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Introduction and thesis outline



Chapter 1

Introduction

In terms of sustainability, we are running a race against time with disastrous consequences if
lost. The plastics industry is often pinpointed as an important industry that requires urgent
transition toward a more circular approach. This thesis has taken this as inspiration and
revolves around the development of advanced materials — thermoplastic nanocomposites —
that fit within the idea of a circular economy. It is the result of a multidisciplinary study and

touches on fundamental, technical, and societal challenges surrounding the topic.

We start our introduction with a historical perspective on plastic materials. Thereafter, we
discuss the challenges that bioplastics need to meet, and how the addition of nanoparticles
can expand their applications. Lastly, we pinpoint how bioplastic nanocomposites can be

developed and what limits the rational design of these systems.



Introduction and thesis outline

1.1 The history of plastics — from exceptional material properties to
great concerns

Materials have always played a key role in human’s lives, and even many
time periods have been named after them, e.g., the stone, bronze, and iron
ages. In the last 100 years, plastics have revolutionized our society and
today plastics can be found for all kinds of applications including
packaging, building construction products, textiles, and many more.
Although plastic-like materials such as natural rubber, nails, horn, and
tortoise shell have always existed, it is good to point out that the term

‘plastic’ is most often used for polymers that are at least partly synthetic.

Looking at the world through today’s eyes, it is hard to imagine a world
without plastic. The first plastics developed were biobased and only partly
synthetic, and initially intended as a replacement for valuable expensive
materials such as ivory. In 1856, the first thermoplastic was discovered by
Alexander Parkes, who made ‘ Parkesine’ from nitrocellulose [1]. Initially,
Parkesine was promoted as an inexpensive replacement for rubber, but it
appeared moldable, transparent, and maintained its shape after cooling.
These unique material properties caught the attention of different
scientists, and Parkes’ invention was soon followed by ‘Galalith’, a
milk based bioplastic, and ‘Celluloid’ and ‘Rayon’ both cellulose based
plastics [1,2]. In 1907, the first fully synthetic polymer was invented,
namely ‘Bakelite’. Its resistance to high temperatures and stress impressed
consumers and manufacturers. Consequently, Bakelite gathered
popularity in everyday household products, like clocks, jewellery, and

telephones.

Theoretical frameworks covering the physics, synthesis, and structure of
polymers started to get shape in the early ’30; this scientific progress
accelerated the synthesis of new types of polymers such as polyethylene,
nylon, polystyrene, and polypropylene. Additionally, the low prices and

processability of petroleum made the production of fossil-based plastics
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economically interesting [3]. Due to continuous development and the
unique properties of plastics, they started to replace other materials such
as wood or glass [2,3]. For the first time in history, humans were not
dependent on natural resources (excluding oil from this comparison).
Interestingly, this initiated a certain excitement in regard to what a future
world would look like. This is nicely illustrated by the following quote
from philosopher Roland Barthes:

“The hierarchy of substances is abolished: a single one replaces them all:

the whole world can be plasticized ...” [4].

Since the Second World War, the demand and production of fossil-based
plastics have only been increasing and are still increasing as we speak
[3,5]. The market for plastics has grown very progressively. In 2019,
nearly 370 million tons of plastic were produced globally. Focussing on
the European market, 58 tonnes of plastic were produced [5], providing
jobs for over 1.5 million people, and generating over 350 billion euros in
turnover in 2019. Consequently, the European plastics industry ranks 7%
in Europe in industrial value-added contribution. This is comparable to the
pharmaceutical and chemical industry [5]. These numbers illustrate that

there is a clear demand for plastic-like products.

However, the fact that we are dealing with non-biodegradable materials in
combination with our consumption/disposal pattern has become an
increasingly toxic path that we travel. Since the *60, concerns about the
effect of plastic pollution on human health and marine life have grown.
Since the beginning of the 21 century, the scientific world started to show
interest in (micro/nano)plastic pollution and its effect on marine life,
human life, and the environment [5,6]. Simultaneously, the continuously
increasing demand for plastics contributes to the increasing demand for
fossil fuels and their corresponding negative implications for the
environment and climate change. Currently, it is estimated that plastic

production emits 13.4 million tons of CO, per year, and thus contributes
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to 20% of the chemical industry emissions EU-wide (mentioned in [7],
from database [8]). In terms of meeting one of the biggest challenges of
our times, i.e., limiting global temperature increase to < 2 °C [9], it is
therefore crucial to redesign our current plastics industry to such an extent
that greenhouse emissions are limited as much as possible. Since 2018,
strategies are being developed to transform toward a more circular plastic
economy at the national [10], European [11], and global level [12]. There
is a clear need for new materials with comparable properties to plastics,
while having a lower footprint and contributing to the aim of a circular
economy. We therefore need to question ourselves what these novel
materials should look like, and what their role is within a future circular

economy.

1.2 Bioplastics — advantages and challenges

Bioplastics are often proposed as alternatives to their fossil-based counterparts. The term
‘bioplastics’ is commonly defined as plastics that are either biobased and/or biodegradable
or compostable [13,14]. Biodegradable plastics, sometimes referred to as
‘bio-decomposable plastics’, can be degraded into CO» and/or methane by micro-organisms.
It is good to point out that this term can cause confusion, especially because environmental
conditions such as temperature, water or oxygen availability, and micro-organism type and
count, highly impact the degradation kinetics [13]. Compostable plastics on the other hand
meet the requirements of the international EN13432 standard [15]; this demands a material

to be fully degraded under commercial composting conditions within 12 weeks [13].

1.2.1 Bioplastics — PLA
Currently, different bioplastics are produced on a (semi-) industrial scale such as polylactic
acid (PLA), polybutylene succinate (PBS), polyhydroxyalkanoates (PHAs), or polybutylene
adipate terephthalate (PBAT) [16]. Among these, PLA is often promoted as the most
promising one because its:

e  Mechanical properties are comparable to PET (e.g., tensile strength, tensile

modulus, and elongation at break) [17].

11
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e Price is at a competitive level compared to fossil-based plastics; in fact, the use of
bioplastics including PLA could become economically favourable considering the
current fluctuating and increasing petroleum prices.

e  Excellent environmental footprint as biobased sources can be used for L-lactide
(the monomeric unit of PLA) production, e.g., corn, potatoes, or cane sugar,
depending on the local availability near the PLA production facility [13].

e  Circularity because PLA can be composted [13,17], or chemically/mechanically
recycled [18,19].

e Availability/processability as PLA is available in different molecular weights and
grades enabling a wide range of processing methods, e.g., extrusion or injection

moulding.

These properties are a consequence of PLA’s chemical nature, and to a lesser extent of the
processing conditions used. This thermoplastic polyester consists of (C3H,0), monomeric
units and is commonly prepared via ring-opening polymerisation of pure L-lactide [17], i.e.,
the cyclic dimer of the basic repeating unit (Figure 1.1). PLA is a fully biobased
thermoplastic made through fermentation at industrial scale. It is good to point out that
L-lactide can also be produced via chemical synthesis but this often leads to a lower yield

and a higher formation of by-products [17,20].

To derive high molecular weight PLA, ring opening polymerization of pure L-lactide is most
efficient. Lactic acid can be present in two chiral forms: L-lactide and D-lactide and the
properties of the produced PLA depend on the ratio of these two in the polymer backbone.
Generally speaking, a high L-lactide content results in a polymer with a higher crystallinity

accompanied by a higher glass transition and melting temperature. A higher D-lactic acid

. 2 CH, O] CHs
H3 W)LO o) OH
5 — HO o)
\H)\CH3 O| CHs |, o)

0
Figure 1.1: Ring opening polymerization of L-lactide (left) is commonly the preferred
reaction to produce polylactic acid (right).
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content results in a more amorphous polymer with a lower glass transition and melting
temperature. Most of commercially available PLA consist of 85 — 99% L-lactic acid and
15 - 1% D-lactic acid [13]. When more than 10% of the PLA consists of D-lactic acid, the

material becomes fully amorphous.

1.2.2  Limitations of bioplastics — an industry in its infancy

Despite the interesting properties of PLA and other bioplastics, the current global bioplastic
production is nearly 1% of the total [21]. The use of bioplastics for packaging is still a niche,
and this is related to the costs, availability, processability, and performance of these materials

that, in general, underperform those of fossil plastics [22—24].

In terms of functionality, commonly mentioned limitations are poor barrier properties, the
hydrophilic character, the non-transparency, and insufficient mechanical properties of
bioplastic materials [22]. Depending on the application, certain characteristics should be
changed. For instance for the food industry, the relatively high water vapour transmission
limits the application of bioplastics for products that need high water barrier protection such
as cookies or meat (Figure 1.2), whereas a high water vapour transmission rate is

advantageous for products that need to ‘breathe’ such as fruits or vegetables.
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Figure 1.2: Barrier properties of various fossil-based (blue) and biobased (green) plastics
used in the packaging industry without the use of additional barrier coating. Adapted from
[25,26].
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Obviously, petroleum-based plastics are the result of years of innovation, while bioplastics
are still in their infancy, and various options for improvement are considered. These options
relate both to the material as such, as well as the processes that are used and need to be tuned
to make bioplastics that meet specific requirements. Previously water vapour permeability
was discussed as a point of improvement, but in terms of oxygen transfer, bioplastic may
already outperform fossil-based plastics; this is highly relevant for the suppression of
oxidation reactions that lead to considerable reductions in shelf-life of food products, and

food waste.

1.2.3 Techniques to alter bioplastic properties?
To arrive at a new generation of plastic products that fit within a circular economy, we need
to be in a position to fine-tune and alter bioplastic properties at will. Table 1.1 summarizes
the pros and cons of potential routes to do so. In light of a transition toward a circular
economy, it is important to design materials that are:

e biodegradable/compostable and/or recyclable.

e meet the required material properties for its envisioned purpose.

This can be challenging when considering multi-layered bioplastic films or by blending
different bioplastics together given the limited biobased plastics that are currently available.
Alternatively, the available biopolymers can be modified (e.g., chemical grafting [27]), or
plasticizers and/or micro/nanoparticles can be added [28]. The latter route offers
opportunities to create materials with additional functionality through the
micro/nanoparticles of choice. Toyota was the first to patent a polymeric nanocomposite
(nylon-6 composite 5% nano-clay polyamide [29]), which resulted in a significantly higher
tensile strength and resistance to heat distortion. Interestingly, nanocomposites are widely
applied in the aviation and automotive industry. Also in food packaging, they have been
shown to lead to improved mechanical strength, barrier properties, and altered thermal profile
[30-35]. Additionally, depending on the selected materials, nanocomposites even possess
added functionality related to antioxidant/antimicrobial effects [26,36-39]. Despite this
wealth of evidence, the potential to use nanoparticles in bioplastic applications is highly

underexplored and therefore the focus of this thesis.
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Table 1.1: Advantages and disadvantages of techniques to alter material properties of

(bio)plastics.

Technique

Advantages

Disadvantages

Plasticisers, e.g.,
lactide or PEG [40]

Impact modifiers, e.g.,
Biomax Strong, or
Sukano [42,43]

Polymer blends [46,47]

Micro/nanocomposites,
e.g., carbon nanotubes,
talc, or
montmorillonite
[48,49]

+ Increases ductility and improves
processability
+ Small quantities required
+ Increases flexibility/reduces
brittleness
+ Approved for application with
food

+ Often decreases brittleness
while remaining strength [44,45]
and transparency [45]

+ Effectively alters material
properties depending on the
compatibility between two
polymers
+ Relatively cheap solution

+ Small amounts required to
induce changes
+ Effectively increases
mechanical strength, and
sometimes barrier properties
+ If nanoparticle possesses certain
activity (e.g., antimicrobial), the
plastic could potentially possess
that functionality as well

- Depending on molecular weight
fast migration; fast changes in
material properties upon time [40]
- Lowers the glass
transition temperature
- Toxicology concerns upon
migration [41]

- Often fossil-based

- High concentrations are required,
often minimum 10 v/v % [40]
- Often non-biodegradable
- Not always approved for
application in food [40]

- Mixing can be challenging
depending on polymer
compatibility
- Properties depend on
(bio)plastics available
(limited choice)

- More difficult to recycle

- Induces high stiffness
- Difficult to prevent
nanoparticle aggregation
- Difficult to recycle

1.3  Chitin nanocrystals as fillers for bio-nanocomposites

As was clear from the previous section, using nanoparticles can be advantageous, and to date,

most research was done with inorganic nanoparticles in petroleum-based plastics [50]. For

bioplastics, the particle of choice should be of the same category, and nanoparticles from

polysaccharides and in particular chitin nanocrystals have gathered a lot of attention [S1].
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Chitin is the second most abundant polysaccharide next to cellulose and present in

exoskeletons of arthropods (shrimps and crabs [51-53]), in insects, fungi, and algae.

Although currently considered waste from the fish industry, chitin and especially chitin
nanocrystal production could become a high-added value activity. Chitin nanocrystals can be
produced via a simple acid hydrolysis step which results in needle like nanoparticles with a
typical length between 200 — 400 nm and a diameter between 10 — 15 nm (Figure 1.3). During
acid hydrolysis, the disordered amorphous regions within the chitin are hydrolyzed, while
the highly crystalline domains remain intact [52,53]. The remaining nanocrystals are
therefore highly crystalline, i.e., 57 — 93%, which is believed to provide these crystals their
high strength. To be complete, it is good to point out that these chitin nanocrystal properties
can slightly differ depending on the reaction procedure and the chitin nanocrystal source [53].
Additionally, the surface can be modified or functionalized at will as the presence of hydroxyl

and amine groups allow surface modification, as elaborated on in Chapter 6.

These chitin nanocrystals possess properties that could make them of special interest to the
food industry. Depending on the degree of acetylation, these crystals exhibit antioxidant and
antimicrobial functionality. Additionally, due to their needle shape morphology, they are
supposed to have superior barrier properties compared to sphere shaped nanoparticles as an
increased torturous diffusion path is created [51], although this may be questionable given

the low amounts of particles that are generally used.

Acid hydrolysis

00 50um

Figure 1.3: Needle shaped chitin nanocrystals produced via acid hydrolysis and observed
with (4) transmission electron microscopy, (B) electron microscopy, and (C) atomic force
microscopy. Modified from [53].
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The main challenge is how to produce bio-nanocomposites with homogeneously dispersed
nanocrystals. First, chitin nanocrystals have a high tendency to self-aggregate into microscale
agglomerates, due to the abundant hydroxyl groups which form strong hydrogen bonds
between the nanocrystals [54]. Second, the poor compatibility between relatively hydrophilic
chitin nanocrystals and relatively hydrophobic PLA drives the nanocrystals together once

they are added to a biodegradable plastic matrix [55], as described in detail in Chapter 2.

1.4 Nanocomposites — how to rationally design them?
According to the generally accepted hypothesis, superior nanocomposite properties are the
consequence of nanoparticle — polymer interactions resulting in altered polymer dynamics. It
is therefore believed that the desired nanocomposite properties can be fine-tuned by:

e Polymer selection, such as degree of polymerization, chemistry, or architecture.

e Nanoparticle selection, such as size, shape, and surface chemistry.

e Nanocomposite design, such as nanoparticle loading, nanoparticle — polymer

interaction, or processing method.

In practice, the design of nanocomposites is far from trivial, mainly because phenomena
governing nanocomposite behaviour are not that well understood. Polymer melts — and
nanocomposites specifically — show processes rich in dynamics, that take place at multiple
time- and length scales, and are interrelated (Chapter 3, Chapter 4, and [56] ). For instance,
it is well known that mechanical properties such as stiffness, strength, and stress relaxation
are highly impacted by the polymer’s segmental relaxations [56,57]. Nanoparticle — polymer
interactions alter these segmental relaxations, but how these translate through to the

nanocomposite’s bulk scale is largely unravelled.

The limited knowledge of the effect of nanoparticles on nanocomposite dynamics is not the
only obstacle to the rational design of nanocomposites. Nanoparticle aggregation is generally
considered the biggest challenge within the field. To prevent this issue, phenomena governing
nanocomposite formation need to be understood much better. We address this from a
theoretical perspective in relation to available experimental techniques in Chapter 2. In
short, for the rational design of nanocomposites, it is important to relate nanoparticle —
polymer properties and interactions, to nanocomposite structure and dynamics. In Chapter 3

we used molecular dynamics simulations to investigate the structure at the interface and
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beyond. This knowledge can be used to understand how nanocomposite structure affects
interphasial dynamics and ultimately nanocomposite properties experienced by humans,

which we started in Chapter 4.

1.5 Outline of this thesis

From the previous sections, it becomes clear that the addition of nanoparticles can expand
the application of bioplastics to fit within a circular economy. To facilitate the rational design
of fully biobased nanocomposites we need to understand the links between nanoparticle -
polymer interactions, nanocomposite structure and morphology, nanocomposite dynamics,
and consequently nanocomposite properties. This thesis aims to characterize the multiscale
physical and chemical properties of nanoparticle reinforced plastics that are needed for a

transition toward a circular economy; a schematic overview is shown in Figure 1.4.

The thesis is divided into three main parts. In Part I, we aim to understand nanocomposite
behaviour on different length and time scales. In Part II, we focus on the design of
nanocomposites made of chitin nanocrystals and polylactic acid as a polymeric matrix, and

in Part III we focus on the societal relevance.

The order of the chapters is therefore divided as follows. In Chapter 2 we review different
theoretical frameworks available to help the design of nanocomposites and discuss different
techniques to investigate nanocomposite systems. In Chapter 3, we use a coarse-grained
molecular dynamics simulation to understand the relation between nanoparticle-polymer
interactions and nanocomposite structure. We do this for a wide temperature range, as
temperature plays a key role during processing but also during nanocomposite use. In
Chapter 4, we investigate the effect of polymer chain length and nanoparticle — polymer
interaction on nanocomposite dynamics at the interphasial region and bulk scale in a polymer
melt; a multiscale approach is presented as a crucial link between nano-/microscale

phenomena and bulk scale behaviour.

In Part II, we focus on the design of nanocomposites made of chitin nanocrystals with
polylactic acid as a polymeric matrix. In Chapter 5 we analyze how much (sonication)
energy input is needed to break chitin nanocrystal aggregates up, since they are not desired

for nano-composite production. In Chapter 6 we propose a way to modify chitin nanocrystals
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via a direct Steglich esterification reaction, and we investigate the effect of this modification

on altered material properties.

Part III of the thesis starts with Chapter 7 in which we focus on the societal responses
toward the plastic transition; we investigate the envisioned role of plastics in a circular
economy and what the role of different plastics types will be within this economy. In
Chapter 8, all topics mentioned in the chapters will be revisited and put into perspective in
this general discussion. We discuss how model systems can be used for the design of

bio-nanocomposites and how this can result in valuable plastic materials for a circular

economy.
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Figure 1.4: Schematic overview of the thesis outline.
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Chapter 2

2.1 Abstract

Although the discovery of plastic has revolutionized materials used in many industries and
by consumers, their non-biodegradable nature has led to one of the greatest problems of our
times: plastic waste in the environment. Bioplastics which are biobased and biodegradable,
have been suggested as alternatives to their fossil-based counterparts, but their properties
often do not meet the requirements that standard plastics would, and are in clear need of

improvement.

One way to do so is by the addition of nanoparticles which, when homogeneously dispersed,
have been reported to result in great improvements. However, in practice, homogenous
distribution of nanoparticles is not that trivial due to their tendency to aggregate, also after
adding to the polymer matrix. Although theoretical frameworks to prevent this process are
available, we feel that the options explored in practice are often rather trial-and-error in
nature. For that reason, we review the theories available, aiming to facilitate the design of

nanocomposites for a sustainable future.

We first discuss thermodynamic frameworks which revolve around nanoparticle aggregation.
To minimize nanoparticle aggregation, the nanoparticle and polymer can be selected in such
a way that they have similar polar and dispersive surface energies. The second part is
dedicated to nanocomposite processing, where kinetic effects act on the nanocomposite
material therewith influencing its final morphology, although it is good to point out that other
factors such as reaggregation also affect the final nanocomposite morphology. The third
section is dedicated to how nanoparticles affect the polymer matrix to which they are added.
We describe how interactions at an atomic scale, result in the formation of an interphasial

region which ultimately leads to changed bulk material properties.

From these three sections, we conclude that three parameters are often overlooked when
designing nanocomposites, namely the surface energies of the nanoparticles and polymers,
the aggregation bond energy or strength, and the interphasial region. Therefore, in the fourth
section, we provide an overview of techniques to identify these three parameters. We finish
with a summary and outlook for the design of bio-nanocomposites, where we bring all

insights from the previous four sections together.
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2.2 Introduction

For the production of the first plastics, natural materials were used that were eventually
modified to reach improved functionality, and in a later stage evolved into completely
synthetic polymers that showed remarkable properties in terms of, e.g., strength per weight
of material used. Currently, synthetic polymers are subject to scrutiny for their environmental
impact related to the use of fossil fuels for their production, and low biodegradability.
Biodegradable polymers are therefore gaining more and more interest, although it should also
be pointed out that the functionality of these polymers can be rather low compared to their
synthetic counterparts. Further functionalization is therefore needed, and in this chapter we

focus on the use of nanoparticles to do so.

The addition of nanoparticles to polymer matrixes has led to extraordinary material properties
compared to the base-polymer, such as increased mechanical strength, increased thermal
stability, and increased barrier properties [31-35,58,59]. In the early days, the focus laid
mainly on the automotive and aviation industry, which resulted in the use of nanocomposites
in, for example, tires or conveyor belts. Besides tuning macroscopic polymer properties, it

has been suggested that extra functionality, e.g., antioxidant or antimicrobial, can be created
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if the nanoparticle possesses that functionality [38,39,60—62]. These latter two aspects are

especially of interest for packaging materials for food, or medical applications.

The enhanced properties of nanocomposites are related to the high surface area of the
nanoparticles, which facilitates interaction with the base polymer. However, not all
combinations are successful, in fact, huge differences in final material properties have been
reported even when similar starting materials were used. Besides, the properties of the
polymer and the particles need to be matched: one of the main challenges is to achieve a
homogeneous dispersion of nanoparticles throughout the polymer matrix. This is only
possible if particle aggregation, a process driven by fundamental properties of the polymer
and the particle, is prevented. Besides that, we feel that clear material — process — structure —
property relationships are missing, and that design of a nanocomposite mostly relies on
trial-and-error approaches, also due to the complexity of the processes at hand. In short,

designing a nanocomposite with desired properties is far from trivial.

Investigating nanocomposite systems is a challenge in itself due to the small size of the
nanoparticles which asks for advanced techniques. Still, a lot of knowledge is available,
which we try to compile in this review. The first section is dedicated to particle and polymer
properties, and revolves around thermodynamic arguments. In the second section, we
highlight process-related aspects that revolve around kinetic effects that play a role, e.g., in
aggregation. In the third section, we focus on how nanoparticle — polymer interactions affect
material properties on different length scales. The fourth section is dedicated to techniques
to quantify several design parameters as identified in the earlier three sections. We will wrap
up with a section in which we bring the insights presented in the previous sections together

as an outlook for the design of bio-nanocomposites.

2.3 Nanoparticle and polymer selection

Nanoparticle and polymer selection is a crucial step in nanocomposite design because
nanoparticles can significantly change material properties. To maximize their effect on the
polymer matrix, one should achieve a homogeneous dispersion, which is generally

considered the main challenge in nanocomposite development and design.

26



Review nanocomposite design

For homogeneous dispersion given equilibrium conditions, the interfacial compatibility
between the filler and the polymer plays a crucial role. From a thermodynamic point of view,
the free energy can be used to determine whether a process may take place. For
nanocomposites, the free energy of immersion (AG;), can be used to quantify whether the

dispersed state is favoured over the non-dispersed state [63] (Figure 2.1).
AG; = Ypr = Ypr -1

where 7, is the interfacial energy in J/m? between the polymer and the filler and yy is the
surface energy of the filler alone in J/m?. When AG; is < 0, the dispersed state is favoured

and when AG; > 0 the non-dispersed phase is favoured.

Polymer

Figure 2.1: Schematic representation of the free energy of immersion.

The y,r-part of the equation can be calculated using the surface energies of the filler and
polymer (which is also related to the contact angle, see section 2.8.1). The total surface
energy of a compound is the product of a dispersive component (y?) and a polar component
(»?). The dispersive component represents interactions due to London’s dispersive forces
whereas the polar component represents the polar functional groups such as the hydroxyl or

amino moieties. The total surface energy can be described as:
y=vyt+yP 2-2)

Implementing equation (2-2) in equation (2-1) gives the following relationship between the
free energy of immersion as function of the dispersive and polar components of the filler and

the polymer, respectively [13]:
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AG = v, —2(|vfvd+ |viry) (2-3)

where y/ and y/ are the dispersive components of filler and polymer, respectively, and y/ and
7 the polar components. Equation (2-3) indicates that the polar and dispersive components
of the filler and the polymer should be similar in order to allow spontaneous dispersion of

the filler in the polymer matrix.

Stockelhuber et al. [63] used this approach for rubbers in combination with different fillers
including silica and nanoclays. Most AG;’s were strongly negative, and could be correlated
to the free energy of immersion and different dispersibility behaviours, although there are
some doubts about the actual values that were obtained. Tang et al. [64] modified attapulgite
to improve its compatibility with EPDM (ethylene-propylene-diene monomer). Although a
decline in the free energy of immersion did not directly lead to a decreased aggregate size, it

could be correlated to an increased tensile strength, i.e., improved mechanical properties.

Alternatively, the work of adhesion between filler-filler and filler-polymer has been
suggested by Natarajan, Li et al. [65] who showed that the ratio between the work of adhesion
of the filler-polymer (Wrp) needs to be higher than the work of adhesion between the filler
particles (Wgr). Similarly to the free energy of immersion, Wrp/Wrr can be calculated using

the dispersive and polar components equation (2-4).

