Ganzeveld and Janssen 1992).
Typical side reaction are B-chain scission and termination by combination and dis-
proportionation (Abacha and Fellahi 2005). The grafting mechanism of MA onto
PP was also investigated by Zhu et al. (2003) via Monte Carlo Simulation. These
authors found that at a lower monomer concentration, the MA is grafted mainly
onto the radical chain ends arising from B-chain scission, while at a higher mono-
mer concentration, the MA is grafted mainly onto the tertiary carbons of the
polymer.

The success of the grafting reaction can be confirmed by Fourier transform infra-
red (FTIR) spectroscopy or titration. An investigation by "*C-nuclear magnetic
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resonance (NMR) spectroscopy can also be carried out to test the presence of MA
after grafting (Heinen et al. 1996). The presence of grafted MA also influences the
crystallization behavior (Seo et al. 2000). Following Seo et al. (2000) the half-
crystallization times of PP-g-MA increases with the crystallization temperature, but
increases more rapidly for pure PP than for PP-g-MA, while Zhang et al. (2005)
investigated the influence of the initial MA content on the grafting efficiency onto
PP, and found that the Mw decreased with increasing MA content, because 3-scission
occurred more widely after MA is attached to the tertiary carbon (Eq. 4.8). The MA
grafting onto PP via an ene reaction can be promoted by SnCl,.2H,O and Lewis
acids, which are efficient catalysts for ene reactions (Sclavons et al. 2005).

.
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In addition to the MA grafting onto PP, many other studies have studied grafting
onto (PE) poly(ethylene) (PE) (Gabara and Porejko 1967; Porejko et al. 1967a). A
similar reaction mechanism was proposed by Gabara and Porejko (1967), Porejko
et al. (1967b) and Li et al. (2003) for the MA grafting onto PE and PP. In order to
minimize the crosslinking reaction of PE (different compared to PP) caused by free
radicals, Gaylord and Mehta (1988) and Gaylord et al. (1989) added an electron
donor. For example, Samay et al. (1995) investigated the influence of different
comonomers (styrene) to increase the MA grafting efficiency onto PE. In contrast,
Clark et al. (2001) reported that the grafting of MA onto PE cannot be improved by
the presence of styrene, at least for the concentration used of the reagents in the
described experiments. Martinez et al. (2004) also investigated the grafting reaction
of MA initiated by ultraviolet (UV) radiation in the solid state. The irradiation of PE
in the presence of oxygen formed hydroperoxide groups, which can then react fur-
ther with a polymer radical to form organic peroxides. Finally, these peroxides form
polymer radicals, which can induce grafting reactions with MA. The influence of
solvent on the reaction was also investigated by Priola et al. (1994) for low-density
PE (LDPE).

In the case of the copolymers, the structure of copolyolefin has influenced the
MA grafting reaction (Machado et al. 2001). Grigoryeva and Karger-Kocsis (2000)
showed that in ethylene-propylene copolymer, the MA graft content is higher, when
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the propene content less than 50%. A similar polymer system was investigated
Grigoryeva and Karger-Kocsis (2000) with ethylene-propylene-diene terpolymer
(EPDM). MA can also be grafted onto poly(L-lactic acid) (PLLA). In this type of
system, Hwang et al. (2012) found a slight increase in Mw, possibly due to the
crosslinking reaction. The crosslinking can even be improved by adding a certain
amount of styrene (Ma et al. 2014). Polystyrene (PS) can also be grafted by MA (Li
et al. 2002) and if poly(ethylene-co-p-methylstyrene) and poly(propylene-co-p-
methylstyrene) are used (Lu and Chung 2000), then the grafting is performed selec-
tively at the p-methyl group of the methylstyrene. In addition, Wu et al. (1993)
successfully grafted MA onto (styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS)
triblock copolymer using xylene as solvent, as well as acrylonitrile-butadiene-
styrene (ABS) terpolymer has been grafted (Qi et al. 2003; Rao et al. 2008).
Different types of rubber can also be used for MA grafting. Some examples are
EPDM rubber (Oostenbrink and Gaymans 1992) and natural rubber (NR) (Nakason
et al. 2004; Saelao and Phinyocheep 2005). The grafting onto aromatic/aliphatic
copolyester was also investigated by Mani et al. (1999) using '"H-NMR, which indi-
cates that the MA grafting is produced at the aliphatic dicarboxylic acid unit in the
polymer molecule.

4.2.1.2 Interface Reaction with MA Grafted Polymers

The classic example for the interface reaction with the MA grafted polymer is the
reactive compatibilization reaction between MA grafted PP and polyamide-6 (PA6).
The in-situ reaction occurs between the terminated amine group of PA6 with the
anhydride group of the functionalized PP (Eq. 4.9) (Miilhaupt et al. 1993). The reac-
tion product is PP-g-PA6, which is an effective dispersing agent. The reaction
between amino groups of poly(amide) (PA) and the anhydride group of MA grafted
polymers can be quite complex (Van Duin et al. 1998).

R——NH, .
A

H,0

|
R_NHJ\R' 4.9
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The amine end group of PA reacts with the anhydride group, thus forming an imide
bond. The amide group in the PA chain can also react if there is an excess of anhy-
dride available, but probably only after a hydrolysis by water to an amine and car-
boxylic acid, finally resulting in a chain scission of the PA and the formation
of imide.

According to Miilhaupt et al. (1993), the increase in the volume fraction of the
in-situ synthesized compatibilizer leads to a decrease in the average domain size of
the minor phase of PA6 in the PP phase. The blend shows improved properties in
terms of moisture absorption compared to pure PP. In addition, the addition of PA6
improved the dyeability, stiffness and toughness of the blend. Datta et al. (1995)
also reported an increase in the dispersibility of PA6 in PP with the use of MA-g-PP
due to the fact that the grafted copolymer has segments similar to the components
of the polymers in the blend. MA-g-PP increased the interactions between the
phases and influenced the viscosity of the PP/PA6 blend depending on the composi-
tion. In addition, there is an increase of the impact strength, maximum stress (o,,)
and strain at break (g,). The compatibilized blend shows a decrease of the melt flow
rate, probably due to an increase in Mw by the formation of intermolecular bonds
between the anhydride and amine groups. However, the formation of covalent bonds
was also supported by the observation, that formic acid extract was very turbid for
the compatibilized blend, in contrast to the non-treated blend. The decrease in solu-
bility can be explained by the binding of non-polar PP onto the PA6 molecules. The
successful formation of an imide bond between the MA-g-PP and the amino group
of PA6 was evidenced by Roeder et al. (2002) using FTIR spectroscopy. These
authors assigned three additional FTIR peaks to the formation of imide, which can
be distinguished between the carbonyl vibration of an unreacted MA-g-PP molecule
and that of an imide group, the first one was found at 1710 cm™" and the second at
1764 cm~'. The uncompatibilized blends absorbed more water, even more than
expected due to the presence of PA6. A possible reason is the filling of voids in the
interface with water. The compatibilized blends absorbed less water, probably due
to the decrease in the concentration of free NH-groups. In addition, the interfacial
adhesion was improved and reduced the formation of voids. In principle, the graft-
ing of MA improved the adhesion between olefins to polar phases (Lin 1993). On
the other hand, the grafting of too much polar groups can have a negative influence
on the properties of the blend due to a greater moisture absorption capacity in the
interface, which can cause more swelling of the material.

In the course of the reactive compatibilization with MA, the chemical kinetics
and conversion, the interface adhesion and the viscosity are strongly influenced by
the processing equipment and conditions. After reactive blending, PA shows a lower
Mw due to the PA6 chain scission by reaction with MA, preferentially on the grafted
PAG6 chain (Van Duin et al. 1998).

The influence of MA-g-PP on the morphology of the PP/PA6 blend was observed
by Kyu Kim et al. (1991). During the fracture process, pull-out of domains was
observed, indicating a poor adhesion between the two components and scanning
electron microscopy (SEM) micrographs show the disappearance of spherical
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particles in the PP/PA6-6/MA-g-PP blend due to the addition of the compatibilizer.
Differential scanning calorimetry (DSC) measurements showed that the T,, of PP in
a compatibilized PP/PA6 blends increased with the increase in PA6 content, proba-
bly due to the dissolution of grafted PP molecules. A positive deviation of the blend
viscosity from the additive rule was explained by the stronger interactions between
the components through the interface reaction. Another method to visualize the dis-
tribution of PA6 in the PP matrix was developed by Zhou et al. (2009) based on
chemical mapping using attenuated total reflectance (ATR)-FTIR spectroscopy. In
this regard, Zhou et al. (2009) was confirmed that the addition of PP-g-MA signifi-
cantly improved the miscibility, while Seo and Ninh (2004) reported that the frac-
ture toughness of the PP/PA6/PA6-g-PP blends depended on bonding temperature
and time. The fracture toughness increased as the bonding time increased and finally
shows a plateau for longer times for all tested bonding temperatures. The fracture
toughness was investigated for temperature between 180 and 240 °C and the highest
value for an annealing temperature of 220 °C was observed. Following Seo and
Ninh (2004) there is an early increase in interfacial adhesion with the bonding time,
probably due to a greater number of intermolecular reactions at the interface. The
adhesion at the interface increased more rapidly with a higher bonding temperature
due to a higher density of graft copolymer at the interface. For longer bonding
times, the reaction rate decreased due to the low concentration of functional groups
at the interface. The reason for the highest fracture toughness at the temperature of
220 °C was the interaction of the adhesion fracture at the interface and the cohesive
failure between the polymer chains. The cohesive strength decreased with tempera-
ture due to a lower entanglement of the polymer chain.

The influence of MA-g-PP on the crystallization behavior of PP/PA6 blends was
also investigated by Moon et al. (1994) using a blend composition of 70% PP and
30% PAG6. These authors observed an increase in the crystallization temperature of
the minor phase of PA6 compared to pure PA6 due to the molecular arrangement
more ordered by the extrusion process as a possible explanation. By adding
MA-g-PP to the blend system, the crystallization temperature of PA6 was degreased
with a higher content of MA-g-PP. Through interface reaction between MA-g-PP
and PA6, PA6-g-PP was formed in-situ, which can act as a polymeric diluent in the
PAG6 phase and reduce the crystallization temperature of PA6. Moon et al. (1994)
also reported that the magnitude of the PP crystallization peak increased and that of
the PAG6 peak decreased up to an amount of MA-g-PP of 1.5%. Beyond the amount
of MA-g-PP of 1.5%, there was even a disappearance of the crystallization peak of
PAG (at the crystallization temperature of pure PA6). This phenomenon could be
explained by the concurrent crystallization of PA6 with PP due to the reduced par-
ticle size of PA6 in the PP matrix, since a larger particle has a higher probability to
contain units of certain heterogeneity. The effect of reducing the particle size of the
minor PA6 phase in PP was confirmed by our own research using atomic force
microscopy (AFM) (Fig. 4.2).
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Fig. 4.2 AFM micrographs of PA6/PP (40:60) blends: without modification (left) and with modi-
fication with 0.13 wt.% MA based on total polymer content (right)

The preparation of bi-component fibers, consisting of PP shell and PA6 core was
reported by Godshall et al. (2001) in order to combine the surface properties of PP
with the mechanical properties of PA6. To improve the interface interaction, the in-
situ reactive compatibilization was performed with MA-g-PP. Here, the compatibi-
lization took place during the fiber spinning process. Most likely, the amide bond
formed in-situ was transformed into an imide bond by cyclodehydration due to the
high temperature during the melt spinning process. Abacha and Fellahi (2005) sug-
gested that the performance of glass fiber-reinforced PP/PA6 composites can also be
improved by the addition of MA-g-PP. Abacha and Fellahi (2005) made observa-
tions using SEM to test the hypothesis of improved interfacial adhesion as a reason
for the improved mechanical properties.

Another approach was used by Teng et al. (2004) to synthesize PA6 in-situ dur-
ing the PP/MA-g-PP reactive blend processing. The amino groups of PA6 formed
in-situ can then react with MA-g-PP to yield PP-g-PA6, which suppress particle
coalescence. Reactive compatibilization of PAs (PA6, PA6.6) with PP was also pos-
sible with MA-g-SEBS (Ohlsson et al. 1998).

According to Jiang et al. (2003) the reactive blending of PE with PAG6 is possible
by using MA-g-PE. In addition, Filippi et al. (2005) reported that the compatibili-
zation efficiency of MA-g-PE depends on the structure and the molar mass of the
used PE. These authors also found that MA-g-LDPE was not very effective com-
pared to MA-g-high-density PE (MA-g-HDPE) in LDPE/PAG systems. The reason
could be in the miscibility of different PEs. While MA-g-LDPE does not accumu-
late much at the interface, a higher concentration of MA-g-HDPE was observed at
the interface, which led to greater compatibilization effectiveness, and the compati-
bilization was also improved by a lower molar mass of the MA-g-HDPE substrate
and when the succinic groups are distributed rather uniform along the HDPE chain
(Eq. 4.10).
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OH

(4.10)

In another study, Kyu Kim et al. (1991) investigated the interface reaction between
MA-g-PE and PA6 with respects to fracture morphology. SEM micrographs of frac-
tured HDPE/PAG6 surfaces showed a poor adhesion at the interface, indicated by the
pull-out of the dispersed phase, while PE/PA6/MA-g-PE clearly showed a compati-
bilization effect, which was reflected by a reduced size of dispersed PA6 particles.
Similar to the reported works on PP/PA6 systems, the compatibilization also influ-
enced the T,, of the components in the blends due to the selective dissolution of the
defective PA6 molecules. In addition, an increase in the steady shear viscosity was
also observed, probably due to the increased adhesion at the interface between PE
and PA6. A comparison of mechanical and tribological properties of HDPE/PA6
blends with and without interface reaction on MA base was conducted by Palabiyik
and Bahadur (2000). Interestingly, although the compatibilizer improved the adhe-
sion between the two phases, a weak boundary layer can also be introduced, which
could explain the decrease in the o, in the investigated system.

Apart from vast studies with PAs in polyolefins (PP/PA and PE/PA), there are
also other polymer systems which have been successfully compatibilized using MA
interface reactions. Keeping this in view, Lim et al. (2002) investigated the compati-
bilization of MA-grafted syndiotactic PS (sPS) with PA6. The poor interfacial adhe-
sion in a non-compatibilized system can be linked to the smooth and clear surface
of the distributed domains of PA6 as observed by SEM. The addition of MA-g-sPS
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decreased the domain size and improved the Izod impact strength due to the
improved interface adhesion.

The compatibilization effect by adding styrene-maleic anhydride (S-MA) and
styrene-GMA (S-GMA) copolymers to a PS/PA6.6 blend due to the intermolecular
reaction was reported by Chang and Hwu (1991). Here, S-GMA seemed to be more
reactive than S-MA. The compatibilizer formed in-situ was not located exclusively
in the interface, but was also distributed in both phases. The compatibilized blends
showed a higher viscosity due to better miscibility and an increase in Mw due to the
in-situ formation of the copolymer. The distribution of the compatibilizer in the two
polymer components also altered the mechanical properties of these components,
which led to a decreased toughness, although the interfacial adhesion was improved.
Especially, the distribution of the brittle S-MA in the PA6.6 phase caused losses in
toughness. Compatibility of PS with poly(urethane) (PU) is possible, e.g. with the
use of S-MA as investigated by Cassu and Felisberti (2001). In case of the
poly(methyl methacrylate) (PMMA)/PA6 blend, MA-PMMA copolymer was syn-
thesized. The interface reaction with PA6 was confirmed by rheological measure-
ments. An increase of the torque level of the rheometer was also observed by
increasing the MA concentration in the copolymer, which was added to the
PAG6 blend.

The reactive compatibilization of HDPE with poly(ethylene terephthalate) (PET)
was done by Lusinchi et al. (2001), starting from MA-grafting reaction onto HDPE
in refluxing toluene without free-radical initiator in order to avoid crosslinking.
Mechanical properties, such as o¢,, and the &, were improved for a 60/40 blend of
HDPE/PET with low amounts of MA. The compatibilized blends showed a better
dispersion of the minor phase with a smaller domain size due to the improved inter-
facial adhesion.

Chiu and Hsiao (2006) carried out a successful compatibilization of PET/PP
blends by using MA-grafted poly(ethylene-co-octene), meanwhile Carone et al.
(2000) investigated the reactive compatibilization of the NR/PA6 system, finding
that the non-maleated PA6/NR blend showed phase separation in the Molau test
after 30 days, the MA-based interface reaction indicated the improved adhesion,
which was also supported by the deceased particle size through investigation by
transmission electron microscopy (TEM).

Interface reaction of poly(butylene terephthalate) (PBT) and ethylene-vinyl-
acetate (EVA) copolymers was also realized by Kim et al. (2001b) using MA reac-
tion. Before blending, EVA was modified by free radical MA grafting. PBT was
then blended with the MA-g-EVA and the formation of PBT-g-EVA copolymer was
produced by in-situ interfacial reaction. The reaction of MA-g-EVA with carboxylic
and hydroxyl groups of PBT was confirmed by FTIR spectroscopy. Here, the PBT
extracted from the compatibilized blend showed two peaks at 2923 and 2852 cm™!
due to the C-H stretch of the ethylene group of EVA. This demonstrated the in-situ
reaction of MA-grafted EVA with the carboxyl and hydroxyl groups of PBT by the
formation of PBT-g-EVA copolymer. Kim et al. (2001b) also observed that a higher
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dicumyl peroxide (DCP) concentration by MA grafting lead to a smaller particle
size of EVA and the phase boundaries between PBT and EVA matrices become less
clear, which indicated a better interfacial adhesion. This also resulted in higher
impact fracture energy compared to the PBT/EVA blend. In a later study, Kim et al.
(2003) reported on the lowest limit of EVA particle size of approx. 1.7 pm, regard-
less of the additional increase in the MA content. A possible explanation was the
existence of an optimum concentration of PBT-g-EVA copolymer due to the limita-
tion by the carboxyl and hydroxyl end groups of PBT.

The application of the classical MA-based interface reaction in biobased poly-
mers was investigate by Rubino et al. (2012) for PLLA/starch blends. The PLLA/
starch blend was melted and the grafting reaction with MA was initiated by dicumy]l
peroxide, which led to a covalent C-C bond between PLLA and MA. The reactive
compatibilization occurred by the reaction between the anhydride group and a
hydroxyl group of starch. Due to the reactive compatibilization effect, a reduction
of the glass transition temperature (T,) and T, was also observed, as well as an
improvement in the mechanical properties for blends with different PLLA contents,
e.g. 90, 80 and 70%. A similar study was carried out by Zhang and Sun (2004) who
investigated the influence of MA/initiator on the compatibilization effect in PLLA/
starch blends. These authors found that the optimal MA/initiator ratio of 100:10
significantly improved the mechanical performance of the PLLA/starch blend.

o 0
0/""" o"ﬁ'r
starch
B o]
= NS Z 0
© ° © 7 o \c:l-i2
o}
OH
I‘t\o 0/,;‘
OH 4.11)

4.2.2 GMA Based Reactions

The second largest and most well investigated interface reaction is based on
GMA. Similar to MA, GMA is often first grafted onto non-functionalized polymers
before the interface reaction in multiphase polymer systems.

4.2.2.1 Grafting of GMA onto Polymers

GMA can be grafted by the melt free radical method onto ethylene-propylene-
rubber (EPR) (Hu and Cartier 1999), PE (Cartier and Hu 1998b; Torres et al. 2001)
and PP (Cartier and Hu 1998a). The grafting yield of GMA can be significantly
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increased by the addition of styrene (Eq. 4.12). The grafting mechanisms in differ-
ent polymer systems are the same as reported for the reaction with PP. In these
cases, the reaction rate and yield were lower, but can be increased by the addition of
a second suitable monomer, such as styrene.

CHj3 CH; CH;
| styrene GMA
c: —_—
ey
st ?l
eMa (4.12)

Cartier and Hu (1998a) suggested that the styrene molecule reacts more rapidly
with the PP radical and then, in a second step, the GMA reacts with the new formed
PP-styrene radical. The styryl macroradical is more stable than the PP radical,
which probably increases the grafting yield of GMA and reduces the degradation of
PP at the same time.

A similar effect was also reported by Sun et al. (1995) and Chen et al. (1996)
who indicated that the extent of GMA grafting onto PP can be influenced by the
monomer and initiator concentration and the reaction time, but is often accompa-
nied by a B-scission of the PP molecule. Alternatively, a higher degree in GMA
grafting onto PP could be realized using acrylamide as initiator (Huang and Liu
1998). The thermally decomposed free radicals react preferentially with the GMA
molecules instead of PP.

The GMA grafting onto powdered PP has also been possible by solid-phase reac-
tion as follows: A liquid mixture of GMA, benzoyl peroxide and toluene were first
absorbed by the PP powder and then the reaction was carried out in a preheated
Haake mixer (Pan et al. 1997). Poly(lactic acid) (PLA) can also be grafted by GMA,
using benzoyl peroxide as an initiator using the following methodology: in the first
step, the radical captures a hydrogen atom in o position next to the ester group of the
PLA molecule, and then the macroradical react with GMA to form GMA-g-PLA
(Eq. 4.13) (Liu et al. 2012).
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4.2.2.2 Interface Reaction with GMA Grafted Polymers

An interface reaction with GMA is based on the fact that the epoxy group of GMA
can form covalent bonds with a series of functional groups, such as amine, carboxyl
or hydroxyl groups. With this in mind, Wei et al. (2003, 2005) reported on the reac-
tive compatibilization of GMA-g-LDPE with PA6. The epoxy group can react with
the amine and carboxyl end groups of PA6 and the intermolecular reactions between
the polymer molecules were detected indirectly by the increase in the mixing torque
compared to the non-compatibilized blend. These authors also observed that the
torque of PA6/GMA-g-LDPE blend (80:20) was five times greater than of the PA6/
LDPE blend (80:20). If the amount of GMA-g-LDPE is increased further, a decrease
of the torque was then observed indicating the completed reaction between the
epoxy groups of GMA-g-LDPE and the amine and carboxyl groups of PA6 for a
composition ratio close to 80:20. In addition, the compatibilized blends showed a
better phase dispersion and the GMA-g-LDPE bonds with PA6 were confirmed by
the Molau test, because the dissolution of the blend in formic acid led to a colloidal
suspension of GMA-g-LDPE-g-PAG6.

The immiscible PA6/poly(phenylene oxide) (PPO) system can be compatibilized
using grafting and interface reaction with styrene-GMA (S-GMA) (Chiang and
Chang 1996). In this sense, the epoxy group of the S-GMA molecule can react with
the amino and carboxyl end group of PA6, but also with the hydroxyl group of PPO
(Eq. 4.14). The in-situ formed S-GMA-g-PA6 was accumulated at the interface
between the two polymers and had a strong compatibilization effect and it was also
considered that a certain amount of S-GMA-g-PPO-g-PA6 was formed. The com-
patibility increased the interfacial adhesion, thus reducing the domain size. The
mechanical properties of the blend, such as ¢,, and Izod impact strength, were also
significantly improved.
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Reactive blending of PET with GMA-g-HDPE was investigated by Pazzagli and
Pracella (2000). The end groups of the PET molecule could react with the epoxy
group of GMA-g-PE, which was confirmed by the disappearance of a characteristic
peak (910 cm™) in the FTIR spectrum. Due to the reactive blending, the phase dis-
persion and interfacial adhesion were significantly improved.

The compatibilization of PBT with GMA-modified PP was successfully carried
out by Sun et al. (1996). Compared to other reactive species such as acrylic acid,
GMA and MA, the best results were reported. The epoxy group of GMA can react
with the carboxyl and hydroxyl groups of PBT. After the optimization of the pro-
cessing conditions for the GMA grafting, the resulting PP/PBT blend (70:30) shows
a 15- to 20-fold improvement in impact strength and &, compared to the non-
compatibilized blend.

Blends of PET with GMA-grafted SEBS and styrene-b-(ethylene-co-propylene
(SEPSEP) with different styrene content and different number of blocks in the poly-
mer chain were investigated by Pracella and Chionna (2004). In the blends of PET
with the grafted copolymers a better dispersion and an improved adhesion between
the two phases were observed, resulting in a significant improvement in the ¢, values.

In another study, the interface reaction with GMA was applied by Kim et al.
(2004) for PLA/LDPE system. The reactive compatibilization was produced by the
interface reaction of epoxy groups in the GMA-g-PE molecule with carboxyl and
hydroxyl groups at the chain ends of the PLA molecule. Additional peaks in the 'H-
NMR spectrum were a strong indication of a chemical reaction between PLA and
the epoxy group of the GMA-g-PE molecule. Similarly, the compatibilization of
PLA can also be achieved with poly(ethylene-co-octene) after GMA grafting. The
possible interface reaction significantly improved the compatibility (Su et al. 2009).

In addition, PLA can also be blended with NR after GMA grafting (Juntuek et al.
2012). The polymer/polymer interface reaction was confirmed by FTIR measure-
ments, thus showing that a characteristic IR band for carboxyl end groups of PLA
at 3500 cm™! disappears after the reaction with GMA-g-NR. SEM micrographs con-
firmed a better dispersion of NR in the PLA matrix due to the reactive blending,
which led to improved ¢, and impact strength values.

Using the interface reaction between hydroxyl end group of the starch molecule
and the epoxide group of GMA, the poly(caprolactone) (PCL) and the gelatinized
starch was also compatibilized by reactive blending with GMA-g-PCL (Kim
et al. 2001a).

4.3 Physical Interactions at Polymer Interface

Apart from the basic chemical interface reactions discussed in the previous section,
physical interactions also strongly influence the polymer/polymer interface.
Basically, if the interface adhesion (physical term) is strong, then the stress transfer
between the two phases through the interface is effectively possible and results in
good mechanical properties of the multiphase polymer systems. In addition to
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covalent bonds, the interface adhesion is strong, when the polymers are similar in
interface adhesion and polarity often takes place through the acid-base reactions,
the dipoles, donor-acceptor and ions interactions, or hydrogen bonding. Figure 4.3
shows relevant dipoles in the formulas of some polymers.

By extending multiphase systems beyond polymer/reinforcement (filler, fibers
etc.) systems, the surface structure and the geometries of the reinforcements also
show a strong contribution to the stability of the interface. Processing conditions
such as pressure, shear forces, temperature, etc. also have an impact on the phase
adhesion.

Physical interactions between the polymers are mainly based on the chain diffu-
sion and entanglement and depend largely on the surface energy of the constituents.
If the surface tensions are not adequate, the chain diffusion and entanglement of the
polymer chains in the melted and solvated state is almost possible. If the surface
energies are adequate with each other, the wetting occurs and then chain diffusion,
entanglements and chemical reactions can take place (Bechtold and Pham 2019).
The interfacial energy, chain diffusion and entanglement will be described below in
more details:

4.3.1 Surface Energy

In multiphase systems, the surface energy is an important measure for the wettabil-
ity of solid phases, such as fibers, films or textiles, by liquid phases such as poly-
mers or sizing agents. Basically, molecules on the surface of the polymer have a
higher energetic potential compared to the molecules in the bulk. Thermodynamically,
molecules favor low energetic levels that can be achieved by interacting with adja-
cent molecules. However, on the surface, the molecules do not have similar mole-
cules on one side for interactions, and therefore have a higher energetic level. This
excess of energy is the surface energy (solids) or surface tension (fluids). Thus, for
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the material it is energetically more favorable to have the smallest possible surface
area with the surrounding phases. The energetic potential of the molecules on the
surface results in an ability to interact with adjacent phases. There are different
interaction forces contributing to the surface energy. Dispersion forces, on the one
hand, are based on electrochemical interactions of weak van der Waals interactions
between apolar molecules, resulting in weak attraction forces on the surface. Polar
forces at the phase boundary, on the other hand, are caused by permanent electro-
negativity of covalent or ionic interactions in the molecules. These stronger forces
ensure a higher polarity on the surface of the phase (Cherif 2011; Gutiérrez et al.
2018, 2019; Herniou-Julien et al. 2019).

The easiest way to obtain information about the surface energy of a solid poly-
mer is to determine the contact angle of a liquid (e.g. water) on the surface. The
amount of wetting taking place depends on the surface energies of the polymers. If
the water contact angle (WCA — 0) is 180°, the solid is not moistened and the sur-
face tension is high (Fig. 4.4). A WCA greater than 90° indicates that the solid is
relatively hydrophobic and apolar, the wetting is low. The wetting is better if the
WCA is less than 90°. This is the case with relatively hydrophilic and polar materi-
als having a low surface energy. If the WCA is 0°, then the liquid wets the material
completely (Elias 1997).

The precise determination of the surface energy of a solid is more complex. In
fact, the surface energy is calculated by the interfacial energy between a solid and a
liquid (yg). In case the liquid resides as a drop on the solid surface, there is also
interfacial tension between solid and gas (y,,) and between liquid and gas (y,,) (Elias
1997). The Young’s equation describes the relationship of the contact angle () with
those interfacial tensions as follows (Bechtold and Pham 2019):

Ve =7y +7,,c08(0) (4.15)

Experiments show that the contact angle is related to y,, by a straight-line equation
(Eq. 4.16). This counts for values y,, > y. (Zisman 1964).

cos(0)=a—-by, (4.16)

Y1« approaches y. when the contact angle approaches zero (cos(0) = 1), the equation
can be written as follows:

cos(0)=1+b(y.-7,) 4.17)
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The critical surface energy is the surface energy at which a liquid wets a solid
totally. The critical surface energy (o) of a polymer is determined by the contact
angles of different liquids (Elias 1997). Graphically, the surface tensions of differ-
ent liquids can be plotted against the cosine of the contact angle. The solid is totally
wetted if the WCA = 0°, giving cos(0) = 1. The surface energy value at cos(0) = 1,
is the critical surface tension of a solid (Fig. 4.5).

The general formula for calculating the surface energy is as follows:

o, =0, +0, —(interactionbetween phases) (4.18)

o, is the surface energy of a solid and o is the surface tension of a liquid. The differ-
ence between the models is the interpretation of the interactions responsible for the
surface tensions of the separated phases and the components used for the calcula-
tion. The surface energy can be calculated by combining contact angle derived from
a polar and an apolar liquid, e.g. water and diiodomethane.

4.3.2 Interfacial Energy

Work of adhesion (W,) between two phases (solid/solid, solid/liquid, liquid/liquid)
can be described by the Dupré’s equation (Eq. 4.19). If one phase wets the other, the
surface energies of both phases are released as follows: ¢, + &,. For the formation of
the interphase energy is used, called interfacial energy (c,,) (Cherif 2011):

W,=0,+0,-0, (4.19)

The W, is a measure of the strength of adhesion between two phases. This informa-
tion is useful for adhesives, cleaning products, coatings and sizing agents. The W,
is necessary to separate phase 1 from phase 2. If a liquid wet a solid, the W, can be
determined by using the contact angle. Young related the W, to the contact angle
(derived from y,, = ¥4 + Y1, c0s(0) and W, = 6, + 6, — 61»), which leads to the Young-
Dupré’s equation (Habenicht 2009):
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W, =W, =c,(1+cosb) (4.20)

However, the Young-Dupré’s equation does not take into account the disperse and
polar force fractions of the materials. Owens and Wendt (Cherif 2011) included
those forces in the equation for interfacial energy (Eq. 4.21). Thus, the total surface
energy is the sum of the disperse and the polar fractions.

c=c"+o" 4.21)

As for a second phase, the interfacial energy depends on disperse and polar fractions
of the two phases. Owens and Wendt (Cherif 2011) described the interfacial energy
for two immiscible phases that are in contact with each other: solid/solid, solid/lig-
uid or liquid/liquid as follows:

0, =0,+0, —2(\/01’) oy +\/0'1P -G;) (4.22)

oy, Interfacial energy between phases 1 and 2.

o,: Surface energy of phase 1.

o,: Surface energy of phase 2.

o, : Dispersive proportion of surface energy of phase 1.
o, : Dispersive proportion of surface energy of phase 2.
o/ : Polar proportion of surface energy of phase 1.

o5 : Polar proportion of surface energy of phase 2.

Since there is disperse and polar interactions in surface energy, the adhesive
strength (W,) depends on whether there are similar adhesive forces (disperse or
polar) in both phases. Including the disperse and polar forces of the interfacial
energy of the Owens and Wendt’s equation to Dupré’s formula, then the following
equation emerges (Eq. 4.23).

w, =0'1+0'2—0'l—0'2+2(\/0'10-c72D +\/C71P'CTZP)=2(\/O'ID'C72D +\/C71P'CTZP)(4.23)

Taking the polymer/reinforcement system as an example. Figure 4.6 describes the
correlation between adhesion behavior, surface energy and wetting.

Polar solids are easier to wet compared to apolar materials because the latter
have more surface energy. The wetting increases if the solid has a lower surface
energy than the liquid. Most polymers have a surface energy greater than water, thus
water does not have a good wettability on polymers. In contrast, fats and oils have a
higher surface energy than most polymers, and can wet the polymers (Elias 1997;
Cherif 2011).
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4.3.3 Interfacial Diffusion and Entanglement
of the Polymer Chain

At the interphase of two different melted or solvated polymers, diffusion and chain
entanglements of the polymer molecules can take place, depending on the chemical
and physical properties of the polymers and the processing conditions. Good diffu-
sion and entanglements are favorable for good adhesion between the polymers.

The mobility of the polymer chains depends on the physical conditions of the
environment. At temperatures beyond the T,, the molecular motion is frozen. Above
the T,, the polymeric material softens or becomes rubbery due to the fact that the
electrostatic interactions become less stable and the mobility of the polymer chain
increases. The molecular mobility is greater above the T,,, where the thermoplastic
polymers are in a viscous fluid state. The movement of the chain in a polymer melt
or solution depends largely on the forces, such as extension, pressure and shear,
under which the polymer is found. In general, the chains are oriented in the direc-
tion of the force (Elias 1997).