’dd ,pp (2-4)
Wpr 2( RC yfy”)

Wrp 2y

Natarajan, Li et al. [65] found consistent relationships between Wgp/Wrr and the dispersion
of different silica nanoparticles in polystyrene, poly(methyl methacrylate), poly(ethyl
methacrylate), and poly(2-vinylpyridine). Khoshkava & Kamal [66] used the same approach
to investigate modified cellulose nanocrystals in polylactic acid and polypropylene. Also here
an increased Wrp/Wrr was indicative of improved dispersibility, although this could not be
related to aggregate size. Interestingly, these results correspond well to molecular dynamic
simulations which show that the interaction strength of filler—polymer and filler—filler were

the dominant enthalpic factors for dispersion of nanoparticles in a polymer melt [67].
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Whether one uses AGi, Wrp/ Wer, or another comparable approach, generally having a similar
polar and dispersive component in nanoparticle and matrix is a good approach to improve
nanoparticle dispersion [68—70]. Obviously, this limits the combinations that can be
considered greatly, therefore modification of either the particle or the polymer is a viable way
to extend the options for nanocomposite production. For example, Zhang et al. [68] modified
carbon black nanoparticles and found improved dispersion when the surface energies were
similar to polylactic acid, and Gan et al. [70] tuned surface acetylation of cellulose
nanocrystals to match poly(3-hydroxybutyrate-co-4-hydroxybutyrate). These are only a

couple of examples; many papers discuss possible modification routes, for instance [71-74].

2.4 Nanocomposite processing

In the previous section, we presented a theoretical framework for (modified) nanoparticle
selection based on thermodynamic arguments. However, in practice this may not be the
determining factor to achieve a homogeneous dispersion of nanoparticles in the polymer
matrix. Nanoparticles may get physically trapped in a solidified polymer, thus leading to a
kinetically arrested system that has not reached thermodynamic equilibrium [75]. Which of
the aspects contributes most to the actual product also depends on the production method,

and those are elaborated on in this section.

In general, three different production methods can be distinguished, i.e., solvent casting, melt
mixing, and in situ polymerization. During solvent casting, the nanoparticles and polymer
are added to a solvent after which the mixture is ‘poured’ into a mould. As it takes some time
until all solvent is evaporated, both thermodynamic and kinetic arguments are expected to be
relevant, depending on the removal rate of the solvent. During in situ polymerization, the
nanoparticles are either added to a solution with the monomer or to the monomer itself. The
polymerization process starts at the surface of the particles triggered by a catalyst, which can
be an external initiator, heat, or radiation [76,77]. In contrast to the solvent casting and melt
mixing process, a covalent bond is formed. This has been shown to improve the dispersibility
in the polymer matrix [78,79], as potential nanoparticle aggregates were torn apart during the
reaction [80]. For the product made, both the (modified) thermodynamic, and kinetic
considerations are of importance. During melt mixing, nanoparticles are added to a polymer

melt under high shear forces. Often a twin-screw extruder is used to promote dispersion of
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fillers [81]. Compared to in situ polymerization and solvent casting, kinetics is expected to
play the biggest role in melt mixing as the material is directly solidified after production. In
industry, melt mixing is by far the most used processing method because it is relatively
environmentally friendly, cost-effective, and industrially viable [77]. For that reason, we

mainly consider melt mixing based on extrusion in the next section.

The relevant processes in an extruder can be sub-divided into different phases as presented

in Figure 2.2, during which:

1. Nanoparticles are added to the polymer melt.

2. The nanoparticle surface is wetted by the matrix and depending on the interfacial
compatibility, the polymer may infiltrate the aggregates. The latter process is
sometimes referred to as intercalation.

Nanoparticle aggregates break up and are ‘homogeneously’ dispersed in the matrix.

4. Depending on the interfacial compatibility and the solidification time, reaggregation

may occur.

2.4.1 Filler addition
In general, there is a continuous competition between thermodynamics driving the particles
together and kinetics breaking the aggregates up, which leads to a certain aggregate size [82].

Mobczo & Pukanszky [83] described this mathematically:

Fa k WAB

— = - (2-5)
Fy nyR

where F,/F; is the ratio between the adhesive forces and hydrodynamic forces acting on a
nanoparticle aggregate, Wz is the reversible work of adhesion between particles in an

aggregate, y is the shear rate, # is the melt viscosity, and R is the aggregate radius or in ideal

cases the radius of the individual nanoparticles. Separating R gives:

Wap Fp
R=k 21 2-6
ny F, 2-6)

Equation (2-6) basically suggests that the final morphology of a nanocomposite depends on

the kinetic and adhesive forces acting, rather than the initial state of the nanoparticles, e.g., a
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Figure 2.2: Different processes occurring in an extruder where (1) nanoparticle addition
(2) particle wetting and the surrounding polymer infiltrating the nanoparticle aggregates
(3) nanoparticle aggregate beak-up provided that the applied shear forces are higher than
the cohesive shear forces (4) solidification and possible reaggregation when the difference
in the work of adhesion is much larger than 0.

powder or dispersion. Experimentally this has been confirmed by Gaspar et al. [84] who
investigated the morphology of different fullerene Ceo formulations along the axis of a
twin-screw extruder. The final morphology was mainly driven by thermodynamics and flow

conditions, and particle pre-treatment was less important.

However, in practice the equilibrium size is seldomly reached, considering the commonly
applied shear rates and short residence times in an extruder. To improve dispersion, it is
expected that interfacial compatibility is the most important design parameter, that is, in
combination with certain process conditions. Nevertheless, the actual preparation of the
nanoparticle may play a role as pointed out by for instance, Khoshkava & Kamal [85], who
found a smaller aggregate size in polypropylene nanocomposites when the cellulose
nanocrystals were spray dried instead of freeze dried, which is expected to have influenced
the porosity of the particles [85—87]. Obviously, starting from a smaller initial aggregate size
is beneficial, as this is closer to the final desired morphology. Furthermore, it was found that
dispersibility improved by increasing the porosity of the nanoparticle aggregates [87,88] as

also discussed in the next section.
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2.4.2 Particle wetting and polymer infiltration

The nanoparticle surface can be wetted by the polymer melt provided that the interfacial
compatibility is beneficial. Whether this is the case is determined by the contact angle (6),
which is 0° in the case of complete wetting, but has a finite value in most practical systems.
The contact angle can be calculated from the surface energies of the filler and polymer

[89,90]:

p.p
Jydyd VpVr w,
cosf = —1 42 Y2 o = —1+2- 2
YF Yr FF
2-7)
Wprr W,
(—142 20 2FF < q
Wer Wer
cosf =
w,
1 —PE >
WFF

Please note that the interfacial properties discussed in the thermodynamics section

co-determine the contact angle. A contact angle of ~ 0° implies better particle dispersibility.

Whether polymer infiltration due to capillary effects plays an important role, depends on
nanoparticle and polymer properties. Generally, capillary rise can be described by the

Lucas-Washburn equation:

Yp Tt cost

2 (2-8)

H®) =

where H is the rise of a fluid (in our case a molten polymer), r is the pore radius of the
nanoparticle aggregate, 6 is the contact angle between the meniscus and the wall, # is the

viscosity of the fluid (in our case a molten polymer) and ¢ is the wetting time.

Depending on the properties of the nanoparticle and polymer, capillary forces may be very
significant, or not at all important. To illustrate this, we consider magnesium carbonate
nanoparticles with an aggregate size of 30 nm leading to pore sizes between 1 — 10 nm [91].

When completely wetted (6 = 0°) and added to a polymer melt with a viscosity of 600 Pa-s,
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the capillary rise H = 3 pm after 60 seconds, which implies that the polymer can penetrate
the whole nanoaggregate. This also illustrates the size of aggregates that are expected to be
affected by polymer intrusion, and which ones are not or hardly. We are aware that capillary
forces are sometimes mentioned, but in most cases they play a minor role because of the high
viscosity of the polymer melt in combination with small pore sizes and the short times
available for intrusion to take place. Still, in some applications, for instance, carbon
nanotubes, capillary forces are relevant, and are sometimes even used in the production of

nanocomposites [92].

To be complete, we would like to mention that the suitability of the Lucas-Washburn
equation for effects occurring at nanoscale has been questioned by some [93,94], although
molecular dynamics studies [92,95], and experimental studies [96] have found good

agreement between the Lucas-Washburn equation and capillary forces on nanoscale.

2.4.3 Aggregate break-up and distribution

Since nanoparticle aggregates are often the starting point for nanocomposite production, both
dispersion and distribution of nanoparticles through the polymer melt are of importance. The
molten polymer is transported through the extruder at high shear [81], which in turn leads to

nanocomposite dispersion.

Obviously, the higher the shear forces the higher the probability an aggregate will break up.
The dimensionless number Prob has been used to describe this [97-99]. A general expression

for this probability can be written as:

“%agg

Prob=¢ = 2-9)

where o, is the cohesive strength of the aggregate and 7 is the shear stress of the medium.
The cohesive strength of the aggregate is dependent on for example the size of the particles
as well as the cohesive forces including van der Waals or hydrophobic forces [97].
Unfortunately, o is not often quantified, yet could provide much insight because the

extrusion process can be tailored in such a way that the shear forces are higher than that.

The shear stress is the product of the polymer viscosity 7, and the medium strain rate y.
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T=1n,y (2-10)

The medium strain rate depends on the geometry of the extruder. For a concentric cylinder

the relationship between geometry and medium strain rate is as follows:

Y =Rw/h (2-11)

where R is the radius of the housing, w is the rotational speed of the mixing blade (rad/s) and
h is the spacing between the inner wall of the housing and the edge of the mixer blade.
Relationships as shown in equation (2-9), can also be described in terms of energy input (£:,)

required to overcome the bond energies within an aggregate (Eug):

~Eagg

Prob = e Ein (2-12)

For extrusion processing, E;, is commonly described in terms of the specific mechanical
energy (SME) that is used to compare the impact of different processing conditions on the

nanocomposite material. The SME (in kWh) can be calculated using:

Pmotor ) TN

SME =
Tmameax Q

(2-13)

where 7 is the drive motor torque, N is the screw rotation speed, and Q is the flow rate.
Although o,g, 01 E,g are rarely determined, qualitatively it is well known that a certain energy
barrier needs to be overcome before dispersion occurs, and many large-scale experiments
have found a decreasing aggregate size upon increasing SME [100—-104]. However, finding
experimental proof can be rather unpractical, especially for newly developed materials for
which the amount of nanoparticles may be limited in relation to what would be needed for a
typical extrusion experiment, and for which the production process would also not be

optimized.

To get an impression of whether full dispersion is possible it is recommended to determine
Egq 01 0,44 using a small scale. Recently, we have developed such a method, which is further
discussed in section 2.8.2 [54]. We found an E,g, of ~ 370 kJ/g chitin nanocrystal aggregates.
Van der Waals interactions and hydrogen bonds are believed to be the most important

interactions within a chitin nanocrystal aggregate. In addition, we could also quantify a
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critical energy barrier of ~ 100 kJ/g chitin nanocrystals, which can be determined as the
minimum energy needed before disintegration occurs. Commonly about 0.17 — 0.27 kWh/kg
is applied during extrusion. Considering a filler content of 5 wt. % and a maximum residence
time of 10 minutes, a maximum E;, of ~ 1 kJ/g material can be achieved. This means that
about ~ 50 J/g chitin nanocrystals is available for aggregate breakdown, assuming that the
energy is distributed equally. This value is a factor 2000 lower than the critical energy barrier
we identified before. We believe that this is one of the reasons why it remains difficult to
achieve a homogeneous dispersion of chitin nanocrystals through a polymer matrix without
surface modification. Still, one should be cautious in translating these results to larger scale
given that the processes taking place in an extruder are very complex. For example, it is well
known that the screw configuration can tailor the amount of mechanical mixing, the residence
time, and pressure levels, and these are only partly considered in the SME approach

[105,106].

2.4.4 Reagglomeration during solidification or annealing

Besides all previously mentioned arguments, it is good to point out that there is a continuous
thermodynamic force driving the nanoparticles to re-agglomerate both in (aqueous)
dispersions and in polymer melts [82,87,107,108]. This is nicely demonstrated by
Vilaverde et al. [108] who investigated the dispersion and re-agglomeration of graphite
nanoplatelets in polypropylene melts (Figure 2.3). During the extrusion process, the feed
stream passes through different extrusion chambers. Early on in the extrusion process
(denoted as channel 0 — 5 in Figure 2.3), a decreasing particle size was observed. However,
once the material entered the relaxation chamber where no kinetic force was applied, the
particle size rapidly increased to its original size, emphasizing that continuous force needs to
be applied to maintain homogenous dispersion in a polymer melt. Interestingly, in the same
work, the particle size decreased faster in chambers 6 - 10, compared to the initial dispersion

phase, which is indicative of easier re-dispersion.

After extrusion, the nanocomposite material is solidified, which may also include time to
anneal if the time for reaggregation is smaller than for solidification. According to
Wang & Keddie [109], the tendency of two particles to reaggregate can be described by the
difference in the work of adhesion (AW,). Similarly to the Gibbs free energy (AG;) or
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Wep/Wrr of equation (2-4), these calculations are based on the dispersive and polar

components of the filler and polymer:

2

2
AWa=2< Vﬁ—yé”) +2< Vé’—yﬁ> (2-14)

A AW, = 0 has been associated with homogenous dispersion, and a high AW, with a large
driving force of reagglomeration [65]. In practice, AW, is always positive, because it is very
unlikely that the polar and dispersive component of the nanoparticle and polymer completely
match. This implies that all nanoparticles will eventually form agglomerates given
sufficiently long time. It is good to point out that AW, is no indicator for the aggregate size,
as that is also determined by the mobility of the aggregates as a consequence of their size and

medium viscosity.
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Figure 2.3: The evolution of particle size (area ratio (%)) for nanocomposites containing
2 wt. % graphene nanoplates prepared at different speeds. The area ratio of the fillers

was determined with image analysis of transmission electron microscopy pictures.
Retrieved from [108].

2.5 How to combine thermodynamic and Kkinetic effects?

To summarize, the final structure of a nanocomposite is the result of thermodynamic and
kinetic events, and thus both should be considered when designing a nanocomposite material.
Hassinger et al. [102] made a first step toward a quantitative tool for predicting dispersion of
nanocomposites under non-equilibrium conditions. They tried to describe the final dispersion

state of the nanoparticles by the interfacial compatibility between the nanoparticles and
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polymer (Wgp/Wrr) and the applied mixing energy in J/s. As hypothesized, their results
indicate that the dispersion quality was dependent on both parameters, though a stronger
dependency of compatibility between polymer and particle was found. Using data mining
techniques, these authors tried to develop a mathematical expression which could predict the
final morphology of a nanocomposite based on its compatibility and the applied energy.
However, they found that another parameter needed to be included as well, i.e., f(matrix),
which describes the mobility and crystallinity of the polymer matrix. The first step toward a
predictive tool is very valuable but also emphasizes the complexity of the development of

nanocomposite materials.

2.6 Effect of nanoparticles on polymer

In the previous two sections, we have presented different ways to look at the dispersibility of
nanoparticles in the polymer matrix, i.e., using thermodynamic and kinetic arguments. In this
section, we will focus on nanoparticle — polymer interactions and how this affects the material

properties at micro and bulk scale (Figure 2.4).

2.7 Nanoparticle-polymer interfacial interactions

Nanoparticles and polymers can interact in different ways with covalent interactions,
hydrogen bonding, and van der Waals interactions considered to be the most important for
nanocomposites. To determine the dominating interaction in a certain nanocomposite, the

functional groups of the nanoparticles and the matrix of choice need to be considered.

Covalent interactions (formed during in situ polymerization or crosslinking) have proven to
effectively improve nanocomposite properties, e.g., mechanical strength [78,79]. Two main
reasons could be ascribed to this. First, covalent bonds are very strong (up to 200 kzT)
especially compared to hydrogen bonds or van der Waals interactions that amount to ~ 10
and ~ 1 kgT, respectively [110]. Second, improved nanoparticle dispersibility has been
observed because potential aggregates could be torn apart during the reaction [78—80]. Thus
for these systems, it is likely that covalent bonds are the most dominant interfacial
interactions, and drive product improvement, though hydrogen bonds and van der Waals
interactions could contribute as well. For example, Shen et al. [111] added silver graphene

oxide nanoparticles to a polylactic acid matrix. Nanocomposites prepared via in situ
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Figure 2.4: Schematic overview of nanoparticle interactions at different length scales.
Van der Waals interactions, hydrogen bonds, and covalent interactions occur at an atomic
level, which results in the formation of an interphase with different properties compared
to the nanoparticles and polymers alone. When homogeneously dispersed, this leads to a
larger interphasial region, with changed bulk properties.

polymerization showed better mechanical and antibacterial properties compared to melt
blending, while both techniques resulted in better properties compared to the neat
polylactic acid. Luong et al. [112] added graphene sheets to polyimide matrix via in situ
polymerization. The Young’s modulus increased by approximately 30% at only 0.38 wt. %
filler addition.

Though hydrogen bonds and van der Waals interactions are weaker compared to covalent
bonds, significant improvements can also be found in nanocomposites if these interactions
dominate. The addition of 1 wt. % chitin nanocrystals increased the tensile strength of maize
starch films from 1.64 MPa to 3.69 MPa [113]. Also in polyurethane silica nanocomposites,
the enhanced thermal and mechanical properties were related to hydrogen bond formation
between silanol groups on nanoparticles and the ester and carbonyl groups in the soft
segments [114—118]. Obviously, if hydrogen bonds are dominant, both the nanoparticles and
the polymers should have functional groups which can either accept or donate protons. The

number and nature of the hydrogen bonds seem to be of importance for the
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reinforcement [118]. Even nanocomposites of which the reinforcement is entirely dependent
on van der Waals interactions have been described in literature. A great example are
unfunctionalized carbon nanotubes added via melt blending. Experimental [119] and
modelling studies [120,121] showed these systems solely rely on van der Waals

interactions [122—126].

Please note that in contrast to most colloidal systems, ionic interactions are not considered
for most nanocomposite systems. The conductivity of most plastic polymers is extremely
low, and for that reason it is not likely that ionic interactions play a significant role if any.
However, ionic interactions could play an important role during the production of

nanocomposites, especially if water is present [125,126].

2.7.1 Formation of an interphase region

It is widely accepted that the mobility of the interfacial polymer changes as a consequence
of the previously discussed interfacial interactions, which ultimately change bulk properties.
For this, the strength of the interfacial forces is also of importance, as it influences to which

extent the interfacial polymer is restricted [65,83,127-129].

The region at which one single nanoparticle has an influence on the polymer matrix is called
the interphase (Figure 2.4), and here the properties of the material are different than that of
the polymer or the nanoparticles. To date, atomic force microscopy (AFM) is the only way
to directly visualize and quantify the length of the interphase region. One example is the
study of Pakzad et al. [118] where they investigated the effect of cellulose nanocrystals
crosslinked to a polyvinyl alcohol matrix via polyacrylic acid (Figure 2.5). By using the peak
force tapping mode, the adhesion force between the AFM tip and the nanocomposite was
related to the polymer, the nanoparticles, and the interphasial region. It was found that the
thickness of the interphase varied between 4 and 35 nm, depending on the particle diameter.
This was explained by an increased surface area which can give rise to a thicker interphase
[118,130,131]. This effect was also observed with molecular dynamic simulations, however
Phys et al. [132] found that the thickness of the interphasial region is only sensitive to the

nanoparticle size when the interfacial interactions are strong.
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Figure 2.5: (A) Height and (B) adhesion maps showing a single cellulose nanocrystal
(marked with yellow arrows) (C) Average adhesion profile of the area shown by the red
rectangle in the adhesion map in b. Using this profile, CNC diameter (9 nm) and average
interphase thickness were measured. Retrieved from [118].

Also others used atomic force microscopy to quantify the interphase: Houssat et al. [133] for
polyimide silicon nitride nanocomposite with particles with a size of 20 — 40 nm which
resulted in an interphase thickness of 27.25 nm, and Hui Huang et al. [134] found that the
interphase of 40 nm sized silica particles could reach 55 — 70 nm in a poly(ethyl methacrylate)
and poly(isobutyl methacrylate) matrix. Depending on the particle and polymer properties,
the size of the interphase can vary from nanometres to around a micrometre in a

heterogeneous gradient system [118,135—-138].

2.7.2 Change in bulk properties

Though the region of the interphase is relatively small (several nanometres up to ~ 1 um), it
is important to realize that the effects that occur in this region are responsible for
improvements at bulk scale. Considering the small size of nanoparticles, and high specific
surface area, a significant volume of nanoparticle — polymer interphase is created. This
implies that even at low particle loadings much of the bulk material could be considered an
interphasial region, leading to bulk properties being dominated by the material properties in
this region. In fact, there are even indications that the enhancement of stiffness increases by
5% at the midpoint of two interphasial regions, suggesting these effects may be

additive [138].

Keeping this in mind, it is logical that bulk properties change, and this has been extensively
reported for many different types of particles [31-35,58,59]. Commonly reported

enhancements include increased mechanical strength and improved barrier properties

40



Review nanocomposite design

[30-34,51,58,59]. To stress the importance of the interphasial region, it is important to
mention that in different numerical, mathematical, and simulation models the interphasial
region is used to predict product properties, for instance in the intensity model of Lewis [139],

or the multi-core model of Tanaka [140], although many more exist [141-147].

To prevent any confusion, it is good to point out that the degree of crystallinity (X%) is an
indicator for polymer mobility at bulk scale. However, increased interphasial region stiffness
does not necessarily lead to increased crystallinity; this could be the result of a nucleating
effect as reported for among others cellulose nanocrystals [148], carbon nanotubes, and
nanoclays [149—151]. When homogeneously dispersed, nanoparticles provide nucleation

sites which accelerate polymer crystallization.

Natarajan, Li et al. [65] proposed an experimental approach to predict whether a nanoparticle
— polymer combination results in improved properties. They based their method on the
hypothesis that for a polymer to spread spontaneously on the filler surface, the relative
attraction of the monomeric units needs to be higher than the cohesive attraction in the
bulk [152]. This could be described by the ratio between the work of adhesion between the

filler-polymer and the polymer-polymer, i.e., the work of spreading W;:

W, =2 ( /yﬁy,? + /y,fy,f) -2(f+ ) (2-15)

A W of >0 suggests an attractive interaction between polymer and filler and should therefore
result in a decrease in polymer mobility. When Wj is < 0, the polymer — polymer interaction
is stronger, and no effect on polymer mobility should be visible. Using this approach, good
correlations between increased W, and an increased glass transition temperature were

found [65].

2.8 Techniques to investigate nanocomposite systems

As is clear from the previous sections, designing a nanocomposite with desired properties is
far from trivial. Nevertheless, the presented theoretical frameworks supply a lot of insight
into compatible particle/polymer combinations that allow the creation of a homogeneous
nanoparticle distribution, resulting in the formation of an interphase region and ultimately in

improved bulk properties. The nanoparticle and polymer surface energy, gug and g, and
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the thickness of the interphase are key for that, and in this section we discuss different

techniques to quantify these parameters.

2.8.1 Surface energies

The surface energy has shown to be a crucial parameter for the quantification of the interfacial
compatibility between nanoparticle and polymer matrix. Amongst others, the free energy of
immersion (equation (2-1)), the ratio between the work of adhesion of the filler-polymer and
the work of adhesion between the filler particles (equation (2-4)), and the work of adhesion
(equation (2-14)) were previously mentioned. In these equations, a division of the total
surface energy into a dispersive and a polar component (equation (2-2)) is used, which can
be quantified with different methods such as direct contact angle measurement, the Wilhelmy
method, or inverse gas chromatography. In Appendix 2-1, we give an overview of the
various values that we found in the consulted references, and that we compiled to give our
readers direct access to values that can be used in nanocomposite design. It is clear that the
actual values vary greatly, as is the split between polar and dispersive components. Further,
the surface energy is temperature dependent [153]; e.g., organoclay had higher surface
energies than HDMP and PS at room temperature, but the situation was reversed at

processing temperature [154].

2.8.1.1  Direct contact angle measurements

Contact angle measurement is one of the most common techniques to determine the surface
properties of solids. It uses the contact angle between a surface (e.g., a plastic film or a pellet
of nanoparticles) and the edge of a liquid droplet, which amongst others gives information

about the hydrophobicity and wettability of a certain surface.

For solids, the surface energy can only be derived indirectly, and different methods can be
used, for instance Fowkes [155] and Owens-Wendt [89]. We take the Owens-Wendt
approach as an example, which considers the surface free energy as the sum of a dispersive
and polar component (equation (2-2)). The surface energy and individual components for a
material of choice can be calculated using at least two liquids of which these previously
mentioned dispersive and polar values are known. The dispersive (y,¢) and polar component

(y¢) of the material of choice can be calculated using:
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where y;and y; are the total surface energies of liquid i and j, y# and y# are the polar component
of liquid 7 and j, y;# and y/ are the dispersive component of liquid i and j, and 6; and 6} are the

contact angles of liquid 7 and j respectively.

Although the contact angle technique is a relatively straightforward approach, its accuracy
relies on many factors including surface rigidity, surface roughness, physical and chemical
homogeneity, and surface impurities. The influence of each of these factors is discussed

in [156,157].