4.3.3.1 Brownian Motion

The development of the polymer diffusion theory began with the diffusion theory of
small colloidal particles in a fluid. The diffusion of small colloidal particles
(1 nm—10 pm) is caused by fast fluctuations of the surrounding molecules, which hit
the particles randomly. This diffusion is diffusive motion, it is also known as



4 Polymer Interface Reactions 77

Brownian motion. The Einstein’s relationship describes the Brownian motion (dif-
fusion coefficient D—Eq. 4.24) as a constant force applied to a particle resulting in
a constant velocity, counteracted by a frictional force caused by the fluid on the
particle (frictional coefficient {), depending of the Boltzmann constant (k) and the
temperature (T) (Rubinstein and Colby 2003):

_k
¢

D (4.24)

The time (7) a particle needs to diffuse the distance of its own size (R) is given by
Eq. 4.25:

R® R¢

D kT

(4.25)

In this equation, the diffusion time (t) is proportional to the friction coefficient ().

4.3.3.2 Dynamics of Short Chain Polymers

For polymer melts and concentrated solutions made of short chain polymers
(N < 200 monomeric units) having no entanglements, the Einstein’s relationship
about the Brownian motion is expanded by Rouse model. The Rouse model
describes the melting dynamics of the polymer for short chain polymer. The poly-
mer chains are represented as a linear series of spring-connected beads, schemati-
cally represented in Figure 4.7 (Kausch and Tirrell 1989; Lee 1991; Rubinstein and
Colby 2003).

The Rouse diffusion coefficient (Dg) depends on the Rouse friction coefficient
(Cr) and the number of beads (monomeric units, N). Using the Einstein’s relation-
ship, the Dy, is determined by Eq. 4.26.

_ kT _ kT
g, N¢
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Fig. 4.7 The Rouse model describing the dynamics of the short chain polymer

(4.26)
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The Rouse relaxation time (tg) of the chains can be calculated using Eq. 4.27, where
the friction of the beads with the surrounding medium or chains (friction coefficient,
€) and the motion of each bead caused by the oscillating springs (Rubinstein and
Colby 2003).

2 2
T, % R R _C 4.27)
D, KkT/(NS) kT

Another model that describes the diffusion of short chain polymers is the Zimm
model. In addition to the Rouse model, this model includes the hydrodynamic inter-
actions (Doi and Edwards 1986).

4.3.3.3 Entangled Polymer Chain Dynamics

For long polymer chains (N > 200 monomeric units) the Rouse model is no longer
valid, since additional interactions between the chains occur, namely entangle-
ments. Because of these entanglements, the motions, such as relaxation times and
self-diffusion, in a polymer melt or concentrated solution, are slower compared to
the dynamics of the short chain polymer and depend on the Mw of the polymer
(Kausch and Tirrell 1989). Several models considering the entanglement of the
chains were developed in history. The reptation theory developed by de Gennes
(1971) and later adapted by Doi and Edwards (1986) to the tube model prevailed in
science. The tube model describes the snake-like motion of the polymer chains
along its own line in a ‘tube’, surrounded by entangled chains (Fig. 4.8). The motion
area is limited by the neighboring chains, which contribute to the tube topography,
although they are mobile. This reptation mechanism explains the viscous flow in
polymer melts. The assumptions of this model are that the movement of the chains
is independent of the motion of the surrounding chains and that the lateral move-
ment outside the tube is insignificant (Kausch and Tirrell 1989).

The diffusive motion of the chain along the tube is the diffusion coefficient
(Drouse)- The time required to escape the tube is the longest relaxation time (T,q;—
Eq. 4.28). The parts of the chain leaving the tube adopt random configurations.

Fig. 4.8 The tube model
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The entangled polymers are melted at zero shear rate viscosity, where the T, is
approx. M? — M34. M refers to the Mw of the polymer. The reptation diffusion coef-
ficient (D,,,—Eq. 4.29) is derived from the gyrus radius of the chain (R,) and the 7.,
(Kausch and Tirrell 1989):

(1/6)R? N

T rep

= M (4.29)

rep

The reptation diffusion coefficient describes the diffusion of the chain through the
tube and is approximately equal to M=2 — M~23, The radius of gyration is a measure
for the random shape of the coil and the polymer chain in the amorphous state. The
radius of gyration of polymers in solutions and melts depends on the Mw and chem-
ical structure, and can be determined by light scattering and neutron scattering for
polymer solutions and melts, respectively (Rubinstein and Colby 2003).

4.3.3.4 Interfacial Diffusion Dynamics of Polymers

The intermolecular interactions between polymer chains depend on the distance
between the chains. A solid body is formed when the chains approach a distance
less than 3 A at which van der Waal forces may be operating. This also counts for
adhesion between two different polymers. A proper adhesion between two distinct
polymers depends on the diffusion and wetting the between the two phases at the
interphase. Wetting of one polymer by the other is achieved when the distance is
close enough, depending on the surface energies of the materials (Lee 1991). Once
wetting occurs, diffusion can take place. The degree of diffusion depends on the
functional groups present in both polymers, entanglements, molecular structure and
Mw. The diffusion of polymers at the interphase is an important process during the
entanglement of the chain at the interphase of polymer melts. Generally, the interfa-
cial adhesion process includes (1) interfacial wetting (weak adhesion depending on
van der Waals forces), (2) low level diffusion between the surfaces and (3) diffusion
(equilibration, chain entanglement and randomisation). Polymer/polymer interdif-
fusion is mainly controlled by the mutual diffusion coefficient (Dy;), which is also
known as the interdiffusion coefficient. However, the diffusion process also depends
on the self-diffusion of the polymer molecules. Self-diffusion is the diffusion of the
polymer molecule trough identical molecules. The self-diffusion coefficient (Ds)
can be defined as the movement along the distance (x—Eq. 4.30) (evolution of the
position of the center of mass) during time (t) (Lee 1991):

X’ =2D1 (4.30)
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Dg depends on the Mw and the presence of branches. Self-diffusion is driven by
entropy and then towards maximum randomisation of the system. Mutual diffusion
is the movement of the polymer chains through the interface, the rate of disappear-
ance (J) of ainhomogeneous system to a homogeneous system is given by Eq. 4.31:

-J,=D,V¢, or -J=D,V¢ (4.31)

The flux of molecule A (J,) is related to the gradient in its concentration (Vc,—
moles of molecules per unit volume) and the Dy,. Instead of the gradient, the volume
fraction (¢ = cA?, where c is the concentration and A’ the volume per monomer of
A) can be used. Thus, the Dy, depends on the thermodynamic interactions between
the molecules of polymer A and polymer B (Lee 1991). In a blend of two polymers,
one A and one B, there are 3 diffusion coefficients: Dg,, Dg, and Dy;. If there is no
diffusion, J, = 0 (¢ = 0), then Dy, = Dg, and if J, = 1 (¢ = 1) then DM = Dy,
There are several methods to investigate the diffusion dynamics of polymers:

— Donor-acceptor fluorescence labeling.

— Electron induced X-ray fluorescence radioactive tracing.
— Forced Rayleigh scattering.

— Forward recoil spectrometry.

— Infrared spectroscopy with labeled polymers.

— NMR field gradient technique.

— Photo beaching with fluorescent labeling.

— Photon correlation spectroscopy.

— Rutherford back scattering.

— Small angle neutron scattering.

The disadvantage of these methods is that they are laborious and labeling of the
polymers is required, except for NMR. In addition, the results obtained with these
techniques are not totally reliable, since the marker molecule influences the diffu-
sion of the polymer (Lee 1991).

4.3.3.5 Surface Activation by Plasma

As an alternative to the chemical modification of inert polymers (e.g. PE and PP),
plasma treatment is a technique to activate the surface of materials. In addition to
surface activation, plasma technology can also be used for coating, grafting and
polymerization of surfaces, called surface functionalization (Rauscher et al. 2010).
For example, Gao (2011) and Biittler and Pham (2019) showed that the interfacial
adhesion is stronger between PA and PP when PP is treated with plasma.

Surface activation by plasma treatment causes a temporary increase in surface
energy by addition of functional groups on the polymer surface. The electrons, ions,
photons and radicals of the plasma irradiate the polymer surface, which leads to
hydrogen abstraction, generation of free radicals and chemical interactions (Wolf
2013). The chemical interactions with the polymer depend on the type of gas used
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Table 4.1 WCAs on PE after Gas used for plasma treatment | WCA (°)
p?asma treatments with Untreated 102
different gases
CO, 8
CcO 16
NO 25
0O, 35
NO, 37
Reproduced ~ with  permission  from
Paracchini (2003)

for the treatment. In general, surface activation by plasma treatment is performed
with reactive gases such as air, nitrogen, oxygen (O,) or mixed gases. In case of
treatment with helium or argon, the radicals on the activated surface can react with
0,, nitrogen, carbon dioxide (CO,) and water in the air after the treatment. A short
treatment time and bombardment with electrons having less than 10 eV keeps the
side reactions, such as chain scission, oxidative degradation and deterioration of
functional groups formed on the polymer surface, at a low level (Thomas and Mittal
2013). Table 4.1 describes the WCAs of PE after treatment with plasma in the pres-
ence of different gases. CO, an O, are main components in the air. The presence of
O, during the treatment results in a less polar activated surface compared to CO,. In
presence of —OH, =O or —COOH groups arise on the polymer surface (Rauscher
et al. 2010).

Morent et al. (2008) described the presence of carbonyl groups and OH stretch-
ing vibrations by the ATR-FTIR spectra of dielectric barrier discharge (DBD)-
treated PP films in air. It should be noted that moisture can also contribute to OH
vibrations (Giinzler and Gremlich 2003). If PP is more hydrophilic, it can adsorb
moisture from the environment. The X-ray photoelectron spectroscopy (XPS) anal-
ysis has also shown an increase in oxygen content in PP after plasma treatment
indicated by peaks for carbonyl and carboxyl groups. Morent et al. (2008) also
showed that WCA values had a 40% decrease in the plasma-treated PP materials.
The longer the treatment, the greater the decrease in WCA values (Morent
et al. 2008).

The functional groups formed on the polymer surface are similar for low pres-
sure and atmospheric pressure plasma treatment. In low pressure plasma, the ion-
ized gas species are too energetic to control the chemical interactions at the polymer
surface. In high-energy plasma, a variation of functional groups appears on the sur-
face. For a smaller variation of the functionalized groups, the plasma energy level
must be reduced. In contrast, atmospheric pressure plasma is more appropriate for
grafting monotype functional groups (Thomas and Mittal 2013). However, the func-
tional groups formed by the reaction between the ionized gas and the polymer sur-
face are not permanent. The groups tend to be reoriented after treatment and the
surface activation effect is reduced. This phenomenon is known as plasma aging
(Rauscher et al. 2010). However, a precise chemical mechanism behind is still
unclear.
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4.4 Advances in the Characterization of Interfaces

Generally, the following classical methods to characterize the polymer/polymer and
polymer/reinforcement are often applied in the literature with a series of examples
given in Sect. 4.2.

— Electron microscopy techniques such as SEM and TEM to determine the particle
size of the dispersed phase in blends as a result of phase stabilization and reduced
interface tension.

— Rheological measurement as an indicator of a better phase bonding, such as melt
viscosity, torque level, etc.

— Mechanical testing, e.g. o,, and impact testing to evaluate the mechanical perfor-
mance as a result of better phase adhesion.

Such classical analytical methods mainly provide information on the bond
strength and quality, but the information about the chemical and physical interfacial
behavior is limited. Thus, more advanced characterization techniques are needed to
obtain more detailed information about the interfacial interaction.

Another aspect is the model system for the investigation of polymer interfaces.
In the literature reported in Sect. 4.2 above, polymer blends are mainly investigated.
As a good alternative, multilayer systems or laminates could be used for character-
izing interfacial interactions and diffusion processes. A layered system would elimi-
nate the influence of the dispersed phase morphology present in blends on the
rheological measurement. With this in mind, Valenza et al. (2000) demonstrated
with plate-plate rheology measurements that PA/PE laminates (4—12 layers sys-
tems) have a significantly changed viscoelastic behavior after compatibilization
using ethylene/fert-butyl acrylate/acrylic acid terpolymers. This study also showed
that the viscosities of the blends with modified PE are higher compared to that of
unmodified PE. In addition, Valenza et al. (2000) demonstrated that the more layers
of PA and modified PE the system has, the higher the viscosity is. Since the multi-
layer system containing unmodified PE showed the opposite effect, it is likely that
the higher viscosity observed by Valenza et al. (2000) was due to the improved
interactions between PA and modified PE. The analysis of multilayer systems con-
taining different proportions of PE has also shown that the viscosity of the laminates
is between the viscosity of PA and PE. Therefore, both polymers contribute to the
flow behavior of the laminate, but the data did not give indications of interfacial
interactions. However, the investigation of multilayer systems containing different
proportions PE modified by y-ray irradiation was interestingly. The viscosity of the
laminates was greater than the viscosity of PA or PE irradiated at low frequencies.
This clearly demonstrated an interfacial strengthening effect.

In the next section, we report on different techniques compared to our own study
on the classical PP/PA polymer system. Unlike the literature reported in the previ-
ous section, our experimental investigation was performed on laminates on PA6.6
fabrics and PP/PAG6 films as a model for multilayer systems (Biittler and Pham
2018, 2019).
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The objective of our research was to provide a better view of the interface phe-
nomenon. Apart from the classical method such as rheology on film laminate, we
have also applied modifies T-peel test on fabric laminate and the most advanced
nano-infrared (nano-IR) technique (nano-scale infrared spectroscopy) to investigate
the interface.

4.4.1 Interface Characterization by Melt Rheology

Basically, the melt flow behavior of a polymer depends on their structure, the pres-
ence of reactive groups, the Mw, the Mw distribution (MWD or polydispersity
index — PDI = weight-average apparent molecular weight (M,,)/number-average
apparent molecular weight (M,)), pressure, temperature, etc. (Osswald and Rudolph
2015). Changes in the melt flow are due to chemical interactions and degradation
due to the exposure to high temperatures or addition of another material. For blends
made from two or more polymers forming a continuous matrix and a disperse phase,
the blend morphology and the interfacial mechanisms also play an important role.
Depending on the characteristics of the polymers and their miscibility, the disperse
phase may have large or small structures (see examples in Sect. 4.2). In case of
immiscible systems, there are shear interphases. The better the compatibilization,
the smaller the structures of the disperse phase and, due to interdiffusion, the inter-
phase is less clear (Shi et al. 2002).

During the melt flow analysis, the morphology of the blend and the microstruc-
ture at the interphase play an important role. The shear deformation increases the
interfacial tension, also known as Gibbs elasticity. The effect of interfacial diffusion
on the interfacial shear modulus and viscosity is still unclear, but interfacial visco-
elasticity is likely to be related to the interfacial tension. However, the experimental
demonstration of this is very complicated (van Puyvelde et al. 2001).

Several studies have investigated the compatibility of immiscible polymer blends
and have shown that the melt flow behavior changes after the addition of compati-
bilizer. Figure 4.9 shows an example on the effect of compatibilization of the PP/
PAG6 blend by MA-g-PP (Biittler and Pham 2019). The left shift of the storage and
loss modulus causes a left shift of the gelation point, indicating that chemical inter-
actions occur between the amine end groups of PA and MA of MA-g-PP.

The presence of MA-g-PP in the blend also causes an increase of the viscosity,
thus suggesting a greater strength of the interface. This behavior is caused by strong
chemical interactions or the increase in Mw (Osswald and Rudolph 2015;
Hernandez-Alamilla and Valadez-Gonzalez 2016). These data were obtained for
PA/PP blends with a 40%/60% ratio, but similar results were also obtained by Chow
et al. (2005) for a 70%/30% ratio. In this sense, at lower PA proportions, the storage
module is even diminished in the presence of MA-g-PP (Shi et al. 2002). For a pre-
cise analysis of the influence of the polymer proportions on the viscoelastic behav-
ior of the blend, the composition process should be considered, since this determines
the morphology of the blend (Pham and Gahleitner 2005).
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Fig. 4.9 Storage and loss modules for PA/PP and PA/PP-g-MA blends. The gelation point
(G = G) shifts to the left, indicating interfacial strengthening. Reproduced with permission from
Biittler and Pham (2019)

It is worthwhile, however, to point out that the diffusion of polymers is different in
laminated structures. During the shear in the parallel plate/plate setting, the polymer
chains are arranged in the direction of the shear, which possibly hinders the diffusion
of the polymers from one phase to the other. An increase in viscosity and viscoelastic
modules were further increased at the end of the measurement at low frequencies
(Valenza et al. 2000; Biittler and Pham 2019). The longer the laminate is in molten
state, the more interactions and diffusion take place, which contributes to greater
interfacial strength. However, interfacial strengthening does not always have the same
effect on the melt flow behavior of the blend. According to Carvalho and Sirqueira
(2016), the interfacial strengthening of PA/SEBS by adding MA-g-SEBS caused an
increase in the storage module, but a decrease in the loss modulus, thus suggesting
that the elastic portion becomes more dominant due to the high elasticity of SEBS. The
elastic portion prevails over the effect of chemical interactions which occur at the
interface. Nevertheless, the viscosity increases and the blends showed more solid
properties after modification, indicating that there is less interfacial slippage.

4.4.2 Characterization of the Interface by Advanced
Mechanical Testing

Apart from classical mechanical testing, such as o,, or bending test, the direct bond
strength between the reinforcement and the matrix is mainly tested by lap-shear and
T-Peel testing. These methods have advantages that are simple, easy to handle,
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Fig. 4.10 Shear- and peel tests for adhesive testing of films and fabrics: from left to right: single
lap joint shear test, T-peel test, 90° and 180° peel test. The arrows indicate the applied force on the
materials. Reproduced with permission from Heinzmann et al. (2016)

Fig. 4.11 Scheme of a textile polymer composite. The textile structure (left) and the textile
embedded into polymer matrix (center). The universal extensional fixture (UXF) setting of the
rheometer for advanced adhesive T-peel strength testing at variable temperatures (right)

provide direct information about the adhesive forces and modules. The type of
mechanical test depends on the composite. For adhesive bonds with films or fabrics,
shear- or peel tests are suitable (Fig. 4.10) (Heinzmann et al. 2016).

In case of the adhesive determination between a matrix and fibers, micro-bond
tests are more suitable (Zhandarov and Maeder 2005; Deng et al. 2012). However,
these experiments are laborious and micro testing machinery is required. In addi-
tion, the break surface of the composite can be analyzed optically. For the visualiza-
tion of adhesion quality light, polarized light, stereo-, 3D- microscopy, as well as
AFM, SEM and TEM can be used for the analysis of the surface, the break surface
and the cross-section (Botelho et al. 2003; Yang and Thomason 2012; Heinzmann
et al. 2016).

In our study, PP and PA6.6 fabric laminates were used. It served as a model sys-
tem to simulate the adhesion between the woven reinforcing structure of PA6.6 and
the PP matrix in polymer-based textile composites (Fig. 4.11).

The T-peel was performed using a modified setup of the UXF of the rheometer
MCR302 (Anton Paar Modular Compact Rheometer). This advanced T-peel test
using extensional rheology has the advantage of a more sensitive detection level
(1-50 nM*m), which measures a variation of set temperatures and allows obtaining
information about the viscoelastic behavior during extensional peeling, as well as
changes in the adhesional strength between the polymers can be observed after
interfacial modification as a consequence of the interfacial diffusion changes and
the interphase interactions at different temperatures.
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Fig. 4.12 Advanced extensional T-peel testing at —10 °C, 25 °C and 170 °C (from left to right).
PA66 textile composites with non-treated PP (black) and with PP-g-MA (blue). The rates of exten-
sional strain are those indicated in the graph. Reproduced with permission from Biittler and
Pham (2018)

As shown in Fig. 4.12, the peel stress increases after interphase modification by
MA grafting onto PP. However, above the T, of PP matrix, the PP modification no
longer plays any significant role in interfacial strengthening. For both matrices, with
or without modification, the peel stress decreases with increasing temperature,
which indicates that the viscosity of the matrix itself influences the peel stress
(Biittler and Pham 2018).

4.4.3 Interfacial Characterization by Nano-IR Technique

Interfacial diffusion between PA and PP is a measure for interfacial adhesion. The
main disadvantage of the research methods with the labelling technique as men-
tioned above is that label molecules influence the diffusion. A more advanced tech-
nique for visualizing the diffusion, where no labelling is needed, is AFM in
combination with IR at nano-scale, which has a higher resolution than ATR-FTIR
imaging (Zhou et al. 2009). AFM is a known technique to visualize the surface
morphology of materials (Binning and Quate 1986; Gutiérrez et al. 2016; Gutiérrez
and Gonzdlez 2016, 2017; Gutiérrez 2017). This technique is based on a cantilever
scanning the surface area. A laser diode is focused on the cantilever and is reflected
in a photodetector to register each configurational change of the cantilever due to
the surface morphology and a height image with very high resolution is obtained.
The use of the same cantilever for IR analysis gives the possibility for chemical
mapping of the sample surface at nano-scale. This overcomes the problem of the
low resolution obtained by IR spectroscopy (Dazzi et al. 2010, 2012). During nano-
IR characterization, an infrared laser pulse irradiates the sample at different wave-
lengths. The different wavelengths bring a specific molecular structure in resonance.
The light adsorbed at that wavelength causes a local increase in the temperature of
the sample, resulting in a thermal expansion of the sample. This thermal expansion
again causes a change in the cantilever of laser diode reflection on the photodetec-
tor. The amplitude detected is proportional to the absorption, and therefore, the
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Fig. 4.13 AFM height image, nano-IR spectra and nano-IR image taken at 3300 cm~' of the PA/
PP-g-MA laminar interphase (from left to right). The colored markers (150 nm spacing) corre-
spond to the color of the spectra

nano-IR spectra can be correlated with the FTIR spectra. It is possible with this
technique to scan at a desired spot in the spectrum, or to map the surface of a sample
at a specific wavelength in contact mode (Dazzi et al. 2010). Nano-IR is a useful
tool for the characterization of composite blends (Marcott et al. 2014; Ghosh et al.
2015; Tang et al. 2016), fiber cross-sections (Rietzler et al. 2019), multi-layer lami-
nates (Kelchtermans et al. 2016) and polymer composites (Ye et al. 2012).

The application of this advanced technique on our PA6/PP laminate system
allowed us to observe the diffusion from polymer to the other, forming an inter-
phase. Figure 4.13 shows an AFM image and nano-IR spectra across the interphase
between PA and PP-g-MA. In the presence of MA-g-PP, diffusion takes place
between the PA6 phase and the PP phase. If there is no modification, diffusion does
not occur.

In case of PA6/MA-g-PP laminate system, the interface between PA6 and PP is
quite diffuse (Fig. 4.13, left). In addition, by observing at N-H stretching absor-
bance band at 3300 cm™! in different nano-IR spectra in a 15 nm spacing (Fig. 4.13,
middle), the high increase of the absorbance peaks indicates the increased amount
of PA6 molecules, when moving from PP phase to PA6 phase. The chemical image
taken at 3300 cm™! at the interface demonstrated the interdiffusion (Fig. 4.13, right).

4.5 Conclusions and Remarks

The subject of polymer interface reactions is an interdisciplinary field of research
including pure chemistry, chemistry and physics of polymers, and materials sci-
ence, also covering adhesion of the physical phase, chemical reactions and interdif-
fusion phenomena of polymers. Using polymer interface reactions in multiphase
polymer systems, the interface could be tailored. Strengthening the interface
increases the phase stability, reduces coalescence and phase separation. The
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underlying mechanisms play a crucial role in the control of the polymer interfaces,
e.g. in-situ formation of copolymers acting as phase compatibilizer and reduction of
interfacial tension, thus favoring the diffusion of a polymer into the other phase.
This technique also often used to improve the phase bonding between polymer
matrices and reinforcing fibers, typically in polymer composites.

Despite a large number of papers published on the subject in the last decades and
well-understood basic chemical reactions, deep and throughout understanding of
the chemical and physical formation of the interface by interface reaction is still an
interesting field to be explored. Additional potential research on the more advanced
chemical modification of the polymer surface and interface, as well as modern
(direct) characterization techniques of the polymer/polymer interface, can be car-
ried out.
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Chapter 5
Design of Switchable and Supramolecular
Polymers for Biointerface Applications

Check for
updates

Luanda Lins

Abstract An elegant combination of switchable and supramolecular polymers
exhibiting linear and nonlinear topological structures results a new range of
advanced materials. A good methodology for creating surface-based switchable
structures is to use molecules capable of building an extended supramolecular net-
work without the requirement to adding any additional agent. The supramolecular
interactions are inspired by natural processes, thus providing complex systems from
spontaneous assemblies of molecules. Switchable and supramolecular polymers are
inherently dynamic, and their constituents are linked by reversible connections
allowing assembly/disassembly processes under particular conditions. Due to this
intrinsic capacity, these materials can select their constituents in response to exter-
nal stimuli and have capacity for adaptability. As a consequence, these dynamic
materials have new properties, such as self-repair, adaptability and response to stim-
uli (additives, heat, light, etc.). This leads to perfect control of the spatial (structural)
and temporal (dynamic) characteristics of matter. This chapter highlights the
advances in the use of switchable and supramolecular polymers to form extended
self-assemble arrays that propagate in parallel to the plane of a surface substrate.
The use of such supramolecular assemblies to trap bio-guest molecules and living
cells, mimicking natural nanostructures, will also be discussed.
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5.1 Introduction

Switchable bio-interfaces can change their properties in response to applied stimuli,
such as electric/magnetic field, ionic, light, pH strength, solvent polarity, tempera-
ture or small biomolecules. Interfaces are particularly important at the nanoscale
and often dominate the properties of biomaterials. Driven by the initial studies of
interactions between biomaterials and living fluids, self-assembled monolayers on
surfaces have clarified many aspects of nanotechnology, offering new strategies and
methodologies to advance our understanding of biotechnology at the molecular
scale. From the perspective of molecular science, interfaces serve as templates that
facilitate the organization of cells, biomolecules, and proteins. Interfaces are par-
ticularly important at nanoscale and often dominate the properties of biomaterials.
It is precisely at this scale that exactly where the interface interacts actively altering
the properties of surface-arranged assemblies and organizing complex molecular
arrangements (Goronzy et al. 2018). Since the material surface is the first to interact
with the in vivo environment, interface interactions play a key role in the implanta-
tion of a biomaterial. In this sense, to achieve adequate surface functionality, a wide
spectrum of different strategies can be used, such as supramolecular interactions,
covalent modification and the incorporation of biomimetic signals (Chang
etal. 2019).

In the biological environment, not only the functionalities as tunable mechanical
properties, regulation of the degradability and the ease for bioactivity incorporation
must be ideal, but the material must also mimic the natural environment where the
materials are carried (Dankers Patricia and Meijer 2007). Keeping this in view, a
modular self-assembly approach can be applied by using several supramolecular
moieties. This is an exquisite way to produce ‘responsive’ biomaterials. Responsive
switchable and supramolecular materials are a path to the guidance of living biomi-
metic molecules. Several strategies have been reported to obtain a surface that can
undergo topographic changes and switchable interactions, including light-, pH- and
thermo-responsive, which can control cell adhesion and detachment, control of self-
propelled bacteria, release of active principles, or detection of bio-molecules (Goor
et al. 2017a).

Supramolecular chemistry is an exciting multidisciplinary domain of science
that can bring together different areas, from molecular medicine to nanotechnology
(Dankers Patricia and Meijer 2007). The science of materials based on supramo-
lecular interactions remains an emerging field, and has given great steps for the
advancement of biotechnology. Supramolecular assemblies consist of molecules (or
macromolecules) that are held together by non-covalent interactions such as hydro-
phobic interactions, hydrogen (H)-bonding, -stacking, van der Waals forces, elec-
trostatic interactions or combinations thereof in aqueous or organic solvent systems
(Ulijn 2006). Figure 5.1 shows some supramolecular interactions that will be dis-
cussed in this chapter. Previously, in these systems, non-covalent interactions can
usually be reversible by the application of stimuli such as addition/removal of
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Host-guest
Interactions

Fig. 5.1 Some supramolecular interactions

certain chemical entities, biochemical cues, ionic strength, pH changes, shear forces
and temperature (Ulijn 2006).

Switchable and supramolecular polymers can be considered a new generation of
biomaterials with special interactions for biotechnology applications. Supramole-
cular polymers can be defined as a monomeric network with reversible and dynamic
interactions thought non-covalent bonds, resulting in specific polymeric properties.
According to the theories of polymer physics, these systems are considered as
supramolecular polymers due to their strength and directional interactions (Goor
et al. 2017b). In summary, that switching of stimulus-sensitive polymer chains is
expected to have specific characteristics given by secondary (or supramolecular)
interactions between chains or for the construction of polymer chains.

In this chapter, the elementary features of the switchable and supramolecular
polymers trailed by a profuse classification of responses to stimuli along with their
applications in biointerfaces will be highlighted in terms of biotechnology, such as,
antibacterial surface, biosensors, cell adhesion, drug delivery and smart biocoatings
(Table 5.1).
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Table 5.1 Stimulus-responsive supramolecular interfaces for biomaterial applications

Applications | Supramolecular functions References

Antibacterial | Supramolecular self-assembled monolayer platform can Bian et al.

surface capture and release bacteria through ultraviolet (UV) light (2018)
irradiation or host-guest interactions.

Biosensors Supramolecular biosensor may be appropriately defined as a Tokarev and
device capable to trigger an observable chemical or physical Minko (2009)
modulation in the presence of biomolecular species.

Cell adhesion | Supramolecular polymer on the surface allows specific Goulet-
localization and control over the cell interface and low Hanssens et al.
interference with normal biological function. (2012)

Drug delivery | Modifications on surfaces of biomaterial carriers with Tran and
supramolecular moieties is a new strategy to manufacture Nguyen (2017)
active principles (cells, drugs, proteins, etc.) that can release
therapeutic agents through particular triggers.

Smart Smart coatings are referred as a surface coating layer which Zhao et al.

biocoatings can exhibit a triggered macroscopic response by exposure to (2019)
stimuli.

5.2 Supramolecular Polymer Interactions Building
Switchable Biointerfaces

5.2.1 Hydrogen Bonding

DNA double helix formation is the best-known example of supramolecular systems
with H-bonding interactions. The pairing of nucleic acid chains is perhaps the most
elegant example of self-association in nature. Lehn (2005) defined this combination
of self-assembly systems from electropositive or acidic hydrogen in association
with electronegative or basic atoms (N, O, S, ...) in polymer networks as dynamic
dimers. These non-covalent bonds can provide directional interactions and selective
force by homo- and heterocomplementarity. In view of the ability of the dimer to
self-associate in response to external stimuli or environmental factors, they are
widely used as switchable materials.

The combination of multiple H-bonds in dimers form more stable interactions,
which makes these associative groups an optimal option for use on re-codable sur-
faces. Zeng et al. (2000) reported that the combination of dimers based on six linked
H-bonds formed a stable molecular duplex with a dimerization constant of
1.3 x 10° M~!in chloroform. Beijer et al. (1998a, b) and Sontjens et al. (2000) devel-
oped strongly self-complementary dimerizing quadruple H-bonding groups based
on triazine and pyrimidine heterocycles.

The H-bonding energy is the sum of electrostatic energy, polarization and charge
transfer, as well as repulsion and dispersion forces (Hiroshi 1954; Taylor et al.
1984). The supramolecular interactions depend on the sequence of the donors and
acceptors. The result of energy exchanges occurs between a positively polarized
hydrogen atom, covalently bound to a hetero atom with higher electronegativity
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(N, O, F, P, S), called proton donors ‘D’, and a hetero atom with a pair of free elec-
trons, called proton acceptor ‘A’ (Kollman and Allen 1972). As can be seen in
Fig. 5.2, the interaction force of the dimers depends on the different arrangements
between A and D, i.e. different repulsive and attractive interactions of the atoms.
The combinations between the intermolecular H-bonding sites provide an N
number of different dimers. According to the example given by Zeng et al. (2000),
these numbers of dimer sequences can be calculated from the following equation:

o (n—Sy
N=2""+2 /2 when n=o0dd number 5.1
5 (n—Zy
N=2""+42 72 when n=even number (5.2)

when n is an odd number, only hetero-complementary dimers are formed. On the
other hand, when 7 is an even number, self- and hetero-complementary dimers are
made possible. In the second equation, the first term is the number of hetero-
complementary dimers and the second term is number of self-complementary
dimers. The increase in the number N is directly proportional to the number of
intermolecular H-bonding. For example, for various applications of the supramo-
lecular polymer domain, 2-ureido-4(1H)-pyrimidinone (UPy) is of particular inter-
est because it endows reversible and self-commentary properties to oligomers or
polymers. UPy is a self-complimentary quadruple H-bonding motif based on
arrangement of AADD interactions. UPy’s tautomerized product with ADDA inter-
actions or DAAD interactions shows a self-complementary homo-dimerization of
1.6 x 10 M~! in chloroform (Fouquey et al. 1990). The UPy-units can be incorpo-
rated into sensitive polymers via a modular approach giving rise to a platform of
material functionalization. For surface engineering, some researchers have been
reported the incorporation of anti-fouling UPy-based polymers and additives for the
development of functional biomaterials (van Almen et al. 2016; Pape et al. 2017).
According to Goor et al. (2017a, b), this approach allows the surface modification
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Fig. 5.3 (a) Combined sequences of H-bond donors and UPy acceptors, and (b) polymeric assem-
bly of a bifunctional ureidopirimidinone derivative. (Adapted with permission from Ren et al. 2019)
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Fig. 5.4 Hetero-complementary H-bonding dimer of SOA and AOA. Adapted with permission
from Zeng et al. (2000)

and can provide a method to decouple the material processing conditions and post-
functionalization (Fig. 5.3).

Other polymer systems involving H-bonded hetero-complementary interactions
for polymer science have also been speculated. Gong et al. (1999) were the pioneers
to synthesize oligoamides with the self-complementary H-bonding sequences
DADA and DDAA, which formed stable dimers via H-bonding interactions between
donors of backbone amide hydrogens and carbonyl oxygen acceptors. Symmetric
oligoamide (SOA) and the asymmetric oligoamide (AOA) represent the first exam-
ple of a hetero-complementary H-bonding dimer with six H-bonding sites (Fig. 5.4).
In another work Zeng et al. (2000) also demonstrated that the incorporation of alk-
oxy groups into self-complementary dimers leads to the formation of the highly
favorable hetero-complementary H-bonded rings.
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The stability of the dimers depends mainly on the number of intermolecular
H-bonds, so increasing the number of H-bonding interactions in the complex should
lead to an increase in dimer stability (Gong 2007). Henceforth, oligoamides are
expected to exhibit a greater association constant than self-complementary UPy, as
is the case of Ka > 10° M~ in chloroform (Zeng et al. 2003). More recently, other
authors have also demonstrated that oligoamides dimers show tunable affinity, pro-
grammable sequence specificity and convenient synthetic availability, thus offering
an ideal class for the preparation of switchable polymers (Montarnal et al. 2015;
Wedler-Jasinski et al. 2016).

Very few examples of rewritable surfaces from supramolecular interactions can
be found from the literature. However, Wedler-Jasinski et al. (2016) inspired by
surface-assisted DNA-directed immobilization have suggested the construction of
recoverable surfaces from the SOA-AOA dimers. In summary, these authors immo-
bilized AOA onto silicon surface via a photo-induced reaction. Onto the AOA layer,
the SOA-polymer was immobilized and subsequently removed from the surface
several times to underpin the system’s switching.

In a parallel view, Montarnal et al. (2015) developed nanoimprinted surfaces
from hetero-complementary supramolecular copolymers. AOA-polystyrene (PS)
and SOA-poly(methyl methacrylate) (PMMA) were synthesized and fashioned on a
surface, then the hydrophilic block was sacrificed forming well-ordered porous
morphologies. The disassembled-on request by a solvent trigger of SOA-AOA
motif-copolymer can be a good strategy for forming lithographic surfaces and could
be very useful for selective cell-growth on the surface. Recoverable surfaces cov-
ered with AOA receptors can be a coded and re-encoded by their SOA-partner
linked to biomolecules such as peptides and proteins.

5.2.2 Macrocyclic Host-Guest Interactions

The development of new approaches to the construction of micropatterned engi-
neered surfaces is of great interest because they are frequently incorporated into
biological sensors. With this in mind, the stimulus-sensitive supramolecular poly-
mers based on the macrocyclic host-guest interactions, such as calix[n]arenes,
cucurbit[n]urils (CB[n]), cyclodextrins (CDs) and pillar[n]arenes (PA[n]s), have
been widely reported for the biological interface (Li et al. 2014, 2017; Lou and Yang
2018). In these examples, the assembly of guest molecules with a host-functionalized
surface is achieved by the formation of binary complexes. The interactions between
switchable polymers and host-guest macrocyclic can occur from functionalization
of the polymer chains with the host molecules, guest molecules, or both (Lehn
2002; Korde and Kandasubramanian 2019).

Li et al. (2014) prepared hybrid nanocarriers from B-CD and star-shaped
poly(glycidyl methacrylate)s, named PGMA (S5-PGMA-CD), to form a supramo-
lecular gating machines for drug delivery systems. They reported that S5S-PGMA-CD
was anchored on the azobenzene-modified surface by driving the guest-host



104 L. Lins

interactions (Li et al. 2014). These authors also reported that these supramolecular
nanovalves exhibited competitive binding agents and temperature, and showed bet-
ter performance in the load encapsulation and release compared to the traditional
type of nanovalve system used by the p-CD itself (Li et al. 2014). Other similar
research was conducted by Bian et al. (2018) for the manufacture of reusable plat-
forms for biotechnological applications. In this work, visible-light-responsive poly-
mers were produced, chemically linked to polyanionic and polycationic polymers
and then reversibly bound to CD-terminated substrates by host-guest interactions.
Polycations showed great antimicrobial properties, while the polyanions also
showed good bioadhesive properties, since they could be switched through the host-
guest interactions after visible light irradiation.

The host-guest complexes based on multivalent cucurbit[8]uril (CB[8]) have
been based primarily on polymeric scaffolds (Valderrey et al. 2019). CB[8] can
efficiently include a second electron-rich aromatic guest, thus showing an associa-
tion constant of 10°-10° M~, and the resulting methyl viologenCCB[8]. These host-
guest complexes can be used to selectively adhere cells, bacteria or proteins to
surfaces and controlled drug release (Bosmans et al. 2015). Valderrey et al. (2019)
demonstrated that heteroternary complexes through CB[8] can be successfully
formed on self-assembled surfaces providing complexes with bond strengths simi-
lar to those of the solution. Valderrey et al. (2019) grafted poly-L-lysine with
oligo(ethylene glycol) on cyclic olefin polymer surfaces, then maleimide moieties
were deposited and further modified with thiolated methyl viologen and CB[8]
(Fig. 5.5b). In order to demonstrate the stability and switchable properties of com-
plexes on CB[8] surfaces, the different valence and fluorescence of the guests were
exploited to create surfaces of micrometer-sized patterns (Fig. 5.5¢), and finally, the
supramolecular exchange on surface-bound heterocomplexes was informed from
empirical results, which allows cross-patterns to be created taking advantage of the
molecular valence and also obtaining photoresponsive properties.

5.2.3 Electrostatic Interactions

Another biointerface strategy that takes advantage of supramolecular and switch-
able polymers is the deposition of multilayer polyelectrolytes, e.g. poly(styrene
sulfonate)-poly(allylamine), hyaluronic acid-chitosan, among others. A simple
method for surface deposition of these active layers is through layer-by-layer (LbL)
method. In this technique, a charged surface is sequentially dipped into alternating
aqueous solutions of polyelectrolytes of opposite charge to deposit thin multilayers
of a polyelectrolyte complex (this technique will be discussed in Sect. 5.3.1). For
example, an antibacterial surface was manufactured by Chua et al. (2008) using
LbL self-assembly. The deposition alternating layers of hyaluronic acid (negatively
charged) and chitosan (positively charged) were deposited on titanium, resulting in
a reduced bacterial adhesion due to the antibacterial properties of chitosan.
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Fig. 5.5 (a) Schematic outline of the formation of the CB[8] layer on cyclic olefin polymer sur-
faces, (b) surfaces and formation of heteroternary complex, and (c¢) fluorescence microscopy
images and their corresponding intensity profiles of 4bCCB[8]-functionalized cyclic olefin poly-
mer surfaces, where monomer = rhodamine-labelled, dimer = dimeric azopyridine, and tri-
mer = trimeric azopyridine. Adapted with permission from Valderrey et al. (2019)

Another approach is to create polyelectrolyte multilayers (PEMs) from a simple
deposition or dip-coating. For example, Goulet-Hanssens et al. (2012) demonstrated
the combination of cytophilicity of the photo-switched and tailored surfaces in
order to create a surface capable of photoactivating. For this purpose, the surfaces
were coated with poly(acrylic acid)-poly(allylamine hydrochloride) polyelectrolyte
bilayer functionalized with a small fraction of an azobenzene-based photo-
switchable endgroup, which included the cell-adhesive RGD peptide. According to
Goulet-Hanssens et al. (2012) the use of PEMs with the combination of photo-
switched surface provides a space of significant parameters for fine-tuning of tai-
lored biosurfaces with ideal control.

In addition, the stimuli-responsive polyelectrolytes can be used as brushes on a
switchable surface responding to triggers such as ionic strength, light, pH, tempera-
ture, etc. The interaction of the polyelectrolytes with the external stimulus, e.g. fluid
with different pH or ionic strength causes swelling-shrinking of the polymer brush,
thus affecting the permeability of the system (Fig. 5.6a—c) (Minko 2006; Tokarev
and Minko 2009). An interface with mixtures of polyanionic and polycationic
brushes can also respond to different stimuli forming nanoscopic domains
(Fig. 5.6¢).
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temperature

Fig. 5.6 (a) Swelling-shrinking transition of a thermo-responsive brush, (b) swelling-shrinking
transition of a PE brush, and (¢) swelling-shrinking transition of a mixed brush, all on external
stimuli. Reproduced with permission from Tokarev and Minko (2009)

5.2.4 Metal-Ligand Coordination

Supramolecular structures are also represented by the great combination of inor-
ganic metals and organic ligands. The inorganic component (polar) can be a metal,
a transition metal or a group of metals, while the organic component (nonpolar) can
be some polymer, biomolecule, ligand, among others (Barth 2007; Beg et al. 2017).
Metal-organic coordination can produce a highly organized metal-organic network
on surfaces from self-assembly strategies (Smith et al. 2004; Goronzy et al. 2018;
Valencia et al. 2019). Metal organic frameworks are considered a new generation of
hybrid material capable of producing sensitive and highly organized metallo-
supramolecular grating for biomedical application (Fig. 5.7).

The metal-organic coupling scheme of carboxylate can, for example, be used to
tailor coordination architectures in two dimensions. A series of investigations with
polymeric coordination chains have allowed us to give an idea of the principles
underlying the complexation of transition-metal centers on surfaces and illustrate
their potential for rational 2-D (Barth 2007). Amino acids represent a class of biomol-
ecules highly qualified for molecular recognition on surfaces (Schiffrin et al. 2007).
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Fig. 5.7 (a) Periodicity in a nanograting of an amino acid on a metal surface, (b, ¢) high-resolution
scanning tunneling microscopy image of twin amino acid chains, (d) scanning tunneling spectros-
copy on undecorated substrate areas. Adapted with permission from Schiffrin et al. (2007)

In this sense, Pennec et al. (2007) and Schiffrin et al. (2007) underwent zwitterionic
self-assembly of methionine on the substrate Ag(111), thus forming a highly regular
1D superlattices with a tunable periodicity. X-ray photoelectron spectroscopy (XPS)
analysis showed that these nanogratings were formed by molecular quadruple or twin
chains (see Fig. 5.7b, ¢).

Kumpfer et al. (2010) also produced stimulus-sensitive films from 4-oxy-2,6-bis-
(1’-methylbenzimidazolyl)pyridine ditopic-endcapped poly(tetrahydrofuran) incor-
porating variable ratios of Eu* and Zn?*'. These authors reported that a possible
biosensor was elucidated. For this purpose, a pronounced optical response was
observed in exposure to chemicals, such as triethyl phosphate, which was used to
mimic organophosphate pesticides and nerve gas agents (Kumpfer et al. 2010).

5.2.5 n-m Staking

The m-n stacking interaction is the result of the overlapping of p-orbitals present in
conjugated systems. The =m-conjugate interactions are non-covalent interfaces
between aromatic parts in organic compounds, in which the interaction is strength-
ened with the increase of number of m-electrons (Korde and Kandasubramanian
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Fig. 5.8 Temperature-dependent fluorescence spectra of monofunctionalized oligo(p-phenylene
vinylene)s MOPV4 and MOPV3 in dodecane solution (lexc =412 nm). Extended columnar aggre-
gates of MOPV3 incorporating MOPV4 show a very efficient extinction of MOPV3 fluorescence,
indicating energy transfer within the supramolecular stacks from the shortest to the longest oligo-
mer. Reproduced with permission from Hoeben et al. (2004)

2019). Despite the n-x stacking force is neither strong nor directional compared to
H-bonding interactions. However, some studies have been reported on switchable
biomaterials with n-conjugated systems (Gonzalez-Rodriguez and Schenning 2011).

Another interesting supramolecular similar model is to create the self-assembly
of small m-conjugated functional molecules into supramolecular polymers in solu-
tion or in solid state. With this in mind, considerable efforts are being focused on the
modification of the structure of n-conjugated systems combined with biomolecules
and responsive polymers. Jonkheijm et al. (2006) and Korevaar et al. (2012) have
shown n-conjugated self-assembled structures ranging from micrometers to bridges
top-down structures created by lithographic techniques. These authors reported the
formation of helical columnar aggregates in dodecane by chiral n-conjugated
oligo(p-phenylene vinylene) (OPV) linked in the hierarchical self-assembly of ure-
idotriazine units (Fig. 5.8). The well-defined structure of the molecular oligo(p-
phenylene vinylene) (MOPYV) column aggregates provides an attractive scaffold for
studying energy transfer in these columns. When a small number of ureidotriazine
units with a longer conjugation length (Fig. 5.8—MPOV4) is incorporate into a
stack of columns, an energy transfer occurs, thus showing a temperature response
(Hoeben et al. 2004).
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The combination of other supramolecular interactions (e.g. H-bonding and host-
guest interactions) and n-x stacking has also been beneficial for designing stimulus-
sensitive polymeric materials with inherent properties of n-conjugated monomers.
Supramolecular polymers were synthesized by Liu et al. (2011) from anthracene
derivatives and CB[8] by using host-enhanced and n-x interactions in order to make
water-soluble compounds. The main idea was to manufacture a ternary complex by
encapsulating couple of anthracene molecules in a CB[8] cavity, but they also
observed an increasing n-n interactions between the anthracene molecules after the
distance was shortened. All these studies have generated a great deal of knowledge
for the design of a variety of switchable materials with intriguing properties.

5.3 Preparation Techniques
5.3.1 Layer-by-Layer

A few decades ago, the classic realization of LbL assembly became passionate in
materials science as an interesting alternative for switchable biointerfaces (Zhao
et al. 2019). This technique involves the sequential assembly of the layers, followed
by the washing step after the addition of each layer, in order to reduce the excess of
unmounted materials or molecules. In the LBL technique, polycations and polyan-
ions are deposited on the charged substrates via oppositely electrostatic forces (see
Fig. 5.9) (Amani et al. 2019). In addition, other forces may also be involved in the
assembly of multilayer films through the LBL technique such as, covalent, hydro-
phobic and H-bond interactions. The convenient tailoring the surface chemistry is
due to a wide variety of materials from which layers can be formed.

An additional advantage of the LbL technique is the variability of each double
layer in relation to chemical or physical properties, which allows the modular con-
struction of multifunctional devices, thus enabling different combinations. The
wide and independent variability of each double layer results in the control response
capability of polyelectrolyte assemblies, making it an extremely versatile technol-
ogy. Additionally, the LbL technology can mimic the physic-chemical properties of
living organisms, which leads to the promising spectrum for biomaterial engineering.

For biointerface technology, the mild deposition conditions of the LbL provide a
means to immobilize different biomolecules on the surfaces (El-khouri et al. 2011).
The layer assemblies can integrate genetic material, plasmids, proteins (Jan et al.
2011), antibiotics, antibodies and growth factors (Crouzier et al. 2010) directly onto
the layers or the components can be assembled as complexes (Romero et al. 2013).
As a response mechanism of switchable polymer layers, e.g. growth factors, its
action can be triggered by external stimuli or its controlled release can be regulated
by barrier layers. The excellent material properties of the multilayer composite and
the ease of technique approach makes possible the fabrication and implementation
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Fig.5.9 The multilayer LbL assembly of polymers with opposite charges (polyanions and polyca-
tions) are deposited on the charged substrates via an electrostatic force, providing a surface coating
on precisely controlled scales. Reproduced with permission from Amani et al. (2019)

of implantable devices (Kozai et al. 2012), antibacterial surfaces (Muzzio et al.
2017), biosensors (Montjoy et al. 2018), cells adhesion (Muzzio et al. 2019) and
drug delivery vehicles (Tong et al. 2012).

5.3.2 Lithography

Lithography is a micro- and nano-fabrication printing on smooth surfaces of a plate
or stone. This technique allows the formation of complex structures in two- or three-
dimensional at extremely small scales. The lithography has been gaining ground for
research in surface engineering, nanotechnology devices and especially in biomedi-
cal areas. The emergence of lithography-based techniques for designing surface-
sensitive, defined-shape and highly-controlled systems offers a promising alternative
in the field of biomedicine (Tran and Nguyen 2017). This fabrication approach has
allowed the creation of nanopatterns of switchable responsive polymers, such as
thermosensitive polymers (see Fig. 5.10) (He et al. 2007).

Different lithography techniques are being developed for the biomedical field. In
this section, some lithography techniques that have been widely used in biointer-
faces will be discussed. Photolithography is defined as a process that uses light to
transfer patterns in selective areas using a photomask to a photoresist or using
micro-scale features designed in a computer-aided design software (Hahn et al.
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Fig. 5.10 (a) Manufacture of thermosensitive polymer nanopatterns by chemical lithography, (b)
SEM micrographs of poly(N-isopropylacrylamide) (PNIPAM) brushes generated by chemical
lithography, and (c¢) Tapping-mode AFM image of PNIPAM brushes with a 2.5-pm periodicity
(1.8-pm diameter and 0.7-pm distance) in air and corresponding height profile. Reproduced with
permission from He et al. (2007)

2006; del Campo and Arzt 2008). In this technique, a photoreactive material, typi-
cally a monomer, oligomer or polymer, is coated onto a substrate and then unused
parts of the substrate are selectively removed. The photoreactive material is polym-
erized, crosslinked or degraded in the selective regions of exposure to UV light (Bae
etal. 2014).

Soft lithography is a microfabrication technique in which ‘soft matter’ (complex
biochemical, organic materials, polymers) is used to produce micron and sub-
micron scale structures or molecules on a substrate. This method includes tech-
niques for using elastomeric stamps, molds and photomasks to fabricate or replicate
structures (Yamazoe et al. 2008).

Electron beam lithography is a high-resolution technique for manufacturing
nanoscale features on the surface. This technique relies on electron beams to stan-
dardize electron sensitive resistors (Werts et al. 2002). For biointerface engineering,
electron beam lithography can be used to fabricate nanopattern surfaces from inor-
ganic materials, proteins, self-assembled monolayers and synthetic polymers (Bae
et al. 2014). Finally, nanoimprint lithography is a thermal- or light-based process on
arigid mold. The technique is based on the pressure of a mold against a thermoplas-
tic polymer whose temperature is above its glass transition temperature, then a cool-
ing so the polymer returns to its glassy state (Chou et al. 1996).
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5.3.3 Nanoimprint

The nanoimprint is an efficient technique which aligns the lamellar phases perpen-
dicularly on surfaces. The nano- and microphase-separation of thin films from
supramolecular block copolymers leads to tunable and perfect nanostructures on
surfaces. Recently, supramolecular block copolymers have gained great attention,
since they can tune the size and morphology of the nanophase-separated domains
(Yang et al. 2014). The sacrifice of covalent bonds in diblock polymers to produce
nanodomains on the imprinted surface can cause invasive degradation in the cleav-
age of the bonds (Montarnal et al. 2015). In fact, the microphase-separation domains
designed by supramolecular block copolymers can have high stability and high non-
self-complementary specificity, and at the same time the interactions are kinetically
reversible (Yang et al. 2004a).

It should be noted that the amphiphilic supramolecular block copolymer could
be formed into nanophase-separated patterns, e.g. with a solvent or by changing the
temperature. Thereafter, the hydrophilic block can be removed from the nanopattern
by a solvent-switchable disconnection (Barner and Barner-Kowollik 2015). The
H-bonding motifs provide a bond between copolymer segments, such as SOA-AOA
(see Sect. 5.2.1), which allow the disconnection of interactions through a well-
defined change in the solvent system (see Fig. 5.11).
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Fig. 5.11 Nanoprinting surface obtained from supramolecular amphiphilic block copolymers
based on AOA and SOA motifs [co-PS-PMMA]. The release of the hydrophilic segment took place
in response to a solvent trigger. Reproduced with permission from Barner and Barner-
Kowollik (2015)
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The inherent reversibility of these nanoporous membranes can be used to pro-
duce a new generation of switchable surfaces. The combination of supramolecular
polymers with switchable nanoporous membranes allows tuning the permeability of
functional chemicals, biomolecules and nanoparticles (Tokarev and Minko 2009).
In addition, the supramolecular diblock copolymer on the surface can provide sig-
nificant potential for use as templates and scaffolds.

5.3.4 Electrodeposition

The electrochemical deposition of polymer on surfaces makes use of electrolytic
solutions, which contain monomeric starting materials or other polymeric materials.
This technique can be easily controlled or automated and allows the coverage of
various substrates with polymers of widely varying properties (Beck 1988).
Electrodeposition can be done from different approaches: ‘top-down’ and ‘bottom-
up’ are the most famous fabrication methods for obtaining structured surfaces.

The ‘top-down’ methods reduce their dimensions to form nanostructured materi-
als, i.e. they are based on large scale patterns through the sculpture. Electrochemical
polymerization is a method of ‘top-down’ modification, which consists of a rapid
process of polymerization, deposition and structuration of the polymer film in one-
step. In this method, the polymerization begins in an electrochemical cell, in which
the monomer is oxidized by inducing the polymerization and deposition of the poly-
mer film. For this, the monomer must be dissolved in a suitable solvent and a good
electrolyte, so it is oxidized by applying an anodic potential that generates a radical
(Li et al. 2009). Thereafter, the propagation and growth of the polymer chains are
produced by oxidation of the dimer and sequential coupling with additional tuners
(monomer, oligomer). Finally, when there is no more monomer in the medium, the
polymerization is terminated, and then deposited (Sadki et al. 2000).

The ‘bottom-up’ methods are used to develop more complex structures through
the integration of molecules to build up nanostructures. The electro-spinning pro-
cess can be considered as a combination of ‘bottom-up’ approaches commonly used
to form polymer micro- or nanofibers. It is based on the action of electrostatic forces
under a polymeric solution to generate a jet with submicron scale diameters. The
evaporation and solidification of this jet take place in the distance between the nee-
dle and the metallic collector. In typical electrospinning, the charges are induced on
the liquid surface. The mutual charge repulsion causes a force directly opposite to
the surface tension. When the electric field intensity increases, the solution at the
needle outlet is elongated to form a conical shape known as Taylor cone. The
charged jet undergoes a straight jet stage and/or a whipping motion before being
collected as nonwoven fiber mats. At the same time, the jet solidifies rapidly due to
the fast evaporation of the solvent or temperature gradient in the spinning region
(Doshi and Reneker 1995; Haoyi and Yang 2016). Surface topography plays a cru-
cial role in biointerfaces. It is thus possible through the electro-spinning technique
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Fig. 5.12 Influence on cell behavior on the surface of the aligned electro-spun fiber (a) in com-
parison with aligned fibers, a greater expression of Sox2/Nestin was observed in the neuronal stem
cells cultured on nonaligned fibers (scale bar = 20 pm), (b) neuronal and glial differentiation of
stem neuronal cells on the surface of nonaligned and aligned poly(vinylidene fluoride) (PVDF)
fibers (scale bar = 25 pm) and (¢) SEM images of neuronal cells cultured on the aligned and non-
aligned nanofibrous scaffolds. Reproduced with permission from Lins et al. (2017 and Amani
et al. (2019)

to obtain a direction of the dominant patterns on the surface, which refers to the
alignment of the surface. Alignment of fibers can be a determining factor in cell
adhesion and differentiation (see Fig. 5.12) (Lins et al. 2017). In addition, the sur-
face pattern can be designed from bioabsorbable and supramolecular networks
(Lins et al. 2016a; Goor et al. 2017b).
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5.4 Types of Stimulus-Response

Smart interfaces are increasingly being studied due to of their relevant properties for
biotechnology research fields, such as artificial organs, biofunctional materials,
drug delivery systems, regenerative medicine, separation of biomolecules and tissue
engineering.

5.4.1 Thermosensitive

Thermosensitive polymer surfaces can modulate molecular interactions as a func-
tion of temperature for a wide application in materials science. The thermo-
reversibility of a polymer solution is given at a specific temperature. The critical
solution temperature is thermal value where a polymeric phase in suspension
changes its structure. Typically, solutions whose polymer is soluble at low tempera-
ture but become insoluble at increasing temperatures are called as lower-critical
solution temperature (LCST). In contrast, when the polymeric solution is insoluble
below a specific temperature, then it is said to exhibit upper-critical solution tem-
perature (UCST) (Zarrintaj et al. 2019). In polymers with adsorbed layers or brushes
synthesized on the surface, this behavior is manifested by changes in layer adhe-
sion, thickness or wettability (Fujii et al. 2018). For this intrinsic characteristic,
thermosensitive polymers have been used particularly and widely for various bio-
medical applications (Vanparijs et al. 2017).

The most promising stimulus-responsive system for biomedical engineering is a
thermo-responsive material based on PNIPAM attached on surfaces. PNIPAM is the
most used polymer in tissue engineering because its LCST is around 32 °C in aque-
ous solutions, which is close to the natural temperature of the human body. In addi-
tion, it undergoes a sudden transition from a hydrophilic state to a hydrophobic state
across the LCST, which allows cell attachment when the temperature is above
32 °C. Since the temperature is reduced below 32 °C, the cells can be easily sepa-
rated from the surface (see Fig. 5.13) (Fujii et al. 2018).

It is worth noting that many other polymers exhibit temperature dependent solu-
bility, i.e. they are thermosensitive. A wide range of polymers demonstrates
temperature-sensitive such as poly(2-isopropyl 2-oxazoline) (PIOZ), poly(N,N-
diethylacrylamide) (PDEAAM), poly(N-vinylcaprolactam) (PVCL) and
poly(vinylmethylether) (PVME), which exhibit state conversion thermal values at
35 °C, 48 °C, 32 °C and 33 °C, respectively (Diab et al. 2004; Korde and
Kandasubramanian 2019). It is also possible to tune the temperature value via copo-
lymerization by hydrophobic or hydrophilic units. Currently, numerous thermosen-
sitive polymers have been altered for the formation of block copolymers, thus
increasing or decreasing LCST (Crespy and Rossi 2007).
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y = (A) Addition of proteolytic ) B

s enzymes/mechanicalscraping

(B) Detachment using temperature
control froma thermoresponsive coating

Fig. 5.13 Schematic representation of temperature-responsive culture dishes. (a) Conventional
trypsinization to remove the cell sheet may have a possible adverse impact on the cell sheet for cell
recovery and (b) cells harvested from temperature-responsive dishes are recovered as intact sheets
by simple temperature reduction below LCST. Reproduced with permission from Nash et al. (2012)

5.4.2 Photosensitive

Although the investigation of photo-sensitive polymers began a long time ago, in
recent years there has been progress in the areas of photo-complex macromolecular
architectures. On photo-switching surfaces, the polymer backbone chains undergo
changes in their characteristics which are typically produced because of physical
modulations of definite functional assemblies (Korde and Kandasubramanian
2019). The photosensitivity in polymers is caused by chromophores that undergo
structural isomerization, ring opening or cyclization by radiation at a specific wave-
length, some of these photoinduced changes have the ability to reveal reversibility
(Salonen et al. 2010).

Increasingly, investigations of light photosensitive polymers have been applied
to several systems due to the interface response time and the precise site control on
surfaces. Irradiation is a direct and non-invasive mechanism to induce responsive
behavior, and is also an imperative attribute for application in biological interfaces.
Light is a useful stimulus to provide a switchable cell attachment-detachment for
sensitive surfaces. To sterilize biomaterials is used usually the UV irradiation, which
is a relative mild and low energy sterilization method (Mollet et al. 2016). Photo-
responsive molecules encompassing azobenzene and spiropyran are very well
proven examples of light-induced cell attachment and detachment (Higuchi et al.
2004; Auernheimer et al. 2005). The azobenzene, e.g. is the distinguished chromo-
phore showing light-prompted cis- to frans-isomerization. The incorporation of
azobenzene derivatives can provide that the materials exhibit variable polarity,
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shape along with the self-assembly performance (Korde and Kandasubramanian
2019). Azobenzene and spiropyran groups can also be used for forming supramo-
lecular assemblies of polymer associated with capacity to allow photo-switching of
polymeric aggregates in solution, surface properties and bulk material properties
(Natansohn and Rochon 2002; Yager and Barrett 2001, 2006).

5.4.3 pH-Sensitive

The pH switchable nature of polymer at the interfaces has been implemented for
several bioapplications, such as acidic vapor sensing, encapsulation and release
(Priya James et al. 2014), harvesting cells (Chen et al. 2012), sensors (FitzGerald
et al. 2008), as well as pH-sensitive ‘gates’ in microfluidic devices (Tokarev and
Minko 2009). pH-sensitive polymers have basic or acidic moieties that are able to
accept or donate a proton in response triggered by environmental pH changes (Priya
James et al. 2014). The charge induced electrostatic repulsions leads to swelling-
shrinking of polymer chains which modify the hydrodynamic volumes at the bio-
material interfaces. The variation of the polymer chain in response to the cumulative
charge on the suspended acid groups occurs at specific pHs, also known as ‘pKa’
(Chan et al. 2013).

As mentioned in the previous section, the polyelectrolytes are switchable poly-
mers which comprise a multitude of ionizable functionalities, which can be branched
into weak polybases and polyacids. Weaker polybases can accept protons and show
swelling behavior under acidic conditions. Meanwhile, weak polyacids are proton
donors at neutral or basic pH, which simultaneously can also accept protons at very
low pH (Chan et al. 2013; Korde and Kandasubramanian 2019).

There are very few studies involving harvesting cells at the interface and the pH
trigger, due to the limited range that the living system can be exposed (pH ~6.8 to
7.4) (Chen et al. 2012). However, a large number of scientific articles are devoted to
the controlled release and modification of the interfaces caused by the pH change
(Lins et al. 2014, 2016b; Priya James et al. 2014).

5.4.4 Electrosensitive

Electrosensitive polymers allow to shrink or swell in response to the electric field
that transforms electrical energy into mechanical energy, such that these materials
have potentials such as artificial muscle performance, biochemical separations, bio-
sensors and controlled drug release (Priya James et al. 2014; Hu et al. 2019; Korde
and Kandasubramanian 2019). The electrical stimulation is a fast and efficient way
to control the interfacial properties and polymer morphologies. The modification of
the structure of the polymer chain or the material distortion in the electrical field is
influenced by various factors, such as applied voltage, changes in electrophoretic
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mobility, electrochemical reactions, pH of environmental media, salt concentration
of the solution, thickness or shape of film, among others.

Polyelectrolytes are semi-conductive or electro-sensitive macromolecules, which
are commonly used for switchable systems due to their electrochromic effect. In
addition to polyelectrolytes, other polymers also establish sensitivity to the electric
field, e.g. piezoelectric polymers, wherein such polymeric networks typically
require the existence of a polarizable constituent capable to responding to the elec-
trical field. Electrosensitive systems can be prepared from both synthetic and the
natural polymers, where natural polymers include alginate (Kim et al. 2004a), chi-
tosan (Jeong et al. 2002), chondroitin sulfate (Jensen et al. 2002) and hyaluronic
acid (Sutani et al. 2001), while synthetic polymers include 2-hydroxyethyl methac-
rylate, 2-acrylamido-2-methylpropane sulfonic acid, acrylic acid, acrylonitrile,
allylamine (Kim et al. 2004a), aniline, methacrylic acid (Kim et al. 2004b), vinyl
alcohol and vinyl sulfonic acids (Kim et al. 2005).

5.4.5 Enzyme Sensitive

Enzyme sensitive polymers are stimulus sensitive materials that undergo macro-
scopic transitions as a result of changes in inter- or intramolecular interactions when
activated by enzymes. The use of enzymes as triggers in interface materials was
extended by a number of possible applications for diagnostics, drug delivery and
regenerative medicine (Ulijn 2006). This new class of smart materials have been
reported in recent years based on supramolecular assemblies, chemically cross-
linked, surfaces and nanoparticles in which they respond to a range of different
enzymes, such as acyl transferases, glycosidases, kinases, lipases, phosphatases,
proteases and redox enzymes (McKimm-Breschkin et al. 2003; Guarise et al. 2006).

Understanding the role that enzymes play in biology and in polymer materials
can be an important step in designing synthetic materials with dynamic process
control between living systems and inanimate materials, such as cell differentiation
and migration in the contexts of tissue formation and wound healing (Chen et al.
2003; Ulijn 2006). In addition, another new approach is to physically encapsulate
the drug molecules and release them when an enzyme triggers supramolecular tran-
sitions in an exclusive location within the body where it is required (Langer 2001;
Yang et al. 2004b).

5.4.6 Multiple Sensitive Stimuli

The join of numerous stimuli in polymers has been studied extensively in recent
times to create smart and switchable materials revealing an additional stimulus in
the same materials, i.e. dual or multiple stimuli responsive. Multiple responsive
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polymeric system is a combination of different responses to stimulation in a single
material, in which they exhibit a triggered macroscopic response by exposure to
different external stimuli. There are several kinds of polymers sensitive to different
stimuli, such as redox- and temperature-sensitive, magnetic field and temperature-
sensitive, pH- and temperature-sensitive (Gutiérrez and Alvarez 2018; Shen
et al. 2019).

The response to two or more stimuli can occur in a combinatorial impact in par-
allel, serial or causal. In this sense, an orthogonal stimuli-responsive system does
not affect the response of the other and vice versa (Schattling et al. 2014), i.e. only
the specific reaction group in a macromolecule responds when the corresponding
external stimulus is applied. The designated functional group generates a structural
or environmental change, i.e. a conformational hydrophilic change. Thereafter, the
second responsive group is subsequently stimulated and responds in a different way.
Thus, a functional group can respond to a stimulus and another functional group is
responsible for the response of a second stimulus.