2.8.1.2  Wilhelmy and tilted plate method

Like direct contact angle measurements, also the Wilhelmy method and the tilted plate
method use a contact angle to determine the surface free energy. In the case of the Wilhelmy
method, particles are fixed at a double-face adhesive plate and immersed and withdrawn from
different solutions. The advancing contact angle during immersion of the plate (6,), and the
receding contact angle (6,) during withdrawal are measured (Figure 2.6A). In the case of the
tilted plate method, the nanoparticles are fixed on a plate on which a sessile droplet is formed.
When the plate is tilted, an advancing contact angle is formed at the bottom of the drop, and
a receding contact angle is formed at the upper side of the drop (Figure 2.6B). Just like the
direct contact measurements, the individual components of the total surface energy can be

calculated with the Owens-Wendt equation ((2-16) and (2-17)).
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Figure 2.6: A schematic illustration of (A) the Wilhelmy technique where a plate is
covered by particles. During immersion the advancing contact angle is measured, and
during withdrawal the receding contact angle. Retrieved from [63]. (B) The tilting plate
technique where a sessile drop is placed on a plate with fixed particles. The drop forms
two angles when the plate is tilted, i.e., the advancing contact angle at the lower side of
the drop, and the receding contact angle at the upper side of the drop.

2.8.1.3  Inverse gas chromatography
Inverse gas chromatography (IGC), has shown to be a valuable tool for the characterization
of surface and bulk properties of solid materials including nanoparticles and polymer plastics.

One of its most used applications, is for the quantification of the surface free energy [158].

Two methods exist to determine the dispersive and polar component of a sample, i.e., the
Dorris-Gray [159] and Schultz method [160]. Here, we only present the Dorris-Gray method
because it has been shown to be the more accurate [161]. For information on the Schultz

method or IGC in general we refer to the review of Mohammadi-Jam and Waters [158].

Regarding the analysis technique itself, the sample of choice is packed into a column, after
which a series of alkanes with known dispersive and polar components are injected. The
retention volume ¥, for each of the alkanes is determined, and RTIn(V,) is plotted against the
carbon number of the alkanes. This leads to a linear graph, as illustrated in Figure 2.7 for
quarts [158]. The dispersive component of the surface free energy can be determined from

the slope of the produced graph.

44



Review nanocomposite design

10
0
Decane
s 5 .
.~ Nonane
g
—~ @
Ny " Octane
X, =
&~
~ =
Heptane
o
Hexane
6 7 8 9 10

Carbon Number

Figure 2.7: RT(In(V,)) against the carbon number of the alkanes used the Dorris-Gray
method; the dispersive free energy is determined from the slope. Modified from [158].
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The polar component of the surface free energy can be determined, for example by the
polarization method [162]. First, the specific free energy of adsorption of the different probe
molecules (i.e., AG) is determined from the retention volumes of the polar probe molecules
on the sample, from which the molar deformation polarisation Pp follows:

P, _w (2-19)
PT D@?2+2)

where M,, is the molecular mass of the probe, r is the refractive index of the probe, and D is
the probe liquid density.

Also, the RTIn(V,) against Pp plot should produce a linear relationship, where the points of
the polar probes are located above the alkane line (Figure 2.8). The vertical distance between
the alkane line, and the polar probe gives the total free energy of the sample of choice. The

polar contribution of the surface free energy can then be calculated using equation (2-2).
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Figure 2.8: Schematic representation of RTIn(V,) against the molar deformation
polarisation of the probe molecules. The retention volumes of the polar probe molecules
are located above the alkane line, from which the total free energy of the compound using
the vertical distance between the alkane line and the polar probe. Adjusted from [158].

2.8.2 Aggregate strength — Static light scattering

Recently, we have developed a method to quantify the bond energy of nanoparticle
aggregates [54]. Dispersions containing aggregates of chitin nanocrystals were subjected to
ultrasound treatment, from which the energy input was determined calorimetrically, and
static light scattering was used to describe the total scattering behaviour of the particles.
When plotted against the applied energy input (Figure 2.9), Equation (2-12) was fitted
through the static light scattering data points, from which E.e could be calculated. In
principle, every mechanical force can be used as long as the nanoparticle aggregates are

broken up, and the applied energy input can be quantified.

2.8.3 Region of the interphase — atomic force microscopy
To date, atomic force microscopy (AFM) is the only device which is able to visualize the
interphase, and also quantify its local mechanical properties (e.g., Young’s moduli). For

nanocomposites commonly either the peak force tapping mode (PF-TM) or intermodulation
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mode (ImAFM) is used, and will therefore be the focus of this section. It is good to mention

that predictive models revolve around the interphasial region.

eseessses Prob

1.0 eeeQeenr,
O o oO 'Q.

0.8 -
~ 3
06 %
S :
N o ‘?

0.4 :

&,
O
02 @é,
Qo
0.0 Q
1.E+00 1.E+02 1.E+04
Sonication E,, (kJ/g ChNC)

Figure 2.9: Normalized total intensity as function of ultrasound energy (E:) in kJ/g chitin
nanocrystal determined via small angle light scattering. Modified from [54].

2.8.3.1  Peak force tapping mode (PF-TM)

Tapping mode is a commonly applied technique for high-resolution imaging of
nanocomposites. To derive more quantitative data about the material itself, the peak force
tapping mode (PF-TM) can be used at which the probe tip oscillates at the frequency of the
cantilever. The peak force (i.e., the maximum applied force) is precisely controlled and used
as a feedback system, and a force separation curve of each tap (i.e., each pixel) is recorded,
which gives information about the material properties including deformation, adhesion,
modulus, and dissipation. As the height and force curves are derived simultaneously, it
enables the creation of material property maps with the same resolution as the height image.
Force distance curves need to be cautiously analysed, as they might be distorted by improper
spring constant or uncertain shape of the probe. This can be circumvented by using a probe

with a known shape and automatic parameter calibration [163].

Figure 2.10 gives a schematic representation of the force separation curve obtained during

PF-AFM measurements [164]. To translate the force separation curve into different material
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Figure 2.10: Schematic representation of the force separation curve obtained in AFM
peak force tapping mode. (4) The AFM tip approaches the sample and there is no to little
force on the tip. (B) The tip starts to touch the surface as a consequence of attractive
tip-surface forces. (C) A maximum deformation because of maximum tip-surface
interactions. (D) The tip-surface interactions start to become weaker and the tip comes off’
the surface. (E) The AFM tip returns to its original position. Retrieved from [118].

properties, the Derjaguin-Muller-Toropov model can be fitted through the initial section of
the retrace curve [165]. Although other models exist (e.g., Johnson-Kendall-Roberts model
[166]), the Derjaguin-Muller-Toropov model is very suitable for nanocomposites because the
deformation of the sample is often lower than the tip radius, and adhesion forces are taken

into account (in contrast to the Hertz model):
4 3
F= 2 ERd +F, (2-20)

where F is the force on the tip, R is the tip radius, d is the deformation, F, is the force of

adhesion between the tip and the sample, and E” is the reduced elastic modulus.

When the Poisson ratio of the sample (vs) and the tip (v4p) are known, the elastic modulus of

the sample can be calculated, assuming that the tip has an infinite elastic modulus (E,) [167]:
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2.8.3.2  Inter modulation AFM (ImAFM)
AFM techniques have been extended using multiple frequencies instead of one to excite the

probe, i.e., intermodulation AFM (ImAFM) [168].

During the measurement, the cantilever is excited with two frequencies close to the resonance
of the cantilever. At the start of the measurement, there are no tip-sample interactions and a
free oscillation spectrum is recorded (Figure 2.11A and C). When the tip approaches the
sample the cantilever is perturbed by a non-linear tip-surface interaction (Figure 2.11B
and D). Consequently, the two frequencies intermodulate (basically they mix), forming a new
frequency near the cantilever resonance, i.e., intermodulation products (IMP), which are
recorded. These IMPs contain additional information about the tip-surface interactions,
which cannot be acquired by peak force AFM; for instance, the viscous behaviour of the
material derived from the energy dissipated from the tip-sample [136]. However, the analysis

is less straightforward than for other AFM techniques, and more simulation work on the
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Figure 2.11: Schematic overview of free oscillation (upper), engaged oscillation (bottom)
recorded in time, (4, B) and frequency domain (C, D). Parts a and b show the amplitude
of the individual oscillations. Retrieved from [169].
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tip-surface interactions is required to translate these values to, e.g., local Young's

moduli [169].

2.9 Summary and outlook

Addition of nanoparticles to a polymer matrix holds the promise to obtain advanced products
with greatly improved properties. In reality, this goal is not often achieved. We find that the
options that are explored do not really follow the theoretical frameworks that are available
but are rather trial-and-error in nature. Nanocomposite design would greatly be helped by a
description of the theories that are available and how the essential parameters can be

measured, and that is what the current review tries to achieve.

We provided thermodynamic and kinetic approaches to improve nanoparticle dispersion.
Next to that, we discussed how nanoparticle — polymer interactions on an atomic scale affect
the material properties on a nano, micro, and bulk scale. Furthermore, we identified three
parameters which are often overlooked when designing nanocomposites, i.e., the polar and
dispersive component of the surface energy of the nanoparticle and polymer, the cohesive
bond energy of nanoparticle aggregates, and the quantification of the interphase region once
added to the matrix. We finished with a section on how to quantify the latter designing

parameters.

Considering these fundamental parameters is one step toward a better understanding of why
some nanoparticle — polymer combinations are more successful than others. Most theoretical
frameworks correctly describe tendencies of certain effects (e.g., nanoparticle aggregation),
but better insight into the actual time frames in which these take place is crucial. As pointed
out, thermodynamic and kinetic effects dominate at very different time scales, and depending
on their relative importance this will lead to very different materials. To be able to
differentiate between relative importance, we feel that computer simulations could play a
very instrumental role, on the condition that the actual values that are used are established
correctly by applying the methods that we presented earlier. Our conclusion would be that
there is still a world to gain when practical and simulation tools are used symbiotically, and
we believe that this will facilitate the design of the advanced materials our society is in dire

need of.
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2.10 Appendix

Appendix 2-1: The dispersive, polar, and total surface energy of different nanoparticles
in mJ/m.

Particle yloal yb P Method used
Aerosil 200 [170] 37.3 20.0 17.3 Wilhelmy method
Aerosil R974 [170] 13.1 13.1 0.0 Wilhelmy method
Amino-modified silica [65] 43.6 379 5.8 Direct contact angle
CB NI121 [170] 28.1 28.1 0.0 Wilhelmy method
CB N234 [170] 30,6 295 1.1 Wilhelmy method

CB N339 [170 27.0 27.0 0.0 Wilhelmy method
CB N990 [170 275 268 0.7 Wilhelmy method
Cellulose nanocrystals [70] 71.0 4.3 66.7  Direct contact angle
[70] 63.4 6.1 57.3  Direct contact angle
[70] 53.4 10.0 43.4  Direct contact angle
Cellulose nanocrystals 37% acetylated [70] 47.6 142 334 Direct contact angle
[70]
[70]

]
]
Cellulose nanocrystals 11% acetylated [70

Cellulose nanocrystals 27% acetylated [70

Cellulose nanocrystals 62% acetylated [70 42.7 18.8 23.9  Direct contact angle

Cellulose nanocrystals 63% acetylated [70 42.5 18.6  23.9 Direct contact angle

Chitin nanocrystals [36] 49.7 334 16.3  Direct contact angle
Chitin nanocrystals acetylated [36] 28.7  28.0 0.7  Direct contact angle
Chloro-modified silica [65] 36.2 30.5 5.8 Direct contact angle
Coupsil 8113 gran. [170] 369 21.1 15.8 Wilhelmy method
Coupsil 8113 pulv. [170] 329 222 10.8 Wilhelmy method
Montmorillonite [171] - 216 - 1GC
MWCNT [170] 309 309 0.0 Wilhelmy method
MWCNT-OH [170] 31.3 311 0.0 Wilhelmy method
MWCNT-SH [170] 304 304 0.0 Wilhelmy method
Nanofil 15 [170] 253 24.3 1.0 Wilhelmy method
Nanofil 5 [170] 25.2 22.8 2.4 Wilhelmy method
Nanofil 757 [170] 48.2 17.5 30.6 Wilhelmy method
Octyl-modified silica [65] 31.0  28.0 3.0  Direct contact angle
Organo modified montmorillonite [171] - 34.0 - IGC

Silica VN3 gran. [170] 413 18.7 227 Wilhelmy method
Silica VN3 pulv. [170] 383 19.4 18.9 Wilhelmy method
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Chapter 3

3.1 Abstract

Nanocomposites have gathered substantial attention as they show amongst others improved
mechanical, barrier, and thermal properties compared to the neat polymer. In practice, these
enhanced material properties are only observed when the nanoparticles are homogeneously
dispersed in the polymer matrix. This is challenging to evaluate since the nature of these

systems makes it difficult to observe the overall and local nanocomposite structure.

Within this chapter, we used a coarse-grained model to investigate nanoparticle dispersion
inside a highly entangled polymer matrix throughout a wide temperature range. We
investigated the effect of nanoparticle — polymer interaction strength and nanoparticle

loading, on interphasial architecture and overall nanocomposite structure.

Generally, our results show that nanoparticle — polymer interactions facilitate nanoparticle
dispersion. This led to properties that have been related to enhanced material properties such
as an increased polymer density at the nanoparticle interface, an increased interphasial layer
thickness, the formation of polymer bridges, and a higher glass transition temperature. We
interpret this as follows: the local nanocomposite structure is crucial for inducing changes in
dynamics, that are transferred to the bulk through the overall nanoparticle dispersion. This
clearly points to nanoparticle — polymer interactions being at the core of nanocomposite
design.

Aggregation

E—
Reduced polymer
density

Weak

Percolation

—

Strong

Nanoparticle — polymer interactions

Graphical abstract
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3.2 Introduction

Both in academia and industry, nanocomposites have gathered great attention due to
- amongst others - improved mechanical, barrier, and thermal properties compared to the neat
polymer [26,31,33,56,58,172]. As such, nanocomposites are expected to be of added value

for a wide variety of applications including the automotive, aviation, and packaging industry.

It is generally accepted that improved material properties are the consequence of nanoparticle
— polymer interactions that alter polymer dynamics within the interphasial region
(Chapter 4). Due to the small size of the nanoparticles, the interphasial region occupies most
of the material at low nanoparticle loading if particles are homogeneously distributed.
However, nanoparticles have the tendency to aggregate because of strong interparticle
interactions and/or a poor compatibility with the polymer matrix. However, investigating
nanoparticle aggregation inside materials is far from trivial. Nanocomposite observation
commonly relies on methods with a limited depth resolution such as scanning electron
microscopy (SEM) (Chapter 4, Chapter 6, and [49,147,173,174]) or TEM [65,175], which
cannot provide information on the architecture of the interphasial layer. In addition, the
nature of composites, and composite manufacturing makes it difficult to investigate the effect
of specific parameters on the resultant matrix. For instance, altering nanoparticle — polymer
interactions is only useful if the interactions can be quantified. As a consequence, in practice,
nanocomposite production and design mostly rely on ‘trail-and-error’ approaches. To make
a next step toward the rational design of nanocomposites, insights in nanoparticle — polymer
interactions in relation to interphasial and overall nanocomposite structure are crucial.
Molecular dynamics simulations are ultimately suited to vary environment and (inter)particle
properties [176,177], and thus elucidate the local nanocomposite structure including the

interphasial region [177].

In the current chapter, we used a coarse grained model to investigate nanoparticle dispersion
inside a highly entangled polymer matrix over a wide temperature range. We investigated
different nanocomposite structures by simply altering loading and interaction strength with
the polymer, and show how the interphasial structure and overall structure are affected.
Finally, we discuss how different length scales are interlinked and collectively result in

properties that have been related to enhanced material characteristics.
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3.3 Model and simulation method

We used the bead-spring model of Kremer and Grest [129] to simulate polymer chains
consisting of N, = 500 beads (degree of polymerization) with a diameter of 1 ¢' and an
entanglement length of N, = 85 at a monomer density of 0.85 [178,179]. The bonded

monomeric units interacted with the finite extensible nonlinear elastic (FENE) potential:

Urgns = —0.5 k R3In (1 - (RL())z) @3-1)
with k=30 &/c2 and Ry= 1.5 o to ensure a certain stiffness while still avoiding high frequency
modes and chain crossing [75]. Nanoparticles with a diameter of 10 ¢ (onp) Were modelled
as Lennard Jones spheres. We simulated the nanoparticles with approximately the same mass
density as the polymer monomers (m,,); as myp = mu(onp/c)® the nanoparticles had a higher
mass density than the polymers. In contrast to the regular Lennard Jones potential, the
expanded Lennard Jones potential ensures the “hardness” of the nanoparticles and is
commonly regarded as more accurate when simulating nanoparticle — polymer
mixtures [75,180]. For differently sized particles i and j, the expanded Lennard Jones

potential is defined as:

o 12 g 6
_ j _ j )
Uy () = 4 [(T - Aij) <T - Aij) ] G-2)

where A; = (0; + 65)/2 — 0; is a quantity that offsets the interaction caused by the excluded

volume effects of different interaction sites. To reduce computational expense, the Lennard

Jones potential was truncated and shifted:

5 12 5 6
Uij (r) = 4¢ S P i, = Uij(ry) forr— A < 7

0 forr— Aji> 1

Ujes (r) = 3-3)

I Throughout the chapter units are provided in their reduced form based on the
Lennard-Jones potential.
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where 7. is the potential cut-off distance. The exact values for the Lennard Jones parameters
can be found in Table 3.1. Different ¢ were chosen to investigate the effect of pair interactions

on the dispersion state of the nanoparticles in the polymer matrix.

Table 3.1: Absolute values used for the extended Lennard Jones potential. r.” is given

excluding Ay

Interaction Ajj re" €
Monomer — monomer o-0 21/6

Monomer — nanoparticle (on—0)/2 27/6 0.1,1,2,3
Nanoparticle — nanoparticle ON- O 21/6 1

Every system consisted of Np = 1000 polymers with a nanoparticle volume fraction
@Dnp = onp’Nyp/(onp’ Nyp+0°N), with N the number of monomers. All simulations were carried
out in the software Large-scale Atomic/Molecular Massively parallel Simulator (LAMMPS)
[177], and performed in a cubic simulation box with periodic boundary conditions in all
directions. The velocity-Verlet algorithm was applied to integrate the equations of motion
with a time step df = 0.005 z. The Nose-Hoover thermostat and barostat were used to control

the pressure and temperature [177,181].

The initial configurations were prepared with the software Moltemplate [182]; the polymer
chains were present in a fully stretched position and the nanoparticles were placed on lattice
points within the box (Appendix 3-1). To relax the initial configurations, we first equilibrated
this system in an NVE ensemble for 103 d¢ with a limited particle displacement (0.01 o/d) to
prevent the generation of huge forces acting on the atoms. The systems were further
equilibrated in an NVE ensemble without limit for 2:10° dz, with an added mixing step in an
NPT ensemble at a 7°=4.0 and P* = 0 for 10° dt (Appendix 3-2B). It is good to point out
that this mixing step was needed. Without this step, an improper mixture of nanoparticles and
polymers was obtained (Appendix 3-2A and E); a high temperature was used to allow
sufficient and fast mixing by expanding the volume of the system. After, the temperature was
decreased to T"=1 in 10° dt and equilibrated for 10° dt (Appendix 3-2C). All systems
reached equilibrium after ~ 5-10* df where the slope of the total energy (Uspwr") was < 107!
and did not fluctuate more than + 0.002 (~ 0.01% of the absolute value) over 10° dt.
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It is well-established that the linear dependency of various material properties — including
density — changes at the glass transition temperature (7,") [176]. We therefore plotted density
(p") as function of T to identify T,". T* and p* were determined and averaged over 10° df for

systems at full equilibrium (Appendix 3-3); we found T," using the least squares method.

The software OVITO was used to visualize the simulation system, generate the radial

distribution functions, and perform cluster analysis [183].

3.4 Results and discussion
We investigated nanoparticle — polymer interaction strength (exp.pz) and nanoparticle loading

(@) as function temperature (7°) in relation to interphasial and nanocomposite structure.

3.4.1 Nanoparticle — polymer interactions and nanoparticle dispersion

The overall nanocomposite structure after equilibrium was highly affected by the interaction
strength between the nanoparticle and the polymer (enxr.p) and between nanoparticles
(enp-np= 2.0 for all systems) (Appendix 3-4). In the dispersibility map we considered
nanoparticles to be of the same cluster when the interparticle distance was < 10.2 ¢

(Figure 3.1).

Very weak nanoparticle — polymer interactions (exp.pz = 0.1) resulted in systems with heavily
aggregated nanoparticles, eventually leading to completely phase separated systems at high
loading. Increasing the interaction strength to exp.p; = 1.0 substantially improved dispersion,
although aggregation occurred at high nanoparticle loading. When enp.pr > enp-np dispersion
was favoured and full dispersion was achieved regardless of the loading. In general, the trends
observed in our simulations correspond well with experimental data suggesting that the work
of adhesion (/,) between the nanoparticle and the polymer needs to be higher than the work
of cohesion (W.) between the nanoparticles themselves to facilitate dispersion (Chapter 2,
Chapter 4, and [65,184]). In practical applications, nanoparticle aggregation should be

prevented as this creates local weak spots that are detrimental to the material.

Increased mechanical strength and viscoelastic properties have been related to the emergence
of a three-dimensional percolation network [31,57,185,186], for which certain nanoparticle
loading and dispersion is needed. In general, at 2 — 10 vol % particles, viscoelastic or

mechanical properties have been reported to substantially change [31,70,74,175], although
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Figure 3.1: Dispersion states for varying exp.p (0.1, 1.0, 2.0, or 3.0) and exp.np = 2.0 at
T" = 1.0. (A) Snapshots at ®xp = 10%. (B) Cluster size at different ®yp and enp.pr.
Nanoparticles at interparticle distance < 10.2 o were considered part of one cluster.

also higher and lower percolation thresholds have been reported. This is expected to be
dependent on nanoparticle dispersion that in practice can be affected by changing
nanoparticle — polymer interactions by using different nanoparticles [65,66,184], or by

surface modification (Chapter 6).

It is important to mention that nanoparticle loadings > 5 wt. % are very substantial and
aggregation is commonly observed at even higher loadings in experiments, ([39] &
Chapter 4). The main difference with simulation studies is that empirical nanocomposites
are most probably in a meta-stable state. For example, various studies have shown that the
final nanocomposite structure is affected by the fabrication method and/or the solvent quality
[40,41]. Considering this, it is a pity that most simulation and experimental studies

investigating (interphasial) dynamics are limited to well-dispersed systems [34,38].
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3.4.2 Nanoparticle — polymer interactions and glass transition temperature
An increase in T," is an indicator of dynamics reduction [187,188], and here we investigated

T," as function of nanoparticle concentration (Figure 3.2).

Very poor nanoparticle — polymer interaction (exp.p. = 0.1) led to reduced 7," compared to
the neat polymer, which was more obvious at higher @yp. In general, stronger nanoparticle —
polymer interactions increased 7T,", depending on the overall nanocomposite structure
(Figure 3.2). For exp.pr = 1.0 and @np< 2%, T," increased with nanoparticle loading, while
at @yp > 5% when the system started to aggregate (Figure 3.1), T, slightly decreased.
Experimentally, similar results were reported by Qiao et al. [189] who qualitatively showed
that aggregation leads to smaller changes in 7,. This is a clear indication that material
properties are affected by the overall nanocomposite structure. In contrast, the 7," of
compatible systems (exp.pz = 2.0 and enp.pz = 3.0) increased upon increasing @y, and this
increase plateaued at @yp> 5%. The latter suggests that the percolation threshold of these

systems lies around this loading.

Although the nanoparticle’s effect on T," seems low, it is worth mentioning that similar

magnitudes were found experimentally; typically 7, alters with a maximum of
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Figure 3.2: Glass transition temperature (Ty") as function of nanoparticle loading (®@np)
at a constant nanoparticle interaction strength exp.ye = 2.0. The error bars represent the
standard deviation from two independent simulations. The T," of each system was found
by the method of least squares (Appendix 3-3).
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+ 5 °C [65,128]. Commonly, these effects are explained by local alteration in chain relaxation
at the interface of the nanoparticle [56]. In the next section, we explored interphasial

architecture further, and discuss how this affects overall material properties.

3.4.3 Nanoparticle-polymer interactions and interphasial properties
Recent insights suggest that altered interphasial dynamics are caused by an increased or
reduced polymer density at the interphasial region [56,132,190]. For that reason, we

determined the local structure by means of the radial distribution function:

(n; (1))
5= 3 =
where (n; (r)), is the average number of particles j at distance  from nanoparticle i, p; the
number density of particles j (either the nanoparticle or monomeric units of the polymer),
and Vgen(r) the volume of a shell centred around particle i. First, we determined the radial
distribution function between the nanoparticle and the polymer at @y = 0.5% (Figure 3.3);
this loading was sufficiently low for nanoparticles to not physically touch even at weak enp-pr.
Please note that the first 5.5 7/o were inaccessible as they correspond to the radius of the
nanoparticle (onp = 10) and the monomeric unit of the polymer (o, = 1). When completely
mixed, g(7) should theoretically approach ~ 1, an increased or reduced g(r) illustrates higher

or lower monomer density near the surface of the nanoparticle, respectively.

The nanoparticle — polymer interaction strength highly impacted monomer density directly
at and near the interface of the nanoparticle. For both T" = 0.2 and 0.6, an interaction strength
of enp.pr = 0.1, gnp.pr mostly fluctuated ~ 1. A higher enp.pr clearly increased gwp.pr; at
enpr,=3.0 even to 1.7 for T" = 0.2. Interestingly, the polymer density increased for
enp-pr= 1.0, meaning that this interaction strength can be considered attractive despite its
aggregated nature (Figure 3.1). The effect of temperature on gnp.pz was small, although it is
somewhat higher for 7= 0.2, most probably due to the reduced volume of the system that

essentially pushed nanoparticles together at low temperatures (Appendix 3-5).