Another alternative is the combination of supramolecular groups and functional
surfaces. For example, Tokarev and Minko (2009) demonstrated that surfaces
prepared with cationic polyelectrolyte (poly(2-vinylpyridine)—P2VP) gel on elec-
troconductive support can operate as an electrochemical- and pH-controlled gate,
being biomolecules responsive and pH dependent, via H-bonding and ionic interac-
tions. Porous supramolecular membranes on the surface may swell and shrink their
pore size in response to a stimulus or to various stimuli. The changes in pore size
allow the control of the permeability of various solutions and biomolecules, e.g. pH
and cholesterol, respectively, where it was observed that the pore size is a function
of cholesterol concentration and pH variation (Fig. 5.14).

Fig. 5.14 Topography
images showing the
swelling of the P2VP gel
in the pore diameter.
Reproduced with
permission from Tokarev
and Minko (2009)
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5.5 Conclusion

In summary, stimulus responsive interfaces represent one of the most emerging and
active areas of scientific research for biotechnology. These interfaces are extraordi-
narily functional because they can provide additional tools to fine-tune their proper-
ties under a biological environment conditions in a cooperative manner. The
supramolecular polymers combining various switchable features have proven to be
good candidates for stimulus responsive interfaces. Interfaces showing supramo-
lecular interactions have unique topological structures and specific functions, such
as multifunctional groups with switchable flexibility for biomedical needs. Recent
progress in switchable and supramolecular interfaces with a view to increasing the
intake of systems based on stimulus-sensitive polymers for biomedical applications
will definitely contribute to improving human life.
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Chapter 6
Recycling of Reactive and Functional
Polymers

A. M. M. Saleh and Reem K. Farag

Abstract The use of polymeric products such as reactive and functionalized poly-
mers has become much greater than other materials such as metals for their supe-
rior properties such as corrosion resistance, high impact resistance, low density
and light weight. Functional polymers are macromolecules that have unique prop-
erties based on the presence of chemical functional groups that are not similar to
those of the pre-existing backbone chains. Chemical heterogeneity in the polymer
chains increases the reactivity of the polymer and prevents phase separation of
polymer mixtures. Polymer functionalization is used to impart new characteristics
such as chemical, biophysical, physicochemical or optoelectronic properties to
the desired polymer. With this in mind, the polymeric products can be classified
into thermoset and thermoplastics. Crumb rubber is the most popular thermoset
polymer, while thermoplastic polymers are represented by a wide range of plastic
materials such as poly(ethylene terephthalate), low density poly(ethylene), high
density poly(ethylene), poly(styrene), poly(propylene), poly(urethane), nylon,
poly(carbonate), resins and phenolic compounds. In recent decades, concern about
the problem of waste in the world and its effect on the environment has increased.
The creation of non-decomposing waste, such as polymers combined with an ever-
growing consumer population, has led to a waste disposal crisis. One of the solu-
tions to this crisis lies in recycling waste polymers into useful products. This
chapter gives an overview about the recycling of reactive polymers including the
different synthesis methods and applications of this type of polymers. The synthe-
sis methods include post-polymerization functionalization, coordination polymer-
ization, as well as free radical, anionic and cationic procedures. This chapter also
highlights the fields of application of functional polymers, including surface modi-
fications of polymers, as well as polymer nanoparticles to be suitable for use in

A. M. M. Saleh (P<)
Petroleum Applications Department, Asphalt Lab, Egyptian Petroleum Research Institute,
Cairo, Egypt

R. K. Farag
Petroleum Applications Department, Additives Lab, Egyptian Petroleum Research Institute,
Cairo, Egypt

© The Editor(s) (if applicable) and The Author(s), under exclusive license to 129
Springer Nature Switzerland AG 2020

T. J. Gutiérrez (ed.), Reactive and Functional Polymers Volume Four,
https://doi.org/10.1007/978-3-030-52052-6_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-52052-6_6&domain=pdf
https://doi.org/10.1007/978-3-030-52052-6_6#DOI

130 A.M. M. Saleh and R. K. Farag

extra-technical industries such as membranes, biomedical equipments, among oth-
ers. The surface modification will include both plasma and ultraviolet (UV) irra-
diation, atomic layer deposition, electrochemistry, oxidation, reduction, hydrolysis,
use of radicals and grafting ‘on’ or ‘from’ polymers. Finally, this chapter provides
an updated survey on the recovery and recycling of reactive and functional poly-
mers. Other diverse options for the management of polymer waste can be done via
reuse, chemical and mechanical recycling, as well as the possible application of
recycled polymers in different applications such as building construction, road
paving, and various other industrial applications were discussed here.

Keywords Plastic wastes - Polymer recycling

6.1 Introduction

Reactive or functional polymers are defined as macromolecules that have unusual
and unique properties necessary for special uses (Bergbeiter and Martin 1989;
Arshady 1997). The characteristics of the reactive polymers depend on the presence
of polar functional groups, which are generally different from the already existing
polymer backbone. The addition of polar or ionic functional groups on hydrocarbon
backbones or functionalization of polar polymer chains with hydrophobic groups
are some examples of this dissimilarity. However, chemical dissimilarity or hetero-
geneity improves the reactivity and compatibility of the polymers. An advantage of
the presence of functional groups is their ability to form self-assemblies or supra-
molecular structures through chemical or physical stimuli, which can lead to the
formation of smart material. Most functional polymers are formed from simple lin-
ear backbones in different forms such as chain-end (telechelic), in-chain, block,
graft and special structures (Fréchet 1994) such as three-dimensional polymers: star
and hyperbranched polymers (Kim and Webster 1990; Malmstrom and Hult 1997;
Turner and Voit 1997) and dendrimers (tree-like structures) (Tomalia et al. 1985).
Low cost, ease of processing and unique mechanical properties are the main advan-
tages of functional polymers. The properties mentioned above can be adjusted
according to the desired application.

6.2 Polymer Functionalization Methods

Functionalization methods to modify the nonreactive polymer are categorized into
three broad categories, such as direct polymerization, coordination and post polym-
erization. On the other hand, direct polymerization method is classified into anionic,
cationic, grafting and free radical methods, while post polymerization proceeds into
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Fig. 6.1 Direct methods of polymer functionalization

two routes namely in bulk and on surface of the pre-existing polymer. All the poly-
mer functionalization methods are shown in Fig. 6.1 and will be illustrated in the
following subsection.

6.2.1 Direct Polymer Functionalization

Polymer functionalization by direct methods are classified broadly into homo and
copolymerization techniques. Homopolymerization functionalization deals with the
single type of monomer or polymer. Otherwise, copolymerization deals with more
than one type of polymers. In direct copolymerization polymer functionalization,
more than one comonomers are used to build the particular copolymer through
chemical reaction. The formation of copolymer depends on various factors such as
comonomer nature, alternativity, statistics and indiscriminate. The composition and
characteristics of the prepared copolymers are also affected by ratio of reactivity of
the reacted comonomers and accordingly affect on field application of the resultant
material. Copolymerization of maleic anhydride (MA) with styrene (St) to prepare
copolymer namely poly(St-alt-MA) is an example of direct copolymerization. In
this reaction, MA works as it is a reactive anhydride, and therefore, it is possible to
react with different types of nucleophiles such as alcohols or amines (Bonilla-Cruz
et al. 2007; Hurtgen et al. 2011). The two types of direct polymerization are
explained as follows:
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6.2.1.1 Anionic Polymerization

Anionic polymerization functionalization is believed to be the most precise proce-
dure of ‘living’ procedure and has highest degree of control within polymerization
methods. This procedure proceeds without chain transfer and termination, produc-
ing polymers with expected molecular weight (Mw), narrow molecular weight dis-
tribution (MWD or polydispersity index—PDI = weight-average apparent molecular
weight (M,)/number-average apparent molecular weight (M,)), distinct architec-
tures, as well as the degree of functionalization purity is high. Often, anionic polym-
erization in not suitable preparation method for the preparation of linear or star
polymers with MWD < 1.1 and functional purity >95% (Hsieh and Quirk 1996).
Anionic procedure is also usually used for manufacturing chain-end (telechelic) and
in-chain functional polymers. As an example, termination of ‘living’ lithium macro-
molecules with electrophilic reagents can be terminated using anionic polymeriza-
tion to prepare telechelic polymers in a wide variety.

6.2.1.2 Cationic Polymerization

In this type of polymerization, a cationic initiator is transferred to the pre-existing
polymer or a monomer to be reactive pieces. The type of monomers suitable for
cationic polymerization are limited to olefins. On the other hand, this method is not
suitable for producing well defined polymers for rearrangement of molecules in
addition to inter and intra-molecular transfer. Recently, several polymers are pre-
pared using cationic polymerization by controlling both of initiation, propagation
and termination approaches (living polymerization). An example of cationic polym-
erization, is the preparation of tetrahydrofuran, poly(isobutylene) and poly(N-
vinylcarbazole) (Smith and Hubin 1973).

6.2.1.3 Graft Polymerization

This class of functionalization is often used to form comb or reed polymers and
consisting of one of the three approaches:

1. In situ homo or copolymer grafting synthesis containing the functional group has
long or a small chain to a unit of the backbone of desired polymer chain to graft
(starting from technique) (Bonilla-Cruz et al. 2013).

2. The atom of backbone that has the affinity to change is reacted or interchanged
by the functional monomer or reactive groups.

3. Grafting a polymer with another one having a functional species, reactive groups
or an initiator. The resultant polymer can have different structures such as regular
or brushes, depending on both of graft distance and reactivity of the copolymers.
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Examples of polymerization grafting is functionalization of poly(isoprene) and
poly(butadiene) (PB) with some kinds of nitroxide moieties (Bonilla-Cruz et al.
2010). Another example is grafting of single-wall carbon nanotube with
poly(styrene) (PS) (Qin et al. 2004). Also, synthesis of cylindrical molecular
brushes have density of grafting well controlled and low dispersity using the
new techniques of grafting namely reversible addition fragmentation chain
transfer (RAFT) and ring-opening metathesis polymerization (ROMP) methods
(Li et al. 2009).

6.2.1.4 Free-Radical Polymerization

Free-radical polymerization is usually used, practically in many products and in the
preparation of laboratory polymers in high degree of control, by using free-radical
polymerization, which can be formed in bulk or suspension, several functional
groups can be afford to non-reactive polymers (Boutevin and Pietrasanta 1989;
Moad and Solomon 2006). Otherwise, the control difficulty of dispersity, chain
building, as well as the end group of the final resultant polymer are the major disad-
vantages of free-radical polymerization. Termination and propagation have high
effect on effectiveness and growing of resultant polymers. Telomerization is a type
of free radical polymerization in which the used agent for chain transfer has low
Mw and high reactivity (Busfield et al. 1998). Almost all telomeres are used in tel-
echelic preparation methods, as well as addition/fragmentation (Krstina et al. 1995).
The control of this type of direct or indirect polymerization were studied by many
researchers (Georges et al. 1993, 1997; Hawker 1994, 1995, 1996; Wang and
Matyjaszewski 1995a, b; Percec and Barboiu 1995; Kato et al. 1995). Reversibility
and rapid growth of inactive species, and the covalent atom that bonded to the reac-
tive radical species has great effect on free radical efficiency. The termination reac-
tion process between the growing radical moieties is affected by the reaction
velocity and direction. Recently, ‘living” polymerization is used instead of anionic
or cationic techniques to produce well controlled polymer from points of views of
low MWD, Mws, architectures, chain ends and capability of incorporating a wide
range of functional groups. An example of free-radical functionalization is a combi-
nation of a conventional radical initiator, benzoyl peroxide, with 2,2,6,6-tetramethyl-
Ipiperidinoxyl (TEMPO) to obtain a well controlled free radical polymerization of
benzoyl peroxide from points of view of molecular weight and chain functionaliza-
tion, TEMPO is added to the initiator (Georges et al. 1993, 1997). Another example
is, aminophenol protected with f-butoxycarbonyl (f-BOC), which can be coupled
with the bromo-substituted TEMPO derivative in order to give the functionalized
initiator. TEMPO is also used for the preparation of polyfunctional molecules bear-
ing multiple initiating centers. Three arm star PS can be prepared by using poly-
functional molecules carrying several centers of initiators. Similarly, atom transfer
radical polymerization (ATRP) has been used by Wang and Matyjaszewski (1995a,
b) for the synthesis of PS and polyacrylates with controlled Mws.
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6.2.2 Coordination Polymerization Functionalization

Coordination polymerization is used especially for functionalization of transition
metals with catalyst. The importance of this route comes from the difficulty of using
the ordinary methods of functionalization of transition that poisoned with heteroat-
oms such as N and O. One of two routes must be followed to maintain this type of
functionalization, such as taking care of the monomer itself or modifying the cata-
lyst used. Ziegler-Natta polymerization by Ti/Al systems, metallocene polymeriza-
tion with Ti, Zr, Hf catalysts, or metathesis polymerization with W, Mo, Re metals
are some examples of coordination functionalization. Modification of Ziegler-Natta
polymerization catalyst involves metals, ligands and/or anions. For examples, Ni,
Pd late transition metals (Brookhart et al. 1994a, b; Abu-Surrah et al. 1996; Johnson
et al. 1996) and lanthanides (e.g. Sm) (Boffa and Novak 1994, 1997a, b) tend to be
more tolerant of polar functionalities than are early transition metals (e.g. Ti, Zr,
Hf). When the transition metal center is chosen further to the right in the periodic
table, it becomes softer and contains more d-electrons, thereby favoring complex-
ation with softer bases like olefins rather than harder oxygen containing func-
tional groups.

6.2.3 Post functionalization

This type of functionalization based on orienting or conversion achievable of a non-
reactive polymer bearing a chemoselective finger that is inert towards the ordinary
polymerization conditions to reactive form. This method is carried out by direct or
copolymerization procedures, and are affected by the tolerance of the functional
group, as well as the orthogonal technique. However, post functionalization is clas-
sified as surface and bulk approaches, and are illustrated in the next subsection.

6.2.3.1 Surface Functionalization

This type of functionalization is used to activate polymers that do not react in differ-
ent ways such as modifying the end of the already existing polymer, doubting that
the chain will grow, or adding functional chemical groups or agent after breaking
the chain.

6.2.3.2 Bulk Functionalization

In this type of polymerization, the functional group is embedded inside the network
structure of the pre-existing polymer itself. Chemically crosslinked polymer is an
clear example of bulk polymerization. In this type of functionalization, a
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crosslinking approach is used, which is usually a chemical reaction to bond two
polymers. The cross-link may be covalent or ionic bonds. The characteristics of the
prepared crosslinked polymer depends on crosslink density. Heat, pressure, pH
change or irradiation are necessary initiator factors for the crosslinking reaction to
start. An example of crosslinking using a chemical reaction is mixing of partially or
un-polymerized resin with some crosslinking agents. In case of crosslinking ther-
moplastic materials, a radiation source as gamma radiation or ultraviolet (UV) light
can be used. It must be mentioned here that, physical crosslinks are formed where
the chemical reaction is covalent. In case of exposing the polymers desired to be
crosslinked to atmospheric oxygen, the resultant polymers will be oxidative cross-
linked and an oxidizing agent as hydrogen peroxide can be used to speed up the
reaction. The synthetically crosslinked polymers are used in different applications
such as car tires and forming polyacrylamide gels. Ethylene vinyl acetate is an
examples of polymers that are crosslinked and used in solar panels.

6.3 Chemical Modification of Polymers

Chemical modification of polymer is achieved to functionalize any small molecule
by a chemical reaction. This modification can be carried out in bulk, solution or on
surface of the molecule. The reactivity of the synthesized functional group is
affected and controlled by some factors such as the type of neighboring groups,
polymer backbone type and morphology, as well as the solubility/miscibility of
reactant and catalyst phases. However, reactions on polymer cause its crosslinking
with other polymer to complicate and its chain to cleave. Different methods for
performing chemical modification of the polymer are illustrated below:

6.3.1 Chemical Modification of Polymer in Solution

Solution reaction of polydienes (polyolefins) is a well known example of chemical
modification. In this reaction, various types of modification are clearly detected
such as isomerization, cyclization, hydrogenation, epoxidation, and reacting with
carbenes or enophiles (Schulz et al. 1982; Schulz and Patil 1988). The resultant
modified polyolefins have higher glass transition temperature (T,) values, and con-
sequently different mechanical, physical, chemical and electronic characteristics
are obtained compared to an unmodified one, the modification process increases the
field applications of the prepared materials. Otherwise, the ease of processing, recy-
clability, as well as low cost are unique properties of modified polyolefines, despite
the modification sometimes they limit the reactivity of functional groups, and con-
sequently, affect some particular uses such as adhesion, dying and painting.
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6.3.2 Chemical Modification of Polymer in Bulk

Bulk modification of polymers by reactive extrusion (REX) represents a technologi-
cally attractive and relatively simple method. Modification is achieved during the
forming process (extrusion or injection moulding) without the need of an additional
modification step. It is important to choose reactive modifiers showing high compat-
ibility with the polymer matrix in order to avoid agglomeration and negative effects
on the mechanical properties of the bulk. For example, REx of stabilizers containing
a polymerizable functional groups could be a very interesting approach to overcome
the problem of the physical loss of these additives. The grafted stabilizers cannot be
detached from the polymer matrix except through severance of chemical bonds and
should, therefore, lead to highly substantive and effective stabilization systems,
especially in an aggressive leaching environment (Gutiérrez & Alvarez 2017a, b, c;
Herniou et al. 2019; Gutiérrez et al. 2017; Gutiérrez et al. 2021).

6.3.3 Chemical Modification of Polymer on Surface

Surface functionalization is a procedure used for modifying only the polymer sur-
face without affecting its bulk characteristics. The change in polymer interfacial
properties is a result of surface functionalization that can be denoted by wettability
(this can be confirmed by change in the contact angle (WCA) values). However,
surface modification of polymer has a great effect on its properties such as adhesion
(Kaczinski and Dwight 1993; Kaboorani and Riedl 2011), biocompatibility, perme-
ability (Le Roux et al. 1994), wettability (Costello and McCarthy 1987; Whitesides
and Ferguson 1988), printability (Harth and Hibst 1993), weatherability (Jagur-
Grodzinski 1992) or friction (Bee and McCarthy 1990).

As an example of surface functionalization is free-radical grafting of polyolefin
by reaction with MA. The resultant modified polyolefin will contain amine groups,
which are chemically versatile, although it causes corruption in expected Mw and
functional-group distribution inside the polymer (Ward and McCarthy 1990;
Garbassi et al. 1995). It is worth mentioning that after polydienes and polyolefins
have been modified in solution, and it is also possible that a surface modification
route can be carried out. An example of surface modification are polar functional
group-modified polyolefins, which have been introduced on to syndiotactic
1,2-polybutadiene surfaces by photolytic addition of thiols, as well as treatment
with aqueous permanganate.

6.4 Surface Modification Techniques

Modification of polymer surface is an important factor in development of polymer
science because most of them are inert or weak reactive to materials used in indus-
trial applications. However, polymers are considered one of the most important
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materials in our life day such as poly(ethylene) (PE), poly(propylene) (PP), etc.,
which are used in different applications such as gears, cars, clothes, electric cables
for electricity, medical tools, among others. Generally, polymer surface modifica-
tion is carried out in one and/or two ways with the aim of increasing its resistivity to
environmental conditions or to impart or alter special characteristics for a specific
application. An obvious example of surface care is painting the steel surface of cars
in order to resist rust or corrosion caused by weather conditions. On the other hand,
the use of polymers in medical applications such as cardiac supports, drug delivery,
and in the electric field as electrical sensors are examples of surface modification to
impart some properties for specific application.

In this section, different surface modification techniques as plasma, electrochem-
istry, chemical oxidation, chemical reduction, hydrolysis and aminolysis are
explained as follows:

6.4.1 Plasma Technique

Plasma is defined as the forth state of matter (gas, liquid, solid and plasma). It is
formed as a partly ionized gas, which contains energetic electrons, charged ions,
free radicals and neutral particles (atoms and molecules). Some of these particles
may be in an energetic state and when return to their earth state via emission of
photons, which produces the typical plasma light emission. However, plasmas are
formed by exciting gases into energetic states by using radio-frequency, microwaves
or electrons from a hot filament discharge (Lieberman and Lichtenberg 2005). The
most popular type of plasmas used in surface modification or treated are cold non-
equilibrium, because they do no break the chemical bonds of the desired polymer to
modify or destroy its surface.

A cold plasma can also be generated by using Corona discharge method, which
is used for different industrial applications. In this method, the gas is ionized around
a conductor, keeping a high potential energy. An example of Corona technique is
surface modification of poly(dimethylsiloxane) (PDMS) (Eifert et al. 2015). Plasma
can modify the surface polymer in two ways. The first way is using simple gases
such as Ar, H,O, O,, N,, ... etc., which produce reactive pieces that react with the
polymer surface. Second way, in the case of organic molecules to generate the
plasma, a polymeric film is formed on to the polymer surface.

6.4.2 Electrochemistry Technique

In electrochemical technique, the polymer surface is activated by missing or gaining
electrons using an electrical circuit. The polymer can be anode or cathode in the
circuit depending on its place, in addition to the composition of another type of
electrode in the electrical chain. An example of treatment of the polymer surface
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using the electrochemistry technique is the activation of poly(tetrafluoroethylene)
(PTFE) (Combellas et al. 2004). Firstly, the surface of PTFE is reduced by Pt elec-
trode either in contact with or within a distance of ~10 pm. The second case, is
considered as a scanning electrochemical microscopy (SECM) pattern. The reduc-
tion of PTFE is obtained by two methods, such as the choice of benzonitrile, e.g. an
electrochemically reversible redox couple (benzonitrile/benzonitrile radical anion,
E° = -2.05 V/Ag/AgCl in paretic medium) or by using a solution of solvated elec-
trons, prepared in liquid ammonia by electrochemistry. Upon electron transfer, the
C-F bond is cleaved and the radical anion is reoxidized to benzonitrile, which dif-
fuses to the electrode, thus reducing the pieces. The reduction results is a reac-
tive n-doped polymeric carbon surface. The results of the reaction are unsaturated
and oxygen functions, or a bonded polyacrylic acid film in the presence of acrylic
acid. Also, nitro or bromophenyl groups attached to the carbon in the presence of
4-nitro or 4-bromobenzenediazonium and Au, Ag or Cu metallic deposits in the
presence of the corresponding ions may be the result of the reduction.

6.4.3 Chemical Oxidation

Surface treatment of a polymer by chemical oxidation depends on its reaction with
the oxidizing agent to form an oxygen functional group. Oxidation of PE with chro-
mic acid and piranha solutions is an example of this type of surface functionaliza-
tion. However, this method is resembled for using oxygen plasma or UV radiation
methods as other means of surface functionalization of PE from points of view of
surface roughness, WCAs and surface concentration of carboxylate groups. It was
found that UV radiation method is the best rather than the other methods namely
chemical oxidation and oxygen plasma (Barish and Goddard 2011a, b), and oxida-
tion (Han et al. 2010) of PS-b-poly(ethylene-co-butylene)-b-PS (SEBS) by KMnO,
or KMnO,/H,SO, provided predominantly surface O-C and O-C=0 functions along
with a small fraction of O-H and Mn-O groups, as a result the WCA values
decreased from 106° to 45°. The most famous oxidizing agent, as it forms the struc-
ture of functional groups of peroxides. For example, peroxide is produced on the
surface and inside the polymer structure in case of oxidizing PUR polymer, where
less than 15% is located on the surface and the total concentration of 2.5 x 10~ mol/
cm? (Fujimoto et al. 1993). Another example for chemical oxidation is using
~200 nm-diameter porous anodized aluminum membranes as molds, in which PE
and PTFE were cast by heating, where Al membrane, a structured polymeric surface
was produced. Further oxidation of the resultant structured PE with KC104/H,SO,,
caused its surface to be superhydrophobic polymer and the WCA values decreased
from of 172° to 0° (Lee and McCarthy 2007). Recently, chemical oxidation is used
for protecting food packaging materials of PE type without reacting with food itself,
where peroxides are formed on its surface, thus causing radicals to react with
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poly(ethylene glycol) (PEG) diacrylate to give PEG-modified PE, which can be
reacted with ethylenediamine (as a model of a bioactive molecule) through a
Michael addition reaction (Barish and Goddard 2011a, b).

6.4.4 Chemical Reduction

Chemical reduction is used to treat the polymer surface by using a reduction agent
in gaseous or liquid form, thus adding to the desired polymer containing ester or
ketone functional groups in the chain to obtain a hydroxyl functional group. As an
example, small particles of PEEK can be reduced by using a reduction agent as
NaBH, in dimethyl sulfoxide (DMSO) at 120 °C to obtain the OH groups (Diez-
Pascual et al. 2009). The obtained modified polymer can be further modified to
produce soluble particles, which can be used for special applications in biocompat-
ible systems (Henneuse-Boxus et al. 1998). In this sense, sodium borohydride,
hydroquinone, glucose, pyrrole and alkaline solutions are strong reduction agents.

6.4.5 Hydrolysis and Aminolysis

Aminolysis is any compound treated with ammonia or an amine and causes causes
polymers to be divided into two parts containing reactive amino groups. Hydrolysis
means the formation of chemical bonds by nucleophiles in water or ruptures by
substitution, elimination and fragmentation reactions.

Some examples of aminolysis and hydrolysis in polymer surface modification
are as follows:

* Poly(ethylene terephthalate) (PET) polymer contains an ester group that can be
hydrolyzed in a 2N NaOH solution at 70 °C, thus producing -COO- or -COOH
terminal groups onto its surface. The reaction product is dependent further repro-
tonation with acetic acid (Chen and McCarthy 1998; Roux and Demoustier-
Champagne 2003).

e In addition, superhydrophilic and superhydrophobic meltblown poly(butylene
terephthalate) (PBT) fiber mats can be produced after being hydrolyzed and
reacted in concentrated NaOH. The mat becomes superhydrophilic and perfluo-
roamine superhydrophobic. This type of treatment causes about 60% of the orig-
inal polymer to degrade after 30 min (Wang et al. 2014). On the other hand, some
examples of polymer surface modification using aminolysis techniques can be
shown below:

* Aminolysis of poly(lactic-co-glycolic acid) (PLGA) with ethylenediamine
(0.05 M) for a time period less than 20 min when hydroxyl and amino groups are
formed onto the surface (Croll et al. 2004).
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* A PET supported thin silica film (PET-(SiO,)X-OH) can be produced via ami-
nolysis of PET with the amino groups of 3-aminopropyltriethoxysilane (APTES)
to produce PET-CONH(CH,);Si(OH); and tetraethyl orthosilicate (TEOS),
which are deposited onto the surface. Both prepared surfaces can be reacted with
silane coupling agents in a way similar to oxidized silicon wafers (Fadeev and
McCarthy 1998). APTES is also used to modify poly(ethylene naphthalate)
(PEN) films to form strong Si—O-Si bonds in adhesive materials (Hu et al. 2002).

6.4.6 Reaction with Radicals, Carbenes and Nitrenes

Reaction with radicals, carbenes and nitrenes is a modification method of polymer
surface, which is similar to grafting. In this method, two approaches are followed
namely: ‘grafting on’ and ‘grafting from’. Examples of ‘grafting on’ route using
radicals, carbenes and nitrenes can be represented by the following examples:

The use of radicals for the modification of poly(methylmethacrylate) (PMMA)
with perfluoroalkyl groups can generally be produced via radicals using homolytic
dediazonation of diazonium salts. Modification of PMMA with perfluoroalkyl
groups starts from the deposition of amine group (NH,-C4H,-C10F21) on its surface
in isopentyl nitrite at 60 °C, and then the perfluoroalkyl diazonium salt formed is
decomposed to produce perfluoroaryl radical. The radicals produced binds to
PMMA surface and become hydrophobic (WCA = 108°) (Chehimi et al. 2014). The
iodine atom of alkyl radicals can also be produced from a sterically hindered aryl
radical that cannot react with surfaces, but it removes an iodine atom from an alkyl
iodide (Hetemi et al. 2016). These radicals react onto the surface of PE and
PMMA. The carboxylic groups can be further modified by esterification or amida-
tion with PEG, anthraquinone groups or a dye (e.g. modification of the PE surface
with neutral red via alkyl radicals).

The carbenes can be obtained from the thermal decomposition of
bis(aryldiazomethane) at 120 °C, thus modifying PS or polyacrylate beads (Yang
and Moloney 2016). The modified beads can be colored by the use of diazonium
salts. The colored modified polymer is an example of complex surface
modification.

Modification of the functional surface of PMMA occurs by using nitrene as mod-
ifying agent. This agent contains phosphorylcholine and azido groups and is used
by its deposition on to the surface of the polymer to be modified (Fukazawa and
Ishihara 2013). The agent is cleaved upon irradiation at 254 nm, nitrene is produced
as a highly reactive agent, which is inserted into the carbon-hydrogen covalent bond
of the desired polymer.

Generally, ‘grafting on’ reaction causes the modified polymers to have better and
adhesion properties. Upon modification, the WCA values from PE decreased from
~100° to ~65°. An example of photochemical ‘grafting from’ reactions is atom
transfer radical polymerization (ATRP). This method is used to grow polymers from
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surfaces, e.g the modification of nanoporous PB (Guo et al. 2010). Two different
methods can be used for the modification of nanoporous PB. The first is by reacting
the terminal double bonds of PB to obtain, finally C-Br groups onto the surface. The
second method is the photochemical reaction of a benzophenone modified with a
C-Br bond, thus allowing the initiation of the ATRP reaction with poly(ethylene
glycol) methacrylate (PEGMA). ATRP of a PEG monomer (MPEG) onto the sur-
face of PB is another example of ‘grafting from’ reaction.

6.5 Recycling of Reactive Polymers

In recent years, concern has grown about the problems of waste in the world and its
effect on the environmentally. Polymers are used throughoutour life in different
applications and represent one of the most difficult materials to degrade in a short
period of time, and therefore, are accumulated in stockpiles in the environment so
that different forms are considered with the aim of recycling and reducing waste
discarded in the environment, thus helping to maintain the health of our life as
much as possible. However, the management of this type of waste includes source
reduction (produce less waste), reuse, recycling and compositing (Medina 1997).
The waste has some potential negative effects on the environment such as occupa-
tion of space that can be used for other purposes, pollution and degradation of
aesthetic quality of the environment, generation of harmful odors and support of
disease vectors. The polymeric wastes can be categorized according to the source
of generation, the acceptability of reuse, hazard effect on human and life, and
the nature of the waste. There are different ways to manage the waste such as source
reduction to decrease the space needed to landfill, reuse of scrap materials, espe-
cially those discarded from construction and demolition, recycling of some materi-
als such as PET, and processing such as sizing. In this part of our chapter, the types
of polymers that are used for various applications in our lives are discussed, as well
as the recycling methods of reactive polymers, including some examples. Finally,
the section focuses on the use of recycled reactive polymers in infrastructure appli-
cations as a case study.

6.5.1 Polymers for Industrial Applications

Polymeric materials can be grouped into two categories: thermosets and thermo-
plastics. Thermoset polymers are formed via an irreversible polymerization reac-
tion. However, thermoset polymers are cured by heating or chemical agents. These
polymers are characterized by being infusible and insoluble. In contrast, thermo-
plastics are prepared from linear molecular chains. This type of polymers soften on
heating and harden on cooling. Thermoplastic polymers are distinguished by their
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durability, lightness, low cost, high resistance to corrosion and strength, and
user-friendly design. Otherwise, thermoplastic polymers are classified into three
groups: crystalline, amorphous and semicrystalline. Crystalline thermoplastics are
semi-transparent and have regular molecular chains, as well as having high impact
resistance compared to other polymers. PP, and low and high-density polyethylene
(LDPE and HDPE) are examples of crystalline thermoplastic polymers. Amorphous
thermoplastics are characterized by their transparency and random arrangement of
molecules, e.g. poly(vinyl chloride) (PVC), PMMA, poly(carbonate) (PC), PS and
acrylonitrile butadiene styrene (ABS), while semi-crystalline polymers have
been characterized by their collective properties for the other types. Polyesters, PBT
and poly(amide-imide) (PAI) are examples of semi-crystalline polymers, which have
unique characteristics suitable for different applications (Collins and Metzger 1970;
Le Duigou et al. 2008; Pillin et al. 2008; Hamad et al. 2011). The injection modeling
process is the main technique of polymer processing, which allows the fabrication
of different kinds of parts, such as the computer mouse (Brandrup et al. 1996; Lee
et al. 2002; Yarahmadi et al. 2003; Augier et al. 2007).