Furthermore, eyp.p; influenced the range over which the polymers were affected by the
nanoparticle. To get an impression of the interphasial layer thickness, we quantified the layer

thickness (%;) as the furthest point in g(») where |g(r) - 1.0] > 0.05 (Figure 3.4), and found
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that enp.pr affected the range of influence of the nanoparticle over the polymers. For
enp-p. = 0.1, the interphasial thickness was ~ 1 g, whereas this is ~ 4 ¢ for higher eyp.p;. This
dependency of the interphasial thickness on interaction strength is probably an important
reason why the percolation threshold in some systems is higher than in others (as discussed
in section 3.4.1). An increased layer thickness essentially increases the chance for
interphasial zones to interact. Stronger nanoparticle — polymer interactions are therein more

effective, and do so independently of temperature.

Nano - Inter- Polymer Nano - Inter- Polymer
particle phase particle phase
A
1.5 1.5 15
5
& 1
s, | 2 S
5 2 .
s |k :
%0 = 50
0.5 0.
o I
0 10 20
rlo
(A) (B)

Figure 3.3: The radial distribution function between nanoparticle and polymer at a
temperature of (A) T* = 0.2 and (B) T" = 0.6, the nanoparticle — nanoparticle interaction
strength (exp.ne = 2.0) and loading (On = 0.5%) were constant, while nanoparticle —
polymer interaction strength varied from exppr = 0.1 to 3.0 for non-touching
nanoparticles.

Our results are consistent with other simulation studies that show similar trends [129,132].
For attractive nanoparticle — polymer interactions, we found an interphasial layer in the order
of ~ 4 o (Figure 3.4), which seems realistic as empirical studies estimate the interphasial
layer at 1.5 — 9 nm [191-193]. When comparing with Zhang et al [132] who used a similar

simulation approach for a single particle, we found a discrepancy in regard to temperature
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Figure 3.4: The thickness of the interphasial region (h;) as function of
nanoparticle - polymer interaction strength (enp.pr) at temperatures T* = 0.2 and 0.6, the
nanoparticle — nanoparticle interaction strength (exp.np = 2.0) and loading (Dn = 0.5%)
were constant. The error bars represent the standard deviation between two independent
simulations, and fall mostly within the data points.

effects. They observed an increased interphasial layer upon cooling, while we found no effect

(Figure 3.4).

In brief, our results clearly indicate that attractive nanoparticle — polymer interactions are
needed to develop a thick interphasial layer, and a high polymer density at the nanoparticle

surface. As such, eyp.p dictates T," and the extent of its change (Figure 3.3).

3.4.4 Nanoparticle dispersion, interphasial structure, material properties

To evaluate how nanocomposite dispersion affects 7," (Figure 3.1 and Figure 3.2), we
determined the radial distribution function amongst nanoparticles (Figure 3.5) and between
the nanoparticle and the polymer (Figure 3.6) at a loading of @y = 10%. To be complete,
gnp-pL for @y=2 and 5% are given in Appendix 3-6 and Appendix 3-7 respectively.

Systems with exp.p = 0.1 were highly aggregated (Figure 3.1), as was clearly visible in the
radial distribution function (Figure 3.5A). A peak at gnp.vp ~ 10 r/o appeared corresponding
to two nanoparticles directly touching. At 7°> T," the aggregation peak slightly shifted to
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Figure 3.5: Radial distribution function of the nanoparticle with respect to the
nanoparticle at different temperatures ®T" = (.25 T" = (0.35 0T" = 0.45 oT" = 0.55. The
nanoparticle — nanoparticle interaction strength (exp-np = 2.0) and loading (@ = 10%)
were constant, while we varied the nanoparticle — polymer interaction strength enp-pr (A)

=0.1(B) 1.0 (C) 2.0 (D) 3.0.
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Figure 3.6: Radial distribution function of the nanoparticle with respect to the polymer at
different temperatures ®T" = (.25 T = (.35 oT = 0.45 oT" = 0.55. The
nanoparticle - nanoparticle interaction strength (exp-np = 2.0) and loading (®y = 10%)

were constant, while we varied the nanoparticle — polymer interaction strength enp-pr (A)
=0.1(B) 1.0 (C) 2.0 (D) 3.0.
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gne-vp~ 10.1 r/o; most likely the kinetic energy was sufficient for polymer reorientation, thus
created some distance between nanoparticles due to repulsive interactions among
nanoparticles, and with the polymer (Appendix 3-8). The gnp.pr of these systems was far
below | (Figure 3.6A), meaning that overall polymer density at the interphasial region was
low, and this effect increased at higher temperatures (see Appendix 3-5; repulsive interaction
between nanoparticle — polymer, and amongst nanoparticles led to system expansion). Since
melt mixing is often the preferred production method for plastics; our results hint that for
weak nanoparticle — polymer interactions, elevated temperatures may be used to facilitate

nanoparticle separation.

Stronger nanoparticle — polymer interactions reduced the ‘aggregation’ peak at ~ 10 r/o, until
it completely vanished at an interaction strength of eyp.pp = 3.0 (Figure 3.5A, B, C).
Furthermore, we observed additional peaks for well-dispersed systems (exp.pz > 2.0) that are
located at ~ 11, ~ 12, and ~ 13 r/o. These peaks correspond to single, double, or triple
monomeric units being sandwiched between two nanoparticles (Figure 3.5C & D). This is
consistent with Lui et al. who reported a sandwich structure for attractive nanoparticle
dispersion [75]. Additionally, the volume of these systems decreased because of the attractive
forces between nanoparticles and polymers (Appendix 3-5), which led to an increased
monomer density at the nanoparticle surface (Figure 3.6A & B). This was more pronounced

for eyp.pr, = 3.0 than 2.0.

Interestingly, we found that the interphasial structure was highly affected by the polymer -
nanoparticle interaction strength. We hypothesize that the multiscale interactions from
Figure 3.7 are key for this. Nanoparticle aggregation taking place at low enp.p; hinders
percolation network formation (Figure 3.5A & B), and affects the space polymers could
occupy in the interphase. This effect increases with cluster size (Figure 3.1), and reduces 7",
In contrast, strong eyp.pz leads to large interphasial regions (Figure 3.4) with higher polymer
density (Figure 3.3) leading to the emergence of a percolation network connected by polymer
bridges (Figure 3.5) that increases the glass transition temperature. When considering 7" a
measure for dynamics reduction [187,188], it is fair to suggest that these well-dispersed

systems reduce material dynamics and thereby enhance mechanical strength.
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Figure 3.7: (4) Weak nanoparticle — polymer interactions result in a small interphasial
layer and cause aggregation. The latter prevents interaction with the polymer (indicated
in purple), thereby decreasing the polymer density at the surface of the nanoparticle
consequently reducing the glass transition temperature. (B) Strong nanoparticle —
polymer interactions result in an increased interphasial region, and result in polymer
bridges (indicated in red) which can form a percolation network. Consequently, an
increased glass transition temperature is observed.

In essence, the local and overall nanocomposite structure are the consequence of enthalpic

and entropic contributions which are classically described by Gibb’s free energy (AG):
AG =H-TAS 3-5)

where H is the enthalpic component and AS the entropic one. We directly computed A" and
illustrate the enthalpic contribution normalized against H" of the neat polymer (Figure 3.8).
For nanoparticles with exp.pr < exp.yp the enthalpy of the system increased with higher @np,
while for nanoparticles with exp.pr > enp.nvp the enthalpic component decreased with @yp. In
literature, the overall opinion seems to be that the enthalpic factor is highly influential to
induce polymer perturbations [56,190], but in our systems the absolute enthalpic differences
between well-dispersed and aggregated ones were very small (< 1.0%). This could be an
indication that the entropic component plays a more important role than commonly assumed.
Unfortunately, the entropic contribution of the entire system cannot be directly computed via

LAMMPS, but this would be highly interesting to do.
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Figure 3.8: The enthalpic factor of the nanocomposites (normalized H") normalized to
that of the neat polymer for different nanoparticle loading: .. @np = 0%, © Dy = 2%,
A Dyp = 5%, B dpp = 10% at different temperatures (T"). The interaction strength
between the nanoparticle and the polymer (enp.pr) varied (A-D) and the interaction
strength between the nanoparticles was kept constant (exp.ye = 2.0).

3.5 Conclusions
Our results indicate that nanoparticle — polymer interactions greatly affect the interphasial

and nanocomposite structure, and collectively contribute to ‘enhanced material properties’.

Nanoparticle — polymer interactions of which the strength exceeded that of the interaction
between particles resulted in large interphasial regions of relatively high polymer density. In
these systems nanoparticles were connected by a single, double, or triple monomeric polymer
unit. This is key for percolation network formation that reduces polymer dynamics, and in
turn increased the glass transition temperature. For weak nanoparticle — polymer interactions
nanoparticle aggregation greatly reduced the polymer density in the interphasial region, even
for attractive nanoparticle — polymer interactions, which inhibited the formation of a

percolation network and reduced the glass transition temperature.

Generally, our results show great similarity with experimental data, which makes us
confident that these results provide valuable insights for practice. For nanocomposite design,

it is important to match the properties of the nanoparticle to the polymer, which can be done
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by simply choosing an appropriate nanoparticle, or when not available, to tune particle

properties by surface modification when needed.
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3.6 Appendix

Appendix 3-1: Starting configuration created with Moltemplate [182] with nanoparticles
and polymers equally distributed through the simulation box.

=1
P'=0
=10dt
—-
Annealing

©

(D) With mixing (E) No mixing

Appendix 3-2: Development of simulation procedure: (A) nanocomposite structure after
NVE ensemble with nanoparticles mainly located on top and bottom of the simulation
system. (B) The included mixing step, and (C) annealing the system for 10° dt, resulted in
D) properly mixed systems. (E) If the mixing step was not applied particles remained
present at the top and the bottom of the simulation system. Different colours in (A)-(C) are
assigned to individual polymers.
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Appendix 3-3: By plotting the density of each system (p*) as function of temperature (T")
the glass transition temperature (T,") was found using the least sum of squares. This is
an example for exp.pr = 2.0 and Onp = 5%.

ene-pL =0.1 enepL =1.0 enp-pL=2.0 enp-pL = 3.0

Appendix 3-4: Nanoparticles dispersed in the polymer matrix as function of nanoparticle
loading (®np) and interaction strength with the polymer (enp.pr). Interaction strength
between nanoparticles (exp.xp = 2.0) and temperature (T" = 1.0) were kept constant.
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Appendix 3-5: The system volume (V") of the simulation box as function of nanoparticle
loading : © Gyp=0%, © dyxp=2%, A Dyp=5%, B Gy = 10% ar different
temperatures (T"). The interaction strength between the nanoparticle and the polymer
(enp-rr) varied (A-D) and the interaction strength between the nanoparticles was kept

constant (enp.ne = 2.0). Error bars of two independent simulations fall within marker
symbols.
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Appendix 3-6: Radial distribution function of the nanoparticle with respect to the polymer
at different temperatures ®T = 0.25 T" = (.35 0T = 0.45 oT" = 0.55. The nanoparticle
— nanoparticle interaction strength (enp-xp = 2.0) and loading (©n = 2%) were constant,

while we varied the nanoparticle — polymer interaction strength exp.pr (4) = 0.1 (B) 1.0
(C) 2.0 (D) 3.0. To guide the eye a dotted line is presented at g(r) = 1.
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Appendix 3-7: Radial distribution function of the nanoparticle with respect to the polymer
at different temperatures ®T = 0.25 T" = (.35 0T = 0.45 oT" = 0.55. The nanoparticle
— nanoparticle interaction strength (exp.ne = 2.0) and loading (@ = 5%) were constant,

while we varied the nanoparticle — polymer interaction strength enp.pr (4) = 0.1 (B) 1.0

(C) 2.0 (D) 3.0. To guide the eye a dotted line is presented at g(r) = 1. To guide the eye a
dotted line is presented at g(r) = 1.
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A T'<T, ®) T">T,

Appendix 3-8: Below the glass transition temperature (A) aggregated particles were in
direct contact with each other. Above the glass transition temperature (B) aggregated

particles had a minimum distance due to the repulsive forces among the nanoparticles and
the kinetic energy that allowed this separation.
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Chapter 4

4.1 Abstract

The addition of nanoparticles to bioplastics has shown great potential to expand their
practical use, as the resultant bioplastic nanocomposites feature improved thermal, barrier,
and/or mechanical properties. It is well-established that these enhancements are the
consequence of nanoparticle — polymer interactions that alter polymer dynamics within an
interphasial region of a few nanometers. However, the translation of nanoscale phenomena
to bulk properties is challenging, as traditional techniques that probe interphasial dynamics
are limited to well-dispersed samples, which is usually not the case in practice. Laser speckle
imaging (LSI) does enable the measurement of interphasial dynamics inside realistic
nanocomposites with great sensitivity. In this chapter, we investigated the effect of
nanoparticle surface chemistry on interphasial polymer motion. We bridged nano- and
macroscale observations by comparing the LSI-derived relaxation times with rheological

quantities.

On a macroscale, nanocomposites with well-dispersed PDMS coated nanoparticles showed
the highest melt viscosity compared to nanocomposites containing highly aggregated PVP
and PAA coated nanoparticles. On the nanoscale — within the interphasial region — the
presence of nanoparticles increased relaxation times by a factor 10! - 102, eventually reaching
ultraslow relaxations in the order of ~ 103 s. As such, embedded nanoparticles essentially
play the role of physical crosslinks, constraining the motions of polymer chains locally. In
nanocomposites with well-dispersed PDMS coated nanoparticles, the relaxation times
plateaued at 5 wt. % whereas this was 10 wt. % for nanocomposites containing aggregated
nanoparticles with a coating of PAA or PVP. We hypothesize that spatially separated yet
mechanically connected interphasial regions can interact with each other, which is facilitated
by improved dispersion and nanoparticle loading. In fact, our results highlight that
nanoparticle dispersion is the key parameter for mechanical reinforcement as opposed to

nanoparticle — polymer interactions that are commonly considered most important.
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4.2 Introduction

Bioplastics tackle environmental issues related to our current linear plastics economy, but
their properties do often not meet the requirements for their intended use [13,14]. The
addition of nanoparticles has shown great promise to expand the application of bioplastics
from niche to mainstream, as the resultant bioplastic nanocomposites often feature enhanced

thermal, barrier, and/or mechanical properties [31,194,195].

Plastic products — including nanocomposites — are commonly produced via melt mixing
where the viscoelastic behaviour of the melt highly impacts its processability. The addition
of nanoparticles greatly increases the viscoelastic properties depending on design parameters
such as nanoparticle nature or the molecular weight of the polymer. Although rheological
insights are abundantly reported and reviewed [74,196—198], current knowledge is mainly of

phenomenological nature rather than providing knowledge on the nano/micro level.

Nevertheless, it is well-established that nanoparticle — polymer interactions alter polymer
dynamics within a region of ~ 1.5 — 9 nm from the nanoparticle’s surface [191-193]. Due to

the small size of the nanoparticles, the interphasial region easily occupies most of the material
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already at low nanoparticle loading [184]. At higher nanoparticle loading, interphasial

regions potentially overlap resulting in a much higher reinforcement.

Recent studies reveal that the structure and dynamics of the interphasial region are transferred
to the bulk [190], yet the governing mechanisms are ill-understood, mainly because the
measurement of interphasial dynamics is not so trivial. Polymer melts — and nanocomposites
specifically — exhibit a wide range of dynamic processes that are interrelated and take place
at different length and time scales [56]. Today’s knowledge is therefore primarily founded
on molecular dynamics simulations and advanced experimental techniques such as broad
dielectric spectroscopy (BDS), neutron spin echo (NSE), and quasi-elastic neutron scattering
(QENS) [56,190]. These techniques commonly rely on well-dispersed systems, as
contaminants, aggregates or heterogeneity severely complicate data analysis [199]. This is a
major drawback considering that nanoparticles tend to aggregate into microscale entities due
to interparticle interactions and/or a poor compatibility with the polymer matrix [65,184]. To
truly translate interphasial to bulk scale dynamics, a technique is required which enables the

measurement of nanoscale dynamics in the interphasial region of aggregated nanoparticles.

In the current chapter, we show that the relatively unexplored optical method laser speckle
imaging (LSI) is well suited for this challenge. LSI allows non-invasive, in situ visualisation
of nanometric motions deep inside turbid materials [200—204], which can contain aggregates.
It uses a powerful laser beam and camera, combined with quantitative image processing
algorithms, that enables the elucidation of nanoscale dynamics of polymers close to the
nanoparticle’s (aggregate) surface over a wide spectrum of relaxation times inherent to
viscoelastic properties. Using this technique, we unveiled that nanoparticle dispersion is a

key parameter affecting both nano and bulk scale dynamics.

4.3 Experimental

4.3.1 Materials

TiO» nanoparticles, coated with polyacrylic acid (PAA), polyvinylpyrrolidone (PVP), and
polydimethylsiloxane (PDMS), with a diameter of ~ 18 nm were purchased from US
Research Nanomaterials Inc (USA). Polylactic acid (PLA) Ingeo D3052 and D4043 were
from NatureWorks LLC (USA), and chloroform was from Sigma-Aldrich (Germany).
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4.3.2 Nanocomposite production

Nanoparticles were suspended in 5 w/v % PLA chloroform solution and stirred overnight.
This mixture was sonicated to facilitate nanoparticle dispersion; 50 J per 30 ml sample was
applied with an amplitude of 10%, in pulses of 10 s with 5 s rest to prevent excessive heating
(Branson Sonifier SFX550, Emerson, the Netherlands). Thereafter, 30 ml was poured into an
aluminium tray, and the chloroform was left to evaporate overnight. Drying was continued
at 40 °C for 24 h (VD53, Binder, Germany) followed by drying in an air dryer at 80 °C for
9 days (TTM 2/100 ES, Gerco Kunststofftechnik GmbH, Germany). The resulting ~ 0.5 mm

thick samples were stored in a vacuum desiccator to prevent moisture uptake.

4.3.3 Nanocomposite characterization

4.3.3.1  Scanning electron microscopy

Scanning Electron Microscopy (SEM; FEI Magellan 400, FEI Electron Optics B.V., the
Netherlands) was used to observe nanoparticle distribution and morphology in the PLA
matrix. To expose the material core, samples were cryo-fractured in liquid nitrogen, mounted
onto 90° SEM stubs with the cross-section facing upward, and sputter-coated with ~ 9 nm
tungsten (Leica EM SCDS500, Leica Microsystems, the Netherlands) to prevent charging.
Imaging was done at a working distance of ~ 4 mm, with SE detection at 5 kV and 25 pA, at
a magnification of 25000 x.

4.3.3.2  Laser speckle imaging

A similar set-up as described in [205] was used to investigate nanoscale dynamics. Prior to
measuring, the sample was kept at 200 °C (MHCS400, Microptik, the Netherlands) for
~ 3 min to ensure complete melting. During the measurement, the sample was cooled with a
ramp rate of ~ 0.5 °C/min. Simultaneously, an expanded coherent 532-nm laser beam was
shone onto the sample. Within the sample, laser photons undergo multiple scattering events
due to the presence of TiO, nanoparticles, resulting in different light paths as each photon
undergoes statistically independent scattering events. The backscattered light was recorded
with a camera (Dalsa Genie M640-1/2, Stemmer Imaging); an area of 200 by 200 pixels, i.c.,
0.9 by 0.9 mm, was analyzed with an initial average grey value of 50 — 55 (every pixel has a
grey value between 0 — 255). A linear polarizer was placed perpendicular to the polarization

of the incident laser beam in order to filter specular and low-order scattering paths. The
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resulting snapshots are easily recognized by their typical random pattern of black and white
spots, called ‘speckles’. These snapshots were analyzed with Matlab to extract the
characteristic relaxation time 7o; for which a similar fitting procedure as described in [205]
was used. In short, differences in speckle intensity/contrast were quantified by means of the

intensity autocorrelation function:

(@ -1+l

MONED) “-D

92 (T, t) =
where we averaged over speckles in space; the denominator derives the standard deviation
and the numerator normalizes the intensity fluctuations (/) within a certain timeframe (7). We
quantified nanoscale dynamics by the characteristic relaxation time (7o) that we derived by

fitting the g»(7) correlation curves over time with a generalized exponential decay:

a(t)
Vg (T,t) —1= ’Bfit(t) " exp [_Y (Tozt)) ] +P 4-2)

where [ represents the actual decay of the correlation function g» (equation (4-1)), P
represents a small plateau value as g» does not equal zero at high 7 values, a represents the
slope of the decorrelation, and 7o the typical relaxation time of the sample. To remove outliers,
the fitted 7o values were subjected to the Thompson test with an alpha of 0.01 in blocks of

50 measurements [206].

4.3.3.3  Rheology — complex viscosity

Rheometer MCR501 (Anton Paar, Australia) was used to measure the zero shear complex
viscosity from 180 — 140 °C. The sample was placed within a plate-plate configuration
consisting of a 25 mm plate (PP25-SN52020, Anton Paar, Australia), with a gap size of
0.7 mm at 180 °C, and stabilized for 3 min prior to the measurement. Thereafter, an
oscillatory measurement was performed with a strain amplitude of 2.0% and a frequency
0.1 s°%; this was sufficiently low to measure zero shear viscosity, while preventing polymer

degradation over the total measurement time.
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4.4 Results

We used a multiscale approach to investigate the reinforcement effect of nanoparticles in
polylactic acid matrixes with a degree of polymerization of ~ 300 (PLA300), and ~ 500
(PLA500) (Appendix 4-1). We altered nanoparticle — polymer interactions by using TiO»
nanoparticles with a coating of either PAA (NPpaa), PVP (NPpyp) or PDMS (NPppms).

4.4.1 Interaction forces nanoparticles — polymers

To quantitatively describe nanoparticle — polymer and nanoparticle — nanoparticle interaction
forces, we calculated the work of adhesion (7,), the work of cohesion (), and their related
dispersibility factor (W./W.) (Table 4.1) based on surface energy values reported in literature;

in Appendix 4-2 we provide more details.

Theoretical frameworks suggest that nanoparticle dispersion is favoured when W,/W.> 1,
whereas nanoparticle aggregation is favoured when W,/W. < 1 [65,184]. Based on this
distinction, we anticipated NPppums to be readily dispersible in the PLA matrix, in contrast to
NPpyp and NPpaa which feature a W,/W.< 1. The work of adhesion generally indicates the
interaction strength between two components, from which we expect that the interaction with

the PLA matrix is strongest for NPpaa, followed by NPpyp, and finally NPppums.

Table 4.1: Calculated work of adhesion (W,), work of cohesion (W.), and dispersibility
factor (W/W.) based on surface energy values reported in literature (Appendix 4-2).

NPcoating Wa 2 W 2 Wal W reference
(mJ/m*) (mJ/m) (-)

PDMS 543 396 137 [207]

PVP 87.4 92.1 0.95 [208]

PAA 91.6 118.2 0.78 [209]

4.4.2 Nano-/microscale nanoparticle dispersion

We used scanning electron micrographs to obtain an impression of the dispersion state of the
nanoparticles embedded in the polymer matrix (Figure 4.1). Irrespective of their loading,
NPpaa and NPpyp heavily aggregated within the PLA matrix, with typical aggregate sizes

varying between 100 — 2000 nm that contain air-filled gaps. These are generally considered
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NPrpms

Figure 4.1: Nanoparticles with different coatings dispersed in PLA500 at loadings of
5 and 20 wt. %. The scale bar accounts for all images.

indications of poor compatibility between the nanoparticles and polymer. NPppums dispersed
substantially better compared to NPpaa and NPpyp. Average aggregate sizes were in the order
of ~ 100 nm and ~ 500 nm for a loading of 5 and 20 wt. % respectively. At 5 wt. % loading,

we observed many individual nanoparticles together with small aggregates (5-10 particles).

4.4.3 Macroscale dynamics — Viscoelastic properties of nanocomposites

To investigate material dynamics at the bulk scale, we measured the complex viscosity
(Figure 4.2). Generally, the presence of nanoparticles substantially increased the complex
viscosity compared to their neat counterparts, but the extent to which this occurred greatly

depended on the molecular weight of the polymer, the surface chemistry, and loading of the
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Multiscale Dynamics

nanoparticles. Specifically, the complex viscosities of nanocomposites made from PLAS00
were a factor ~ 2 higher than those containing PLA300. In both matrixes, the reinforcing
effect was more prominent for NPppms than for NPpyp and NPpaa. To illustrate, the complex
viscosity at 180 °C was ~ 6.5 kPa-s for 5 wt. % NPppms in PLA500 compared to ~ 4.8 kPa-s
for 5 wt. % NPpaa. For NPppms and NPpyp, an increasing nanoparticle loading manifested
itself in a monotonically increasing complex viscosity. In the case of NPpaa, a nanoparticle

loading of 20 wt. % was needed to substantially increase the complex viscosity.

4.4.4 Nanoscale dynamics measured with LSI
To bridge the gap between the nano/microstructure and macro rheology, we used LSI, which
offers highly resolved insights into the nano dynamics of the nanocomposites; Figure 4.3

presents the relaxation times (o).

PLA300 and PLAS00 featured 7o values in the order of 10° — 10! s above the melting
temperature (7, of pristine PLA is ~ 150 °C), and 10! — 10? s below the melting temperature.
The presence of nanoparticles drastically increased these time scales to 10> — 10*s. The extent
of this increase depended strongly on the nanoparticle coating and loading. At 150 °C, a
nanoparticle loading of 5 wt. % raised the 7o of PLAto ~40 s, ~ 65 s, and ~ 700 s for NPpaa,
NPpvp, and NPppums, respectively. For NPppms nanocomposites a saturation effect was reached
at 5 wt. %, after which a further increase in nanoparticle loading did not increase 7o much

further. For NPpas and NPpyp, saturation was achieved at 10 wt. %.

4.5 Discussion

Nanoparticle dispersion is key for nanocomposite reinforcement with effects ranging from
the nano- to bulk scale (Figure 4.2 & Figure 4.3). NPppys showed by far the best dispersion
(Figure 4.1), and resulted in a higher complex viscosity than NPpyp and NPpaa (Figure 4.2).
Generally, higher nanoparticle loadings increased the complex viscosity, and this effect was
more pronounced for PLAS00 compared to PLA300. These findings align with the abundant
literature data that report an increased melt viscosity upon improved nanoparticle dispersion,

nanoparticle loading, and increased chain length [196,197].

Traditionally, the nanoparticle’s reinforcing effect is explained by the emergence of

percolation regions where nanoparticles are (in)directly linked together, to ultimately form a
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micro/macro network [196]. Recent studies suggest that the structure and dynamics of the
interphasial layer are crucial determinants for the bulk mechanical and viscoelastic properties
[56,190,210]. How these phenomena act across different length scales, relate, and interact is

not really known, and we were curious to find out.

The interphasial region was investigated by LSI (Figure 4.3). Technically, LSI provides
access to the relaxation times (7o) of scattering particles. Due to the highly entangled nature
of PLA, (aggregated) nanoparticles were trapped within the effective cages imposed by the
matrix, consequently mirroring the dynamics of the polymers surrounding them. The
independence of 7o on aggregate size confirms the latter (Figure 4.1 & Figure 4.3). Thanks
to the excellent sensitivity inherent to multiple light scattering, these times reflect local
displacements of only 1 — 10 nm, being similar to the interphasial region that is estimated at
1.5 -9 nm [191-193]. Generally, nanocomposites featured substantially longer 7o compared
to their neat counterparts, even at temperatures far beyond the glass transition temperature
(Figure 4.3). The addition of 5 wt. % NPpyp and NPpaa increased 7o by a factor 10, while a
factor 100 was found for NPppms. The relaxation times increased even further at a

nanoparticle loading of 20 wt. %, reaching an order of 10° s (section 4.4.4).

Our LSI results suggest that nanoparticles cause local constraints, thereby effectively playing
the role of physical crosslinking points within the material. Data about interphasial dynamics
is limited, due to the experimental challenges encountered when endeavouring to probe
interphasial dynamics. Interestingly, albeit of a different dynamic nature and system, the
authors of [ 193] also mentioned that segmental dynamics of P2VP located far from the silica

nanoparticle interface exhibited relaxation times ~ 100 times longer than the bulk [193].

We observed no clear dependence of interphasial dynamics (i.e., 7o) on M,,. In literature, the
effect of M,, on the interphasial thickness is still up for debate; some studies suggest that the
thickness of the interphasial region scales with the polymer’s R, whereas others dispute this
due to an entropic penalty [56,211,212]. Our results for limited variation in molecular weight
do not suggest that M,, plays a crucial role in the dynamics experienced in the interphasial

region (Figure 4.3), which makes this different from the bulk behaviour (Figure 4.2).

Noteworthy is the independence of nano- and bulk scale dynamics on the enthalpic

component (Table 4.1). Aggregated nanocomposites, i.e., NPpaa (W, = 91.6 mJ/m?) and
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NPpye (W, = 87.4 mJ/m?) featured shorter 7o and lower 7" compared to their well-dispersed
NPppums nanocomposite counterpart (W, = 54.3 mJ/m?). Additionally, the relaxation time of
aggregated nanocomposites was saturated at 10 wt. % loading (Figure 4.2), whereas the
complex viscosity increased upon loading Figure 4.3. This is remarkable, at 5 wt. %
PLAS500-NPpyp and PLAS00-NPpaasy, contained locations low in nanoparticles due to their
heavily aggregated state (Figure 4.1). The complex viscosity of NPppms nanocomposites in
which particles were well dispersed, increased with nanoparticle loading, but this was not
reflected by in 7o values. In fact, a loading of 5 wt. % seemed to saturate the interphasial layer
completely, showing relaxation times in the order of ~ 10 s. This suggests that different
phenomena may occur in the interphasial region; we hypothesize that the individual
interphasial layers of NPppms can affect each other, facilitated by their favourable dispersion
state (Figure 4.1). Zhang et al. [138] found that overlapping interphases can increase stiffness
by 5%; compared to the substantial increase in 7o observed in our study, these effects were
rather small. In the case of entangled polymers, Cui et al. [210] showed that adsorbed
polymers can reduce the mobility of polymers that are not in direct contact with the
nanoparticle’s surface. Our results highlight that nanoparticle dispersion is the key parameter
affecting dynamics at nano- and bulk scale, instead of nanoparticle — polymer interactions

that are commonly considered paramount for reinforcement.

Optimal nanoparticle dispersion can be achieved by effectively matching the nanoparticle’s
surface chemistry with that of the polymer (Table 4.1) [184]. Interestingly, based on our
calculations (Table 4.1), the work of adhesion between polylactic acid and PDMS was not
particularly high, and our calculations therefore suggest that the favourable dispersibility was
mainly due to the low interparticle forces between the particles themselves. Contrarily, NPpyp
and especially NPpaa had a higher W., giving rise to a W,/W. < 1 and these samples heavily
aggregated within PLAS500.

Finally, it is noteworthy to point out that nanoparticle loadings > 5 wt. % are very substantial,
resulting in considerable effects in terms of material properties. Simultaneously, nanoparticle
aggregation is — especially at high loadings — inevitable in practice. This renders virtually all
traditional nano-analysis methods unsuitable, and illustrates the urgency of a technique such

as LSI that allows the measurement of nanoscale dynamics inside nanocomposite systems
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as LSI that allows the measurement of nanoscale dynamics inside nanocomposite systems

that are not perfectly dispersed.

4.6 Conclusion

Nanoparticle dispersion is a factor determining both nano- and bulk scale dynamics in
polymer nanocomposites. On a macro scale, nanoparticles coated with PDMS (NPppms)
showed by far the best dispersion in a PLA matrix compared to PAA (NPpaa) and PVP
(NPpvyp) coated nanoparticles, consequently resulting in the highest melt complex viscosity.
On the nanoscale, interphasial relaxation times were ~ 102 — 103 longer than that of the neat
PLA matrix, illustrating that nanoparticles essentially play the role of long-lived physical
crosslinks. The relaxation times of well-dispersed NPppms nanocomposites plateaued at
5 wt. % whereas this was 10 wt. % for aggregated NPpaa and NPpyp nanocomposites. We
hypothesize that individual interphasial regions can affect each other, which is facilitated by
improved dispersion and higher nanoparticle loading. In fact, our results offer
thought-provoking indications that dispersion is more important than nanoparticle — polymer

interactions, whereas the latter is commonly considered the most important.
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4.7 Appendix

2.E+05

1.E+05

Mw (g/mol)

0.E+00
PLA300 PLA500

Appendix 4-1: Weight-averaged molecular weight of PLA with a degree of polymerization
of ~ 300 (PLA300) or ~ 500 (PLA500) as determined by gel permeation chromatography.

Appendix 4-2: Calculation of work of adhesion, work of cohesion, dispersibility factor, and
work of spreading.

The W, (J/m?) was calculated as follows:

4-3)
W, = Z(Jyé‘yﬁp + \/Vﬁ Yap
where y;‘ﬁ and y;‘f/P are the dispersive components of the nanoparticle and the polymer’s surface
energy, respectively, and y’; and y]pVP the polar components. The work of cohesion () was

calculated as follows:
W, =2ypnp 4-4)

As several studies suggest that the balance between the two, i.e., W./W, can be used to predict
the tendency of nanoparticle dispersion in a certain matrix [65,184], we also provide this in
Table 4.1. W,/W. > 1 suggests favourable dispersion, and W,/W. < 1 unfavourable

nanoparticle dispersion in a certain matrix.
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Chapter 5

5.1 Abstract

Nanoparticles have been claimed to contribute efficiently to, e.g., the mechanical strength of
composite materials when present as individual particles. However, these particles tend to
aggregate. In this chapter, we prepare nanocrystals from chitin, a product with high potential
added value for application in biobased materials, and investigate the effect of ultrasound on

de-aggregation.

Chitin nanocrystals with a length ~ 200 nm and a diameter ~ 15 nm, were obtained via acid
hydrolysis of crude chitin powder. Freeze drying resulted in severe aggregation and after
redispersion sizes up to ~ 200 um were found. Ultrasound treatment was applied and
break-up behaviour was investigated using static light scattering, dynamic light scattering,
and laser diffraction. Our results suggest that the cumulative energy input was the dominant
factor for chitin nanocrystal aggregate break-up. When a critical energy barrier of ~ 100 kJ/g
chitin nanocrystals was exceeded, the chitin nanocrystal aggregates broke down to the
nanometer range. The break-up was mostly a result of fragmentation: the aggregation energy
of chitin nanocrystal aggregates was quantified to be ~ 370 kJ/g chitin nanocrystals and we
hypothesize that mainly van der Waals interactions and hydrogen bonds are responsible for

aggregation.

Critical Ej, ~ 100 kJ/g Chitin nanocrystals
A

A O "‘i. \#

0.8 ¥ D. D Nanocrystals
LV ZAPN

Aggregates ADe
L]
0.0 =
1.0 10.0 100.0 1000.0  10000.0
Ultrasound E;, (kJ/g Chitin nanocrystals)

Graphical abstract
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5.2 Introduction

The versatile physical and chemical properties of nanoparticles give them outstanding
properties for different applications [213], including enhanced catalysis [214], or drug release
compared to their more macroscopic counterparts [215]. Also when embedded within a
material, nanoparticles can alter the material’s properties such as the mechanical strength or
give it antioxidant activity if the nanoparticles possess that property. A great example are
carbon nanotubes for the production of flexible electronic devices or the use of biobased
polysaccharide nanocrystals which improve mechanical and barrier properties of polymeric
materials [53,216,217]. These options to introduce unique properties make nanoparticles
increasingly important as building blocks for different applications, e.g., in the material,

medical, and electronic science fields and industry.

Nanoparticles can be produced from various natural sources. Chitin, the second most
abundant polysaccharide next to cellulose, is getting more and more attention [51-53]. It is
present in the cell walls of fungi, in insects, and in marine sponges [218], but mainly in the
exoskeletons of arthropods such as shrimps. The latter sources are currently considered waste
materials produced by the fishery industry, but they could become the source for a high
added-value product, because chitin can easily be extracted. Chitin is a polysaccharide
composed of N-acetyl-2-amido-2-deoxy-D-glucoside units linked by p(1—4) bonds. The use
of chitin can be expanded if the powder is hydrolysed into smaller chitin nanocrystals that

have an increased exposed surface area in either solution or within a bulk material.

Chitin based nanofillers in particular possess special properties including a high aspect ratio,
low density, and it was even reported that they retain their antioxidant and antimicrobial
activity in polymeric matrixes [36,53,217,219-221]. In addition, their hydroxyl and amine
groups allow surface modification, which can be used to tune nanoparticle properties
practically at will, which is an important lead for further functionalisation. From this it is
clear that chitin nanocrystals are versatile building blocks; in the current study, we especially
consider them as bio fillers in polymeric matrixes for the medical and food packaging

industry.

For the envisioned application it is important to prevent degradation and reduce

transportation costs, which can be achieved by drying. However, drying nanoparticles often
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leads to the formation of strong agglomerates because of its high surface area [85,222-226],
and in the case of chitin nanocrystals due to the formation of strong hydrogen bonds [52].
Consequently, it remains difficult to redisperse the chitin nanocrystal aggregates in polymer
melts, or aqueous solutions depending on the application [51,55,227-229]. A common
approach to facilitate nanoparticle dispersion is the use of surfactants and compatibilizers
[222,224,225,230-232]. Alternatively, nanoparticles can be re-dispersed by the use of
mechanical force, e.g., ultrasound or extrusion. In contrast to extrusion, ultrasound has been
shown to effectively lead to a stable aqueous dispersion of nanoparticles [53]. Interestingly,
this difference in dispersibility with treatment method has been observed for multiple

nanoparticles such as cellulose nanocrystals [87,233], or carbon nanotubes [234,235].

Theoretically, aggregate break-up occurs once the applied forces exceed the cohesive forces
keeping the nanoparticles together. Aggregate break-up can occur in two ways, i.e.,
fragmentation or erosion. Erosion is characterized by the removal of single or small parts
from the parent aggregate, whereas fragmentation is characterized by the break-up into pieces
of similar sizes. Also the time scales of the two break-up mechanisms are different as erosion
occurs over much longer time scales compared to fragmentation [236]. To the best of our
knowledge, the aggregation energy of chitin nanocrystal aggregates and their break-up
behaviour are unknown, yet for the preparation of biobased material reinforced with chitin

nanocrystals these are essential design parameters.

The current study aims to quantify the aggregate energy of chitin nanocrystals and investigate
its break-up behaviour in terms of fragmentation and erosion. This will be investigated on a
small scale by dispersing freeze dried chitin nanocrystal powder in Milli-Q water, and
measuring particle size after ultrasound treatment by static light scattering, laser diffraction,
and dynamic light scattering. We find a distinct transition in particle size as function of
applied energy input. The data is compared to literature of polymer systems with chitin

nanocrystals, and linked energy input in production systems.
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t=)

5.3 Materials and Methods

5.3.1 Materials

Shrimp chitin powder with > 98% purity and a high molecular weight was purchased from
Glentham Life Sciences (UK). For dilutions, only ultra-pure water was used (Milli-Q)
(Millipore MilliQ system, Q-POD with Millipak Express 40 0.22 um filter, Merck Millipore,
USA).

5.3.2 Sample preparation

Chitin nanocrystals were prepared via a slightly adjusted protocol of Broers et al. [237]. In
short, chitin nanocrystals were prepared via acid hydrolysis of crude chitin powder in 3 M
hydrochloric acid (HCI) at 85 °C for 90 minutes; 1 gram of chitin powder per 15 ml HCI was
added. The mixture was cooled on ice to stop the reaction, after which it was centrifuged at
2000 g for 5 minutes (Sorvall LYNX 4000 superspeed centrifuge, Thermo Scientific™
46910, MA, USA) to remove the HCIL. The supernatant was discarded and an equal amount
of Milli-Q water was added to redisperse the pellet. The latter step was repeated three times.
Two final centrifugation steps were performed at 1000 g for 5 minutes, after which the
supernatant containing chitin nanocrystals was collected. After production, the 2.85 wt. %
chitin nanocrystal solution (pH ~ 2.0) was freeze dried at -20 °C for at least 48 hours (Christ

Epsilon 2-6D Freeze Dryer, Martin Christ Gefriertrocknungsanlagen GmbH, Germany).

Dispersions of 0.01 wt. % chitin nanocrystals in Milli-Q water (pH ~ 4.5) were prepared for
static light scattering and dynamic light scattering experiments. Dispersions of 0.1 wt. %
chitin nanocrystals in Milli-Q water were prepared for laser diffraction and observations with

fluorescent microscopy.

5.3.3 Aggregate break-up by sonication

A Branson sonifier 250 connected to a 1/4” microtip (Branson Ultrasonics, USA) was used
to sonify 10 ml sample at power 3, 5, 7, and 10 at a constant amplitude of 40%. This device
had a horn frequency of 19.8 — 20.0 MHz. Samples were continuously cooled on ice to
prevent excessive heating. The energy input (E;,) was determined calorimetrically [238—240]

(Appendix 5-1) :
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AT

Ey = Cp,water Myater E 5.1)

where C, is the thermal capacity of water (4.18 J/K), m is the mass of water (0.2 kg) and
AT/At is the rise in temperature per time. Different power settings were used to differ the
instantaneous power supplied; the measured instantaneous E;,s were 5, 12, 18, and 32 Is™! for
the power settings 3, 5, 7, 10 respectively (Appendix 5-1). We enabled an E;, between
0 - 9.6 MJ/g chitin nanocrystals. The heat loss to the environment was neglected because of

the small volumes used.

5.3.4 Characterization

5.3.4.1 Morphology
After acid hydrolysis, JOEL-JEM1400Plus — 120 kV (spot size 1) was used to observe the

chitin nanocrystals, which were negatively stained in 2% uranylactate solution.

After ultrasound treatment, chitin nanocrystal dispersions were labelled with 0.01 wt. %
fluorescein isothiocyanate (FITC) for 24 hours. The samples were centrifuged at 20.000 g,
after which the supernatant was discarded and an equal amount of Milli-Q water was added.
The latter step was repeated 5 times. FITC grafting was confirmed with Fourier Transform
Infrared (Bruker, Alpha II, Germany); FTIR spectra were taken in absorbance mode over a

I and after 60 scan

wavenumber range of 400 — 4000 cm™' with a resolution of 4 cm-
accumulations. The absence of FITC’s isothiocyanate characteristic peak (N=C=S stretching)
at 2000 cm! [241,242] suggested that this group was involved in the reaction with the chitin
nanocrystals (Appendix 5-2). Afterwards, the samples were observed with Axioscope in

fluorescent mode (Zeiss, Germany).

5.3.4.2  Degree of acetylation

BC cross-polarization magnetic angle spinning (CP-MAS) NMR spectroscopy (Bruker
Avance III HD spectrometer 700 MHz, Bruker, USA) was used to determine the degree of
acetylation of the crude chitin powder and the produced chitin nanocrystals. Samples were
packed into 4 mm zirconia rotors. The rotors were spun at MAS frequency of 11 kHz at
25 °C. the 1*C CP MAS spectra were recorded with a recycle delay of 5 s, and a contact time

of 3 ms. The'?™C NMR spectra were referenced with respect to adamantane
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(13C, 29.456 ppm). The degree of acetylation (DA%) was determined with the following
equation [243]:

ey,
DA% = 1——— (5.2)

6 IC1—C6

where Icyz and Ic;.cs correspond to the peak integrals associated with the CH3 and carbon
backbone respectively. MestRenova software was used to determine the peak integrals. As
determined from the '*C NMR spectra (Appendix 5-3), chitin nanoparticle production
resulted in a slight decrease in degree of acetylation; a DA of 99% and 94% were found for

crude chitin powder and the produced chitin nanocrystals respectively.

5.3.4.3  Thermal stability

The thermal stability of chitin powder and the produced chitin nanocrystals were determined
with thermogravimetric analysis (TGA) (PerkinElmer TGA 4000, Waltham, USA). The
samples were heated from 30 °C to 450 °C, at a heating rate of 10 °C/min under a constant
nitrogen flow of 20 mL/min. Pyris software was used to examine the data (Pyris,
11.1.1.0492). For chitin powder an initial degradation temperature and maximum
temperature of 216 °C and 334 °C were found respectively. For chitin nanocrystals an initial

degradation and maximum degradation temperature of 148 °C and 260 °C respectively.

5.3.4.4  Particle size distribution

The particle size distributions of the chitin nanocrystal dispersions were measured with laser
diffraction (Mastersizer 3000, Malvern Instruments Ltd., UK) and dynamic light scattering
(Zetasizer Ultra, Malvern Instruments Ltd, UK). The absorption index was set to 0.01, and a
refractive index of 1.560 and 1.330 was used for chitin nanocrystals and Milli-Q water,

respectively. All samples were measured in triplicate.

Please note that the measurement angle used for laser diffraction (0.015° - 144°) and dynamic
light scattering (173°) was different. Consequently, as mainly forward scattering was used
for laser diffraction, it was more sensitive toward particles with a size above the wavelength
of the device laser (i.e., Agevice = 632.8 nm for the red source and Agevice = 470 nm for the blue

source). As backscattering was used during dynamic light scattering measurements, also
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particles with a size below Agevice could be observed (i.e., Adevice = 632.7 nm). Because of the
very polydisperse nature of our chitin nanocrystal aggregate sample, we find a combination
of these techniques crucial to obtain a good overall impression of the size distribution

(Figure 5.1).

20 Laser diffraction

— — Dynamic light scattering

15

10 ,|

Volume (%)

0.——I -

1 100 10000 1000000
ChNC size (nm)

Figure 5.1: Volume % as function of chitin nanocrystal (ChNC) size at an E;, of 0 kJ/g
chitin nanocrystals measured with laser diffraction and dynamic light scattering. The
average of three measurements is given.

5.3.4.5  Static light scattering

A HeNe 2 mW 633 nm polarized laser (product 19064, LASOS, USA) was shone through
8 ml 0.01 wt. % chitin nanocrystal dispersion which was added to the small angle light
scattering cell (Anton Paar, Austria). The incoming beam was blocked by an in-house made
beam stop, that was placed on a ground glass diffuser (gritt 600, Edmund Optics, USA). The
distance between the SALS cell and the ground glass diffuser was 31 cm. A charged coupled
device camera (CCD Thorland 125 IM SERIES, Edmund Optics, USA) with a lens of
16 mm/F1.4 59879 (Edmund Optics, USA) was used to capture 50 images per sample. The
scattering patterns were further analyzed with Fiji [244] (Appendix 5-4). The Radial Profile
Extended plugin developed by Baggethun [245] was used to derive the scattering intensity
as function of scattering path (Appendix 5-5). The total scattering intensity is defined as the

integral of the scattering intensity as function of the scattering path, which was corrected for
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the background intensity (Appendix 5-5). The first 120 pixels of the path lengths were not

considered as this corresponded to the position of the beam stop.

5.4 Results

The application of ultrasound has shown to be an effective way to break down nanoparticle
aggregates [53,87,234], and was for that reason used to quantify the aggregation energy (Eougg)
within chitin nanocrystal aggregates. The energy input (E;;) produced by ultrasound was
determined calorimetrically for different sonication power settings, enabling an E;, up to

9.7 MJ/g chitin nanocrystals (Appendix 5-1).

5.4.1 Morphology of chitin nanocrystals and their aggregates after
ultrasound

The morphology and size of the individual chitin nanocrystals and their aggregates were
observed with transmission electron microscopy and fluorescence microscopy, respectively.
Figure 5.2 shows the morphology of individual chitin nanocrystals that have a clear needle
like morphology. The chitin nanocrystals had a length between 50 — 400 nm and a diameter
between 10 — 20 nm. The geometry of the nanocrystals corresponded well with sizes found
in literature [51,53,217,237]; chitin nanocrystals commonly show a crystallinity index of

85 -90% [53,229,246,247].

Figure 5.2: Needle shaped chitin nanocrystals derived after acid hydrolysis observed with
transmission electron microscopy. The scale bar has a size of 200 nm.
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After ultrasound treatment, the chitin nanocrystal aggregates were labelled with FTIC to
enable observation with fluorescent microscopy (Figure 5.3). After freeze drying, aggregates
with sizes up to 200 pm were observed in the chitin nanocrystal dispersion that was very
polydisperse. Ultrasound clearly decreased the chitin nanocrystal aggregates; at an
E;,~ 1.9 MJ/g chitin nanocrystal hardly any aggregates were visible, and if visible they had
a size < 40 um. As the resolution of the microscopy is ~ 2 pm, this probably suggests that

most chitin nanocrystal particles were smaller than that, assuming no reduced signal intensity

as function of size.

Ein~0kJ/g ChNC Ein~50KkJ/g ChNC Ein~1.9MJ/g ChNC

Figure 5.3: Microscopic pictures of FITC labelled chitin nanocrystals (ChNC) after
sonication treatments at different Ej,.

5.4.2 Aggregate strength

Static light scattering was used to capture the overall aggregate break-up behaviour.
According to the classical Raleigh scattering theory a / ~ #° relationship exists, meaning that
the total scattering intensity decreases when an aggregate breaks up into two smaller particles
of the same total volume. The scattering intensity clearly decreased as a consequence of
ultrasound treatment (Appendix 5-4 & Appendix 5-5) and this is summarized in Figure 5.4,

showing the normalized total scattering intensity as function of E;, produced by ultrasound.

The effect of ultrasound on scattering intensity could be divided into three regimes. In the
first regime < 100 kJ/g chitin nanocrystal, no effect of Ej on scattering intensity was
observed. In the second regime, 100 kJ/g chitin nanocrystal < Ej, < 5.0 MJ/g chitin
nanocrystal, the total intensity decreased as a consequence of either a decreased particle size,

or decreased number of aggregates, but most likely a combination of both. At E;, > 5.0 MJ/g
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chitin nanocrystal, the scattering intensity was very close to the background intensity and did

not decrease any further.

The dimensionless number Prob has been suggested to determine the break-up probability of

an aggregate at a certain shear rate [97,98,248]:

Prob = e~ /7 (5.3)

where ¢ is the mechanical bonding strength of an aggregate in N-m and 7 represents the
shear stress in N-m. A slightly modified version was used in the current study. To describe
the break-up probability of an aggregate at a certain Ei,, o, and T were replaced with E, and
E;, respectively. In addition, the mirrored value was taken to fit the equation to the static light

scattering data points:

Eq
Prob =1— e( Eigng) &4

From the fit of equation (5.4) to the static light scattering data points, an Ep.ne of 373 kJ/g

chitin nanocrystal was derived, that is put into a wider perspective in the discussion section.

1.0 PRS—— .

om ¢
0.8 °-
06 .
< >
0.4 |
Power 3 ®
¢ Power 5
0.2 ® Power7 i"
B Power 10
eecccce Prob -...
0.0
1.E+00 1.E+02 1.E+04
E,, (kJ/g ChNC)

Figure 5.4: Normalized total intensity as function of ultrasound energy (Ei) in kJ/g chitin
nanocrystals (ChNC) determined via static light scattering.
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5.4.3 Particle size distribution

To distinguish between aggregate break-up occurring in particles of different sizes, size
distributions after ultrasound treatment were measured using different techniques. Figure 5.5
shows size distributions obtained with laser diffraction and dynamic light scattering. The size
averages are given as Dy43) for laser diffraction and Djes) for dynamic light scattering as

function of Ej,, and are not the same (Figure 5.6).