6.5.2 Reactive Polymer Recycling Techniques

Different techniques are used to decrease the accumulation of plastics, such as
chemical and mechanical recycling, and energy recovery to produce useful materi-
als, which can be used for other purposes under defined conditions (Waldman and
De Paoli 1998; Kartalis et al. 2000; de la Puente et al. 2002; Héjekova and Bajus
2005; Kabdi and Belhaneche-Bensemra 2008; Vallim et al. 2009; Jin et al. 2012;
Petchwattana et al. 2012). The recycling and reuse of waste material is known as
a green bio-industry. The plastic is difficult to be naturally degraded in a short period
of time and takes a long time, at least 50 years, to corrode. Plastics are known to
cleave in the environment by four mechanisms: photodegradation, thermo-oxidation,
hydrolytic and biodegradation by microorganisms. The natural degradation of plas-
tic begins with photodegradation via UV light from the sun. Firstly, the polymer
absorbs oxygen from air using UV light, which is considered as a source of energy
necessary for starting degradation, thus leading directly to second step (thermo-
oxidative degradation), where polymer become brittle, as their molecular chains
broken into smaller pieces, and the Mw decreases as the pieces are ready for attack-
ing of the microorganisms starting the fourth and final stage of degradation. The
microorganisms change the carbon atoms in the polymer chains into carbon dioxide
or to be incorporated into biomolecules. This process is very long and can take more
than 50 years (Elmaghor et al. 2003). Thus, some recycling technique must be suit-
able to dispose of plastic polymers. In fact, it is well known plastics are stable and
monomer recovery is very poor.
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Initially, incineration was used to dispose of thermoplastic wastes, but this
method caused emissions of noxious and toxic gases such as CO in the air, as well
as incineration ashes that contained lead and cadmium. Thermoplastic polymers
type are suitable for recycling for their unique properties as mentioned above.
Different characteristics of thermoplastic polymers are considerated to determine
the suitability of the polymer to be recycled such as density, T,, mechanical proper-
ties and cost of the recycling process. For example, the density of the polymer can
affect the strength of the final product, which is formed when LDPE and PP are used
in the linen reinforcement. The T, is vital for defining the shape and motion of
recycled polymer, specially for the amorphous type, the dimensions and motion of
polymer molecules do not change. The mechanical properties are also important for
determining both the tensile strength and tensile modulus (Achilias et al. 2007a, b,
2009; Tri Phuong et al. 2008; Vicente et al. 2009; Yang et al. 2009; Wei et al. 2010;
Aurrekoetxea et al. 2001). The cost of the plastic recycling process should also be
as low as possible. It should be mentioned here that recycling method decreases the
environment pollution, as well as conserving the energy necessary for incineration
and keeping the material for a longer period of time (Brennan et al. 2002; Gao et al.
2003; Bourmaud and Baley 2009; Bahlouli et al. 2012).

6.5.2.1 Mechanical Recycling

The mechanical recycling method deals with the reuse of the waste polymer without
using any chemical reaction. Mechanical recycling methods can be basically classi-
fied into two routes: primary and secondary recycling.

1. Primary Recycling

Primary recycling is a simple and low-cost recycling process in which the
waste is reused in its original form and structure. The drawback of primary recy-
cle is the limitation of recycling cycles for each waste product (Zaidi et al. 2010).

2. Secondary Recycling

In this technique, simple processing routes can be used such as melting and
sizing without changing the structure of the waste, thus recycling processing is
limited only to thermoplastic polymers. Thermoplastic polymers can be recycled
by extrusion after the waste is classified, cleaned, washed and cut into small
pieces to be later melted. Another form of secondary recycling is mixing the
waste with another material to obtain the desired properties.

It is worth mentioning that the drawback of the mechanical recycling tech-
nique is that the characteristics of the waste change after each recycling cycle,
since the Mw decreases dramatically. It is recommended to use chain extender
compounds or to reprocess with vacuum degassing with this technique. Generally,
this technique is preferable due to its low cost, despite the fact that it requires
large investments (Elmaghor et al. 2003).
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6.5.2.2 Chemical Recycling

Chemical recycling occurs by using different chemical reactions (e.g. glycolysis,
hydrolysis and pyrolysis) in order to change the structure of the waste to be con-
verted into monomers or partially depolymerized into oligomers. The resulting
monomers and oligomers can be used to produce new polymeric products (Zaidi
et al. 2010). Other chemical reactions used for polymer recycling are gasification,
methanolysis, thermal and catalytic cracking. However, all forms of degradation
reactions such as photodegradation, ultrasonic degradation and microwave reac-
tor degradation are also used to destroy the chemical structure of the polymer. In
fact, chemical recycling is difficult to use everywhere, because it requires a lot of
investment and expert personnel. Glycolysis and methanolysis are the most
widely used chemical recycling methods (Lee et al. 2002; Arandes et al. 2003;
Williams and Bagri 2004). For example, PET can be prepared into different prod-
ucts depending on the type of reagent used in chemical recycling. PET is sometimes
hydrolyzed using water or acids, or glycolyzed using glycols or alcohols to form
an alcoholysis reaction. In case of hydrolysis, the PET waste can react with water
under different pH conditions and the product is completely depolymerized from
the reagent into its monomers. The hydrolysis reaction conditions such as high tem-
perature (ranging from 200 to 250 °C) and pressures (between 1.4 and 2 MPa) limit
the use of this method due to its high cost. In alkaline hydrolysis of PET flakes,
aqueous solutions such as NaOH or KOH at 4-20 wt.% are used. An example of
alkaline hydrolysis of waste PET that happens after waste soft-drink bottles was
washed, dried and cut into small pieces and subjected to alkaline hydrolysis (aque-
ous NaOH solutions) at a temperature ranging between 120 and 200 °C, or using a
non-aqueous KOH solution in methyl cello solution at 110-120 °C. Under condi-
tions, sulfuric acid is used to separate high purity terephthalic acid (TPA). In this
method, about 2% isophthalic acid mixture is obtained together with the pure 98%
TPA, and the calculated activation energy was 99 kJ/mol (Achilias et al. 2007a, b).
The possibility of simultaneously recycling PET and PVC from PVC-coated woven
fabrics was also demonstrated by Garcia et al. (2009a, b) via alkaline hydrolysis.
However, other mineral acids such as nitric or phosphoric acids are used in the acid
hydrolysis method. The acid hydrolysis condition is based on the type of acid. For
example, in the decomposition of PET powder from waste bottles using nitric and
sulfuric acids, the reaction temperatures are between 70 and 100 °C, (Boronat et al.
2009; Garcia et al. 2009a, b) and 30 °C (Pérez et al. 2010), respectively. In case of
neutral hydrolysis, hot water or steam is used. Autoclaves at temperatures between
200 and 300 °C and pressures of 1-4 MPa are the reaction conditions. This method
is highly effective at temperatures above 245 °C, where the the efficiency exceeds
95%. According to Karahaliou and Tarantili (2009) neutral hydrolysis is believed to
be highly efficient and is used instead of other hydrolysis methods, because it is
more environmentally friendly even though the impurity of the reaction product is
not high. The chemical recycling of PET by glycolysis involves the insertion
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of ethylene glycol (EG) into the PET chains to give bis(hydroxyethyl) terephthalate
(BHET), which is a substrate for the synthesis of PET and other oligomers (Chen
etal. 2011; Scaffaro et al. 2012). Keeping this in view, Yeh et al. (2009) reported the
glycolysis of PET using various ionic basic liquids as catalysts, resulting in a higher
catalytic activity using 1-butyl-3-methylimidazolium hydroxyl ([Bmim]OH) com-
pared to 1-butyl-3-methylimidazolium bicarbonate ([Bmim]HCO;), 1-butyl-3-me-
thylimidazolium chloride ([Bmim]Cl) and 1-butyl-3-methylimidazolium bromide
([Bmim]Br). Bai et al. (2012) also reported that the purity of the glycolysis reaction
with ionic liquids was modest compared to those using traditional compounds (e.g.
metal acetate). Generally, the reactivity of the glycolyzed agent depends on tem-
perature and catalysis, in addition to the physicochemical properties of the glycol
used (Fraisse et al. 2005; Szabo et al. 2011). In chemical recycling via methanolysis
of PET using methanol, the reaction conditions are temperatures between 180 and
280 °C and pressures from 2 to 4 MPa, thus yielding dimethyl terephthalate (DMT)
and EG, while Du et al. (2011) reported that the ideal conditions for the methanoly-
sis reaction are temperature between 260 and 270 ° C, pressure from 9.0 to 11.0
MPa and a methanol/PET ratio from 6 to 8. The resulting DMT can be purified by
distillation before reusing it to produce PET (Elmaghor et al. 2004). On the other
hand, polyolefin are an important group of thermoplastics used throughout the
world, and they cannot be decomposed using simple chemicals into their monomers
due to the random scission of the C-C bonds (Saleh et al. 2015). In this case, pyroly-
sis is used to produce oil and gaseous fractions to be used as feedstock for the pro-
duction of new plastics. LDPE, HDPE and PP can be recycled using large amounts
of organic solvents, dissolution/reprecipitation techniques (mechanical recycling)
and pyrolysis (chemical/feedstock recycling). In case of mechanical recycling, large
amounts of organic solvents must be used to obtain a high purity polymer. Therefore,
chemical recycling is the most preferable technique. Pyrolysis technique is effective
in PP than LDPE, and finally HDPE, and the decrease in thermostability in case of
producing branched polymer (Hidaka et al. 2009). In case of PS degradation, tolu-
ene is an effective solvent used in the recovery of St from PS at 310-370 °C and
6.0 MPa pressure (Hata et al. 2002).

6.5.2.3 Energy Recovery or Quaternary Recycling

This method relies on recycling the polymer by recovering its energy content
through incineration to decrease its volume. The disadvantage of incineration is
emission of some toxic substances as dioxins. Therefore, it is neither healthy nor
acceptable despite being a source of energy generation from polymers.

Of all the recycling methods mentioned above, the chemical technique seems to
be the only acceptable one, because it produces the monomers from which the poly-
mer can be formulated (Navarro et al. 2008; Shi et al. 2011; Tsintzou et al. 2012).
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6.6 Recycled Reactive Polymers for Infrastructure
Applications: A Case Study

As mentioned above, reactive polymers have unique properties from the point of
view of their chemical, mechanical and thermal properties, as they are valuable
materials and should be conserved as much as possible. The most reactive polymers
are suitable for recycling and using as raw materials for infrastructure applications
such as coatings and road paving. Polyester, and PET resins and fibers, as well as
sometimes functionalized thermoset polymers such as waste car tires can be recy-
cled and reused as a valuable material for other purposes. Polyester resins are unsat-
urated synthetic polymers, which are obtained by the reaction of dibasic organic
acids and polyhydric alcohols. Polyester resins are used in a wide variety of applica-
tions such as toner of laser printers, fiberglass reinforced plastic (FRP) pipe applica-
tions, and as overlays on roads and bridges. These resins have unique properties
such as resistance to heat up to 80 °C, to water, to chemicals, to weathering and
ageing, to shrinkage, as well as being low cost and having good wetting to glass
fibers. However, polyester resins have some disadvantages such as strong odor, dif-
ficult to mix, need proper precautions and weakly bonded to some substrates.
Polyester wastes as fibers and spent toner carpet waste fibers have been used as
asphalt modifiers for preparing hot mixes asphalt for road paving or coating both of
concrete and steel construction. Such wastes are considered as asphalt and concrete
reinforcement agents (Martinez-Barrera et al. 2005; Gencel et al. 2010; Essawy
et al. 2013). Asphalt produced from petroleum distillation is a viscoelastic material
containing saturated, aromatic, resin and asphaltene (SARA) fractions (Essawy
etal. 2013). It is thus suitable to be mixed with a variety of not so reactive polymers
such as HDPE, PP, LDPE, among others. The benefit of modifying asphalt from its
blends with polymers is to increase its softening point to be able to withstand the
obvious increase in ambient temperature and temperature variations. The waste PE
fibers discarded from the carpet industry can be used in a percentage ranging from
5 to 10wt.% to be mixed with asphalt at a temperature between 160 and 180 ° C in
order to reduce the cost of paving and maintenance, as well as reducing the land
space necessary for filling land with non-degradable pollutants.

Virgin and recycled reactive polymers are generally considered as novel modifi-
ers for asphalt with the goal of improving mix compatibility and decreasing modi-
fier amount. Covalent bonds are formed between the asphalt and the unsaturated
part of the additive (Selvavathi et al. 2002; Singh et al. 2003, 2004; Polacco et al.
2004a, b; Navarro et al. 2007).

The improvement of the properties of asphalt from the reaction of PANI and HCI
allowed to give a reactive polymer with a low processing temperature, as a result of
the chemical reactions between the -NH groups of the reactive polymer with
the polar groups (-OH) of bituminous compounds. The modified asphalt (PMA) has
been tested by Elnaggar et al. (2012) using electrochemical measurements in order
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to be used as a coating for carbon steel. In this sense, Elnaggar et al. (2012) con-
cluded that PMA is suitable to be used as a coating.

The use of asphalt for concrete applications as a coating is an effective element
because asphalt is an adhesive and hydrophobic material and inert to most chemi-
cals and anticorrosive substances, but its softness and low resistance to temperature
change reduces its possibility of use for this application. Different attempts have
been made to increase the field applications of asphalt due to its low cost and versa-
tility, especially in the coating of concrete and steel structures by using unsaturated
PP ester (Polacco et al. 2005; EI-Wahab et al. 2013; ELsawy et al. 2016). With this
in mind, PET wastes have been added to the asphalt by two different methods: wet
and dry. Under wet processing conditions, PET wastes are added to the asphalt,
while in the dry process they have been used as aggregate for the preparation of hot
mixes. Waste PET is generally added to asphalt to improve its resistance to rutting
and to increase pavement performance characteristics such as Marshall stability,
stiffness and fatigue life (Garcia-Morales et al. 2006; Ahmadinia et al. 2011). The
only drawback of prepared modified asphalt is phase separation due to the inhomo-
geneous distribution of PET wastes in the asphalt (Ameri and Nasr 2016; Sulyman
et al. 2016). Therefore, the chemical treatment is considered more suitable for road
pavement applications (Padhan et al. 2013; Giirii et al. 2014). Keeping this in mind,
Tahvildari et al. (2010) depolymerized PET waste flakes using diethylene glycol
(DEG), triethylene glycol (TEG) and propylene glycol (PG) separately in the pres-
ence of 0.5% manganese acetate (by weight of waste PET) under an atmosphere of
N, at 200-210 °C for 4 h. The unsaturated polyesters prepared were added to the
asphalt in various percentages ranging from 2 to 10% (w/w) in a wet process, and
were characterized in terms of their physical and chemical properties. These authors
obtained optimal properties using 4% (w/w) of any of the polymers. Bary et al.
(2020) also reported a higher decomposition temperature, rutting parameter (G*/Sin
9), the values of the complex shear modulus (G*) and lower phase angle () for
modified asphalt samples, thus achieving improve high temperature perfor-
mance compared to the values of ordinary asphalt binders.

Scrap tire rubber has been used early to improve the aging resistance of asphalt,
because the complex crosslinked rubber in scrap tires and its antioxidant content
prevent rubber decomposition (Kasa 1997; Wong and Wong 2007). As mentioned
above, the heterogeneity between asphalt and rubber as a thermoset polymer, as
well as the variation in Mw, lead to an immiscible mixture. The modification of the
nano-size and the activation of the tire rubber surface from functional groups can be
used to improve the compatibility of the mixture, as a result they can be used as a
coating for steel and as a sealant for concrete (Lu and Isacsson 2000; Hussain and
Elmasry 2013). The modification includes asphalt flexibility improvement, espe-
cially at low temperature for steel coating applications. The prepared coatings were
tested using dynamic mechanical analysis (DMA). The results show that the mix
improved the cracking resistance of asphalt at low temperature (Saleh et al. 2015).
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6.7 Conclusions

This chapter highlights on the reactive and functional polymers that have superior
properties such as corrosion resistance, high impact resistance, low density and
light weight. The manuscript deals functional polymers from the point of view of
functionalization methods, chemical modification, recycling and uses in infrastruc-
ture field as a case study. Furthermore, this gives an idea about the classification of
the polymeric products into thermoset and thermoplastics, including the different
synthesis methods and applications of reactive polymers. The synthesis methods
include post-polymerization functionalization, coordination polymerization, as well
as free radical, anionic and cationic procedures. The polymer functionalization
methods such as direct polymerization, coordination and post polymerization were
highlighted. On the other hand, direct polymerization methods namely anionic, cat-
ionic, grafting and free radical methods, in addition to post polymerization
routes, such as in bulk and on surface of the pre-existing polymer were well defined.
The broad classification of direct polymer functionalization methods such as homo
and copolymerization techniques were also detailed. The chapter highlights on the
application fields of functional polymers, including surface modifications of poly-
mers. The surface modification includes both of plasma and UV irradiation, atomic
layer deposition, electrochemistry, oxidation, reduction, hydrolysis and aminolysis,
by using the radicals and grafting ‘on’ or ‘from’ polymers. Lastly, the chapter
includes the definition of non-decaying waste disposal crises, such as polymers
combined with a growing consumer population. It also gives an overview about the
recycling methods of reactive polymers such as reuse, chemical and mechanical
recycling, as well as the possible application of recycled polymers in different appli-
cations such as building construction, road paving, various industrial and indoor
applications.

The chapter also explained the coordination polymerization functionalization
especially used for functionalization of transition metals with catalyst. The catego-
rization of polymeric waste was defined and its different ways to manage the waste
such as source reduction, reuse of scrap materials, recycling of some materials and
processing according to size were described. The mechanical recycling technique
including primary and secondary routes, chemical recycling approaches, as well as
energy recovery or quaternary recycling were defined here, including some exam-
ples. Finally, the chapter focused on the use of recycled reactive polymers for infra-
structure applications as a case study.
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Chapter 7
Readily Recyclable Thermosets Based
on Dynamic Covalent Bonds

Sheng Wang, Songqi Ma, and Jin Zhu

Abstract Thermosetting polymers have played an important and irreplaceable
role, such as adhesives, coatings, composites, etc., while they are difficult to be
recycled due to their permanent crosslinked networks. The last few years have wit-
nessed the rapid development of thermosetting polymers based on dynamic cova-
lent bonds, also known as covalent adaptable networks (CANs), which could be
easily recycled (reprocessable, weldable or even degradable). The need to develop
easily recyclable thermosetting polymers based on dynamic covalent bonds, as well
as a summary of the research progress is highlighted in this chapter. The easily
recyclable thermosets are divided into three categories based on: (1) the dynamic
associative exchange reaction, (2) the dynamic dissociative exchange reaction or (3)
two mechanisms together exchange reaction. The recycling methods and mecha-
nisms, and research progress of each category of recyclable thermosets are described
in this chapter, as well as the applications of the recyclable thermosets are also sum-
marized. Finally, the conclusions and perspectives are highlighted.

Keywords Covalent adaptable networks (CANs) - Malleable thermosets -
Thermosetting polymers - Vitrimers
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7.1 Introduction

Thermosetting polymers (thermosets) are those irreversibly hardened polymers by
curing solid or liquid monomers or prepolymers or resins. Due to their chemically
crosslinked, insoluble and infusible three-dimensional networks, thermosetting
polymers have played an important and irreplaceable role in many applications,
such as high-performance adhesives, coatings, composites, rubbers, solar cell
encapsulants and light-emitting diode lenses (Ma et al. 2016; Ma and Webster 2018;
Wang et al. 2018c). In the early 1980s, the rapid development of the polymer indus-
try had led to the production and consumption of polymers superior to those of steel
(Zhang et al. 2018c). However, the resulting challenge is the increasing environ-
mental pollution and the crisis of fossil resources. Thermosetting polymers com-
pared to thermoplastics are much more difficult to be recycled due to their irreversible
covalent networks, which is unfavorable for their sustainable development (Ma and
Webster 2018). Although some of thermosetting materials are recycled in lower
value applications, most of them are landfilled or incinerated. Developing strategies
to recycle thermosetting polymers effectively and valuablely remains a formidable
challenge.

The last few years have witnessed the rapid development of malleable thermoset-
ting polymers based on dynamic covalent bonds, also known as covalent adaptable
networks (CANs). Through the reliable and efficient exchange between different
dynamic cross-link points, the macroscopic flow of CANs can be achieved without
losing the original properties permanently, thus achieving the recycling of thermo-
setting polymers (Denissen et al. 2016). In addition, under external stimuli such as
heat (Rottger et al. 2017), light (Ji et al. 2014), pH (Wang et al. 2019), etc., dynamic
covalent bonds can be cleaved or attacked by other compounds, as a result, CANs
can be degraded and dissolved in solvents.

Based on different exchange mechanisms, CANs can be classified into two catego-
ries (Fig. 7.1). The first category is the associative CANs, also known as vitrimers,
which is based on an associative exchange mechanism (Fig. 7.1a). In this mechanism,
CANSs show fixed cross-link densities and do not depolymerize under external stimuli.
Montarnal et al. (2011) reported on the seminal vitrimers based on transesterification
and first proposed the concept of vitrimer. Since then, different dynamic covalent
bonds or reactions based on associative exchange mechanism such as aminal (Chao
and Zhang 2019), boronic ester (Cromwell et al. 2015), hydrazide Michael adduct
(Cromwell et al. 2015), siloxane exchange (Zheng and McCarthy 2012), transalkyl-
ation (Obadia et al. 2015), transcarbonation (Snyder et al. 2018), transthioesterifica-
tion (Wang et al. 2018b), vinylogous urethane exchange (Denissen et al. 2015), etc.,
have been widely studied. Another category is the dissociative CANs which is based
on dissociative exchange mechanism (Fig. 7.1b). In this mechanism, the cross-link
points are broken first and then are formed again in another place. The typical exam-
ple is the reversible Diels-Alder reaction of furan-maleimide system (Chen et al.
2002). In addition, some dynamic covalent structures such as Schiff base and disul-
fide, have two mechanisms at the same time.
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Fig. 7.1 Two different exchange mechanisms of CANs: (a) associative exchange mechanism and
(b) dissociative exchange mechanism. Reproduced with permission from Denissen et al. (2016)

Several high-level reviews have summarized the CANs in different aspects
(Bowman and Kloxin 2012; Kloxin and Bowman 2013; Roy et al. 2015; Denissen
et al. 2016; Zou et al. 2017; Fortman et al. 2018a; Zhang et al. 2018c). However, to
our best knowledge, there has not yet been a chapter or review focusing on the recy-
cling of thermosetting polymers (by reprocessing, welding or degradation, not
including self-healing) with dynamic covalent bonds. In this chapter, the easily
recyclable thermosetting polymers will be divided into three categories based on
dynamic associative exchange reaction, dynamic dissociative exchange reaction
and dynamic associative and dissociative exchange reactions simultaneously. The
synthetic routes, mechanical and thermal properties, recycling methods and recy-
cling mechanisms, as well as research progress of each category will be described.
The applications of the easily recyclable thermosetting polymers based on dynamic
covalent bonds will also be highlighted.

7.2 Readily Recyclable Thermosets Based on the Dynamic
Associative Exchange Reactions

7.2.1 Transesterification

The dynamic transesterification reaction is the process from an alcohol and an ester
to form a new ester and a new alcohol, and this reaction usually requires high tem-
peratures and often catalyzed by the addition of Lewis acids or Bronsted bases
(Fig. 7.2) (Otera 1993).

Montarnal et al. (2011) proposed for the first time the concept of vitrimers by
using the zinc acetate (Zn(ac),) and zinc acetyl acetonate (Zn(acac),) catalyzed
transesterification in covalently crosslinked acid-epoxy and anhydride-epoxy ther-
mosetting polymers (Fig. 7.3a). Through transesterification at elevated
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Fig. 7.2 Thermal-induced catalytic transesterification. Reproduced with permission from
Otera (1993)

Fatty acid mixture
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Fig. 7.3 (a) Preparation of covalently crosslinked acid-epoxy and anhydride-epoxy thermosetting
polymers and (b) exchange process via transesterification in hydroxy-ester networks. Reproduced
with permission from Montarnal et al. (2011)

temperatures between the alcohol and the ester generated by the curing reaction
(Fig. 7.3b), the thermosetting polymers showed Arrhenius-like temperature-depen-
dent stress relaxation, and the reprocess recycling of thermosetting polymers was
achieved without losing the network integrity. Capelot et al. (2012) also found that
changing the nature and content of the catalysts, the transesterification rate, glass
transition temperature (T,) and topology freezing transition temperature (7,) could
be well controlled in epoxy-based vitrimers.

As the acid-epoxy and anhydride-epoxy networks are easy to be prepared directly
from commercial raw materials, readily recyclable thermosetting polymers based
on transesterification have been widely investigated. Table 7.1 summarizes the
properties of readily recyclable thermosetting polymers based on transesterification.
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Fig. 7.4 (a) Preparation route of CN'T-vitrimer composites; (b) Illustration of light-induced trans-
esterifications in the presence of CNTs. Reproduced with permission from Yang et al. ( 2014)

TBD

In addition to acid-epoxy or anhydride-epoxy systems, ultra-violet (UV) cured
acrylate (Zhang et al. 2018a), glycerol crosslinked poly(p-phenylene-2,6-
benzobisthiazolediyl) (PBT) (Zhou et al. 2017), hydroxyl terminated polylactide-
diisocyanate (Brutman et al. 2014) and siloxane-vinyl (Ube et al. 2016) systems
have also been used to prepare recyclable thermosetting polymers based on
transesterification.

In addition to heat, light can also be used for recycling of thermosetting polymers
based on transesterification (Yang et al. 2014; Chen et al. 2017a; Feng et al. 2019a).
Yang et al. (2014) reported for the first time the photothermal effect of carbon nano-
tubes (CNTs) in acid-epoxy based CNT-vitrimer composites. CNT-vitrimer com-
posites were prepared by reacting adipic acid with DGEBA (Fig. 7.4a), and using
triazabicyclodecene (TBD) as a catalyst for transesterification. Through the photo-
thermal effect of CNTs, the hydroxyl groups and ester bonds in the composites
could be dynamically exchanged under light (Fig. 7.4b), as a result, the composites
could be recycled under light.

As mentioned above, the recycling of thermosetting polymers can be achieved by
transesterification in the presence of catalysts. However, catalysts are usually toxic
and have the problem of solubility (Denissen et al. 2016; Fortman et al. 2018a). In
addition, the recycling of thermosetting polymers based on transesterification is gen-
erally depending largely on the type and amount of catalysts. So far, three methods
have been used to prepare catalyst-free vitrimers base on transesterification. One
method is via the protonation of the carboxylic acid, thus achieving the self-catalysis
of the acid-epoxy vitrimers. Altuna et al. (2013) prepared the acid-epoxy vitrimers
via the reaction between citric acid and epoxidized soybean oil in water. By means of
the protonation of carboxylic acid in water, the self-catalysis of transesterification
was achieved and the vitrimers showed a stress relaxation behavior and could be
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welded at 160 °C for 2 h. The second method is by introducing highly reactive phe-
nolic hydroxyl groups. With this in mind, Ube et al. (2016) prepared crosslinked
liquid-crystalline polymers containing ester bonds and phenolic hydroxyl groups via
the hydrosilylation reaction between poly(hydrogenmethylsiloxane) (PHMS) and
vinyl compounds, which could be welded at 120 °C for 30 min via the transesterifica-
tion between ester bonds and phenolic hydroxyl groups in the absence of catalyst.
The third method is via introducing a large amount of hydroxyl groups. Zhang’
group demonstrated this method via hyperbranched epoxy with abundant hydroxyl
groups (Han et al. 2018) or the addition of glycerol (Liu et al. 2019) into anhydride-
epoxy networks. Hyperbranched epoxy vitrimers exhibited excellent mechanical
properties and thermal stability similar to the conventional epoxy materials, but the
method of adding glycerol greatly sacrificed the thermal and mechanical properties
for the epoxy networks.

Readily recyclable thermosetting polymers based on transesterification have
been used in 3D printing materials (Shi et al. 2017; Zhang et al. 2018a), recyclable
carbon fiber-reinforced thermoset (CFRT) composites (Yu et al. 2016) and remov-
able coatings (Hao et al. 2019). Keeping this in view, Yu et al. (2016) prepared a
thermosetting polymer through the reaction between DGEBA and fatty acids using
Zn(ac), as catalyst. These authors suggested that the CFRT composite could be
recovered to clean carbon fibers with the same dimensions and mechanical proper-
ties as the new ones when immersed in ethylene glycol at 180 °C for 4 h, following
the transesterification between thermosetting matrix with ethylene glycol (Yu et al.
2016). The degraded resins could be reused to prepare a new generation of compos-
ites. Thus, a CFRT composite with a recyclability close to 100% could be achieved
with this method.

In summary, thermosetting polymers based on transesterification, especially the
acid-epoxy and anhydride-epoxy systems, have availability of monomers, ease of
preparation, which makes them readily up-scalable and show great potential for
industrial applications. However, compared to conventional thermosetting poly-
mers, the thermal and mechanical properties (T, < 105 °C, 6,, < 55 MPa) of them are
relatively lower. In addition, most systems require a transesterification catalyst,
which is usually toxic and has the problem of solubility, catalyst-free systems are
only achieved via the protonation of carboxylic acid or the introduction of phenolic
hydroxyl or a large amount of alcoholic hydroxyl groups, more universal catalyst-
free systems need to be developed. Furthermore, reprocessing requires high tem-
peratures (>90 °C) for transesterification-based systems. These issues should be
addressed in future.

7.2.2 Transcarbonation

Analogous to transesterification, transcarbonation is the exchange reaction between
a carbonate and a free hydroxyl group to form a new carbonate and a new free
hydroxyl group (Fig. 7.5). Snyder et al. (2018) reported hydroxyl-functionalized
thermosetting polycarbonates which underwent dynamic transcarbonation in the
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Fig. 7.5 Transcarbonation exchange reaction. Reproduced with permission from Snyder
et al. (2018)
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Fig. 7.6 Preparation route of the hydroxyl-functionalized thermosetting polycarbonate.
Reproduced with permission from Snyder et al. (2018)

presence of catalyst (Ti(Oi-Pr),) at elevated temperatures (Fig. 7.6). The transcar-
bonation rate, thermal and mechanical properties (T,: 15-35 °C, YM: 100-1200 MPa
and o,,: 7-36 MPa) of the thermosetting polymers could be easily tuned by adjusting
the catalyst load and the feed ratio of monomers. The Arrhenius stress relaxation
activation energy (E,) was in the range of 93—123 kJ/mol. In addition, these thermo-
setting polymers could be reprocessed by hot pressing at 140 °C for 7 h under
5-10 MPa pressure and degraded at 160 °C for 4 h in ethylene glycol or at 90 °C for
36 hin 1 M HCl via acid-catalyzed hydrolysis to obtain pure monomer precursors
with about 80% recovery.

7.2.3 Boronic Ester Exchange

Boronic acid derivatives such as boronate esters and boroxine have been used as
dynamic covalent bonds in crosslinked networks. Table 7.2 summarizes the proper-
ties of recyclable thermosetting polymers based on boronic ester. Cromwell et al.
(2015) reported for the first time networks of recyclable polyolefins based on the
transesterification of boronic ester from difunctional boronic ester cross-linkers and
1,2-diol moieties. The boronic ester transesterification rate could be adjusted by the
structures, which varied the malleability and the efficiency of self-healing of the
networks. In addition, in tertiary amine-containing networks, the pieces cut from
samples could be reprocessed by hot pressing at 80 °C. However, in the absence of
tertiary amines, poor malleability was observed, suggesting an amine-catalyzed
boronic ester transesterification mechanism. Later, Rottger et al. (2017) reported the
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Fig. 7.7 Metathesis of dioxaborolanes B1-D2 and B2-DI1. Reproduced with permission from
Rottger et al. (2017)
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Fig. 7.8 Synthesis of thermosetting boroxine. Reproduced with permission from Ogden and
Guan (2018)

readily recyclable thermosetting polymers based on the metathesis of dioxabor-
olanes without catalyst (Fig. 7.7). Two complementary approaches to the synthesis
of copolymers containing pendant dioxaborolanes and grafting of dioxaborolanes
onto commercial thermoplastic polymers were used to prepare dioxaborolane-con-
taining polymers by reactive processing, then the metathesis reaction was used to
both cross-link the polymers and assure fluctuations in the topology of the network
and vitrimer behavior. Compared with the corresponding commodity plastics, diox-
aborolane-based thermosetting polymers exhibited excellent solvent and environ-
mental stress-cracking resistance, and better dimensional stability and resistance to
high temperature melting. Furthermore, the thermosetting polymers could be repro-
cessed by conventional thermoplastic processing techniques, such as extrusion and
injection molding at more than 130 °C. These results demonstrated the great poten-
tial for the preparation of vitrimers from conventional plastics.

In addition to reprocessing, crosslinked boronate esters can be fully recovered to
the original monomers. Ogden and Guan (2018) prepared the thermosetting borox-
ine using a method of trimerization of boronic acid facilitated by ligand (Fig. 7.8).
The thermosetting boroxine showed high malleability with the activation energy of
the relaxation process of 79.5 kJ/mol, which led to easy reprocessing at 80 °C. Even
more interesting, the thermosetting boroxine was relatively stable under moderate
humidity conditions, while it was found to be fully dissolved in boiling water, and
the original monomer was recovered, which opens a door for possible recycling of
thermosetting polymers.
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An application of recyclable thermosetting polymers based on boronic ester is to
produce recyclable CFRT composites. Wang et al. (2018d) directly crosslinked con-
ventional Novolac resin (NR) with phenylboronic acid (PBA) to prepare thermoset-
ting polymers, which could be dissolved in ethanol through the transesterification
between boronic ester and ethanol at room temperature. The NR/PBA-based CFRT
composites could be recycled by the same method and the recovered carbon fiber
maintained the structure and performance of the original.

In summary, thermosetting polymers based on boronic ester show excellent
mechanical properties, malleability, reprocessability, universality, and in some
systems, monomer recovery can be achieved with only boiling water. However,
the boronic ester is water sensitive and its hydrolysis stability needs to be improved
(Cashetal. 2018). In addition, their possible applications also need to be exploited.

7.2.4 Aminal Exchange

Aminals, also known as N,N-acetals, can be formed as the main product by conden-
sation reaction of formaldehyde with primary amines or aldehydes with secondary
amines through the highly reactive methylenimine towards the nucleophilic addi-
tion (Fig. 7.9a) (Buchs et al. 2011; Chao and Zhang 2019). Aminal exchange is the
reaction between an aminal and another aminal to form a new aminal (Fig. 7.9b)
(Chao and Zhang 2019). Chao and Zhang (2019) reported for the first time the
dynamic polyaminals containing secondary amine-derived aminal bonds through
the condensation of formaldehyde and secondary amines (Fig. 7.10). The polyami-
nals showed a fast stress relaxation behavior in the range of 50-75 °C with the

a) R““."Rz + )P R2R1NYNR1R2

R R
b) R,R{N._NR4R R;R{N._NR3R,
) RzRq I Rz R4R3N\FI:NR3R4 _ \RI./

Fig. 7.9 (a) Aminals formation and (b) aminal exchange. Reproduced with permission from Chao
and Zhang (2019)

H H H™H H
~NH !Q/N.\
Triamine (TA) Diamine (DA)

Fig. 7.10 Preparation route of dynamic covalent networks containing secondary amine-derived
aminal bonds. Reproduced with permission from Chao and Zhang (2019)
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activation energies of bond exchange of 52—80 kJ/mol. In addition, the polyaminals
could be reprocessed and welded at 80 °C for 1 h. However, the thermal and
mechanical properties of the networks were relatively poor (T,: =51.1 to —76.6 °C,
YM: 31-230 KPa, 6,,: 0.45-0.8 MPa) (Chao and Zhang 2019).

7.2.5 Vinylogous Urethane Exchange

Another promising chemistry exploiting the nucleophilicity of amines is the cata-
lyst-free transamination of vinylogous urethanes, which has also been used to pro-
duce readily recyclable thermosetting polymers (Denissen et al. 2015; Stukenbroeker
et al. 2017; Guerre et al. 2018; Liu et al. 2018b; Lessard et al. 2019). Vinylogous
urethanes can be synthesized via the condensation of an acetoacetate ester and a
primary amine, and the exchange reaction between a vinylogous urethane and a
primary amine usually occurs at a temperature above 100 °C without a catalyst
(Fig. 7.11). Table 7.3 summarizes the properties of recyclable thermosetting poly-
mers based on vinylogous urethane exchange.

Denissen et al. (2015) synthesized the recyclable thermosetting polymers based
on vinylogous urethane via the condensation of acetoacetate esters and excess poly-
functional amines (excess amines to keep residual free amines) (Fig. 7.12). These
vitrimers showed fast stress relaxation rates without catalysts and could be repro-
cessed for five generations of reprocessing without significant chemical or mechani-
cal change. In addition, at a given temperature, the exchange rate of vinylogous
urethane exchange in thermosets could be tuned in an order of magnitude by adding
acidic or basic additives, which is capable of promoting or inhibiting this reaction
(Denissen et al. 2017). Recyclable thermosets based on vinylogous urethane can
also be prepared by other methods, such as grafting acetoacetate esters (Guerre
et al. 2018; Liu et al. 2018b; Lessard et al. 2019) or amino groups (Stukenbroeker
et al. 2017) onto linear polymers and then crosslinked by acetoacetate esters or
amines. Interestingly, Guerre et al. (2018) reported fluorinated vitrimers prepared
by reaction between acetoacetate ester-containing perfluoropolyethers and triamine,

o O HN’
- 4+ RNH, ——> \OM\ + HO

A R
O HN"? 4+ R,NH,

o] HN
)J\)\ + RNH, ———= A

(0]

Fig. 7.11 (a) Synthesis of vinylogous urethane and (b) transamination of vinylogous urethanes
without catalyst. Reproduced with permission from Denissen et al. (2015)
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Fig. 7.12 Monomers used for the preparation of recyclable thermosets based on vinylogous ure-
thane. Reproduced with permission from Denissen et al. (2015)
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Fig. 7.13 Two different exchange mechanisms in a recyclable thermosetting polymer based on
vinylogous urethane. Reproduced with permission from Guerre et al. (2018)

and found that the exchange of dual bonds coexisted, showed different temperature-
dependent stress relaxations, and different activation energies (60 kJ/mol vs.
130-170 kJ/mol) were calculated for different exchange pathways (Fig. 7.13).

7.2.6 Vinylogous Urea Exchange

Analogous to vinylogous urethane exchange, vinylogous urea exchange is the reac-
tion between a vinylogous urea and a primary amine (Fig. 7.14), the exchange rates
could be greatly increased by the acid catalyst (Denissen et al. 2018). Denissen et al.
(2018) prepared poly(vinylogous) urea vitrimers by the reaction between diacetoac-
etate ester, triamine and diamine using 0.5 mol.% of p-toluenesulfonic acid
(p-TsOH) as a catalyst, which showed excellent mechanical and thermal properties
with a YM of 2.2 GPa and T, of 110 °C and a fast stress relaxation above T,. The
fully cured glass fiber-reinforced composite still allowed efficient thermal fusion, as
well as thermoforming, and could be recycled via solvolysis at 100 °C for 15 min in
a solution of N-methyl pyrrolidone with a primary amine.
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Fig. 7.14 Vinylogous urea exchange. Reproduced with permission from Denissen et al. (2018)
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Fig. 7.15 Transthioesterification between a thiol and a thioester to form a new thiol and a new
thioester. Reproduced with permission from Wang et al. (2018b)

7.2.7 Transthioesterification

Transthioesterification is the reaction of a thiol and a thioester to form a new thiol
and a new thioester (Fig. 7.15). Wang et al. (2018b) prepared the recyclable thermo-
setting polymers based on transthioesterification through the photopolymerization
between several thiol monomers and a thioester diallyl ether with various stoichio-
metric ratios, and methylhydroquinone was used as a photoinitiator. The prepared
thermosetting polymers could be degraded into oligomers via thiol-excess trans-
thioesterification in the presence of acetone and triethylamine, and then be rephoto-
polymerized in almost indistinguishable thermosetting polymers compared to the
originals. The prepared filler-reinforced composites could also be recycled in the
same way. However, the thermal and mechanical properties (T,: =28 to 7 °C, YM:
~8 MPa, o,: ~1 MPa) of the recyclable thermosetting polymers based on trans-
thioesterification were poor, which should be improved in the future.

7.2.8 Transalkylation

Two types of transalkylation have been used to prepare the recyclable thermosetting
polymers. The first is the transalkylation of triazolium salts, which is the exchange
reaction between the 1,2,3-triazolium salts and alkyl halide (Fig. 7.16). With this in
mind, Obadia et al. (2015) reported the recyclable thermosetting poly(1,2,3-
triazolium) based on transalkylation containing pendant alkyl halide chains,
1,2,3-triazolium salts and triazolines. Such poly(1,2,3-triazolium) networks were
synthesized by a one-pot process of simultaneous polyaddition of a-azide-u-alkyne
monomers and crosslinking with difunctional quaternizing agent 1,6-dibromohex-
ane without catalyst (Fig. 7.17). The prepared poly(1,2,3-triazolium) showed a fast
stress relaxation and the calculated E, was around 140 kJ/mol. The stress relaxation
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Fig. 7.16 Transalkylation of triazolium salts between 1,2,3-triazolium salts and alkyl halide.
Reproduced with permission from Obadia et al. (2015)
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Fig. 7.17 Preparation of poly(1,2,3-triazolium) networks by a one-pot process of simultaneous
polyaddition of a-azide-w-alkyne monomers and crosslinking with difunctional quaternizing agent
1,6-dibromohexane. Reproduced with permission from Obadia et al. (2015)
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Fig. 7.18 Transalkylation of trialkylsulfonium salts between trialkylsulfonium salts and thio-
ethers. Reproduced with permission from Hendriks et al. (2017)

rate could be adjusted by the choice of counter-ions (Br~ > I~ > MsO"). In addition,
poly(1,2,3-triazolium) could be recycled by depolymerization of networks by add-
ing 1-bromopentane or dihalogenated monomers or reprocessed via hot pressing at
170 °C for 60 min. Later, Obadia et al. (2017) also found that the Arrhenius activa-
tion energies of poly(1,2,3-triazolium) could be tuned by varying the ratios of
a-azide-w-alkyne monomers and difunctional halogen compound in the initial
formulation.

Another type is the transalkylation of trialkylsulfonium salts, which is the
exchange reaction between trialkylsulfonium salts and thioethers (Fig. 7.18).
Hendriks et al. (2017) prepared recyclable thermosetting poly(thioether) via the
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Table 7.4 The properties of recyclable thermosetting polymers based on transalkylation

YM o, Recycling
Curing system | T, (°C) | (MPa) | (MPa) | Recycling method | mechanisms References
a-azide-m- —11 8 1.2 | Hot pressed at Transalkylation | Obadia
alkyne/1,6- 170 °C for 60 min | of triazolium etal. (2015)
dibromohexane under 200 bar salts.
pressure.

Degradation at

110 °C for 24-96 h
in a-azide-w-alkyne
or
1,6-dibromohexane
or 1-bromopentane

Octanedithiol/ | =20 41 7.5 | Hot pressed at Transalkylation | Hendriks
octadiene/ 160 °C for 40 min. | of et al. (2017)
trithiol trialkylsulfonium

salts.

reaction between octanedithiol, octadiene and trithiol with butyl brosylate as an
alkylating agent in the absence of catalyst. The prepared poly(thioether) networks
showed a stress relaxation behavior with the E, calculated around 113 kJ/mol,
which was lower than that of the transalkylation of triazolium salts in poly(1,2,3-
triazolium) networks. In addition, the poly(thioether) networks could be repro-
cessed four times without an obvious decrease in thermal stability and T,.
However, an increase of YM and decrease of ¢,, were observed due to the increase
of the cross-link density.

Table 7.4 summarizes the properties of recyclable thermosetting polymers based
on transalkylation. The preparation of polyionic networks is an easy one-pot pro-
cess: catalyst-free and solvent-free. However, the alkylating reagents used are
expensive and hazardous, and the thermal and mechanical properties of the poly-
ionic networks are poor. In addition, the application of the recyclable polyionic
networks has never been explored.

7.2.9 Siloxane Exchange

The Si-O-Si bond is stable toward air, water and radical coupling conditions, but can
go through exchange with silonates (Fig. 7.19). Table 7.5 summarizes the proper-
ties of recyclable thermosetting polymers based on the exchange of siloxane.
Keeping this in view, Zheng and McCarthy (2012) reported the recyclable thermo-
setting poly(dimethylsiloxane) (PDMS) based on siloxane-silonate exchange cata-
lyzed by either acids or bases. The thermosetting PDMSs were prepared via the
ring-opening polymerization of octamethylcyclotetrasiloxane, which could be
welded at 90 °C for 24 h. Later, the effect of cross-link density and catalyst content
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Fig. 7.19 Siloxane-silonate exchange. Reproduced with permission from Zheng and
McCarthy (2012)

on the properties of the crosslinked PDMS networks were studied by Schmolke
et al. (2015). By increasing the catalyst ratios or reducing the cross-link density, the
crosslinked PDMS networks exhibited the faster relaxation rates. The PDMS net-
works were able to quickly stress relaxation (1.92 s) at 5 °C, by especially increas-
ing the catalyst ratios to 3.25 mol.%. However, the increase of catalyst content or
the reduction in cross-link density reduced the mechanical properties of the PDMS
networks.

These recyclable thermosetting polymers based on the siloxane-silonate
exchange are promising, since they exhibit the fastest stress relaxation rates in all
reported vitrimers or vitrimer-like materials and quantitative reprocessing could be
achieved. In addition, polysiloxanes are nontoxic. However, in order to expand their
applications, the rapid siloxane exchange must be coupled with more rigid struc-
tures to avoid stress relaxation at service temperatures. Nishimura et al. (2017) used
silyl ether as a robust dynamic covalent bond to produce malleable and reprocess-
able thermosets (Fig. 7.20). The stress relaxation rate could be accelerated by almost
three orders of magnitude by introducing a neighboring amino moiety. The calcu-
lated E, and the topology-freezing transition temperature of the silyl ether-based
network with amino moiety are around 81 kJ/mol and 47 °C, respectively, and those
of the silyl ether-based network without amino moiety are around 174 kJ/mol and
117 °C, respectively. In addition, the thermosetting polymers could be reprocessed
by hot pressing without an obvious decrease in T,. Later, Wu et al. (2019) prepared
recyclable elastomer/silica hybrids through the reaction between epoxidized natural
rubber and silica in the presence of Lewis acid, which could also be reprocessed by
hot pressing.

7.2.10 Hydrazide Michael Adduct Exchange

The exchange of hydrazide Michael adduct is the reaction between a hydrazide
Michael adduct and a hydrazide to form a new hydrazide Michael adduct and a new
hydrazide without catalyst (Fig. 7.21). Debnath et al. (2018) synthesized recyclable
thermosetting polymers based on exchange of hydrazide Michael adduct via the
Michael adduct reaction between hydrazide-containing linear polymer and
tetraethyl-2,2’-[1,4-phenylenebis(methanylylidene)] dimalonate (TPMD) (Fig. 7.22).
The T,, YM and o, of the prepared thermosetting polymers were 4667 °C,
7.8-23.8 MPa and 700-2500 MPa, which could be tuned by adjusting the cross-link
density. The calculated E, of the prepared thermosetting polymers was around
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Fig. 7.20 Silyl ether exchange. Reproduced with permission from Nishimura et al. (2017)
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Fig. 7.21 Exchange of hydrazide Michael adduct. Reproduced with permission from Debnath

et al. (2018)
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Fig. 7.22 Synthetic route of thermosetting polymers containing hydrazide Michael adduct via the
Michael adduct reaction between hydrazide-containing linear polymer and TPMD. Reproduced
with permission from Debnath et al. (2018)

109.5 kJ/mol. In addition, the thermosetting polymers could be reprocessed by fol-
lowing two steps: softened by dipping in a THF:H,O (95:5, v:v) mixture for 3 h, and
pressing at 25 °C for 48 h under a 1 kg load.

7.2.11 Diselenide Bond Metathesis

The bond energy of diselenide bonds is 172 kJ/mol, which is lower than that of
disulfide bonds (240 kJ/mol), which suggests that the metathesis of diselenide bonds
(Fig. 7.23) can occur under much milder conditions compared to metathesis of
disulfide bonds (Ji et al. 2014). Thus, diselenide bond-containing thermosetting
polymers are widely used to achieve the self-healing feature under light in the
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Fig. 7.23 Metathesis of diselenide bonds. Reproduced with permission from Ji et al. (2014)

Table 7.6 The properties of recyclable thermosetting polymers based on diselenide bonds

Raw materials T, (°C) Recycling method References
Selenolactone/triamine/linear - Reprocess at room Pan et al. (2017)
polyetheramine temperature for 10 min

under UV radiation.
Tris-isocyanate-terminated 30 Welding at room Ancetal. (2017)
prepolymer/bis-isocyanate- temperature for 30 s.
terminated prepolymer/diselenide Hot pressed at 100 °C.

bond-containing diamine

y-butyroselenolactone/triol - Reprocess at room Wang et al.
temperature for 10 min | (2018a)
under UV radiation or at
70 °C for 20 min.

absence of catalyst (Ji et al. 2014, 2015; Suzuki et al. 2018). In recent years, recy-
clable thermosetting polymers based on diselenide bonds have also been developed,
their properties are summarized in Table 7.6. Pan et al. (2017) reported the thermo-
setting polymers via the reaction between selenolactone, triamine and a linear poly-
etheramine, followed by the oxidation by H,O, in tetrahydrofuran, which could be
reprocessed under UV for 10 min. Later, Wang et al. (2018a) prepared diselenide-
containing crosslinked polyesters by similar steps via the ring-opening reaction of
y-butyroselenolactone by ethylene glycol followed by the oxidation using H,O, in
tetrahydrofuran, which could be reprocessed at room temperature for 10 min under
UV radiation or at 70 °C for 20 min. An et al. (2017) also found that the reprocess-
ing of the thermosetting polymers based on aromatic diselenide is easier than that of
the thermosetting polymers based on aromatic disulfide.

7.2.12 Transcarbamoylation

Isocyanate is usually used for the preparation of the thermosetting poly(urethane)
(PU). However, regulators in Europe and United States are working to reduce or
eliminate their use in PU synthesis due to the toxicity by using isocyanates (Fortman
et al. 2018a). It is thus imperative to develop alternative chemicals to prepare ther-
mosetting PU. One way for preparing thermosetting PU without using isocyanate is
through the reaction between amines and cyclic carbonates, and the prepared ther-
mosetting PUs could be recycled through associative transcarbamoylation
(Fig. 7.24). The properties of recyclable thermosetting polymers based on transcar-
bamoylation are summarized in Table 7.7. In this sense, Fortman et al. (2015)
reported for the first time the transcarbamoylation-based recyclable thermosetting
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Fig. 7.24 Associative transcarbamoylation. Reproduced with permission from Fortman
et al. (2015)

Table 7.7 The properties of recyclable thermosets based on transcarbamoylation

YM Oy Recycling
Curing systems Catalyst T, (°C) (MPa) | (MPa) | method Reference
Bis(six-membered | Not used | 54 2200 |72 Hot pressed at Fortman
cyclic carbonate)/ 160 °C for 8 h etal. (2015)
triamines under 4 MPa
pressure.

Degradation at

180 °C for 4 h in
tetraethylene
glycol
Notused |7-54 600— | 1.9-80 | Hot pressed at Fortman
3000 160 °C under etal. (2017)
4 MPa pressure.
Bis(five- Dibutyltin | =16 to 30 | — 1.7-9.7 | Hot pressed at Chen et al.
membered dilaurate 140 °C for 2 h (2017b)
cyclic carbonate)/ under 11 MPa
triamine pressure.

/?i\o?i\ N 'ﬂl o Yﬁ\g’ow&g’ﬁw“ﬁ’zw
O‘g’ O\g’ Rog Ny R \
R=H or CH; O?/

Fig. 7.25 Preparation of recyclable thermosetting PUs through the reaction between bis(cyclic
carbonate) and tris(2-aminoethyl)amine or tris[2-(methylamino)ethyl]amine without catalyst.
Reproduced with permission from Fortman et al. (2015)

PUs through the reaction between bis(cyclic carbonate) and tris(2-aminoethyl)
amine or tris[2-(methylamino)ethyl]amine without catalyst (Fig. 7.25). These
authors reported that a thermosetting PU showed excellent mechanical properties
with a YM of around 2200 MPa, strain at break (&) of about 6.9 + 3.8% and o,, of
around 72 MPa, and could be reprocessed by hot pressing at 160 °C for 8 h or
degraded by tetraethylene glycol at 180 °C for 4 h, which is relatively demanding.
Chen et al. (2017b) also achieved quantitative reprocessing for five-membered
cyclic carbonate-based thermosetting PUs by hot pressing at 140 °C for 2 h.
However, their thermal and mechanical properties were relatively low, and catalyst
was used for the formation of the networks. In line with this, Fortman et al. (2017)
observed limited thermal stability of p-hydroxyurethanes in thermosetting PUs, as a
result, the reprocessing was limited to PU elastomers.
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Fig. 7.26 Alkene metathesis. Reproduced with permission from Lu et al. (2012)

7.2.13 Olefin Metathesis

Olefin metathesis is the reaction between strong C-C double bonds catalyzed by
transition-metal (Fig. 7.26). With this in mind, Lu and Guan (2012) reported two
papers on olefin metathesis in crosslinked thermosetting PBDs using the second-
generation Grubbs catalyst. This catalyst compared to classical metathesis catalysts
is compatible with functional group, and stable to air and moisture, due to the effi-
cient bond exchange, the prepared thermosetting polymers showed a rapid stress
relaxation and creep at low temperatures, and quantitative welding was observed
between cut samples at room temperature for 3 h under 20 kPa pressure with only
0.005 mol% catalyst. However, the mechanical properties of these thermosetting
PBDs were relatively poor with o,, of ~0.5 MPa. Later, Neal et al. (2015) improved
the mechanical properties (YM: 2.34-2.51 MPa, ¢,,: 1.31-1.66 MPa) of these ther-
mosetting polymers by incorporating secondary amide side chains into the network,
and the toughness was also improved through the hydrogen bonding of the second-
ary amide side chains. This strategy showed potential to improve mechanical prop-
erties of other CANs.

In summary, the second-generation Grubbs catalyst-catalyzed olefin metathesis
shows great potential for the recycling of thermosetting polymers at room tempera-
ture. However, creep at low temperature is not desirable for most applications of
thermosetting polymers, which should be addressed in the future. Only elastomers
have been used to demonstrate the viability of the olefin metathesis to recycle ther-
mosetting polymers, therefore, it is necessary to design more rigid structures.

7.3 Readily Recyclable Thermosets Based on Dynamic
Dissociative Exchange Reaction

7.3.1 Reversible Diels-Alder Reaction

The reversible Diels-Alder (DA) [4 + 2] reaction involves the Diels-Alder addition
between a dienophile and a diene to produce a cycloadduct, and retro Diels-Alder
reaction (rDA) of the DA cycloadduct to the dienophile and diene at a higher tem-
perature. Thermodynamics and kinetics of DA reactions vary with different dieneo-
philes and dienes, regiochemistry and steric bulk of their cycloadducts.
Furan-maleimide system has been widely studied due to its easy access and the
rapid occurrence of cycloadduct formation. The DA reaction of furan-maleimide
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Fig. 7.27 Reversible

0 0]
Diels-Alder reaction.
Reproduced with “o + | New —— ‘a N
permission from Chen = A

(0] o]

et al. (2002)

system commonly occurs at around <60 °C, and the rDA often happens at around
>100 °C (Fig. 7.27). Table 7.8 summarizes the recyclable thermosetting polymers
based on reversible DA reaction.

Recyclable thermosetting polymers based on the reversible DA reaction between
furans and maleimides was reported by Craven (1969) for the first time in a U.S. pat-
ent filed by du Pont de Nemours and Company, and subsequently, many other recy-
clable thermosetting polymers based on this link were widely reported. Two main
routes have been used to prepare the recyclable thermosetting polymers with DA
structure. One route is through the reaction between multifunctional furans and
multifunctional maleimides (Chen et al. 2002; Liu and Hsieh 2006; Ikeda et al.
2013; Cai et al. 2017; Duval et al. 2017; Lei et al. 2017). A typical example is the
networks prepared via the reaction between trifunctional maleimide and tetrafunc-
tional furan, which show approx. 40% and 50% mending efficiency after heating at
120 °C for 2 h and 150 °C for 2 h, respectively (Chen et al. 2002). Another pathway
is to use the DA structure as cross-link points, which has been used to produce recy-
clable thermosetting polymers from epoxy resin (McElhanon et al. 2002; Kuang
et al. 2015), PBD (Bai et al. 2015; Trovatti et al. 2015), PCL (Mallek et al. 2013),
PLA (Yamashiro et al. 2008, 2009), poly(ethylene adipate) (Watanabe and Yoshie
2006; Yoshie et al. 2010), poly(N-acetylethylenimine) (Chujo et al. 1990), poly(p-
thioether ester) (Zhang and Dumont 2018), poly(amide) (Luo et al. 2018b),
poly(ketone) (Zhang et al. 2009), PS (Canary and Stevens 1992), and PU (Swanson
etal. 2010). Taking recyclable crosslinked PBD as an example, Trovatti et al. (2015)
incorporated furan as side groups into PBD via thiol-ene reaction between PBD
unsaturations and furfuryl thiol, and subsequently crosslinked furan-PBD with an
aromatic bismaleimide (Fig. 7.28). The prepared crosslinked PBD could be recy-
cled at 110 °C in a matter of hours via the rDA reaction. By tuning the amount of
pendent furan and the furan/bismaleimide ratios, the mechanical properties of the
crosslinked PBD could be tailored (Bai et al. 2015).

In some cases, rDA can compromise the thermosetting polymers at high tem-
peratures (>100 °C) through depolymerization of the polymer skeleton or cross-
linkers, which affects the thermal stability of the thermosetting polymers based on
DA reaction. Although, many applications of thermosetting polymers do not require
high heat-resistance. The reversible DA reaction occurs under relatively mild condi-
tions without solvent or catalyst, and has been used for recycling of several com-
mercial polymers, indicating great potential for industrial applications.
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Fig. 7.28 Synthetic route of recyclable crosslinked PBD. Reproduced with permission from
Trovatti et al. (2015)

7.3.2 Alkoxyamine Equilibrium

Dynamic alkoxyamine bonds can undergo reversible homolytic bond cleavage to pro-
duce stable, nitroxyl/aminoxyl and carbon-centered radicals at mild temperatures
(around 100 °C) (Fig. 7.29). Table 7.9 summarizes the recyclable thermosetting poly-
mers based on transalkylation. In the first studies, 2,2,6,6-tetramethyl- 1-piperidinyloxy
(TEMPO) moieties were used as crosslinking agents for poly(methyl methacrylate)
(Higaki et al. 2006), PS (Yuan et al. 2011; Wang et al. 2012) or PU (Yuan et al. 2014)
to achieve the self-healing function of thermosetting polymers through dynamic alk-
oxyamine bonds. Later, Jin et al. (2016) prepared recyclable crosslinked styrene-buta-
diene rubbers using the commercial TEMPO-substituted methacrylate via an one-step
controlled curing process. The thermosetting polymers showed a tunable performance
and could be quantitative reprocessed by hot pressing at 140 °C for 40 min or 130 °C
for 30 min. This approach shows enormous potential as TEMPO can be directly used
in networks based on controlled radical polymerization or embedded into conven-
tional polymers based on acrylic, styrenic or other olefinic monomers. Zhang et al.
(2016b) also prepared the crosslinked methyl methacrylate thermosetting polymers
based on dynamic alkoxyamine bonds and three methods (reprocessing, welding,
degradation) were used to achieve the recycling of the thermosetting polymers.
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Fig. 7.29 Alkoxyamine equilibrium. Reproduced with permission from Jin et al. (2016)

Table 7.9 The properties of recyclable thermosetting polymers based on dynamic alkoxyamines

T, M

Raw materials (°C) | (MPa) | o, (MPa) | Recycling method References
TEMPO-substituted | 30-60 | 21-91 |3.1-3.6 | Hot pressed at 130 °C for |Jin et al. (2016)
methacrylate/n-butyl 30 min or 140 °C for
acrylate/styrene 40 min.
Alkoxyamine 27-34 - 0.36— Hot pressed t 80 °C for Zhang et al.
containing 0.72 2.5 h under 3 MPa (2016b)
methacrylate ester/ pressure.
thiols Welding at 80 °C for 4 h

Degradation at 100 °C for

6 h in DMF with an

excess amount of

TEMPO.

7.3.3 Urea/Urethane Exchange

Crosslinked polyureas and PUs have been widely used to prepared vitrimers. Much
of the work has been focused on introducing dynamic covalent bonds into polyurea
or PU networks or through transcarbamoylation to achieve the recycling of thermo-
setting polyureas or PUs. This section will focus on the recycling of thermosetting
polyureas or PUs directly based on urethane or urea bonds. Table 7.10 summarizes
the properties of recyclable thermosetting polymers based on urea/urethane
exchange.

One approach for recycling of thermosetting PUs is directly through the disso-
ciative exchange of urethane (Fig. 7.30). Zheng et al. (2016) found for the first time
that thermosetting PUs and polyurethanes in the presence of dibutyltin dilaurate as
a catalyst showed a temperature-dependent stress relaxation behavior with an E,
range from 113.6 to 130.5 kJ/mol and plasticity at elevated temperatures. This
relaxation behavior occurred in the absence of free alcohol, which suggests that tin-
catalyzed urethane exchange is the main mechanism. Although the urethane
exchange is carried out through a dissociative mechanism, the thermosetting PUs
showed a vitrimer-like behavior because only a small amount of urethane bonds
were dissociated at elevated temperatures (Fortman et al. 2018a, b). Later, Yan et al.
(2017) prepared a biobased thermosetting PU using castor oil as raw material and
demonstrated its recyclability via hot pressing and welding by using dibutyltin
dilaurate as a catalyst.
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Table 7.10 The properties of recyclable thermosetting polymers based on urea/urethane exchange

Recycling YM Oy Recycling
mechanisms | Raw materials | Catalyst | T, (°C) | (MPa) (MPa) | method References
Urethane Diisocyanate/ | Dibutyltin | 37 7-10 | Hot pressed | Yan et al.
exchange PEG 2000/ dilaurate at 180 °C (2017)
castor oil. for2 h
under
4 MPa
pressure.
Welding at
140-160 °C
for
2-30 min.
Oxime- Diisocyanate/ | Notused |25-48 |130-344 | 34-49 | Hot pressed | Liu et al.
enabled amino- at 120 °C (2017b)
urethane alcohols for 30 min
exchange containing under
compounds. 10 MPa
pressure.
Hindered- | Diisocyanate/ | Notused |—78 to 0.62— | Welding at | Ying et al.
urea hindered —49 0.93 |37 °C for (2014)
exchange diamines/diol/ 12h
triol.
Triisocyanate/ | Not used |53 1870 40 Hot press at | Zhang
2-(tert- 100 °C for |etal.
butylamino)- 20 min (2016a)
ethanol. under
300 kPa
pressure
Welding at
100 °C for
20 min
Degradation
at 60 °C for
Shin
CHCl,4

Another approach is via introducing oxime to prepare recyclable thermosetting
PUs based on dissociative oxime-enabled urethane exchange without catalyst
(Fig. 7.31). Liu et al. (2017b) reported the crosslinked poly(oxime-urethanes)
(POUgs) via the reaction between hexamethylene diisocyanate (THDI) and multi-
functional oximes. The POUs showed a rapid stress relaxation with an E, range
from 98 to 110 kJ/mol and could be reprocessed by hot pressing at 120 °C for
30 min under a 10 MPa pressure. In addition, kinetics experiments and calculations
of functional density theory suggested that the oxime was more reactive in the for-
mation of urethane bonds and also improved the dynamic nature of conventional
urethane bonds.
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Fig. 7.30 Dissociative urethane exchange. Reproduced with permission from Zheng et al. (2016)
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Fig. 7.31 Dissociative oxime-enabled urethane exchange. Reproduced with permission from Liu
et al. (2017b)
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Fig. 7.32 Dissociative hindered-urea exchange. Reproduced with permission from Ying
et al. (2014)
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Fig. 7.33 Preparation route of the rigid thermosetting polyurea via the reaction between TBAE
and THDI. Reproduced with permission from Zhang et al. (2016a)

In addition, thermosetting polyureas can also be recycled at milder temperatures
through the more readily dissociative hindered-urea exchange without catalyst
(Fig. 7.32). Ying et al. (2014) designed three thermosetting polyureas with hindered
urea bonds through the reaction between diamine, diisocyanate, diol and triol,
which showed a self-healing behavior at low temperature via the hindered-urea
exchange. Later, Zhang et al. (2016a) reported a rigid thermosetting polyurea pre-
pared via the reaction between 1-(fert-butyl)-1-ethylurea (TBAE) and a tri-func-
tional homopolymer of THDI (Fig. 7.33), which could be reprocessed five times by
hot pressing above T, or welded at 37 °C for 5 days. Furthermore, the thermosetting
polyurea could be degraded by excess TBAE and re-crosslinked by THDI.
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7.4 Readily Recyclable Thermosets Based on Dynamic
Associative and Dissociative Exchange Reactions
at the Same Time

7.4.1 Schiff Base Exchange

Schiff base is the one of the most used dynamic covalent bonds, which includes
three distinct processes: dissociative imine condensation/hydrolysis (Fig. 7.34a),
associative imine exchange (Fig. 7.34b) and associative imine metathesis (Fig. 7.34c)
(Wang et al. 2019). The exchange or hydrolysis of Schiff base often occurs under
relatively mild conditions without catalyst, and can be controlled by several external
stimuli such as heat, pH or water content. Similar to transesterification, the wide
variety of commercial dialdehydes and diamines makes polyimines easy to prepare.
Several reports have reported that polyimines or thermosets containing Schiff base
are superior malleable, recyclable and degradable materials without catalyst
(Taynton et al. 2014, 20164, b; Van et al. 2014; Chao et al. 2016; Li et al. 2016; Lei
et al. 2017; Wang et al. 2018c, 2019; Zhao and Abu-Omar 2018; Zheng et al.
2018a, b; Zou et al. 2018; Feng et al. 2019b; Mai et al. 2019). In addition, the recov-
ery of the original monomers can also be achieved through imine hydrolysis (Van
et al. 2014; Wang et al. 2019). Table 7.11 summarizes the properties of readily
recyclable thermosetting polymers based on Schiff base.

Zhang’s group first reported on recyclable crosslinked polyimine (Taynton et al.
2014). The polyimine was prepared directly through condensation reaction between
aldehyde groups and amino groups (Fig. 7.35). At elevated temperatures, cross-
linked polyimine exhibited Arrhenius type malleability through imine exchange or
imine metathesis, which led to high recycling efficiency during four times of repro-
cess. The cross-linked polyimine can also be reshaped or recycled using only water
at ambient temperature through imine condensation/hydrolysis, which leads to
green recycling of the material. Similar structures have also been used to study the
chemomechanics of the moisture-induced malleability of polyimines and revealed

(@) I—N ———  j—NH; + OHC—}
HC—

(b) §—nNH, =N %

HC— HC—
CRSIE L S e

Fig. 7.34 Schiff base exchange mechanism: (a) imine condensation/hydrolysis, (b) imine
exchange and (c) imine metathesis. Reproduced with permission from Wang et al. (2018c)
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HNT~ N,

Fig. 7.35 Synthesis of cross-linked polyimine. Reproduced with permission from Taynton
et al. (2014)
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Fig.7.36 Preparation of Schiff base CANs. Reproduced with permission from Wang et al. (2018c)
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that both temperature and moisture could improve the malleability of polyimine
networks (Luo et al. 2018a).