20 0 kJ/g ChNC 20 0 kJ/g ChNC
_____ 3 kJ/g ChNC ====-760kJ/g ChNC
16 152 kJ/g ChNC 16 9.6 MJ/g ChNC
— — —
<12 S 12
[} [}
- .
o o /
> > “‘
4 4 / !
[
LA
2]
0 —— - 0 ———
0.1 1000 1 100 10000
Size (um) Size (nm)
(A) (B)

Figure 5.5: The volume % as function of chitin nanocrystal (ChNC) size at different E;,

measured with (4) laser diffraction and (B) dynamic light scattering.
Chitin particle sizes between 5 - 500 um and 50 — 100 nm were observed with laser diffraction
and dynamic light scattering, respectively. We interpret this as follows: only a very small
number of large particles (> 5 pum) was present, and these particles scatter mostly in the
forward direction and are dominant at low angles. At a larger detection angle as used for
dynamic light scattering, their contribution is negligible and does not contribute to the overall
signal. If there would have been many large particles, they would have given a signal during
this measurement, and that is not the case, not even at 10-fold higher concentration. Thus,
the overall behaviour is dominated by break-up events happening in small(er) chitin

aggregates, and this was well captured by static light scattering (Figure 5.4).
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Figure 5.6: The chitin nanocrystal (ChNC) size (in blue) and span (in green) as function
of ultrasound E;, at different power settings measured with (A) laser diffraction and (B)
dynamic light scattering. The error bars represent the standard deviation within three
different measurements, some of them being within the data marks.

On a more general level, at an E;, < 16 kJ/g the chitin nanocrystal size was reduced from
72 um to approximately 40 pm (Figure 5.6), leading to higher polydispersity. This effect
was supported by results obtained by dynamic light scattering; the chitin nanocrystal size
shifted to lower values and broader distributions (Ei; ~ 3 kJ/g chitin nanocrystals)
(Figure 5.5). At 16 < Ej, < 100 kJ/g chitin nanocrystals, no further decrease in chitin
nanocrystal size was observed, and the span remained equal, which corresponds well with
the static light scattering results (Figure 5.4). At higher E;, values, most of the chitin
nanocrystal aggregates broke up to a size of ~ 240 nm which is similar to the length of the
original chitin nanocrystals before freeze drying (Figure 5.2). Although ultrasound treatment
clearly shifted the chitin nanocrystal size to lower values, also when no ultrasound treatment
was applied, chitin nanocrystal particles in the nano range were found, and at the highest Ej,

the chitin nanocrystal particles showed a considerable size distribution (Figure 5.5).

5.5 Discussion
Ultrasound treatment clearly reduced the chitin nanocrystal aggregate size (Figure 5.3 &

Figure 5.6), as was found for different nanoparticles including carbon nanotubes [234] and
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cellulose nanocrystals [87]. Our results suggest that weakly bound micro meter agglomerates
can be broken down at low E;, < 16 kJ/g chitin nanocrystals (Figure 5.6), which corresponds
to the general observation that break-up occurs at the weakest spot inside the aggregate.
However, a much higher critical E;, of ~ 100 kJ/g chitin nanocrystals was required to decrease
the aggregates to the size range of the original chitin nanocrystals (Figure 5.4 & Figure 5.6).
This is common for particles, and far from trivial for nanoparticles because the E;, required

increases as the particle diameter decreases [249,250].

An aggregation energy (E.qg) of ~ 370 kJ/g chitin nanocrystals was found (Figure 5.4). We
would like to emphasize that this number corresponds to the break-up of interparticle
interactions within an aggregate, rather than the interactions within a nanocrystal (Figure 5.4,
Figure 5.5, and Figure 5.6). It is good to point out that extreme sonication conditions, e.g,
300 W for 30 minutes, are capable of separating chitin nanofibrils from the chitin matrix but
are not able to break the nanofibrils themselves [251-253]. It is expected that mainly van der
Waals interactions and hydrogen bonds formed after drying are responsible for the high
aggregation strength [251,254]. Interestingly, these latter interactions are also believed to be
responsible for keeping individual chitin polymers within a chitin nanocrystal together [255],
although the actual strength can be different. Within a nanocrystal, chitin polymers have an
extremely evolved hierarchical structure [255], which results in a strong material built by
relatively weak interactions, i.e., van der Waals interactions (~ / k»7) and hydrogen bonds
(~ 10 k»T) [110]. In a freeze dried sample irregular aggregates are present (Figure 5.3), that
likely do not have as many interactions as the chitin nanocrystals would have, which explains

the differences between both materials.

We expect these high E;, values needed to break up aggregates to be one of the reasons why
it remains difficult to achieve homogeneous chitin nanocrystal distributions in polymeric
matrixes without any surface modification or the use of a compatibilizer. Extrusion is often
used to process thermoplastic polymers, where typical specific mechanical energy inputs lay
in the range of 0.17 — 0.27 kWh/kg. Considering a maximum residence time of 10 minutes
and a chitin nanocrystal content of 5 wt. %, an Ej, of around ~ 1 kJ/g material would be
achieved. Assuming F;, is equally distributed through the whole material, ~ 50 mJ/g chitin

nanocrystals is available for aggregate breakdown, being lower than the critical energy
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barrier of ~ 100 kJ/g chitin nanocrystals that we identified before. Thus, in this example the
E;, provided by extrusion should be increased by at least a factor 2000. Even if we consider
that not all acoustical energy is transferred into cavitation breaking energy (~ 35% [240]), a
serious increase in Ej, is required for break up to occur. This difference becomes more
pronounced using the argument of maximum local shear stress that can be achieved. Huang
& Terentjev [234] calculated a local shear stress of 20 kPa for mechanical shear mixing in
high viscosity polymer melts, whereas 100 MPa could be achieved for ultrasound treatment
in low viscosity solvents; this is a factor 5000 different [234]. Please note that in the latter
study it was assumed that all stress from an imploding bubble contributed to the localized

shear stress.

The dominant break-up mechanism is expected to be fragmentation as deduced from the
various size distributions (Figure 5.5 & Figure 5.6), which also corresponds well with
observations of others [87,256,257]. Like Graves et al. [257] we find that the E; was the
dominant factor for nanoparticle aggregate break-up. However, the reported dependency on
E;, is not always observed [87]. This may be related to the calculation of the energy input
through the implosion of a bubble in the case of Beuguel et al. [87] and determined
calorimetrically by Graves et al. [257] and the current study. The reasons for this strong

dependency on Ej, are not yet elucidated.

As the next step toward application in, e.g., polymer melts other factors like interfacial
compatibility should be considered as well. When relatively hydrophilic chitin nanocrystals
are added to hydrophobic matrixes, there will be a continuous competition between the
hydrodynamic forces breaking the chitin nanocrystal particles up and the cohesive forces
bringing the chitin nanocrystal particles together. This is commonly observed for
nanoparticles in polymer and aqueous systems [82,87,107,108]. So ways to reduce Eqgq, away
from the use of compatibilizers, are relevant. Interestingly, £, does not solely depend on the
interaction forces, for example, Khoshkava & Kamal [85] found that cellulose nanocrystal
aggregates with a more porous structure require less energy to break up. Van der Waals
interactions act over a longer range (0.32 nm) compared to hydrogen bonds (up to 100 nm),
thereby explaining why less Ej, is needed to break down larger nanoparticles compared to

smaller ones. Higher porosity can be achieved using other drying methods such as spray
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drying or by using lower chitin nanocrystal concentrations during freeze drying [85,86].
Another way to decrease the £, required for chitin nanocrystal break-up would be to increase
the interfacial compatibility with the solvent or polymer melt. This can be achieved amongst

others by surface modification which is part of our follow-up research.

5.6 Conclusion

We have demonstrated that the critical energy barrier for aggregate break-up as well as
aggregation energies can be quantified with a combination of ultrasound and static light
scattering. Ultrasound treatment was shown to effectively decrease the size of chitin
nanocrystal aggregates that were held together by van der Waals interactions and hydrogen
bonds (~ 370 kJ/g chitin nanocrystals) formed during freeze drying. The reason for the strong
relationship between the cumulative applied energy input and the break-up behaviour of the

chitin nanocrystals is not yet elucidated.

Although ultrasound can easily overcome the critical energy input needed to break up chitin
nanocrystal aggregates, the energy input achieved during extrusion of polymer melts is
expected to be too low to achieve this, which is in line with the common observation that
nanoparticles do not disperse well in polymer melts. Still, the current study very clearly sheds
light on the importance of energy input as a design parameter for nanocomposite preparation,
and also directs toward which strategies should be applied to achieve nanoparticle dispersion

(e.g., surface modification).
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Appendix 5-1: The sonication energy in kJ s™ for different ultrasound power settings

determined calorimetrically.
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Appendix 5-2: FTIR spectra of FITC, chitin nanocrystals (ChNC), and FITC labelled
chitin nanocrystals (ChNC-FITC). The absence of the characteristic peak of FITC's
isocyanate group at 2000 cm™ confirms the conjugation of FITC with the amine groups

of the chitin nanocrystals.
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Appendix 5-3: 3C NMR spectra of crude chitin powder (red) and produced chitin

nanocrystals (blue). The green numbers indicate the peaks that were assigned to their

corresponding carbon atoms as represented in the chemical drawing.
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Appendix 5-4: Scattering patterns derived with static light scattering (4) at an
Ein~0MJ/g ChNC, (B) Ein ~ 0.5 MJ/g ChNC, and (C) Ei, of ~ 9.6MJ/g ChNC.
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Appendix 5-5: Scattering intensity as function of scattering path at different E;, before
background correction and normalization.
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Chapter 6

6.1 Abstract

Bioplastics may solve environmental issues related to the current linear plastic economy, but
they need improvement to be viable alternatives. To achieve this, we targeted to add chitin
nanocrystals (ChNC) to polylactic acid (PLA), which is known to alter material properties
while maintaining a fully biobased character. However, ChNC are not that compatible with
PLA, and surface modification with fatty acids was used to improve this. We used fatty acids

that are different in carbon chain length (C4 — C18), and degree of saturation (C18:2).

We successfully used Steglich esterification and confirmed covalent attachment of fatty acids
to the ChNC with FTIR and solid-state '3C NMR. The morphology of the ChNC remained
intact after surface modification, as observed by TEM. ChNC modified with C4 and C8
showed higher degrees of substitution compared to fatty acids with a longer aliphatic tail;

while particles modified with the longest fatty acid showed the highest hydrophobicity.

The addition of ChNC to the PLA matrix resulted in brown colour formation that was reduced
when using modified particles, leading to higher transparency, most probably as a result of
better dispersibility of modified ChNC, as observed by SEM. In general, addition of ChNC
provided high UV-protection and improved barrier protection; this is an additional feature
that can be created through addition of ChNC, which was not at the expense of the mechanical

strength.

Improved dispersion and optical properties

Graphical abstract
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6.2 Introduction

To tackle environmental issues related to the use and production of fossil-based plastics,
biobased and biodegradable plastics have been proposed as alternatives. Amongst them,
polylactic acid (PLA) is often considered the most promising material because of its
availability, low environmental footprint, low costs, good optical properties, and high tensile
modulus [14]. However, its current application is limited because its properties are not as

good as their fossil-based counterparts, such as polyethylene terephthalate [26,258].

Nanoparticle — polymer interactions are known to alter material properties including
mechanical and barrier functions [31-33,58,59]. To retain a plastic’s biobased character, the
particles also need to comply with this requirement, and different polysaccharide
nanoparticles have been considered for this purpose such as starch or cellulose nanoparticles,
that are abundant in nature, and have low toxicity [51]. Another promising nanoparticle
source is chitin, which is a polysaccharide composed of N-acetyl-2-amido-2-deoxy-D-
glucoside units linked by B (I — 4) bonds. After cellulose, it is the second most abundant

polysaccharide and mainly present in exoskeletons of arthropods, such as shrimps and crabs.

Currently, these exoskeletons are considered waste, which is a missed opportunity as chitin
can be easily extracted and made into a high-added-value product. Chitin nanocrystals
(ChNC) can be produced by acid hydrolysis of chitin powder. Like the chitin powder, the
degree of acetylation (presence of amino groups) at the nanocrystal surface is thought to
relate to antifungal and antibacterial activity, even when ChNC are present in polymer films
[39,259,260], which is of special interest for medical devices or food packages [261,262].
ChNC clearly have high potential as building blocks in nanocomposites, albeit are rather

unexplored.

For a functional biopolymer, homogeneous distribution of ChNC throughout the PLA film is
crucial [184]. When starting from ChNC, the relatively hydrophobic PLA drives the ChNC
to agglomerate. During particle preparation, interparticle hydrogen bonds lead to strong
ChNC agglomerates upon drying [54], which are difficult to break up under conditions
commonly used during extrusion processes. In order to mitigate this, ChNC can be modified

which is possible through their hydroxyl and amino groups [53,263].
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Surface acetylation with fatty acids has been shown to effectively increase the hydrophobicity
of starch crystals [264] and chitin nanocrystals [263]. Commonly this is done by converting
the fatty acids into their noxious chloride forms, which is less desirable from a human health
and environmental point of view. Alternatively, direct esterification (Steglich esterification)
that circumvents the formation of toxic components and is efficient under mild conditions
can be used, but to the best of our knowledge, this has not been demonstrated for chitin

nanocrystals.

Here we used, fatty acids of different carbon chain length (C4 - C18) and saturation (C18:0
and C18:2), and characterized the modified particles by FTIR and solid-state NMR. We
expect the polarity to depend on the length of the carbon tail, and this was investigated using
two-phase-liquid-systems of various logP. Next, (modified) ChNC were added to a polymer
matrix, and dispersibility was investigated through SEM. Furthermore, the characteristics of
the obtained nanocomposites were evaluated (e.g., UV-protection, color, mechanical
strength, barrier function). This modification is expected to open up possibilities to

successfully use chitin nanocrystals as fillers for bio-nanocomposites.

6.3 Materials and Methods

6.3.1 Materials

Shrimp chitin powder (= 98% purity) was purchased from Glentham Life Sciences (UK).
Butyric acid (= 99.5%) was from Thermo Fisher Scientific (USA). The following chemicals
were bought from Sigma Aldrich: octanoic acid (= 99% purity), lauric acid (= 98% purity),
stearic acid (> 99% purity) linoleic acid (> 99% purity), N-(3-dimethyl aminopropyl)-
N’-ethyl carbodiimide hydrochloride (EDC), hexane tert-butyl acetate (> 99% purity), and
4-dimethyl aminopyridine (DMAP). Palmitic acid (= 99% purity) and dry tetrahydrofuran
(THF) (= 99% purity) were purchased from Merck (Germany). Polylactic acid Ingeo 4043D
was from NatureWorks LLC (USA). All other chemicals and solvents were analytical grade
and used as received. For dilutions, only ultrapure water was used (Millipore MilliQ system,

Q-POD with Millipak Express 40 0.22 pm filter, Merck Millipore, USA).
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6.3.2 Sample preparation

6.3.2.1  Chitin nanocrystal preparation

A general acid hydrolysis procedure was used to prepare chitin nanocrystals, as described in
[237,265]; the effects of production conditions on nanocrystal properties are extensively
reviewed in [53]. Crude chitin powder was hydrolyzed in 3 M HCI for 90 minutes at 90 °C
after which the reaction was stopped by cooling the mixture on ice. To remove the HCI, the
mixture was centrifuged at 4000 g for 5 minutes, after which the supernatant was discarded,
and the pellet redispersed in water. The latter steps were repeated three times. This suspension
was sonicated with the Branson Sonifier SFX550 (Emerson, the Netherlands) equipped with
a sonication tip 1/8” tapered microtip (Branson, Emerson, the Netherlands), in pulses of 100 J
at an amplitude of 40% with 10 seconds rest and a total sonication energy of ~ 150 J/ml while
cooled on ice. To collect the chitin nanocrystals (ChNC), two centrifugation steps were

applied (1000 g, 15 minutes), after which the pellet was discarded.

6.3.2.2  Surface acetylation

Before modification, the ChNC and the chemicals were dried in a desiccator with silica for
5 days. The ChNC had a water activity (aw) ~ 0.25. A dispersion of 5.0 w/v % freeze dried
ChNC was made in THF and stirred for > 24 h at room temperature. This suspension was
sonicated in pulses of 100 J at an amplitude of 40% with 10 seconds of rest and total
sonication energy of ~ 150 J/ml while cooled on ice. After sonication, the sample was kept
on ice and the fatty acids (1 fatty acid : 5 chitin monomers) and DMAP (3 DMAP : 1 fatty
acid) were added. EDC was slowly added, and the mixture was stirred for 5 more minutes
after addition. The reaction was started by increasing the temperature to 45 °C. The mixture
was kept at this temperature for 45 minutes, and the reaction was stopped by centrifugation
at 4700 rpm. The pellet was rinsed one more time with THF, followed by two rinsing steps
with methanol and acetone. The pellet was dried in a vacuum oven (VDS53, Binder, Germany)
under constant nitrogen flow at 40 °C for > 24 h. The supernatants containing the unbound
fatty acids, EDC, and DMAP were pooled and saved for further analysis with GC-FID. All
modifications were performed in independent duplicates. Washed ChNC refers to ChNC that
were subjected to the same washing steps as the modified ChNC, whereas unwashed ChNC

refer to ChNC that were used directly after production.
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6.3.3 Nanocomposite production

Prior to production, PLA 4043 was dried in an air dryer (TTM 2/100 ES, Gerco
Kunststofftechnik GmbH, Germany) at 80 °C for > 48 h. The (modified) ChNC were dried
at 50 °C in a vacuum oven; this was done under continuous nitrogen flow for > 48 h while
allowing minimal vapour to escape the oven. Thereafter, a micro compounder (MC 15 HT,
Xplore, the Netherlands) was used to produce nanocomposites consisting of 95 wt. % PLA
and 5 wt. % (modified) chitin nanocrystals at 180 °C. During sample addition, a maximum
torque of 40 Nm and screw speed of 40 rpm/s? was used. During compounding, the screw
speed was increased to 100 rpm/s®, and mixing was continued for approximately 2 minutes.
After extrusion, samples were pressed into sheets using a hot press (LabEcon 600, Fontijne
Presses, the Netherlands) at 190 °C; a pressure of 10 kN was applied for the first three minutes
followed by a pressure of 50 kN for two minutes. An in-house made mould from aluminium
was used to control the sample thickness at ~ 400 um. The pressed samples were cooled for
2 minutes in an in-house made cooling unit consisting of two plates that were continuously

cooled by rinsing tap water.

6.3.4 Nanoparticle characterization

6.3.4.1 TEM

Transmission electron microscopy (TEM) images were taken using JO-EL-JEM1400Plus —
120 kV (spot size 1). Before observation, the ChNC were negatively stained with a 2% uranyl
acetate solution. Three images per sample were further analysed with Fiji [244]. To determine

particle diameter, length, and aspect ratio, 52 ChNC were analysed per image.

6.3.4.2 FTIR

FTIR spectra of (un)modified ChNC were obtained using a Bruker Equinox 55 (Germany)
in attenuated reflectance mode (400 — 4000 cm™'), with a resolution of 4 cm™ and after
64 accumulations. Calibration and baseline placement of [266] was applied to determine the
degree of acetylation; using the ratio between amide II (1560 cm™) and glycosidic bond

(1030 cm™) for quantification.
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6.3.4.3  Solid-state 3C NMR

The 13C cross-polarization magic angle spinning CP-MAS NMR spectrum was obtained on
a Bruker Avance III HD spectrometer operating at 700.13 MHz (16.4 T). All particles were
packed into 4 mm zirconia rotors that were spun at MAS frequency of 11 kHz at 298 K. The
13C CP MAS spectra were recorded with a recycle delay of 5 s, and a contact time of 3 ms.
The 3C NMR spectra were referenced with respect to adamantane (*C, 29.456 rpm). The

spectra were analyzed using MestRenova software.

6.3.44 GC-FID

The supernatant containing unbound fatty acid (with the exception of butyric acid), and the
remaining EDC and DMAP was evaporated under constant nitrogen flow (Reacti-Therm III,
Thermo Fisher Scientific, US). Prior to analysis, fatty acid methyl esters (FAMES) were
derived following a similar protocol as described in [267]. In short, the remaining
components were redispersed in methanol (0.3 ml/mg fatty acid added for modification) and
stirred overnight. Next, the samples were sonicated at an amplitude of 40% with a total
energy input of 100 J/ml (SFX150, Branson Ultrasonics, US). As reference, a known amount
of pentanoic acid (C15:0) was added to each sample. An amount of 200 ul HCI in methanol
(8 : 92 v/v %) was added per ml sample. FAMES were derived by heating this mixture at
90 °C for 1 hour. The samples were cooled to room temperature, subsequently 1 ml hexane
and 1 ml Milli-Q were added and vortexed. This was left to sit for 10 minutes, after which
the hexane layer was taken and diluted 10 times prior to GC-FID analysis. For the
quantification of unreacted butyric acid, a calibration curve of butyric acid in a mixture of
acetone : tetrahydrofuran : methanol (1 : 1 : 1) was made. A known and equal amount of
acetic acid was added as internal standard; this was added to the supernatant containing

unreacted butyric acid and to each calibration curve point.

The unbound butyric acid and FAMES were quantified by gas chromatography (Focus GC,
Thermo Scientific, USA) in combination with a flame ionization detector (Interscience, the
Netherlands); the CP-FAAPCB column (Agilent, USA) and rxi-5 ms capillary column
(Restek Corp, USA) were used for butyric acid, and the FAMES, respectively. During butyric
acid analysis, the oven was held at a temperature of 100 °C for 30 seconds, after which the

temperature was increased to 180 °C with a ramp of 8 °C per minute. The temperature was

121



Chapter 6

kept at 180 °C for 1 minute, after which it was increased to 200 °C with a ramp of 20 °C per
minute. The sample was injected into the column (CP-FAAPCB, Agilent, USA) with a split
flow of 40 ml per minute, while the oven was kept at 200 °C for 5 minutes. Nitrogen was
used as carrier gas and applied at a constant pressure of 20 kPa. The detector was kept at a
temperature of 240 °C. During FAMES quantification, the oven was held at a temperature of
40 °C for 2 minutes, after which the temperature was increased to 250 °C with a ramp of
10 °C per minute and held at this temperature for 5 minutes. The temperature of the injector

and detector was 240 °C and 250 °C respectively.
The degree of substitution, DS, was calculated as follows:

Fadded - Funbound .

4 ChNC

Ds = 100 (6-1)

where ChNC, Fidied, Funbouna represent the amount of chitin added in moles, the amount of
moles fatty acid added, and the unbound fraction in moles, respectively. To calculate the total
of available target groups, ChNC is multiplied by 4 to compensate for the hydroxyl groups

of chitin.

6.3.4.5 (- potential

The C-potential of (un)modified ChNC in Milli-Q water was measured using Zetasizer Ultra
(Malvern Instruments Ltd., U.K). Prior to analysis, the pH of these dispersions was adjusted
to 5.0, and thereafter these were loaded into capillary cells (DTS1080, Malvern Instruments
Ltd., U.K.). All samples were measured in triplicate, where an absorption index was set to
0.01, and a refractive index of 1.56 and 1.33 was used for chitin nanocrystals and Milli-Q

water respectively.

6.3.5 Nanocomposite characterization

6.3.5.1 SEM

Neat PLA and nanocomposite films were cryo-fractured, glued on an aluminium sample
holder with conductive carbon tape (Leit-C, Neubauer Chemikalien, Germany) and
sputter-coated with ~ 10 nm Tungsten (Leica EM SCD500, Leica Microsystems,
the Netherlands). The surfaces were observed with FESEM (FEI Magellan 400, FEI Electron
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Optics B.V., the Netherlands) at room temperature at a working distance of 4 mm, with SE
detection at 2 kV and 13 pA.

6.3.5.2  Colour analysis

The colour values (L", a”, b*) of nanocomposite films were measured using a Minolta CR-400
colorimeter (Minolta Camera Co., Osaka, Japan). The colorimeter was calibrated with a
standard white plate (D65, Y =94.4, x = 0.3158, y = 0.3334) before use. L", a*, and b" values
were measured under D65 illumination. The measurement was performed in triplicate for all

samples.

6.3.5.3  Spectroscopy

The light transmittance of nanocomposite films was measured with a UV-VIS
spectrophotometer (DU720, Beckman Coulter, USA) in the range of 200 — 700 nm at room
temperature. Instead of a cuvette the pressed film was placed inside the sample holder of the

UV-VIS, and air was used as background. Values were corrected based on film thickness.

6.3.5.4  Barrier Properties

The water vapour transmission rate (WVTR) of PLA and nanocomposite films were
determined according to ASTM E96. Samples were cut into circular films with a diameter of
3.8 cm, and fixed between an aluminium cup containing dry silica beads. During the
measurement, the cups were placed in a conditioning chamber (PR-4J, Espec, Japan) at 23 °C
and 85% RH; the samples were approximately daily weighted with a four-digit analytical
balance (ME204E, Mettler Toledo, USA) for a period of 14 days. The WVTR was calculated

as follows:

WVTR = 6-2
= (6-2)

where m is the water update by the silica beads (g), ¢ is the testing time (days), and A4 is the

surface area (m?) of the sample of choice.

6.3.5.5  Mechanical properties
Prior to analysis, a mould (DIEFAC stansvormen, the Netherlands) was used to produce

tensile test samples from the pressed sheets. After that, the samples were conditioned at a
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relative humidity of 50%, at 20 °C for 1 week. Tensile strength measurements were
performed according to ISO 527-2 using a Zwick Z010 (Zwick Roell, the Netherlands); a
clamp distance of 80 mm, an extensometer distance of 30 mm, an E-modulus speed of
I mm/min, and a testing speed of 10 mm/min were used. The dimensions of the tensile

strength measurement samples can be found in Appendix 6-1.

6.4 Results and discussion

All tested fatty acids: butyric acid (C4:0), octanoic acid (C8:0), lauric acid (C12:0), stearic
acid (C18:0), and linoleic acid (C18:2) were successfully coupled to chitin nanocrystals
(ChNC) using Stechligh esterification in the presence of E-ethyl-N’-carbodiimide (EDC) and
4-dimethylaminopyrine (DMAP). We first characterized the modified chitin nanocrystals,

and thereafter the properties of PLA containing 5 wt. % (modified) chitin nanocrystals.

6.4.1 Nanoparticle characterization

6.4.1.1  Morphology and size of (modified) ChNC

Transmission electron microscopy was used to image all ChNC (Figure 6.1A). The length
and diameter distribution as determined from three different regions in the sample are given
in Figure 6.1B and C. Irrespective of the modification method used, ChNC particles were
rod like with an average length of ~ 200 nm and diameter of ~ 10 nm, and thus have an aspect
ratio of ~ 20. These dimensions are well within the ranges commonly found in literature,
confirming successful chitin nanocrystal production [51,53,237]. In contrast to other
esterification reactions where chloride intermediates were used [36,264], Steglich
esterification did not affect the morphology nor the size of the ChNC, thus confirming

Steglich esterification is rather mild.

6.4.1.2  Degree of substitution, degree of acetylation, and {-potential

The FTIR spectra of (un)modified chitin nanocrystals can be found in Figure 6.2; the full
spectra of all samples can be found in Appendix 6-2. The stretching behaviour of unmodified
ChNC corresponds well with values reported in literature [268]. The first broad peaks at
3430 cm™ and 3258 cm! were assigned to the -OH and -NH stretch vibrations respectively.
The peaks at 1658 cm™!, 1628 ¢cm™' and 1563 cm™! correspond to amide I, amide II, and
amide III bands, which is typical stretching behaviour of a-chitin [268]. The absorption bands
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 ChNC-C8:0 ~ ChNC-CI8:0
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Figure 6.1: (4) Transmission electron microscopy images of ® ChNC as such and ChNC
modified with ® C4:0, o C8:0, and C18:0. (B) The particle diameter and (C) particle
length distribution determined from TEM images. The error bars represent the standard
deviation of three different regions; 50 particles were measured per region. "It was not
possible to determine the particle diameter and length of ChNC-CI18:0 due to lower
resolution of the pictures of this sample. By eye, this sample looked similar to the other
three.
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Figure 6.2: FTIR spectra of unmodified chitin nanocrystals and nanocrystals modified
with fatty acids. The presence of the ester group at 1735 - 1750 cm™ is highlighted in the
inset; its intensity is dependent on the fatty acid of choice.

between 1000 — 1200 cm™ correspond to -C-O-stretching present in the polysaccharide
backbone. An increased intensity was found upon modification in the region 2860 —
2900 cm™ ! corresponding to the aliphatic chains of the fatty acids (CH>). In the region 1735 —
1750 cm™ !, the formed ester linkages (C=0) appeared, with lower peak intensity for carbon

chain lengths > 12.

Figure 6.3 shows the '*C NMR spectra of (un)modified ChNC; the full spectra of all samples
can be found in Appendix 6-3. The spectra for unmodified ChNC show peaks corresponding
to carbons C' — C® (104.1 ppm, 55.3 ppm, 73.5 ppm, 83.5 ppm, 75.9 ppm, 61.1 ppm), the
CH; (C8 22.9 ppm), and the acetyl group carbon (C’=0, 174.9 ppm). Modifications
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introduced new peaks in the region of 13.4 — 38.0 ppm; these could be assigned to the CH3
(25.3 ppm) and CH: groups of the aliphatic tail of the fatty acids. Modification shifted the
peak at 174.9 ppm to ~ 173 ppm, indicative of an ester link between the fatty acid and the
ChNC (Table 6.1). Furthermore, the amide group present in the unmodified ChNC typically
show a chemical shift at ~ 175 ppm, but the consistent chemical shift of 1.7 ppm at this

wavelength indicates successful esterification.

Table 6.2 presents the degree of substitution determined with GC-FID, the degree of
acetylation, and the C(-potential of the (un)modified ChNC. Generally, the degree of
substitution was ~ 2 — 4% upon modification, which did not affect the {-potential and had a
minor effect on the degree of acetylation. In line with FTIR (Figure 6.2), GC-FID showed
that the degree of substitution was higher for aliphatic tail lengths shorter than 12 carbons.

This all indicates that the hydroxyl groups are modified and not the amine groups.

Table 6.1: The 3C NMR chemical shift of C” for unmodified ChNC and C!" for modified
ChNC, including the peak area compared to C'.

Particle Chemical shift C"* or CV Area compared to C!
ChNC* 174.9 0.35
ChNC - C4:0 173.0 0.65
ChNC - C8:0 172.9 0.65
ChNC - C12:0 173.1 0.62
ChNC - C18:0 172.9 0.65
ChNC - C18:2 173.0 0.63

Table 6.2: The degree of substitution (DS%,), degree of acetylation (DA%), and {-potential
at pH = 5.0 of (modified) chitin nanocrystals.

Sample DS% DA% C-potential (mV)
ChNC ©) 74.5 353+0.5
ChNC - C4:0 2.6+0.2 78.4 339+0.6
ChNC - C8:0 3.9+£0.0 78.5 347+0.3
ChNC - C12:0 2.2+0.1 713 350+£1.0
ChNC - C18:0 1.7+0.0 60.7 35.7+0.5
ChNC - C18:2 2.0+0.5 62.9 343+0.2
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Figure 6.3: >C NMR spectra of ChNC (blue), ChNC-C4:0 (yellow), and ChNC-C12:0
(turquoise). The chemical structure of chitin and the fatty esters is provided, where n can
be 2, 6, 10, or 16 depending on the fatty ester considered.

6.4.1.3  Wettability test

ChNC particles were added to two-phase systems consisting of Milli-Q water and either
butanol (logP 0.88), tertbutyl acetate (logP 1.76), or toluene (logP 2.73) (Figure 6.4).
Modification clearly changed the phase behaviour of particles; the unmodified ChCN always
migrated to the Milli-Q phase irrespective of the organic solvent used suggesting a rather
polar character. The modified particles partitioned increasingly toward the organic phase as
the length of the fatty acid increases, and ultimately rather fully accumulated in the solvent

with the highest logP. We expected all modified particles to have increased hydrophobicity
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Butanol

logP 0.9

Milli-Q
logP -3.2

Tertbutyl
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logP 1.8
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ChNC ChNC - C4:0 ChNC-C8:0 ChNC-C18:0

Figure 6.4: Phase behaviour of (un)modified ChNC in two-phase systems, indicative of

their hydrophobicity.
compared to the starting material, which was also found. The fact that the degree of
modification was lower for the longer chain fatty acids, was apparently compensated for by
the longer fatty acids attached that thus overall lead to higher hydrophobicity. We did not
find any difference between saturated (C18:0) and unsaturated fatty acids (C18:2). For that
reason, we now only report for C18:0 modification. We expect that the current modification
makes the particles suitable for application in polylactic acid that is hydrophobic, as tested in
the next section. If successful, this most probably implies that modified ChNC are also
suitable for application in other hydrophobic plastics such as polypropylene (PP), or
polyethylene terephthalate (PET).

6.4.2 Nanocomposite characterization
As a next step, nanocomposites were made, characterized and compared to neat polylactic

acid.
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6.4.2.1  Nanocrystal dispersion in the PLA matrix

We used scanning electron microscopy (SEM) to observe the dispersibility of ChNC in PLA
(Figure 6.5). To be complete, PLA without ChNC is shown in Appendix 6-4.
Nanocomposites with unmodified ChNC contained highly aggregated nanocrystals even
> 50 um (Figure 6.5A and C). When the nanoparticles were washed before application, the
number of small aggregates seemed less (Figure 6.5C). PLA samples containing modified
ChNC mainly showed aggregates with a size around ~ 200 nm (Figure 6.5B, D, and E). This
indicates that surface modification facilitates ChNC dispersion. Bigger aggregates with a size

> 20 um were also observed, although they were much less abundant.

Table 6.3 shows pictures of PLA containing 5 wt. % (modified) ChNC; Lab” colour scores
are provided to quantify colour differences. Figure 6.6 shows film transmittance in the UV-
and visible light range. As expected, PLA had a high transparency of 83.7% at wavelength
500 nm. The addition of 5 wt. % (modified) ChNC introduced a yellow to deep brown colour
depending on the treatment used. This is in line with other studies that observed colour
formation upon extrusion [237]. Glucosamine-derived products, such as chitin, are known to

undergo Maillard reactions at elevated temperatures, giving rise to a brownish colour [269].

(A) PLA +5wt.% (B)PLA +5wt.%
unwashed ChNC ChNC-CS8:0

— - (E) Small
(C) PLA +5wt.% (D) PLA +5wt.% clusters

washed ChNC ChNC-C18:0

Figure 6.5: Scanning electron microscopy pictures of PLA containing (4) 5 wt. %
unwashed ChNC, (B) 5 wt. % ChNC-C8:0, (C) 5 wt. % washed ChNC, and (D) 5 wt. %
ChNC-C18:0. (E) Samples containing ChNC-C8:0 and ChNC-C18:0 had many small
aggregates with a size of ~ 500 nm.
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Table 6.3: Pictures of nanocomposites containing 5 wt. % (modified) chitin nanocrystals
and their corresponding L”, a”, b" scores.

Sample L* a* b Picture
100% PLA 88.8+£0.0 2.1+0.0 0.4+00
PLA + 5 wt. %
unwashed ChNC 740 5 0.3 9+0
PLA + 5 wt. %
0=+0. 2+0. 9+0.
washed ChNC 43.0+0.2 16.2+0.1 249402
PLA +5 wt. %
A4=+0. 8+0. 0+0.
ChNC-C8:0 774+0.1 48+0.1 20.0+0.1
2cm
PLA +5wt. %
+ + +
ChNC-C18:0 75.2%0.2 59+0.1 2354023
2cm
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Interestingly, the presence of unmodified ChNC resulted in darker films compared to their
modified counterparts (Table 6.3). One possible explanation is the better dispersibility of
modified ChNC in PLA (Figure 6.5), which resulted in a higher overall transparency.
Alternatively, the introduction of fatty acids to the ChNC’s surface may inhibit Maillard

reactions.

Regardless of its treatment, the addition of ChNC reduced transmittance throughout the
whole wavelength range measured (Figure 6.6), i.e., A = 250 — 650 nm. For instance, at a
wavelength of 4 = 500 nm, the transmittance was 1.9% for PLA with unmodified unwashed
ChNC (dark film) and 16.1% in the presence of ChNC-CS8:0 (light film). This is an important
clue for the development of food packaging materials that are less UV transparent making
food products thus less prone to oxidation reactions, and other reactions that are

light-induced.

6.4.2.2  Barrier properties
Table 6.4 presents the water vapour transmission rate (WVTR) of neat PLA and
nanocomposites containing 5 wt. % ChNC. Generally, the WVTR of the nanocomposites was

~ 7% lower than neat PLA, with the exception of nanocomposites containing washed ChNC

uv Visible light
100
< 80
% No ChNC
2 60 — — Washed ChNC
g ChNC addiion ~ — — ~ Unwashed ChNC
£ 40 ChNC-C8:0
& ChNC-C18:0
20
an— - -
0 a. e f—’-— ‘: _______
250 450 650
A (nm)

Figure 6.6: Transmittance of PLA films containing 5 wt. % (modified) ChNC.
Wavelengths in UV- and visible ranges are highlighted.
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Table 6.4: Water vapour transmission rate (WVTR) of PLA nanocomposites containing
5 wt. % (modified) ChNC.

Sample WVTR (g/m2-day)’ WVTtRO ;"L";pared
PLA 382+2.2 -

PLA + 5 wt. % washed ChNC 99.7+73.3 +261.4%

PLA + 5 wt. % unwashed ChNC 356+09 -6.7%

PLA + 5 wt. % ChNC-C8:0 35.6+0.5 -6.3%

PLA + 5 wt. % ChNC-CI8:0 34623 - 9.4%

100 um thickness, 23 °C, 85% gradient RH

that showed a high WVTR of ~ 260% compared to PLA. In the latter nanocomposites,
substantial aggregation took place, most probably leading to ‘weak spots’ in the material,
which was mitigated in the other nanocomposites. Improved barrier properties are commonly
reported for nanocomposites [194,270,271], and many authors explain this by an increased
tortuous diffusion path caused by nanoparticle addition. This may also be the reason for the
improved performance of our other nanocomposites in which the particles are much better

dispersed.

6.4.2.3  Mechanical properties

Figure 6.7 shows the Young’s modulus (A), maximum stress (B), and elongation at break (C)
of neat PLA and the nanocomposites. The addition of ChNC particles resulted in a slightly
higher Young’s modulus and slightly lower elongation at break. For instance, a Young’s
modulus of 3030 + 70 and 3154 + 438 MPa was found for neat PLA and upon addition of
5 wt. % unwashed ChNC, respectively. It is good to point out that these differences are very
small, and most probably insignificant. Others have reported increased maximum stress and
Young’s modulus upon polysaccharide nanocrystal addition to PLA [237,271]. This is
commonly explained by the formation of a percolation network of polysaccharide
nanocrystals that gives rise to increased mechanical properties. The difference with our work
is that commonly substantial amounts of plasticizers are used to facilitate ChNC dispersion,

or PLA and ChNC are mixed with other plastics such as PBAT; this may not only facilitate
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nanoparticle dispersion but also influence the mechanical film properties beyond what is

possible within our experimental conditions.
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Figure 6.7: Young’s modulus (4), maximum stress (B), and elongation at break (C) of
neat PLA and nanocomposites containing unmodified (unwashed and washed), and
modified chitin nanocrystals (ChNC-C8.:0 and ChNC-C18:0).

6.5 Conclusions
Steglich esterification was successfully used to modify chitin nanocrystals with fatty acids
differing in carbon chain length and degree of saturation; covalent attachment was confirmed

with FTIR and '3C NMR. We demonstrated that substitution of 2 — 4% influenced phase
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behaviour greatly, with ChNC modification with the longest fatty acid leading to the highest
hydrophobicity.

SEM observations suggested that modified ChNC dispersed better in the PLA matrix
compared to their unmodified counterparts. This reduced brown colour formation and
improved transparency. Generally, the addition of ChNC provided high UV -protection and

improved barrier protection, which was without being at the expense of mechanical strength.

The prepared nanocomposites are relevant for application in, e.g., food for which it can be
expected that light-induced reactions will be slowed down considerably. The modified
particles as such are also expected to be compatible with other hydrophobic polymers, and

may contribute to the development of other advanced packaging materials.
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6.6 Appendix
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Appendix 6-1: Geometry and dimensions of the samples used for the tensile test strength
measurements.
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Appendix 6-2: FTIR spectra of ChNC modified with (4) C18:2, (B) C18:0, (C) C12:0,
(D) C8:0, (E) C4:0, (F) unmodified.
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Appendix 6-3: 3C NMR spectra of (4) ChNC-C18:2, (B) ChNC-CI18:0, (C) ChNC-
C12:0, (D) ChNC-C8:0, (E) ChNC-C4:0, and (F) ChNC.
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Appendix 6-4: Scanning electron microscopy picture of neat PLA.
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Chapter 7

7.1 Abstract

Plastics play an important role in the transition from the current linear economy to a more
circular one, but ideas differ about this role. These ideas were studied in this article as a form
of futurity framing. These framings may hinder or contribute to a transition toward a circular
bio-economy by opening up or closing down alternative paradigms for thinking about plastics
in the future. Based on a media analysis of four Dutch national newspapers and international
academic papers, three futurity frames were found regarding the role of different types of
plastics in a linear economy, a circular economy, or an economy in transition. (1) In
newspapers and academic sources, traditional plastics were considered part of a linear
economy. (2) In both sources, all sorts of actors saw a future for plastics with improved
material properties in a transition toward a circular economy, but in combination with a
change in consumer behaviour and waste management systems. (3) In both academic journals
and newspapers, a role for plastics was envisioned in a future circular economy. However, in
academic journals, the discussions focused mainly on the improvement of alternative forms
of plastics such as biobased and/or biodegradable, whereas, in newspapers, recycling
traditional plastics was emphasized. These findings indicate that a transition to a more
circular economy may accelerate if both the closing-the-loop argument and the argument for
technological innovations for biobased and biodegradable products receive equal attention in
newspapers and academic journals, and are taken more into account in a societal future vision

for the circular economy.
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7.2 Introduction

As today’s linear economy is increasingly contributing to sustainability issues [272,273], it
is important to work toward a circular economy, where the resource-manufacture-use-waste
loop is closed [274]. The European Union identified five priorities, one of which is plastics.
The main application of plastics is packaging (40% of its total use [275]), and packaging is
also the main waste stream (60% of post-consumer waste [275]). Currently, 32% leaks out
of the collection system, meaning that it is either not collected or collected but then illegally

dumped or mismanaged [12]. In short, plastic packaging creates an environmental problem.

In 2018, the European Commission published 4 Furopean Strategy for Plastics in a Circular
Economy, presenting key commitments for action at the European level [276]. The
Netherlands has deployed numerous plastics strategies [277,278] and was therefore chosen
as a focus of this study. In 2019, the Plastics Pact was signed in the Netherlands by 75
companies that were using or producing plastics and by the Dutch Ministry of Infrastructure
and Water Management [10]. Involved parties acknowledge that, to accelerate the transition
to a closed plastics loop, innovative collaborations between industry, governments, and

societal actors are needed [279].

These various groups of actors that need to collaborate envision new roles for (new sorts of)
plastics in the circular economy. They have contrasting or similar ideas about what a circular
economy implies, and about whether and how plastic packages will be used. Consequently,
they frame plastics, meaning that they select information and highlight certain aspects of it
based on “a perspective from which a situation can be made sense of and acted on” ([280]
page 146). These aspects of plastics include, for example, the environmental impact, benefits,
technical characteristics, or the development of alternatives (like bioplastic) depending on
actors’ idea about what a future may entail. In other words, all actors frame plastics coming
from a broader idea, for example a future that they desire, detest, or think might be feasible.
Current research illustrates the need to study these framings in a circular economy, as they
can open up or close down opportunities for futurity framings [281]. Yet, futurity framing is

hardly ever connected to the role of specific materials in it.

Therefore, in this chapter, these ideas were studied as a form of futurity framing [282] that

may open up alternative paradigms for thinking about — in this case — plastics in a circular
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economy and that can hinder or contribute to a transition toward this. In the literature on
emerging technologies, this is also known as narratives of futurity [283]. In futurity frames,
actors envision future societies (a broader perspective), and, as part of those often-implicit
visions, give meaning to aspects of a reality. Futurity framing is influential and guides policy
decisions, business models, and societal responses to new technologies and to sustainability
transitions [284,285]. Envisioning futures may create room for technological, behavioural,
market, and governance innovations [282,284,286]. The importance of conflicting or
congruent framings, or understandings of the circular economys, is pointed out in studies that
describe the contested nature of a circular economy [273,287]. Conflicting
conceptualizations and framings of the circular economy influence not only research
programs and their empirical focus, but also how the general public perceives and supports
this transition, and may hinder the much-needed innovative collaborations between directly

involved actors, such as governments, industry, and citizens.

To contribute to innovative collaborations and to acceptable forms of transition toward a
circular economy, better insights are required in terms of differences and similarities in the
futurity framing of plastics in a circular economy. There is particular interest in how
traditional media and academic sources envision the role of different types of plastics and in
whether there are differences and similarities in these visions. This may be very influential
for the development and production of particular (biodegradable, biobased) plastic
packaging; the public responses to, and acceptance of, those plastic packages; and their

governance.

The research question guiding this chapter is: What futures are envisioned for plastics by all
sorts of actors in traditional media sources and in academic sources? This question was
answered by a frame analysis of 133 international academic journal publications and 207
newspapers articles published between 2010 and 2019 in the Netherlands. First, the
conceptual framework of futurity framing is developed, followed by a description of the

methods. Then the results are presented and discussed.
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7.3 Conceptual framework: futurity framing of plastics in a circular
economy

Many scholars agree that the transition to an inclusive circular economy requires drastic
changes to current systems [273,288]. However, the ideas and definitions of what a circular
economy entails vary among scholars and also among societal actors, including the general
public. It is an essentially contested concept and is defined in many different ways [287,289].
Studies on media framing of the circular economy point out the importance of framing in
public responses to this transition and argue that, for example, media coverage should widen
in scope to reflect the multisectoral nature of the circular economy ([290], page 16). Framing
by media sources plays an important role in engaging society in the (circular) bio-economy.
Through valid and informative media reporting, the general public may change their
opinion [290,291]. Hence, framing can be defined as a communicative activity in which
actors highlight certain aspects of an issue [292,293]. The way in which academics define
the circular economy may also influence public opinion and at least give focus to their objects
of study. In addition, depending on how actors handle different framings of an issue,
collaboration may or may not be successful [294]. This may influence the much-needed
innovative collaborations for a plastics transition. Hence, insights into the contested nature
of the circular economy concept — and in this case the role of plastics in it — need to be
complemented by insights from studies into framings by societal actors. A particular type of

framing — futurity framing — is the special focus of this research.

Transitions always entail forward-looking narratives. Policy visions, business strategies,
designs, scenarios, and ideological paradigms are all subjective, forward-looking depictions
of something that has not yet been realized [283]. Different societal actors envision new roles
for (innovative) technologies and materials in a particular future. These visions are influential
and — as paradigms — guide policy decisions, business models, and societal responses to new
technologies and sustainability transitions [284,285]. Through narratives of the future, new
possibilities open up, thereby creating room for technological, behavioural, market, and
governance innovations [282,284,286]. However, these imaginaries can also hinder these

transitions [286]. In this chapter, broader visions of society were studied as a form of futurity
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framing?; the idea of narratives of the future were combined [283] with framing as defined
by van Hulst and Yanow in [293]. Futurity framing is defined as the study of interpretive

schema in talk and text that comprise the following interrelated elements:

(1) A forward-looking frame, which is a broader collectively imagined form of social
life and social order, such as a degrowth ideal or other (political) visions.
Forward-looking framing enables people to make sense of a current situation and they
“can start to imagine what could or should happen next in light of prior notions
concerning the ways certain problems can and should be handled” ([295] cited in

[293)).

(2) The label actors use for — in this case — a material, product, or technology. How
people refer to plastics makes a difference: as a general category, or biodegradables, or
PET, as part of a particular future (see also page 8 in [293]) on naming, categorizing,

and selecting as framing devices).

(3) Arguments given for the role of plastics in those social futures. This is the

storytelling part of framing: elements are woven together in a plot (page 10 in [293]).

In this case, futurity frames are the broader collectively imagined futures of a circular
economy, a linear economy, or an economy in transition and, within that, the narratives by
groups of actors regarding the (non)use and development of particular sorts of plastic. The
circular economy is one of those framings, and it is a hopeful one, as it depicts an escape
from an economy in which Earth is depleted. A linear economy and a transition to a circular

economy are two other broader collectively imagined forms of social life.

7.4 Methods

7.4.1 Data gathering
Futurity framing was analyzed in four Dutch newspapers (De Telegraaf, Volkskrant, NRC
Handelsblad, and Trouw) because the Netherlands can be considered a frontrunner in the

plastics strategy [278]. As the academic world is international, international academic papers

2 The word futurity was used rather than futures, as it conveys the infinite range of
possibilities better than furthers (see also [283]).
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Figure 7.1: Total number of articles about plastic food packaging in academic journals
and newspapers.

were collected. The timeframe for the search was 2010 — 2019, as awareness of the need for
a plastics transition clearly increased over the last decade, as was visible in both academic

journals and newspapers (Figure 7.1)

To construct a dataset, articles from the four Dutch newspapers were retrieved from the
database Nexis Uni, and academic papers were collected from the scientific database Scopus.
A Boolean search was conducted for each database. The following search string was used in
Nexis Uni (in Dutch) ‘plastic’ or ‘polymer’ or ‘kunststof” and ‘verpak’ or ‘voedselverpak’ or
‘levensmiddelverpak’ and ‘voedsel’ or ‘levensmiddel’ or ‘eetwaar’ or ‘eetwa’ or ‘voeding’>.
Different keywords were used for academic papers to prevent the collection of papers
containing information about plastics without making a statement about its transition toward
a circular economy. The following search string was used in Scopus: TITLE-ABS-KEY
(plastic or polymer) AND TITLE-ABS-KEY (circular AND economy).

All articles were manually checked for relevance after collection. Newspaper articles were

considered relevant when they discussed plastic, plastic food packaging, and its global

3 The Dutch words translate as: synthetic material (kunststof), package (verpak), food
package (voedselverpak, levensmiddelverpak), nutrition or food (voedsel, levensmiddel,
eetwaar, eetwa, voeding).
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impacts. Academic papers were considered relevant when plastics were discussed in general,
or when plastic food packaging was mentioned. The final dataset consisted of 133 academic

articles and 207 newspaper articles.

7.4.2 Data analysis
An interpretative analysis was performed in the software ATLAS.ti. Figure 7.2 gives a

schematic overview of the coding procedure performed on newspapers and academic articles.

Actors were coded as a representation of a stakeholder group involved in the plastics chain
(code 1). Labels were the names that actors used for a material such as ‘polymer’, but also
specific types of plastics such as ‘PET’ (code 2). The frame coding consisted of two parts:
one to identify the type of future, i.e., linear, transition, circular, the second to identify
arguments that give meaning to the use of plastics in that type of future (code 3). These were
inductively developed by manual coding of a sample of newspapers and academic sources; a
grouping of codes in conversations between the researchers (Figure 7.2) represents the final
code book for the frames. Five arguments were observed that were not considered to be

supportive of a specific frame (indicated in grey Figure 7.2 code 3).