In a more recent work, Wang et al. (2018c) synthesized a novel Schiff base pre-
cursor from an abundant and renewable lignin derivative, vanillin, through the con-
densation reaction between phosphorus oxychloride and vanillin, and also prepared
malleable Schiff Base CANs (Fig. 7.36). The Schiff base CANs not only showed
excellent performance with high strength, T, and YM, but could also be readily
recycled by two hot pressing methods within 2—10 min at 180 °C and hydrolyzing
to original Schiff base precursor with a high recovery rate of around 70% under
mild conditions. In addition, an excellent flame retardancy as high as UL-94 VO rate
during vertical burning was achieved for these Schiff base CANs, addressing the fire
safety issue of conventional thermosetting polymers.

Readily recyclable thermosetting polymers based on Schiff base have been used
in electronic skin (Zou et al. 2018) and carbon fiber reinforced thermoset (CFRT)
composites (Taynton et al. 2016a; Wang et al. 2019). Zhang’s group used the com-
mercial dialdehydes/diamine/triamine systems to achieve repair and recycling of
electronic skin and CFRT composite (Zou et al. 2018). Epoxy resins represent for
90% of thermosetting polymers used in CFRT composites due to their excellent
properties. With this in mind, Wang et al. (2019) used epoxy resins containing Schiff
base structures combining the properties of epoxy resins and polyimines to prepare
high-performance, readily recyclable CFRT composites. The Schiff base epoxy
resin was prepared through an easy method involving the in-situ formation of a
Schiff base during the curing process of a monofunctional epoxy monomer contain-
ing a formyl group (Fig. 7.37). Through the imine exchange or imine metathesis, the
Schiff base epoxy resin showed superior malleability with a 7, of around 70 °C. In
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Fig. 7.37 Preparation route of Schiff base epoxy resin. Reproduced with permission from Wang
et al. (2019)

addition, the CFRT composite prepared could be degraded under mild conditions at
room temperature and the reclaimed carbon fibers maintained the chemical struc-
ture, textile structure, surface morphology and mechanical properties compared to
the original carbon fibers.

In summary, thermosetting polymers based on Schiff base have several advan-
tages, such as catalyst-free, easy to prepare, fast degradation, moisture-sensitive and
rapid reprocessing, which makes them widely reported and show the potential of
some high-tech applications such as electronic skin and CFRT composites. However,
some side reactions (self-crosslinking of Schiff base, reaction between amine and
Schiff base, oxidation, etc.) may occur during the reprocessing at high temperature,
resulting in an increase in the brittleness of the materials, which is unfavorable for
its use (Wang et al. 2018c, 2019). In addition, rapid relaxation is beneficial for
reprocessing materials, but also limits the use of materials at high temperatures.

7.4.2 Disulfide Exchange

Due to the great significance of vulcanized rubbers in the industry, the dynamic
sulfur-sulfur bonds have been widely studied. Recent reports show that the behavior
of disulfide exchange involves several mechanisms depending on the substitution
patterns and service conditions of the disulfides. The simplest mechanism is the
reduction of disulfides to two thiols and oxidation of thiols to disulfides again via a
dissociative mechanism (Fig. 7.38a). The mechanism for dissociative exchange of
radical disulfide is the opening of disulfides to stabilized thiyl radicals and the for-
mation of new disulfides by UV radiation or heat (Fig. 7.38b), or by the addition of
a radical initiator (Fig. 7.38c). The mechanism of exchange of associative anionic
disulfide is the disulfide bond attacked by the thiolate anion to form new thiolate
anions and disulfide bond, where the thiolate anion is generated by the addition of
catalysts or under basic conditions (Fig. 7.38d). The associative aromatic disulfide
metathesis at room temperature has also been reported (Fig. 7.38e). In addition, the
associative exchange of disulfides-thiols can also occur through the reaction between
disulfides and free thiols (Fig. 7.38f). The disulfide exchange is one of the most
commonly used dynamic covalent bonds for self-healing thermosetting polymers
due to the low energy barrier of the disulfide exchange. However, this section pays
more attention to the recycling (reprocessing, welding or degradation) of thermoset-
ting polymers containing S-S bonds which are summarized in Table 7.12.
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Fig. 7.38 (a—f) Different mechanisms of disulfide exchange

In 1990, two papers on the recyclable epoxy thermosetting polymers containing
disulfide bonds by reducing disulfides to two thiols and reoxidizing of thiols to
disulfides using tributyl phosphine as a catalyst were reported (Sastri and Tesoro
1990; Tesoro and Sastri 1990). Due to the toxicity and poor compatibility of the
catalyst, recent works have been focused on the development of catalyst-free disul-
fide exchange systems. In particular, the use of aromatic disulfides instead of ali-
phatic disulfides could significantly increase the rate of bond exchange, giving
thermosetting polymers with excellent reprocessing capacity in the absence of cata-
lyst (Rekondo et al. 2014; Azcune and Odriozola 2016; de Luzuriaga et al. 2016;
Kim et al. 2018). Rekondo et al. (2014) demonstrated reprocessable thermosetting
poly(urea-urethane)s through aromatic disulfide metathesis. Due to the network
reshuffling and the dynamic hydrogen bond formation, the thermosets show a quan-
titative welding at room temperature. Hydrogen bonds prevent the network from
flowing at low temperatures, as a result, little stress relaxation is observed at room
temperature. Although most disulfide exchanges follow dissociative mechanisms,
Pepels et al. (2013) prepared epoxy thermosetting polymers by the reaction between
epoxy and polysulfides, and demonstrated the ability to reprocess through the reac-
tion of disulfides with thiols, which depended much of the pH. These thermosetting
polymers could be welded via associative cross-linkers exchange at room tempera-
ture, which has potential benefits compared to dissociative processes. However, thi-
ols are susceptible to oxidation, which may limit their applications.

Recyclable thermosetting polymers based on the disulfide exchange have been
used as a possible application to prepare reprogrammable and reprocessable liquid
crystal elastomer (Wang et al. 2017), reprocessable self-powered wearable electron-
ics (Deng et al. 2018) and recyclable fiber-reinforced thermoset (FRT) composites
(de Luzuriaga et al. 2016). Keeping this in view, de Luzuriaga et al. (2016) prepared
the epoxy thermoset through the curing reaction between DGEBA and 4-aminophenyl
disulfide with excellent mechanical and thermal properties, and showed a rapid
stress relaxation behavior above T, with an E, around 55 kJ/mol. The prepared FRT
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composites could be reprocessed at 210 °C through hot pressing and recycled in a
thiol-containing solution at room temperature through disulfides-thiols exchange.
Even more interestingly, the epoxy thermoset could be used to prepare enduring
prepregs of CFRT composites to solve the problem of limited shelf-life and out-life
of prepregs.

In summary, recyclable thermosetting polymers based on disulfide exchange
have many advantages, such as the ability to control the structure, low temperature
and fast rate for disulfide exchange, excellent recyclability and universality of sul-
fur-containing compounds. In addition, due to the wide use of commercial sulfur-
containing crosslinked materials, their feasible recycling would be of great benefit
to the environment.

7.5 Conclusions and Perspectives

In this chapter, the readily recyclable thermosetting polymers based on dynamic asso-
ciative, dissociative or dynamic associative and dissociative at the same time exchange
reaction have been presented. The synthetic routes, mechanical and thermal proper-
ties, recycling methods, recycling mechanisms, research progress and applications of
each category of recyclable thermosetting polymers have been described.

Thermosetting polymers based on different dynamic bonds exhibit different syn-
thetic routes, mechanical and thermal properties, recycling methods and mechanisms.
In general, the thermosetting polymers based on dynamic covalent bonds, especially
with associative mechanism, can maintain its structural stability over the temperature
range of use. While under certain stimuli, they are able to change their topological
networks, thus achieving the recycling of thermosetting polymers. In addition, several
works have introduced biobased raw materials such as furan compound (Duval et al.
2017), lignin (Hao et al. 2019), soybean oil (Altuna et al. 2013) and vanillin (Wang
et al. 2018c, 2019) to prepare biobased recyclable thermosetting polymers based on
dynamic covalent bonds, which is beneficial for a more sustainable development. In
addition, the readily recyclable thermosetting polymers show great potential in unique
applications, such as 3D printing materials, liquid-crystalline elastomer actuators,
recyclable fiber-reinforced composites, removable coatings and wearable electronics.
However, most reported readily recyclable thermosetting polymers have several dis-
advantages, such as poor overall performance, especially the thermal stability, use of
catalyst, complex and inefficient recycling, expensive cost, etc. In addition, until now,
most thermosetting polymers based on dynamic covalent bonds have not yet been
used for industrial applications. More efforts should thus be made to address the prob-
lems and improve the sustainability of recyclable thermosetting polymers. The devel-
opment of thermosetting polymers combining controlled recyclability and improved
overall performance has significant value for polymer science and industrial
applications.
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Chapter 8 )
A Review to Guide Eco-Design of Reactive e
Polymer-Based Materials

Emma Delamarche, Valérie Massardier, Remy Bayard, and Edson Dos Santos

Abstract After decades of intensive use, polymer wastes are omnipresent and
disturb natural environments such as oceans. Thus, sustainable materials must be
developed, combining not only the use properties, but also their recycling or end of
life in natural environments. This chapter focuses on the study of the parameters
that influence the biodegradation of reactive polymer-based materials, either in the
perspective of recycling or for the end of life in natural environments, including
compostability. In fact, the hydrolysable bonds of reactive polymers, such as poly-
esters make them prone to hydrolysis that can be catalyzed enzymatically, either by
enzymes naturally present in the environment or by other selected ones used in
chemical reactors. Of course, the formulation of materials can also influence the
degradation at end of life. In this sense, the controlled end of life in natural environ-
ment must correspond to several advantages, such as increasing soil fertility and
lower volumes of discarded plastic materials, while enzyme catalyzed hydrolysis in
chemical reactors allows recover chemical building blocks such as monomers and
oligomers. Finally, a critical analysis of the parameters influencing the degradation
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of reactive polymer-based materials will allow to give recommendations for their
eco-design.

Keywords Biodegradation - Enzyme catalyzed hydrolysis - Natural environments
- Recycling

8.1 Introduction

After decades of development of industrial production and consumption of manu-
factured plastic products, the management of their end of life remains a great chal-
lenge for our planet. In fact, there is a real awareness of the environmental problems
of the treatment and recovery of the plastic waste we produce and, more particu-
larly, end-of-life plastics that are ubiquitous in our lives. Now, their presence in all
ecosystems is known, and their interactions with the living world are still being
studied to understand the consequences. It is thus necessary to develop sustainable
materials, which combine not only acceptable use properties, but also the recy-
clability or the ability to biodegrade in natural environments (Sombrio et al. 2017;
Gutiérrez 2018a).

Nowadays, most of plastics on the market are petroleum-based organic poly-
mers. Large amounts of plastics waste are disseminated in the environment and are
associated with the problematic pollution of air, soil and water. Biobased plastics
are considered an interesting alternative because they have several advantages,
including the biogenic source of organic carbon, chemical composition, synthesis or
process method, economic importance, as well as their applications, and potential
biodegradability (Gutiérrez 2018b; Herniou-Julien et al. 2019). Its world production
is growing, while its end of life is not sufficiently controlled (Li et al. 2018). Many
studies have focused on replacing petroleum-based materials by renewable alterna-
tives, as well as anticipating the end-of-life in order to generate materials adequate
for recycling options in the circular economy (Zhu et al. 2016). There is a number
of advantages in the use of biodegradable polymers, such as the increase in soil
fertility, the accumulation of low volumes of plastic materials discarded in the envi-
ronment, as well as the reduction of waste management costs (Gross and Kalra
2002; Merino et al. 2018a, 2019a). With respect to the seas, a study estimated that
in 2014 more than five trillion pieces of plastics floated in the oceans (Plastiques:
derriere les déchets, un gisement d’industries 2018).

On the other hand, plastic particles are defined as those with a length less than
5 mm (Li et al. 2018). These microplastics lead to a growing scientific and social
awareness, as they are disseminated on air, earth and water (oceans...). Thus, with
respect to pollution by microplastics and plastics, it could be interesting that poly-
mer materials biodegrade more easily in the environment, without generating toxic
products.
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From the perspective of circular economy, functional polymers can undergo
mechanical recycling, which is, a priori, a fairly simple route, with an economical
interest and a reduced environmental impact compared to depolymerization (Shen
et al. 2010). Nevertheless, the hydrolysable bonds of functional polymers such as
polyesters make these polymers prone to chemical degradation via hydrolysis or
enzyme-catalyzed hydrolysis in order to recover building blocks (Engineer et al.
2011). Depolymerization is particularly interesting for thermoset polymers, for
which recycling is not obvious since they are not likely to undergo mechanical recy-
cling using melt processing.

This chapter presents the general definition of biodegradable polymers via
enzyme catalyzed hydrolysis. In the second part of this chapter, the main parameters
influencing polymer degradation are displayed. The third part was then dedicated to
enzyme catalyzed hydrolysis to recover building blocks from the perspective of a
circular economy. The fourth part of this chapter presents typical end-of-life tests
(composting, soil burial) with the objective of predicting behaviors under natural
conditions. The synthesis of the first four parts leads to discuss the eco-design of
polymer-based materials in order to tune their biodegradability.

The purpose of this chapter is to guide the eco-design of reactive polymer-based
materials in order to facilitate their end of life (1) for the recovery of chemical build-
ing blocks by enzyme catalyzed hydrolysis or (2) by biodegradation under natural
environments.

8.1.1 Biodegradable Polymers

Replacing fossil polymers with biobased polymers is one of the main research
attempts in the modern plastic industry. Natural polymers represent a specific class
of materials among polymers based on natural resources. These polymers occur in
nature as macromolecules and are often physically or chemically modified (Imre
and Pukénszky 2015).

The global consumption of biodegradable polymers has increased from 14 mil-
lion kg in 1996 to approx. 68 million kg in 2001 (Demirbas 2007). Target markets
for biobased polymers include packaging materials, disposable nonwovens and
hygiene products, consumer and agricultural tools (Gutiérrez and Alvarez 2018;
Gutiérrez et al. 2019; Merino et al. 2018b, 2019b). The commercialization of bio-
based polymers is, however, hampered by competition with commodity plastics
which are inexpensive and familiar to the customer (Gross and Kalra 2002).

Polyesters constitute a large family of biodegradable polymers. They contain
ester bonds in their structure, which are easily hydrolysable and reasonably
biodegradable. The most commonly used biodegradable polymers can be divided
into two groups: aliphatic (such as poly(butylene succinate) (PBS),
poly(hydroxyalkanoates) (PHAs), poly(lactic acid) (PLA), poly(e-caprolactone)
(PCL), among others) and aromatics (such as aliphatic-aromatic copolyester (AAC))
(Walter et al. 1995; Vieira et al. 2013; Zenkiewicz et al. 2013; Gutiérrez and Alvarez
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2017a, b, c; Gutiérrez 2018c; Gutiérrez et al. 2021). Polyesters such as PBS are
considered particularly interesting due to their potential ability for biodegradation,
thermal stability, relatively high melting temperature (T,,) and easy thermal process-
ability (Zeng et al. 2016). As another biodegradable polymer, PLA has attracted a
lot of attention due to its ability to replace some current commodity plastics (Sudesh
and Iwata 2008; Matta et al. 2014).

Biobased synthetic polymers can be produced with different characteristics such
as biodegradability, crystallinity, solubility, glass transition temperature (T,) and T,
according to their synthetic form and/or the obtaining conditions. These specifici-
ties may affect the biodegradability of polymers (Vieira et al. 2013; Diaz et al. 2014;
Pellis et al. 2016).

Functional polymers are good candidates for depolymerization through hydroly-
sis or glycolysis. However, they can also be recycled by being melted again to form
new materials. Polyesters such as poly(ethylene terephthalate) (PET) are prone to
hydrolysis and it can be useful to maintain or increase chain lengths with chain
extenders, in the perspective of mechanical recycling (Lacoste et al. 2005).

There are two different sources for the mechanical recycling of plastics. The first
refers to wastes coming directly from industrial production rejections, where there
is no contamination, making them often rather easy to recycle, while post-consumer
plastic wastes which may have a high level of pollution, are more difficult and
expensive to recycle (Begley and Hollifield 1995; Forlin and Faria 2002). The pres-
ence of other types of materials, such as aluminum, glass, paint, paper, steel, etc.
can be considered contaminants of plastic packaging with respect to their recycling,
which may make their mechanical recycling difficult (Huber and Franz 1997; Forlin
and Faria 2002).

8.1.2 Definitions of Biodegradation and Enzyme
Catalyzed Hydrolysis

8.1.2.1 Biodegradation

In this chapter, the following terms are defined as follows:

* Degradation or deterioration refers to any evolution of the properties of the
material through aging (fragmentation, loss of mechanical properties, mass loss,
molecular weight (Mw), etc.). Disintegration refers to an advanced stage of
degradation, where fragmentation is important and the material is divided into
very small fragments (ISO/FDIS 16929:2013 2013).

e Biodegradation is the process of degradation of a polymer material to generally
obtain water, carbon dioxide (CO,) and/or methane (CH,), and biomass as deg-
radation products via the action of microorganisms. Biodegradation is carried
out through different steps. First, fragmentation occurs, which increases the sur-
face area, thus allowing microorganisms to adhere. Fragmentation can be caused
by physical means (grinding) and/or chemical degradation (hydrolysis), which
leads to a polymer of lower average Mw, easier to be processed by microorgan-
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Fig. 8.1 Main steps of the degradation of polymer materials

isms (Witt et al. 1996). Then, bioassimilation or biomineralization, occurs: frag-
ments and oligomers are mineralized by microorganisms into simple molecules
and biomass (Witt et al. 1996; Castelan 2010; Mierzwa-Hersztek et al. 2019).

The most common definition of a biodegradable polymer is ‘a degradable poly-
mer wherein the primary degradation mechanism is through the action of metabo-
lism by microorganisms’ (Leja and Lewandowicz 2010). The biodegradation rate
depends on humidity, temperature, number and type of microorganisms, and is
often fast if all three requirements are present.

Polymer degradation takes place in several different ways, depending on the
structure and exposure conditions (Fig. 8.1). Degradation results from an irrevers-
ible change, which leads to a loss of mass and, eventually, to failure. The most com-
mon types of degradation occur through chemical reactions, but there are some
important examples of degradation, which result only from physical changes
(Hawkins 1984; Ohkita and Lee 2006).

The first degradation mechanism is physical/physical-chemical degradation.
Mechanical degradation can take place due to compression, shear forces and/or ten-
sion. Mechanical factors are not predominant during the biodegradation process,
but the damages caused by this mechanism can activate or accelerate it. Under field
conditions, mechanical stresses act in synergy with the other abiotic parameters
such as chemicals, solar radiation and temperature (Hawkins 1984; Lucas
et al. 2008).

The second degradation mechanism is photodegradation, also known as photo-
oxidation. These processes are influenced by the light intensity and the temperature,
and can lead to dramatic decreases of the Mw, as well as changes in Mw distribution
(MWD or polydispersity index—PDI = weight-average apparent molecular weight
(M;,)/number-average apparent molecular weight (M,)) (Weiland et al. 1995;
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Feldman 2002; Koutny et al. 2006). In aqueous media, compared to air, photodeg-
radation of polymers is much slower (Andrady et al. 1993). Oxodegradable plastic
materials are usually polyolefins with additives (pro-oxidants), which induce a frag-
mentation process when exposed to ultra-violet (UV) radiations, which causes oxi-
dation. Such materials are fragmentable, and produced fragments have been found
to remain in the environment (Bioplastics 2015; Selke et al. 2015).

Another well-known mechanism is thermal degradation, which should be con-
sidered in the thermophilic composting (Beyler and Hirschler 2002; Lucas et al.
2008; Ojumu et al. 2004). Atmospheric pollutants and agrochemicals can also inter-
act with polymers, thus changing the macromolecules properties, i.e. they can
change the bonds, attack and break them, producing free radicals, and causing the
material degradation (Muller et al. 2001; Lucas et al. 2008).

8.1.2.2 Enzyme Catalyzed Hydrolysis

Functional polymers containing hydrolysable covalent bonds such as amide, anhy-
dride, carbamide (urea), ester amide (urethane), ester and ether groups, etc. can
undergo chemical degradation via enzymatic hydrolysis (Le Digabel and Avérous
2006). Hydrolysis depends on parameters such as concentration, pH, temperature,
time and water activity. For most biodegradable materials, especially artificial poly-
mers, passive hydrolysis is the most important degradation mechanism (Gopferich
1996; Tengborg et al. 2001; Angelidaki and Sanders 2004). Glycolysis can also be
efficient for cutting chains. The selected enzymes can be efficient catalysts for such
hydrolysis or glycolysis.

8.2 Main Parameters in Polymer Degradation

8.2.1 Polymer Characteristics
8.2.1.1 Molar Mass

It is generally admitted that polymer degradation occurs more rapidly in lower Mw

polymers. For example, Husarova et al. (2014) observed that PLA exhibiting a low

average Mw was degraded faster than high Mw PLA under composting conditions

and abiotic aqueous conditions. Bernhard et al. (2008) also observed that anaerobic

degradation was slower for high Mw poly(ethylene glycol) (PEG). These authors

observed that the lag phase raised with the increase in Mw (Bernhard et al. 2008).
The influence of Mw can be explained by several reasons:

* Polymer materials initially having a rather low average Mw, reaches faster low
Mws through degradation. Since low Mws lead to materials having poor mechan-
ical properties (Nunes et al. 1982), these materials appear macroscopically dete-
riorated (through a loss of mechanical properties, cracks, fragmentation, etc.).
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* Polymers exhibiting low Mws may show a lower T, (Fox and Flory 1950). If the
T, is close to room temperature, it significantly affects the degradation
(Park 1994).

* Under biotic conditions, certain polymer-based materials having a high average
Mw are not easily attacked by microorganisms. Witt et al. (1996) observed that
small copolyesters and oligomers are more easily degraded by microorganisms,
due to their solubility in water, which leads to fast mineralization. Schliecker
et al. (2003) found that PLAs that had a number average Mw of 830 Da are water
soluble. More recently, Husarova et al. (2014) also suggested that low Mw poly-
mer chains can be better substrates for microorganisms.

8.2.1.2 Macroscopic Shape

It has been observed that materials having a high specific surface area degrade faster
in biotic media. Husarova et al. (2014) made this observation with PLA under com-
posting conditions. Rudnik and Briassoulis (2011b) also observed the same behav-
ior under soil burial conditions with PLA. In marine water, Volova et al. (2010) and
Deroiné (2014) observed a faster degradation of PHA films than pellets or massive
samples. In fact, in a biotic environment, the higher the specific surface area, the
better microorganisms can adhere to the surface, which leads to faster degradation.

In abiotic environment, the influence of morphology depends on the degradation
mechanisms, and conflicting results have been found in the literature. For example,
Husarova et al. (2014) observed in the case of abiotic hydrolysis of PLA, a faster
degradation for samples exhibiting a higher specific surface area, while Deroiné
(2014) did not observe any influence of the geometry, because the degradation
occurred within the samples and not on their surface. In fact, degradation rate in
abiotic hydrolysis of PLA can be higher within the material due to the autocatalytic
effect (degradation products are trapped within the sample), which leads to a ‘hol-
low structure’ (Grizzi et al. 1995). Dvorackova et al. (2015) studied PBS and
obtained a greater weight loss in abiotic hydrolysis for thin PBS films than for thick
films. However, Deroiné (2014) did not observe influence of the geometry in the
abiotic hydrolysis of PHA.

8.2.1.3 Crystallinity

It has been observed that the degradation rate is lower for polymers exhibiting a
high degree of crystallinity, because the crystalline regions are less accessible to
enzymes (Pantani and Sorrentino 2013) and water (Zhou and Xanthos 2008; Pantani
and Sorrentino 2013). In fact, amorphous PLA is degraded faster than semi-
crystalline PLA in abiotic medium (Zhou and Xanthos 2008), as well as in aerobic
degradation under composting conditions (Pantani and Sorrentino 2013). Tserki
et al. (2006) studied the biodegradation of poly(butylene succinate-co-adipate)
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(PBSA) copolyesters under soil burial conditions and identified the crystallinity as
the dominant factor controlling the biodegradation rate.

The crystalline structure, for a same degree of crystallinity, also influences the
degradation rate. Cho et al. (2001) used thermal treatments on PBS to achieve dif-
ferent crystalline structures and observed that the hydrolysis degradation rate was
influenced by the thermal history, and therefore, the crystalline structure.

8.2.1.4 Hydrophobicity

Hydrophobicity and water adsorption also influence the degradability of polymer-
based materials, especially those that undergo hydrolysis. Keeping this in view,
Hoglund et al. (2010) reported that the degradability rate decreases with increasing
hydrophobicity.

Most of the plastics found in the environment, such as PET, poly(ethylene) (PE),
poly(propylene) (PP) and poly(styrene) (PS) are hydrophobic. The UV irradiation
(photo-oxidation) can also oxidize their surface (Andrady 2011), and often leads to
mass loss, since oxidized groups are more prone to biodeterioration via the forma-
tion of bacterial biofilm. Photo-degradation of suspended plastics in water is slower
than in air (Andrady et al. 1993).

8.2.2 Environmental Conditions
8.2.2.1 Humidity

Humidity influences the degradation rate by increasing the hydrolysis rate and by
allowing the activity and transport of microorganisms. Gu et al. (1994) conducted
degradation experiments on cellulose acetate films in composting reactors with dif-
ferent humidity percentages and found that moisture significantly accelerated
degradation.

8.2.2.2 pH

Another factor influencing the degradation rate is the pH. For example, Makino
et al. (1986) and Schliecker et al. (2003) observed that PLA was degraded more
rapidly under alkaline conditions than under neutral or acidic conditions. Schliecker
et al. (2003) also found that PLA undergoes chain-end cleavage under acidic condi-
tions, and a random chain cleavage under alkaline conditions, while the solubility of
PLA oligomers depended on the pH. Meanwhile, Xu and Guo (2010) also reported
that PBS undergoes faster degradation in alkaline media.

In fact, hydrolysis of polyesters is faster under alkaline conditions. According to
Abeysinghe et al. (1982) and Gu et al. (2001), this is because of the formation of a
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resonance-stabilized carboxylate anion that can react with the alcohol functions.
Ester hydrolysis in neutral and acidic solutions is reversible. For this reason, recom-
binations could slow down the degradation of polyesters in neutral and acidic solu-
tions. In alkaline solutions, hydrolysis is irreversible. Another explanation could be
that hydrogen bonds (in polymers that exhibit hydrogen bonds) are destroyed in
alkaline media, which leads to a less dense structure that increases the accessibility
(Chu 1981b).

8.2.2.3 Temperature

Higher temperatures often lead to faster degradation. At temperatures above the T,
of a given polymer material, chain mobility is increased, which facilitates the access
for enzymes (Weinberger et al. 2017). Chain mobility also facilitates water absorp-
tion (Siparsky et al. 1997). For this reason, at temperatures below their T,, polyes-
ters such as PLA do not easily degrade, while they are significantly degraded at
temperatures close to their T, (Agarwal et al. 1998; Itdvaara et al. 2002; Yagi et al.
2009; Karamanlioglu and Robson 2013).

Abiotic hydrolysis rate increases with temperature, since the reaction kinetics
and water diffusion depend on temperature (Siparsky et al. 1997; Schliecker et al.
2003). In biotic degradation, hydrolysis is the first limiting step of the degradation
of polyesters such as PLA (Husarova et al. 2014), and at higher temperatures lead to
faster hydrolysis, and therefore, the production of oligomers that can be degraded
by microorganisms is faster (Witt et al. 1996).

8.2.2.4 Others

* Oxygen: degradation can be influenced by the presence (aerobic conditions) or
the absence of oxygen (anaerobic conditions). In this context, Itdvaara et al.
(2002) observed a faster biodegradation of PLA under anaerobic thermophilic
conditions. These authors suggested that this was due to the lactic acid produced,
which could be a more favorable substrate for anaerobic microorganisms (Zellner
et al. 1994; Itdvaara et al. 2002). On the contrary, PBS can be easily degraded
under mesophilic and thermophilic aerobic conditions, but not under mesophilic
anaerobic conditions (Shin et al. 1997; Cho et al. 2011; Dvorackova et al. 2015).

e Jonic strength: Makino et al. (1986) observed that PLA microcapsules were
degraded faster in high ionic strength solutions. These authors also studied the
effect of pH and suggested that pH and ionic strength changed the electric poten-
tial distribution (Makino et al. 1986).

* Concentration of species: Makino et al. (1986) observed that the concentration of
salt in buffered solution has an impact on the degradation rate of PLA microcap-
sules. The degradation takes place faster in a concentrated buffer solution, sup-
posedly because this concentrated buffer solution leads to the conversion of
acidic degradation products into neutral salts (Chu 1981a; Makino et al. 1986).
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e C/N ratio: polymer biodegradation depends on the concentration and nature of
other nutrients in the environment, which may or may not be preferred by micro-
organisms (Gu et al. 1994).

e Marine/saline conditions: degradation in seawater may take place differently
from degradation in pure water (Kasuya et al. 1998). Kasuya et al. (1998) tested
different polyesters and observed that poly(ethylene succinate) (PES) was com-
pletely degraded in freshwater but was almost not degraded in seawater. These
authors suggested that this was due to the fact that the population of microorgan-
isms is different, depending on the water source (Kasuya et al. 1998). Bernhard
et al. (2008) also observed that PEG was degraded faster in freshwater than in
marine water.

* Microorganisms in the environment: Kasuya et al. (1998) observed that the bio-
degradability of polyesters in natural water depends on the source of the water.
Boyandin et al. (2012) also observed a significant influence of the population of
microorganisms on the degradation of PHAs in soil.

8.3 Enzyme Catalyzed Hydrolysis for Recovery
of Building Blocks

The objective of enzymatic degradation with selected enzymes is the recovery of the
building blocks, that can be used to elaborate new materials. Enzymatic catalysis is
particularly indicated for hydrolysable polymers, such as polyesters, and is a means
to accelerate degradation. Nevertheless, compared to chemical hydrolysis, reaction
catalyzed by enzymes can be carried out under mild conditions that are quite selec-
tive. For example, a lipase of Pseudomonas cepacia can selectively degrade PBS
and not PLA, at low temperature, while chemical hydrolysis would hydrolyze both
polymers simultaneously.

8.3.1 Enzymatic Degradation Mechanisms

Hydrolysis is defined as a breakdown of polymer bonds by the gradual diffusion of
water into the polymer matrix (Azevedo and Reis 2004; Lyu and Untereker 2009).
Hydrolytic degradation is an autocatalytic process, where the carboxylic acids pro-
duced catalyze further hydrolysis. The diffusion reaction phenomenon determines
the means by which this pathway proceeds. The advantage of surface degradation is
the predictability of the process (Li 1998; Castilla-Cortazar et al. 2012).
Enzymatic hydrolysis of polymer materials is not a homogeneous process
because of the mode of interaction between the enzymes and the polymer chains
and typically involves several steps: (1) diffusion of the enzyme from the bulk solu-
tion to the solid surface, (2) adsorption of the enzyme on the substrate, resulting in
the formation of an enzyme-substrate complex, (3) catalysis of the hydrolysis
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reaction and (4) diffusion of the soluble degradation products from the solid sub-
strate to the solution. The rate of the global reaction is controlled by the slowest step
(Rahmouni et al. 2001; Azevedo and Reis 2004).

Enzymatic hydrolysis can take place in two different ways. First, exoenzymes,
secreted by cells, thus allowing the degradation of macromolecules that cannot pen-
etrate the cellular membrane, specifically hydrolyze the ester bonds located at the
chain-ends, releasing monomers. This mechanism only slightly affects the Mw of
the polymer, while one can observe an overall mass loss. The second case corre-
sponds to the use of endoenzymes, which are intracellular enzymes that work in the
intracellular medium in which they are produced. Selected endoenzymes can cause
the rupture of random ester bonds of carbon chains of polyesters, thus releasing
polymers of lower Mws. This results in a significant decrease in the M,, of the
residual polymer (Lenz 1993; Yang and Pan 2015; Thirunavukarasu et al. 2016).

Taniguchi et al. (2002) analyzed the effects of the enzymatic degradation of PBS
films and fibers by lipase from Pseudomonas cepacia at 50 °C and pH 6. These
authors observed that PBS fibers were less degraded than PBS films (PBS film lost
76% of its mass compared to only 6% for the fibers). This difference can be attrib-
uted to the fact that PBS fibers have a higher degree of crystallinity than films. In
addition to the chemical structure, the degree of crystallinity is indeed the factor that
most influences enzymatic hydrolysis of PBS. Therefore, for aliphatic copolymers,
such as PBS-co-ethylene succinate or PBSA: the higher the degree of crystallinity,
the lower the mass loss (Mochizuki and Hirami 1996; Xu et al. 2008). As a result,
PBSA and PBS undergo approximately the same type of enzymatic hydrolysis with
similar degrees of crystallinity.

Enzymes catalyzed degradation experiments are often carried out using enzymes
such as cutinases, lipases and proteinases, which are used on polymers based on
PLA or starch.

8.3.2 Enzymatic Degradation Essays

Among the main biobased polymers are functional polymers based on polyesters,
which are easily hydrolysable (Walter et al. 1995; Vieira et al. 2013; Zenkiewicz
et al. 2013). Such synthetic polymers can show versatile characteristics such as
crystallinity, solubility, T, and T,,, which can be considered an advantage over natu-
ral biodegradable polymers such as chitosan (Cs), gelatin and others (Vieira et al.
2013; Diaz et al. 2014; Pellis et al. 2016). Especially, crystallinity can significantly
modify the hydrolysis rates.

pH values that are too acidic or alkaline can affect the efficiency of enzymes. An
adequate pH must thus be chosen based on the intrinsic properties of the enzyme
and the type of experiment involved. The incubation temperature is also a key factor
when enzymatic tests are performed. Temperature can also inhibit the enzyme activ-
ity if is poorly chosen. However, higher temperatures can significantly increase the
kinetics of the reaction. The substrate and enzyme concentrations must also be
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regulated, and the initial rate of an enzymatic reaction is generally proportional to
the enzyme concentration.

Other factors that must be controlled in an enzymatic degradation assay are incu-
bation time, solution components and the use of cofactors. In general, longer incu-
bation times lead to more advanced enzymatic degradation. However, at a certain
stage, the enzyme loses its effectiveness. The compounds in solution (bacteriostatic
product, type of buffer, among others) must be adapted to the enzymes used. As for
cofactors, these depend on the enzyme and the type of experiment performed, but
they can be essential if the enzyme needs to be activated by them.

The enzymatically catalyzed degradation products often dissolve in the aqueous
medium of the reaction and contain carbon (Fig. 8.2). Therefore, the total organic
carbon (TOC) analysis of the dissolved carbon in solution after experiment is useful.

Enzymatic degradation starts rather on the surface of the polymer (mass loss and
surface erosion), because, at first, enzymes cannot penetrate the very compact
matrix of the material. After degradation, three types of analyzes can be carried out
mainly following the enzymatic tests implemented:

* A macroscopic analysis to check with the naked eye if the samples or solutions
have changed appearance (color, strength, among others) for further analysis.

* An analysis of the mass loss ratio of the samples between before and after
incubation.

* A TOC analysis of dissolved carbon in solution to confirm the effects of mass
loss (PBS and PLA are approx. 50% carbon).

Spectroscopic analyses such as Fourier transform infrared (FTIR) and nuclear
magnetic resonance (NMR) spectroscopies can also be carried out to assess changes
in chemical structure.

Fig. 8.2 Enzyme
catalyzed hydrolysis of
polyester films
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8.3.3 Enzymatic Degradation as a Recycling Route

Enzymatic degradation could be used as a recycling route for polymers. It is possi-
ble to recover oligomers and monomers that can be further polymerized. This was
assessed by Matsumura et al. (2002) who used a lipase to degrade PCL and recover
polymerizable monomers and oligomers. This is particularly interesting for the
recycling of complex materials containing several polymers, which are not easily
separated. With this in mind, Gamerith et al. (2017) worked on the use of a cutinase
to recycle PET from polymer blends and identified key parameters, such as particle
size, temperature and the presence of inhibitor constituents such as bis(2-
hydroxyethyl) terephthalate. Desrousseaux et al. (2017) also developed a bacterial
enzymatic product, which was able to depolymerize up to 97% of polyester-based
bottles, in particular those containing PET and/or PLA in 16 h.

8.3.4 Enzymatic Degradation as a Means
to Assess Biodegradability

Enzymatic hydrolysis is an effective and rapid degradation process. It is often con-
ducted in order to evaluate the potential biodegradability of a given material in the
environment. For example, Ju et al. (2015) made P(3HB-co-4HB)/PLA blends and
conducted enzymatic degradation experiments. These authors found that degrada-
tion was accelerated when polymers were blended, due to the increase in the spe-
cific surface area (Ju et al. 2015). However, since enzymes are quite specific with a
given substrate, the results may not reflect the behavior of the material in a real
environment.

8.4 Assessing Biodegradability: End of Life in Environments
Aiming to Be Representative of Natural Conditions

The degradation of polymer materials can be studied at different scales and under
different environments and conditions, with the aim of being representative of natu-
ral conditions.

8.4.1 Disintegration Experiments

Degradation or disintegration experiments, based on the characterization of poly-
mer samples before and after aging, can be conducted in any environment, at any
scale (aqueous medium, composting facility, soil burial, etc.). Mainly fragmentation
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Fig. 8.3 Samples before
burial under compost
conditions for
disintegration experiment

and mass loss are studied. Some disintegration experiments constitute standards,
such as standards ISO 16929 or ISO 20200, which suggest a disintegration test in
compost, monitored using odor detection, visual appearance and mass loss, the lat-
ter used to determine a degree of disintegration. Standard ISO 846 specifies a pro-
tocol for the evaluation of degradation under soil burial conditions, which was
applied by Tserki et al. (2006).

However, fragmentation and mass loss alone do not prove that chemical degrada-
tion occurs. In fact, following the evolution of molar masses by using steric exclu-
sion chromatography (SEC) is mandatory, as well as spectroscopy techniques to
follow the increase in end-of-chain groups.

In addition, in the case of composites, a polymer material can be partially
degraded macroscopically, but generates remaining fragments. For example,
Goheen and Wool (1991) observed that PE remained intact after the aging of PE/
starch blends under soil burial conditions, while the starch was easily degraded.

As a conclusion, disintegration experiments give an idea of the material behavior
in natural environment (Fig. 8.3). Thus, they are still widely used to study new for-
mulations of potentially biodegradable polymers (Arrieta et al. 2014a, b). However,
the test does not provide information about microorganisms capable of mineralizing
fragments, monomers, oligomers and/or degradation products. Different monitoring
techniques should thus be used in order to prove the assimilation of a polymer
material.

8.4.2 Biodegradation Experiments

Microbial activity under aerobic or anaerobic conditions are often considered as
valuable preliminary tests.



8 A Review to Guide Eco-Design of Reactive Polymer-Based Materials 221

8.4.2.1 Aerobic Conditions

Aerobic biodegradation occurs in aerated environments, and therefore, respiromet-
ric techniques are still used. A respirometer is a device used to measure the oxygen
consumption, or CO, production. The standard ISO 14851 describes the determina-
tion of the definitive aerobic biodegradability of plastic materials in an aqueous
medium by measuring the oxygen demand (OD) in a closed respirometer. Known
biodegradable materials, such as cellulose powder, and non-degradable materials,
such as PE, are used as references. In this sense, the tested material is immersed in
an aqueous medium (mineral medium) inoculated with sludge from sewage. The
oxygen consumption is measured in each flask, e.g. by monitoring the pressure
(with a CO, trap) (Fig. 8.4). After subtracting the biological oxygen demand (BOD)
of the flasks containing only the inoculum, the BOD of the sample is divided by the
theoretical OD to determine a percentage of biodegradability.

The theoretical oxygen demand (TOD—mg O,/mg sample) is calculated as
follows:

_16%(2¢+0.5(h—cl=3n)+3s+2.5p+0.50a - 0)
- M

TOD

8.1

where M is the molar mass of a substance C.H,CI,N,S.P,Na,,O,.

Other standards specifying the evaluation of the biodegradability of materials
after oxygen consumption include standards ISO 14855-1 under composting condi-
tions, ISO 17556 in soil, ISO 18830 in seawater and sediments.

CO, production can also be studied, and evaluation techniques are specified by
standards ISO 19679 in seawater and sediments, as well as ASTM D-5338 or ISO
14855-2 in compost. Given the mass fraction of carbon in the material (X, is deter-
mined from chemical formula or elemental analysis) and the theoretical amount of
CO, (TCO,) produced can be calculated using the following equation:

Fig. 8.4 Measuring heads
used to monitor O,
production
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M(co,)

TCOZ = mmuteriul X Xc x M (C)

(8.2)

After subtracting the amount of CO, produced in the flasks containing only the
inoculum, the CO, production of the flask containing the tested material is divided
by the TCO, produced, to determine a percentage of biodegradability. Some studies
evaluating biodegradability using a respirometer have been conducted by Bernhard
et al. (2008) and Hablot et al. (2014) for PEG and PLA/PHA blends, respectively.

8.4.2.2 Anaerobic Conditions

In anaerobic media, there is no oxygen present in the system. The biodegradation of
polymer materials is evaluated through biogas production: CH, and CO,. The tested
samples are disposed in medium inoculated with anaerobic sludge. Biodegradable
materials such as cellulose powder and non-degradable materials such as PE are
used as references. Microorganisms transform organic matter into CH, and CO,.
Biogas production is monitored using pressure or volumetric measurements. The
amount of carbon in the gaseous volume (in the form CH, and CO,) can be calcu-
lated using the ideal gas law. The percentage of biodegradation is calculated by
dividing the amount of carbon converted into gas by the amount of carbon in the
tested material. Standard ISO 14853 describes a biodegradation experiment in
anaerobic aqueous medium, and standard ISO 15985 specifies a protocol for high
solid content household waste. In this regard, recent studies assessing the polymer
biodegradability under anaerobic conditions include the biodegradation of PBS
(Dvorackova et al. 2015) and PLA/LA blends (Lee et al. 2016).

8.4.2.3 Ecotoxicity

Ecotoxicity refers to the potential to affect ecosystems (Gutiérrez 2018a, b). The
ecotoxicity of polymer materials and their degradation products can be evaluated
using several protocols such as:

¢ The standardized luminescent bacteria test (ISO 11348-3 1998), which was used
by Tuominen et al. (2002) employing Vibrio fischeri as bioluminescent bacteria.
An inhibition of light production in the presence of the compound tested can
reveal a possible toxicity. This essay is conducted widely to evaluate ecotoxicity
of compounds due to their numerous advantages, which include a short test dura-
tion, low cost and sensitivity (Abbas et al. 2018).

e Plant growth studies. For example, Tuominen et al. (2002) evaluated the ecotox-
icity in the soil containing degradation products using as biomarkers the number
of seedlings emerged and the mass of the part of the plant that is on the soil sur-
face in barley, cress, and radish crops.
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* Contact with animals, such as daphnia (Witt et al. 2001), fish (standards OECD
203 and 204) or earthworms in a soil (Jayasekara et al. 2003), where behavior,
health and reproduction are usually studied.

8.4.3 Definitions in Standards

Degradation essays can be conducted under mesophilic (at temperatures between 20
and 40 °C) or thermophilic (above 40 °C) conditions. However, most of the experi-
ments assessing the degradation of polymers under thermophilic conditions take
place around 58 °C. Different microorganisms can be used under mesophilic and
thermophilic conditions.

Composting is an aerobic process where organic matter is biodegraded, thus
forming an organic soil conditioner (ISO 17088). During the composting process,
microbial activity leads to a significant rise in temperature (Bayard and Gourdon
2010). Thus, under industrial composting conditions, thermophilic conditions are
reached, which does not usually occur under home composting conditions (Barrena
et al. 2014). Composting could be a potential route for biological recycling of cer-
tain biodegradable polymers. However, compostability should be assessed.

Industrial compostability, is described in European standard EN13432, or stan-
dard ISO 17088. To be qualified as compostable in industrial facilities, a plastic
material must show a biodegradability of more than 90% in 6 months at 58 °C
(essay described in standard ISO 14855), and a fragmentation (less than 2 mm frag-
ments) in 3 months (prEN 14045). The compost, after experiment, must exhibit a
low concentration of heavy metals and its quality must remain unchanged (assessed
through ecotoxicity tests monitoring plant growth). Then, plastic degradation must
induce no significant change of nutrients (N, P, etc.) in compost.

As said earlier, home compostability, implies lower temperatures. French stan-
dard NF T-51-800 describes specifications for home composting. A biodegradabil-
ity essay (standard ISO 14855) must be conducted at 25 °C instead of 58 °C. The
disintegration essay (such as the one described in standard ISO 20200) must be
carried out at 25 °C as well.

The degradation of polymers in soil is studied to assess the end-of-life of plastic
waste, in the case where there is lost involuntarily in the environment or if they are
disposed in landfills. The standards are used to establish the degradability of poly-
mers under soil burial conditions. As under composting conditions, disintegration
tests, as well as biodegradation tests using respirometric devices, can be conducted
to evaluate the end-of-life behavior in the soil. The European standard TC 249 WG
9, specifies the requirements that mush comprise a biodegradation test in a respi-
rometer at around 20-30 °C (ISO 17566), which leads to at least 90% biodegrada-
tion in 2 years, and the control of the soil quality (control of hazardous substances
and ecotoxicity tests).



224 E. Delamarche et al.

Biogasification of organic waste in biogas, such as methane, is another potential
route for polymer recycling. To assess biodegradability in an anaerobic digester, the
standards specify protocols using anaerobic sewage sludge (ISO 13975, ISO 15985).

8.5 Ecodesign: How to Tune Biodegradability
in Natural Environments?

As discussed above, thermoplastic functional polymers, such as polyesters, are
often good candidates for mechanical recycling or depolymerization (enzyme cata-
lyzed hydrolysis, glycolysis, hydrolysis, etc.). However, thermoset polymers, such
as polyurethanes and epoxy resins are quite difficult to recycle. Polyurethanes can
be depolymerized by glycolysis, but there are only few studies addressing the
enzyme catalyzed depolymerization reaction (Magnin et al. 2019).

Regarding the anticipation of the end of the useful life of thermoset and thermo-
plastic polymers, eco-design with the insertion of ‘easy-to-break functions’ in the
polymer chains should facilitate the recovery of building blocks in the perspective
of a circular economy.

Improving the assimilation of polymer materials is an important challenge. The
main parameters used to control biodegradability in polymers are listed in the next
section. Selected articles refer to studies of polymer disintegration in water media
(biotic and/or abiotic hydrolysis), under soil or under composting conditions.
Biodegradation studies under aerobic or anaerobic conditions will also be analyzed
in the following sections. In this part, publications assessing enzymatic catalyzed
degradation are not included, since the specificity of enzymes for a given polymer
may give incorrect tendencies, considering complex polymer materials.

8.5.1 Chemical Nature
8.5.1.1 Chemical Bonds

It is known that specific chemical bonds between repeated units are easily broken,
and checking that decomposition products are not toxic or eco-toxic when elimi-
nated in the environment is necessary.

* Hydrolysable bonds include amide, anhydride, carbamide, ester, ether and ure-
thane functions (Lucas et al. 2008). In this sense, Gopferich (1996) reviewed and
listed the half-lives associated with the hydrolysis of various chemical bonds.
The anhydride bonds and ortho ester bonds, followed by ester and amide bonds,
are easily hydrolyzed (Gopferich 1996).

e Certain types of bonds, such as esters can be photodegraded, which can lead to
chain scissions or crosslinking (Lucas et al. 2008).
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8.5.1.2 Repeating Unit

The nature of the bond itself does not control the macroscopic degradation of the
polymer, but also the repeating unit can affect biodegradation. For example, steric
hindrance can slow down degradation kinetics (Gopferich 1996). Polyesters exhib-
iting side chains tend to be more difficult to be assimilated than those without side
chains (Tokiwa et al. 2009). The general degradability properties of common poly-
esters are listed in Table 8.1.

With respect to polyesters, aromatic polyesters such as PET are known for not
being easily degraded, but they have good mechanical properties. However, many
aliphatic polyesters are easily degraded, but have low mechanical properties. Thus,
the degradability can be tuned in order to obtain satisfactory properties of the mate-
rial. In this sense, it is possible to design aliphatic/aromatic co-polyesters and adjust
the aliphatic/aromatic ratio to achieve the desired properties. Some examples in this
field were listed by Muller et al. (2001). More recently, Hermanova et al. (2015)
manufactured poly(ethylene terephthalate-co-lactate) copolymers and found that
aliphatic units improved hydrolytic degradation and biodegradation.

Totaro et al. (2014) also found that stereochemistry and ionic chain terminals
influence the degradability, while Zhou and Xanthos (2008) observed that PDLA
was hydrolyzed faster than PLLA. This possibly because PDLA is more amorphous
than PLLA. With respect to PHA, Boyandin et al. (2012) observed that PHBV
copolymers are degraded more rapidly in the soil than PHB. Once again, the most
amorphous polymer material (PHBV) was more rapidly degraded.

8.5.2 Formulation
8.5.2.1 Blends with Other Polyesters

Many attempts have been made to tune the biodegradability properties of polyesters
using different blends.

Polyester Blends

Several studies about PLA/PHA blends have been published. Contradictory results
show that the degradation is complex and depends on the experimental conditions
(temperature, etc.), as well as the type of added polymer. For example, Arrieta et al.
(2014b) found that the PHB in PLA acted as a nucleating agent which increased the
crystallinity and slowed down the degradation rate of PLA under composting condi-
tions. On the contrary, Zhang and Thomas (2011) conducted composting experi-
ments on PLA/PHB blends, and observed that PHB, despite acting as a nucleating
agent for PLA, induced a higher weight loss. Weng et al. (2013b) who studied
P(3HB-co-4HB)/PLA blends, observed that the degradation rate in soil increased
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Table 8.1 Polyesters commonly considered as biodegradable

. Delamarche et al.

Polymer Conditions Biodegradability References
PLA Mesophilic conditions: domestic | Poor Shogren et al.
compost, seawater, soil burial and (2003)
anaerobic conditions. Yagi et al. (2009)
Rudnik and
Briassoulis
(2011b)
Greene (2012)
PLA Thermophilic conditions: Good Ho et al. (1999)
anaerobic conditions and Kale et al. (2007)
industrial composting facilities. Yagi et al. (2009)
PBS Aerobic mesophilic conditions: Little/partial Shin et al. (1997)
activated sludge, composting degradation. Kasuya et al.
facility, soil burial and water (1998)
environments. Cho et al. (2011)
Yang et al. (2004)
Aerobic thermophilic conditions: | Partial degradation. | Yang et al. (2004)
abiotic water environments and Kunioka et al.
industrial composting facility. (2009)
Dvorackova et al.
(2015)
Anaerobic mesophilic conditions: | Poor Shin et al. (1997)
activated sludge. Cho et al. (2011)
Anaerobic thermophilic Partial degradation. | Dvorackova et al.
conditions: activated sludge. (2015)
PHAs Aerobic mesophilic conditions: Good/slow, Mergaert et al.
composting conditions and soil depending on the (1992)
landfill. type of PHA. Rudnik and
Briassoulis
(2011a)
Zhang et al.
(2011)
Boyandin et al.
(2012)
Thermophilic conditions: Good Weng et al.
industrial composting facility. (2010, 2011)
Anaerobic conditions: marine Good Shin et al. (1997)

sediments and sludge.

Abou-Zeid et al.
(2001)

Federle et al.
(2002)

Lake, marine environment and
river water.

Partial-Good

Kasuya et al.
(1998)

Greene (2012)
Deroiné et al.
(2015)

Sterilized water

Poor

Kasuya et al.
(1998)

(continued)
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Table 8.1 (continued)
Polymer Conditions Biodegradability References
Poly(butylene Thermophilic conditions: Good Kijchavengkul
adipate-co- composting conditions. et al. (2008)
terephthalate) Stloukal et al.
(PBAT) (2012)
Soil burial Depends on Rychter et al.
environmental (2010)
parameters Weng et al.
(2013a)
Wang et al.
(2015)
Anaerobic mesophilic conditions. | Slow Abou-Zeid et al.
(2004)
PCL Aerobic thermophilic conditions: | Good Yang et al. (2004)
composting conditions. Hoshino et al.
(2007)
Anaerobic mesophilic conditions: | Poor/slow Day et al. (1994)
digester sludge. Gartiser et al.
(1998)
Abou-Zeid et al.
(2001)
Federle et al.
(2002)
Soil burial conditions Slow Solaro et al.
(1998)

while raising the PHA content. As confirmed by Weng et al. (2013b) and
Dharmalingam et al. (2015), PHA is preferentially degraded by microorganisms in
PLA/P(3HB-co-4HB) blends, which leads to an erosion phenomenon, while the
PLA hydrolysis is carried out in the bulk.

Starch Blends

Starch is a natural polysaccharide, which is hydrophilic and easily biodegrad-
able (Gutiérrez et al. 2014; Sudrez and Gutiérrez 2017), and is often blended with
other polymers to increase the biodegradability of starch-containing blends (Gutiérrez
and Alvarez 2017d).

The polyolefins have been blended with starch in order to accelerate their degra-
dation. Since starch is easily deteriorated by microorganisms, after starch is decom-
posed, the remaining material exhibits a higher specific surface area, which is easier
to degrade or fragment (Zuchowska et al. 1999). However, although fragmentation
occurs, the remaining polyolefin phases could not be more decomposed (Goheen
and Wool 1991).

Starch can also be blended with polyesters to improve their degradability proper-
ties and processability (Bastioli 1998). Petinakis et al. (2010) observed that the bio-
degradation rate (measured using respirometric devices) was higher for PLA/starch
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composites than for pure PLA under composting conditions. Ratto et al. (1999)
studied PBSE/starch blends and observed higher biodegradation rates in soil as the
starch content increased in the blend. Shogren et al. (2003) studied PLA/
poly(hydroxyester-ether)/starch blends and found that the rate of weight loss in soil
was the highest for PLA/PHEE/starch blend, and the lowest for pure PLA. However,
the weight loss was only due to starch (Shogren et al. 2003). In summary, starch
should only be blended with biodegradable and nontoxic polymers in order to obtain
compostable composite blends.

8.5.2.2 Influence of Additives or Fillers
Compatibilizer

In the case of immiscible blends, the addition of a compatibilizing agent increases
the mechanical properties by providing interfacial adhesion, but this affects the
degradability of the material. With this in mind, Ohkita and Lee (2006) suggested
that biodegradability can be tuned with the degree of interfacial adhesion given by
a compatibilizer.

Singh et al. (2003) also studied PCL/starch blends and observed that degradation
was improved as a result of lower interfacial tension. In addition, the degradability
of PCL under composting conditions was dependent on the compatibilization effi-
ciency, rather than starch concentration: a strong adhesion reduced the degradation
rate (Singh et al. 2003). Ohkita and Lee (2006) studied PLA/starch blends compati-
bilized with lysine diisocyanate (burial tests) and observed that adding lysine diiso-
cyanate reduced the degradability of the PLA matrix.

Plasticizer

A plasticizer is an aggregate added with the objective of reducing the T, of a poly-
mer material. For that reason, as seen above, the addition of a plasticizer can cause
an increase in the degradability rate. Keeping this in view, Arrieta et al. (2014c) used
limonene as a plasticizing agent for PLA/PHB blends and observed faster hydroly-
sis. Arrieta et al. (2014b) also studied PEG and acetyltributyl citrate (ATBC) as
plasticizers in PLA/PHB blends and found that the added plasticizers migrated from
the polymer blend during degradation under composting conditions, which increased
the available surface for hydrolysis process, resulting in an improved rate of disin-
tegration. However, Hoglund et al. (2010) plasticized pure PLA with ATBC and
observed a slower hydrolysis process. This was explained by the fact that ATBC is
quite hydrophobic, and therefore, the increased hydrophobicity of the material led
to difficult water absorption (Hoglund et al. 2010).
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Clays

Clays (nanoclays or microclays) are mineral fillers which are often added to poly-
mers in order to increase their mechanical properties (higher Young’s modulus)
(Nieddu et al. 2009). They can also improve the thermomechanical stability during
processing (Zhou and Xanthos 2008). It has been observed from the literature that
adding clays into polymer materials can improve their degradability (Ray et al.
2002; Stloukal et al. 2012). In line with this, Nieddu et al. (2009) observed that fluo-
rohectorite, montmorillonite (Mnt) and sepiolite improved the degradation of
PLA. Zhou and Xanthos (2008) also observed that micro and nanoclays (Mnt)
increased the rate of chemical hydrolysis of PLA.
Clays modify the degradability of polymer materials for different reasons:

e They modify hydrophobicity and water adsorption, due to their hydroxyl groups
(Ray et al. 2002). Zhou and Xanthos (2008) observed that nanoclays and micro-
clays improved water adsorption. Paul et al. (2005) studied the hydrolytic degra-
dation of PLA and found that the more hydrophilic the filler is, the higher
degradability the material exhibits.

e The structure of nanocomposites is also another factor (Paul et al. 2005). Nieddu
etal. (2009) conducted in vitro biodegradation experiments on PLA/clays blends.
These authors found that the degradation rate was dependent on the interactions
between the filler and the matrix, and that the intercalated composites exhibited
a higher degradation rate (Nieddu et al. 2009). Zhou and Xanthos (2008) studied
the influence of nanoclays on the hydrolytic degradation of PLA and found that
the degradation rate was higher for nanocomposites than for pure PLA, and
slightly lower for microcomposites, although they exhibit a greater water
adsorption.

Cellulose and Wood Derivates

Wood-based fillers are used as biobased reinforcements in polymers. For example,
wood flour has been added into the PLA matrix and it was found that the biodegra-
dation rate increases under composting conditions, by facilitating the water penetra-
tion into the polymer matrix, and therefore, bacterial growth (Mathew et al. 2005;
Petinakis et al. 2010). Similar experiments were performed by Kim et al. (2006)
with PBS and wood flour.

Cellulose nanocrystals (CNCs) have also been used as interesting fillers, as they
can provide high stiffness to polymers. For example, Arrieta et al. (2014a) found
that the thermal stability of the PLA decreased, while the disintegration rate
increased under composting conditions. This was possibly due to the presence of
hydroxyl groups that catalyze hydrolysis.
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Grafting and Functionalization

Grafting has been investigated in order to tune the properties of polymers. For
example, Wang et al. (2017) grafted PEG onto PLA in order to increase the hydro-
philicity of PLA, which reduced its T, and increased its hydrolysis rate. Yang et al.
(2015) grafted degradation products of PHB onto PLA to increase ductility and
toughness, which also increased the hydrolysis rate.

Many studies have focused on grafting acrylic acid (AA) and methacrylate deriv-
atives onto polymers. In this context, Moreno-Chulim et al. (2003) evaluated the
biodegradation of AA-grafted starch by fungus Aspergillus niger, and observed that
AA grafting induced a modification of the shape of the starch particles and delayed
the biodegradation. Wu (2005) also grafted AA in order to improve the compatibil-
ity of PLA/starch blends, and noted that grafting improves starch dispersion, pro-
cessability, water resistance and reduced the degradation rate under soil burial
conditions.

Grafting PHBV with 2-hydroxyethyl methacrylate (HEMA) leads to a decrease
of the aerobic biodegradability by increasing the grafted content (Lao et al. 2009).
With this in mind, Mitomo et al. (1995) grafted methyl methacrylate (MMA) and
HEMA onto PHB and PHBV. These authors found that the MMA grafting decreased
the enzymatic biodegradability, while grafting HEMA improved the enzymatic
degradability by increasing the wettability.

On the other hand, the hydrophobicity of grafted polymers influences the biode-
gradability (Mitomo et al. 1995). Harish Prashanth et al. (2005) polymerized MMA
onto Cs. These authors conducted tests of enzymatic and bacterial degradation, and
observed preferential degradation of chitosan parts, but this did not imply that the
PMMA parts were not degradable under other conditions (Harish Prashanth
et al. 2005).

Stabilizers

Stabilizers are commonly used to avoid polymer degradation during processing.
Stloukal et al. (2015) worked on an aromatic carbodiimide-based anti-hydrolysis
agent in PLA, and observed that the addition of stabilizer decreased the biodegrada-
tion and hydrolysis rate of PLA. These authors used mineral fillers to counteract this
effect (Stloukal et al. 2015).

Others

Lee et al. (2016) added lactic acid monomers into a PLA matrix, then conducted an
anaerobic biodegradation experiment, and found that lactic acid monomers facili-
tate the attachment of microorganisms to the surface, leading to an improved
biodegradability.

Luo et al. (2012) added titanium dioxide (TiO,) nanoparticles into PLA and
found that the hydrolysis rate was accelerated by the addition of TiO,. Like clays,
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these nanofillers affect the water adsorption and hydrolysis takes place at the inter-
face of the matrix and the fillers (Luo et al. 2012).

Tonic liquids can be used as additives to tune properties of polymers (Delamarche
2020). Park and Xanthos (2009) studied ionic liquids as plasticizers and lubricants
for PLA, and found that some ionic liquids could improve the rate of hydroly-
sis of PLA.

8.6 Conclusion

Controlling end-of-life behavior of polymers is a complex task that requires multi-
disciplinary approaches, in order to give answers to the critical question: what mate-
rial and life properties for which end-of-life scenario?

Of course, end-of-life must be anticipated when designing the material. Recycling
must be preferred for the circular economy, as it is expected to generate less burdens
than to produce a virgin material. Enzyme catalyzed hydrolysis offers the advan-
tages of being selective under mild conditions, and to allow recovery of building
blocks, that can be further reacted for the production of new materials.

Unfortunately, part of polymer-based products is disseminated on air, earth and
water. It is thus necessary to design materials combining good performance with the
ability to biodegrade in nature. Biobased materials formulations can offer a good
compromise to achieve those two objectives. In order to tune both objectives, bio-
based polymers with adapted formulation composition are often good candidates.
The prediction of the end of life in each environment can be evaluated by using
standard biodegradation tests.
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Conventional trypsinization, 116
Coordination polymerization
in bulk-functionalization, 134
chemical modification
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Critical surface energy, 74
Cross-linked polyimine, 190, 193
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transesterification, 161-166
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Dynamic mechanical analysis (DMA), 147

Dynamic transesterification reaction, 161

E
Ecodesign
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grafting, 230
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polyester blends, 225
starch blends, 227, 228
repeating unit, 225
Ecotoxicity, 222
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F
Food packaging process, 12
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surface modification (see Surface
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interface reaction with grafted
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Interface characterization
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processing, 65
PP/PA6 blend, 63
phase bonding, 56
physical interactions
chain diffusion and entanglement, 72
dipoles, 72
interface adhesion, 71
interfacial energy, 74, 75
polymer/reinforcement systems, 72
surface energy, 72-74
strategies to strengthen, 57
Interfacial adhesion process, 79
Interfacial characterization
by nano-IR technique, 8687
Interfacial energy, 74, 75
Interfacial wetting, 79

L
Lithography, 110, 111
biomedical field, 110
electron beam lithography, 111
emergence, 110
fabrication approach, 110
photoreactive material, 111
Lower-critical solution temperature
(LCST), 115

M

Macrocyclic host-guest interactions, 103
binary complexes, 103
nanocarriers, 103
photoresponsive properties, 104
poly-L-lysine, 104

MA-g-high-density PE (MA-g-HDPE), 65

Maleic anhydride (MA), 38, 39, 45, 131
grafting, MA onto polymers, 59-62
MA grafted polymer (see Interface

reaction)

Mechanical recycling method, 143

Mechanical testing, 82, 85

Medical implants, 27

Metallic implants, 13

Metal-ligand coordination, 106

Metal-organic coordination, 106

Metal-organic coupling scheme, 106

Methyl methacrylate (MMA), 230

Microfluidic channels, 9

Microwave plasma-mediated surface

reactions, 38
Modular self-assembly approach, 98
Molecular weight distribution
(MWD), 132

Multilayer polymer system, 56

Multiphase polymeric systems, 56

Multiple H-bonds, 100

Multiple nanocarriers, 13, 14

Multiple responsive polymeric

system, 118-119

Mussel-inspired polyglycerol

(MI-PG), 18
Mutual diffusion, 80
Mw distribution (MWD), 211

N
N,N-acetals, 170
Nanoimprint, 112

hydrophilic block, 112
Nano-IR technique, 86, 87
Nanoprinting surface, 112
Nano-scale analysis, 8687
Non-covalent bonds, 100
Non-covalent interactions, 98
Non-covalent physical adsorption, 36
Non-dye anionic water pollutants, 46
Novolac resin (NR), 170
Nuclear magnetic resonance (NMR), 218



Index

(0}

Olefin metathesis, 182

Orthogonal stimuli-responsive system, 119
Oxidation modification, 17

Ozone treatment method, 22

P
PET supported thin silica film (PET-(SiO,)
X-OH), 140

Petroleum-based organic polymers, 208
pH switchable, 117
Phenanthrene, 46
Phenylboronic acid (PBA), 170
Photodegradation/photo-oxidation, 211
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pH-responsive drug delivery systems, 10
pH-sensitive polymers, 117
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Plasma-induced effects, 12
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Plasticizer, 228
Polar solids, 75
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Poly(3-hexylthiophene) (P3HT), 49
Poly(butylene succinate) (PBS), 209
Poly(butylene terephthalate) (PBT), 67
Poly(dimethylsiloxane) (PDMS), 176
Poly(ethylene succinate) (PES), 216
Poly(ethylene terephthalate) (PET), 210
Poly(hydroxyalkanoates) (PHAs), 209
Poly(lactic acid) (PLA), 69, 209
poly(methylmethacrylate) (PMMA), 140
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Poly(e-caprolactone) (PCL), 209
Polyelectrolyte multilayers (PEMs), 105
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Polyester films, 46
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interface characterization, 82
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Polymer degradation

characteristics

crystallinity, 213, 214

247
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macroscopic shape, 213
molar mass, 212
environmental conditions
humidity, 214
marine/saline, 216
microorganisms, 216
oxygen, 215
pH, 214
species, 215
temperature, 215
Polymer grafting, 18
Polymer material (PHBV), 225
Polymer modified asphalt (PMA), 146
Polymer/reinforcement system, 75
Polymeric materials, 10
Polymeric nanomaterials, 10
Polymeric NPs, 13
Polymers
free energy of mixture (AGm), 56
functionalization and modification, 56
melt flow behavior, 83, 84
melting dynamics, 77
multiphase polymeric systems, 56
polymer interface (see Interface reaction)
Polymers, surface functionalization
adsorption process, 10
amine functionalized PS NPs, 16
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applications, 8
approaches, 25-26
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biomedical applications, 13
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cationic moieties, 14
chemical and physical changes, 26
drug delivery vehicles, 10
electronics, 11
electrospinning, 22
engineered material, 7
esterification, 17
food packaging process, 12
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material surfaces, 7
materials, 7
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nanomaterials, 8
ozone treatment method, 22
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PEEK polymers, 24
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Protein adsorption, 8
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