Second, the strength of the relation between two codes was explored, e.g., the relation
between the actor ‘policymakers’ and the label ‘PET’. Atlas-ti’s co-occurrence calculation
function was used [296]. Co-occurrence is expressed as a co-occurrence coefficient value,
which describes how frequently two codes are assigned to the same text excerpt. The
resulting co-occurrence coefficient fluctuates between zero and one; the higher the

co-occurrence, the stronger the relationship.

From the 207 newspaper articles, a total of 934 excerpts were coded, and, from the 133
academic papers, a total of 1002 excerpts were coded. These provided sufficient codes to
calculate the co-occurrence. In the results, Atlas.ti indicated when there was possible
distortion by a too low co-occurrence. Please note that the data are qualitative and therefore
the c-coefficient is different from, for instance, a Pearson correlation coefficient and

consequently no p-values are provided.
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Actor: Citizens, Consumers, Industry, Journalists, NGOs, Policymakers, Scientists
Code 2

Label: e.g., Plastic, Polymer, Microplastic, PET, PLA

Code 3
Frame + Argument :

Animal welfare — Plastics: plastic waste in the environment causes harm to animals
End-of-life — Plastics: the end-of-life treatment does not contribute to a circular economy

Environmental — Plastics: plastics harm nature by its production or as waste in the environment

Linear

Language — Alternatives: terms used for different plastics are complex/confusing, affecting the
transition toward a circular economy

Technical — Alternatives: alternative plastics need improvement, e.g., technical characteristics,
production, scale, or efficiency to be successfully used in a circular economy

Change management — Plastics: transitioning to alternatives requires people to develop a new
mindset

Consumer behaviour — Plastics: transitioning towards a new plastics economy requires a
change in consumer behaviour and awareness

Transition

End-of-life — Plastics: end-of-life of alternative plastics need improvement to become suitable
to use in a circular economy

End-of-life — Alternatives: alternative plastics have a low(er) environmental impact than
traditional plastics

Legal — Plastics: legislation still needs to be optimized to stimulate the transition towards a new
plastic economy

Environmental — Alternatives: alternative plastics have a low(er) environmental impact than
traditional plastics

Resources — Alternatives: renewable resources are available for the production of alternative
plastics, and this is better than using fossil resources

Technical — Alternatives: alternative plastics can equal the technical characteristics of traditional
plastics or perform even better, while contributing to a circular economy.

End-of-life — Traditional: if recycled, the end-of-life treatment of traditional plastics contributes
to the aim of a circular economy

Circular

Necessity — No: plastics can be removed because they serve no purpose
Necessity — Yes: plastics are needed, e.g., for protection or during transport
Necessity — Yes but less: plastics are needed but should be reduced

Others over plastics: other materials are preferred over plastics

Plastics over others: plastics are preferred over other materials

None

Figure 7.2: Schematic overview of the interpretative analysis performed in academic

journals and newspapers; each excerpt consisted of 1) an actor, 2) a label, and 3) a frame
connected to an argument. Note: This is a schematic representation of the method applied
and not a representation of a futurity frame. The arguments presented are those collected

in newspapers and academic journals.

149



Chapter 7

7.5 Results
It was aimed to answer the question: what futures are envisioned for plastics by all sorts of

actors in traditional media sources and in academic sources?

7.5.1 Futurity framing in academic journals and traditional media

This study identified three futurity frames: 1) plastics are part of a linear economy, 2) plastics
are in transition toward a circular economy, and 3) plastics are part of a circular economy.
All futurity frames were relatively equally present in academic journals and newspapers
(Table 7.1), although differences were observed among actors represented by the
co-occurrence coefficients in academic journals and newspapers (Table 7.2). In this section,
these differences are elaborated on, whereas in the next section the different arguments actors

used to frame plastics are elaborated on.

7.5.1.1  Academic journals

In academic journals, actors generally used the frames ‘plastics are in transition” and ‘plastics
are part of a circular economy’ in similar frequency as ‘plastics are part of a linear economy’
frame (Table 7.2). NGOs (C = 0.23) and policymakers (C = 0.33) mainly framed plastics as
in transition, whereas journalists (C = 0.31), scientists (C = 0.26), and consumers (C = 0.35)
mostly framed plastics as part of a circular economy. The actor industry equally co-occurred

in the linear economy frame and the in transition economy frame (C = 0.22) (Table 7.2).

7.5.1.2  Newspapers
In newspapers, the actors citizens (C = 0.32) and consumers (Table 7.2; C = 0.09) showed
the highest co-occurrence with the linear economy frame. The actors NGOs (C = 0.26) and

policymakers (C = 0.29) mostly framed plastics as in transition, whereas the actors industry

Table 7.1: Relative frequency of occurrence of broad futurity frames in the two types of

sources.

Futurity frame Academic journals Newspapers
Linear economy 33% 38%

In transition 31% 31%
Circular economy 36% 31%
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(C =0.37) and journalists (C = 0.43) showed the highest co-occurrence with the circular
economy frame. An equal co-occurrence was found between scientists and the frames

‘plastics are in transition’ and ‘plastics are part of a circular economy’ (C = 0.25).

Table 7.2: Co-occurrence coefficients of actor and broad futurity frames in newspapers
(NP) and academic journals (AJ).

Linear economy In transition Circular economy

Actor

Al NP Al NP Al NP
Citizen -)? 0.32 -)? 0.11 -)? 0.04
na = 1% nyp = 66
Consumer 0.08 0.09 0.14 0.03 0.35 0.00
n4as=15; nyp =16
Industry 0.06 0.08 0.22 0.16 0.22 0.37
na=178; nnp =181
Journalist 0.11 0.19 0.17 0.11 0.31 0.43
n4s=19; nyp = 462
NGO 0.12 0.17 0.23 0.26 0.08 0.10
nas=43; nnp = 89
Policymaker 0.17 0.20 0.33 0.29 0.04 0.10
na=27; nnp =39
Scientist 0.14 0.16 0.14 0.25 0.26 0.25
nas=819; nnp = 81

“ Presence in the dataset was too limited to accurately calculate co-occurrence.

7.5.2  Futurity framing of plastics

Within each broad frame, different labels for plastic and different arguments were used.
Observations indicated that actors in scientific journals and newspapers used different labels
to identify plastics, and different arguments as to why particular plastics are needed.
Figure 7.3 presents an overview of the futurity frames, the role of plastics in them, and the
labels mentioned. The co-occurrence values between the actors and their arguments are

presented in Table 7.3.
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Chapter 7

7.5.2.1  Futurity framing of plastics in a linear economy: a plastic monster

The linear economy frame was identified by issues related to how plastics are nowadays used,
produced, and treated. Remarkably, the tone of voice seemed quite pessimistic, as nicely
demonstrated by the following quote “The current plastic system — a crisis called ‘plastic
monster’ — needs to be fundamentally changed” [297]. Generally, actors used similar
arguments in both academic journals and newspapers to frame plastics as part of a linear

economy (Table 7.3).

Academic journals

The frame ‘plastics are part of a linear economy’ was used with a similar frequency as the
two other frames (Table 7.2). When using the linear economy frame, the actors focused
mostly on the material’s non-biodegradability, non-compostability, or non-recyclability,
which do not contribute to the aim of a circular economy (Table 7.3). There was a high
co-occurrence of this argument with the actors journalists (C = 0.08), NGOs (C = 0.07),
policymakers (C = 0.06), and scientists (C = 0.07) (Table 7.3). In fact, scientists often

presented this argument as their biggest motivation to conduct certain research.

Newspapers

The lack of end-of-life treatment was also the most dominant argument in newspapers, where
high co-occurrence coefficients were found for the actors citizens (C = 0.11), NGOs
(C=0.07), and scientists (C = 0.06) (Table 7.3). However, in newspapers, the linear
economy frame was applied with a broader set of arguments compared to academic journals.
Actors in newspapers argued that accumulating plastics in the environment is harmful and
has deleterious consequences for animal welfare. The effects of plastic production on the
environment were also mentioned. Citizens (C = 0.09), consumers (C = 0.11), and
policymakers (C = 0.16) in particular co-occurred highly with the argument of polluting the
environment, and citizens co-occurred highly with animal welfare (C = 0.13): “Here it serves

as food for birds, fish, and marine mammals” [298] (Table 7.3).

Interestingly, the actors citizens (C = 0.12) and consumers (C = 0.33) mostly mentioned that
the use of plastics is now common but not needed for many applications, and this was often

expressed in a negative or sarcastic tone: “What is the use of putting a plastic suit on every

154



Futurity framing of plastics

eggplant, since when do cucumbers become unwell if they are not tightly wrapped in a plastic
film?” [299] (Table 7.3). Additionally, the actor consumers argued that other materials
should be used instead of plastics (Table 7.3; C = 0.06). Citizens and consumers were the
only actors using the frame ‘plastics are part of a linear economy’ more often than the other

two frames (Table 7.2).

Industrial actors, on the other hand, were most often quoted when they expressed the
necessity of plastics (C = 0.08) and argued why plastics are better in comparison to other
materials (Table 7.3). This may be a response to consumers and citizens who often
questioned the necessity of plastics. Industrial actors argued, for example: “It must not be
forgotten that plastics have unequalled qualities for the time being; they keep food fresh, they

are safe to use, and protect food, hence they prevent food waste” [300].

Academics quoted in newspapers were talking mostly about the issues of today’s linear
economy (Table 7.3; C = 0.06); they argued that the linearity creates an economic loss, that

repurposing the material is inefficient, or that degradation takes forever.

7.5.2.2  Futurity frame plastics in a transition: we can do it!

Whereas the linear economy frame was used to highlight today’s problems with plastics, the
transition frame was used to highlight various pathways toward a circular economy. The tone
of voice appeared much more positive. The actors commonly discussed the issue as if the
transition to a circular economy is guaranteed, and a rather high ‘we can do it” spirit could be
noticed: “Currently, one of the biggest barriers to the adaptation of bioplastics is the
versatility of biodegradable polymer materials...”, and ... We’'ll see scientists work to

overcome the issues in 2019 and beyond  [301].

Academic journals

There were clear differences in arguments used among the actors (Table 7.3). Remarkably,
policymakers and NGOs used similar arguments to frame plastics as in transition. It is good
to point out that the European Commission was the most observed policy actor in academic
journals. The following two quotes clearly show their narrative: “According to the European
Commission, the potential for recycling plastic waste in the European Union remains

unfulfilled...” [302] and “... the EU has pointed out that designing appropriate measures for

155



Chapter 7

recycling plastic materials may contribute to improve competitiveness and create economic
activities and, consequently, new jobs” [303]. Thus, whereas policymakers argued that the
end-of-life treatments of plastics are still complex (C = 0.06), they still considered that it is
promising and holds potential (C = 0.25) (Table 7.3). Interestingly, policymakers
acknowledged their own responsibility where they reasoned that legislation to change the
current use of plastics needs to be optimized to enable or stimulate the transition toward a

new plastic economy (Table 7.3; C=0.07).

Generally, the actors NGOs and policymakers were very united in the argument that change
is needed to make the plastic transition happen; it requires a new mindset for people to adapt
to something new (policymakers C = 0.06; NGO C = 0.12) (Table 7.3). As Linder [304]
stated: “it is a start of a journey focusing on system-wide solutions, which hopefully leads to
intensified effort with a revised perspective, both in academia and business”. However, the
actor NGOs seemed to adopt a more critical tone of voice, with arguments less focused on
changing consumer behaviour compared to policymakers (policymakers C = 0.07; NGO
C=0.02) (Table 7.3). The feeling of responsibility was not unique to policymakers and
NGOs; industry also mentioned the need to change the way of managing plastics for food
packaging used for their products or produced by them. Like the actors NGOs and
policymakers, industry acknowledged the complexity of the end-of-life treatments of plastics
(Table 7.3; C = 0.05). They mentioned that transitioning toward a circular economy is
difficult and not yet possible for all materials, but they stressed the possibilities and the will
to transition toward a circular economy (Table 7.3; C = 0.06). Although the actor industry
did discuss the economic feasibility of alternative plastics, its co-occurrence was not
extremely high (Table 7.3; C = 0.04). Lastly, the actor journalists focused mainly on labels
used for alternative forms of plastics, which they consider to be complex and confusing
(Table 7.3; C = 0.25) : “... the idea that bioplastics were synonymous with biodegradable
plastics became fixed in the minds of the public and the industry alike, a misconception the

bioplastics industry is wrestling with to this day” [305].

Newspapers: legal incentives and consumer behaviour
In newspapers, a similar set of arguments about the role of plastics in a transition were used

as in academic journals. The actors NGOs and policymakers used the ‘plastics are in
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transition’ frame more than the other two frames (Table 7.2). From a technical point of view,
consumers discussed the biodegradability or compostability of alternatives, which needs
development (C = 0.06), whereas industry (C = 0.07) and policymakers (C = 0.22) focused
mainly on the development required in recyclability (Table 7.3). Moreover, much more
emphasis was put on the legal aspects of currently used plastics (citizen C = 0.06;
NGO C =0.11; policymaker C = 0.12), and this should stimulate the transition toward a
circular economy, as well as the required change in consumer behaviour (citizen C = 0.06;
NGO C=0.08) (Table 7.3). It is noteworthy that there was not a high co-occurrence of
scientists and the argument ‘management should change’ (C = 0.09) in academic journals

(Table 7.3; C = 0.02).

7.5.2.3  Futurity framing of plastics in a circular economy: plastics have a place

An optimistic tone of voice was observed when actors were envisioning plastics as part of a
future circular economy. The role ascribed to plastics in the future was remarkable; all actors
agreed that plastics are important and will be part of a future circular economy: “The question,
therefore, is not whether plastics have a place in a circular future, but what that place may

be, both for conventional plastics and bioplastics” [306].

Academic journals: innovating plastic forms

In academic journals, mostly consumers, journalists, and scientists framed plastics as part of
a circular economy (Table 7.2). They framed plastics as materials with better technical
properties (consumer C = 0.10; journalist C = 0.12; scientists C = 0.05) simultaneously being
biobased (consumer C = 0.07) and having a low environmental footprint (consumer C =0.17;
journalist C = 0.08) (Table 7.3). “PBS is a biodegradable aliphatic polyester with properties
that are comparable to polypropylene” [306].

Newspapers: closing the loop

In newspapers, the actors industry, journalists, and scientists mostly framed plastics as part
of a circular plastic economy (Table 7.2). Whereas academic journals highlighted mostly the
alternative forms of plastics, newspapers focused mostly on closing the loop for traditional
plastics in a circular economy; the material was not considered as end-of-life waste but rather

as a resource. This is an interesting note, as these are visuals of a future that has yet to be
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realized. As Speksnijder states: “When you consider how much we still depend on fossil
resources, we still have a long way to go before we have fully replaced them with sustainable

alternatives” [307].

7.5.3 The role of different plastics in a circular economy
This section presents a more detailed analysis of how plastics were labelled within different

futurity frames (Figure 7.4).

Remarkably, many labels that were often framed as part of a linear economy were also
frequently framed as materials that are in transition or even part of a circular economy. These
labels included ‘plastics’, ‘synthetic material’, and ‘polymer’. Interestingly, these are all
terms to describe the material in general, although there are small nuances. The label
‘polymer’, for instance, often refers to the molecular structure, the name ‘synthetic material’
refers to a material that can be produced by mankind, and the term ‘plastic’ is a more general
term to describe the material itself. When framed as part of a linear economy, the issues
related to the linearity of plastics were mostly emphasized, accompanied by a seemingly
negative tone of voice. When these labels were used in the transition or circular economy
frame, the tone of voice appeared optimistic and the actors framed plastics in a new light.
The label ‘microplastic’, often referring to plastic materials with a size 1-1000 um and not
to a specific plastic type, was the only label that co-occurred highly only with the linear
economy frame (academic journals and newspapers C = 0.07) where actors highlighted the

consequences of microplastics for the environment and animal welfare.

The role of different plastics reflected mostly the envisioned circular economy presented in
the two sources. For instance, in newspapers, PET — a synthetic polymer produced from fossil
resources and non-biodegradable — was strongly associated with the circular economy frame
(C = 0.12), because of its good recyclability. In academic journals, a much lower
co-occurrence was found (C = 0.06), because the term ‘recycled plastics’ was often expressed
as a material that was not there yet (C = 0.09) rather than a material corresponding to a
circular economy (C = 0.05) (Figure 7.4): ... is the loss of strength in the material as a result
of the recycling process, [..], inherently weakening the final product. This means that

typically, recycled PET cannot be used on its own to produce new bottles or packaging
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Chapter 7

but requires blending with virgin material to achieve the same performance” [308].

Mostly alternative forms of plastics were framed as part of a circular economy in academic
journals. This is nicely demonstrated by the label ‘polylactic acid’ (PLA), which is a biobased
polymer that can be composted under industrial composting conditions. In academic journals,
this plastic was strongly associated with a circular economy (Figure 7.4; C = 0.11) because
of the combination of its biobased and compostable nature as well as its good technical
properties. As stated: “Among biopolymers, polylactic acid (PLA) is one of the most used
compostable, biobased polymeric matrixes, since it exhibits processability and mechanical
properties comparable with a wide range of applications” [309]. A much lower
co-occurrence was found in newspapers (Figure 7.4; C = 0.04), where more emphasis was
put on the recycling of plastics. This is less evident for the label ‘bioplastics’. Observations
indicated that academic actors used PLA in their research as an example of bioplastics, and
the fact that PLA is commonly considered the most promising bioplastic [299] could be an
easy explanation for the high co-occurrence found for the label ‘PLA’ but not necessarily for

the label ‘bioplastics’.

Thus, the expected role of a circular plastic does not depend solely on its properties but rather
on actors’ vision in regard to the economy. In fact, a specific type of plastic was often framed
in multiple ways. For instance PET, which was framed as part of a linear economy: “causes
relatively high environmental impacts at primary production” [310], but also as part of a
circular economy: “Using renewable feedstock to produce PET will reduce dependence on

petro-based resources, reduce carbon emission, and contribute to a circular economy” [311].

7.6 Discussion

This chapter elaborated on the role of the futurity framing of plastics in a transition to a
circular economy. The framing of plastics in three different future visions was explored: a
linear economy, a circular economy, and a transitions vision. This section presents a
discussion on how the results contribute to the governance of, and the public debate about,
transitions; plastic packaging for food purposes plays an important role in this transition and

we therefore also elaborate on that.
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First, the results indicate that all sorts of actors, as quoted in traditional media and academic
sources, envision a role for plastics in a circular economy, but they also emphasize that the
current linear use of plastics is troublesome and that a transition is needed. Second and
remarkably, the current research clearly identified two competing roles for plastics in a
circular economy. In academic sources, there was a focus on alternative forms of plastic for
a circular and biobased economy. In newspapers, the reporting related mainly to closing the
loop for traditional plastics*. There seemed to be two different ‘worlds of meaning’: one in
which developing biobased and biodegradable forms of plastic is most important to reach
circularity; and one in which closing the loop for fossil-based plastics is the main strategy.
One option seems relatively invisible in both sources: a combination in which biobased
resources are used for bioplastic production and bioplastics are recycled after usage.
Practically, this means that the opportunities seen in academic journals to develop alternative
forms of plastics in a circular economy could be reported on in newspapers in order to reach
a larger public, and vice versa: academics need to be aware that the recycling of traditional
plastics is paramount for governmental, industry, and other societal actors. Additionally, in
pursuing possibilities to recycle biodegradable plastics, academics, governmental actors, and
others need to collaborate to make recycling policies, behaviour, and techniques compatible

with alternative forms of plastics.

Third, the results indicate that within the transition futurity frame, both in academic and in
newspaper sources, the necessary processes and steps to achieve a circular economy are
central. In this futurity frame, industry, academics, policymakers, and NGOs envisioned
specific tasks for their sectors to contribute to a more circular economy, and they all have
expectations about citizens and consumers changing their behaviour. The collection,
separation, and recycling of waste by consumers are considered crucial for achieving
circularity. However, in the traditional media reporting and academic studies analyzed, the
voice of citizens and consumers was underrepresented. Other studies have shown that
consumers are generally aware of the environmental issues that plastic waste and production

are causing [312]. They even agree that behavioural solutions are required [312,313].

* The different roles ascribed to plastics labels co-occurred with the type of future vision for
the plastic economy rather than with the properties of that specific plastic itself.
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Interestingly, a study among German consumers showed that consumers seem to be more
attracted to bioplastics, which are compostable, rather than to recyclable fossil-based plastics.
However, this was not translated into proper disposal behaviour to make full use of the
environmental benefits of either compostable or recyclable packages [314]. Potentially, this
can be explained by the complexity of the various compostable bioplastics labels, which can
be misleading or confusing. Although these studies provide insight into consumers’ attitudes
and behaviour with respect to plastics, more in-depth knowledge about how citizens and
consumers envision the role of plastics in the future would be a welcome input for the
development of a more realistic and practical redesign of circular plastic food packaging,
reuse, collecting, separating, and recycling systems. Such studies may also make visible
alternative imaginaries [286], for instance, the existing package-free supermarkets where
consumers reuse their own packaging [315] or edible food packages where the package is

considered as food [316].

Lastly, the current study was rather exploratory in nature, but it took a first step in the
direction of understanding futurity framing and the roles of materials in it. In contrast to other
studies, this study enabled a reflection on the futurity framings of materials — in our case
plastics —in two different type of sources, opening up the possibility to explore new strategies
for governmental actors, industry, academics, and other societal actors [317,318]. This is
important, because our study has indicated that current research focuses mainly on alternative
forms of plastics and that recycling systems are mainly geared toward recycling traditional
plastics [319]. This exclusivity may eventually limit the possibilities and benefits gained by
recycling traditional plastics. Additional research could lead to possible solutions and
different interpretations for our future biobased and circular plastic economy. Although clear
differences were found in the futurity framing used by the identified actors, other factors such
as background, education, or norms and values might be more important. More detailed

analysis of co-occurrences of arguments, storylines, and labels could identify this.

Furthermore, it is worth pointing out that whether actors frame consciously or unconsciously
cannot be concluded from our study. Interviews could reveal how and why different actors
communicate about plastics in a certain way, thereby providing more insights into how these

materials are framed. Additionally, although our research nicely demonstrates differences
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between plastic framing in scientific journals and newspapers, it must be kept in mind that
both sources are written for different audiences and purposes. Moreover, outcomes could
potentially be different if newspaper articles from countries other than the Netherlands are

included.

7.7 Conclusions

This research distinguished three futurity frames: plastics are part of a linear economy,
plastics are in transition toward a circular economy, and plastics are part of a circular
economy. The linear economy futurity frame focuses on today’s issues with plastic,
emphasizing its non-biodegradability, non-compostability, or non-recyclability. The vision
for a transition toward a circular economy framed plastic as requiring improved material
properties — such as improved recyclability and compostability — and emphasized the
processes and steps needed for change: a change in consumer behaviour, social structures,
and waste management systems. In the envisioning of a circular economy, academic papers
focused mainly on alternative forms of plastic, and in newspapers the reporting related mainly
to closing the loop for traditional forms of plastic. In both sources, the quoted actors framed
plastics as important and as part of a future circular economy. Interestingly, the role of
plastics in this future circular economy was framed positively. This is a good sign, as positive
images of the future trigger action, which is urgently needed. In light of that, an opportunity
is seen to combine the framing of a need to develop alternative biobased and biodegradable
forms of plastics with recycling. The further development of this future vision of recyclable
bioplastics and biodegradable plastics by industry, academics, governments, and NGOs,

including citizens, may contribute to a more fully biobased plastic and circular economy.

163






3

General Discussion



Chapter 8

Introduction

Today, we are running a race against the clock that humanity cannot afford to lose. Various
industries — including the plastics industry — need urgent transition toward circularity. Within
this thesis, we discussed the possibility of thermoplastic (bio)nanocomposites as advanced
materials that fit within this concept. We aimed to investigate and characterize the multiscale
physical and chemical properties of nanoparticles and nanoparticle — reinforced plastics that

are needed to transition toward a (more) circular economy.

It is well-established that the structure and dynamics of the interphasial region are crucial for
nanocomposite characteristics. However, the translation from fundamental insights at the
molecular scale, to their consequences on macro- and bulk scale is difficult to capture; a
multidisciplinary approach is required to connect these insights and get the whole picture.
Unfortunately, nanocomposite understanding and design are often seen as individual fields,
whereas these should be — in our humble opinion — considered as an interwoven effort to

improve materials far beyond what is currently possible.

Within this general discussion, we provide a route from fundamental insights to the rational
design of nanocomposite systems (Figure 8.1). We start with a summary of events occurring
at the molecular scale (section 8.1.1), where our results highlight that nanoparticle dispersion
is crucial at nanoscale and beyond (section 8.1.2). The section thereafter is dedicated to
particle interactions that are relevant to prevent aggregation from equilibrium and kinetic
points of view (section 8.2). We take learnings from the previous two sections and give
guidelines for bio-nanocomposite design, which includes additional functionality that can be
created (section 8.3). We finish with an outlook on if, and how, bio-nanocomposites are

expected to find a place in a circular economy (section 8.4).
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Chapter 8

8.1 Nanoparticle—polymer interactions: structure and dynamics

8.1.1 Interphasial region — enthalpic and entropic effects

It is widely accepted that the enhanced material properties of nanocomposites are the
consequence of altered polymer dynamics near the interface of the particle [56,191,192]. The
interphasial region is generally estimated to extend 1.5 — 9.0 nm from the particle surface
[118,191-193], which seems in line with our modelling results from Chapter 3. In
Chapter 4 we showed that interphasial relaxation in the interphasial region can be up to
10? seconds, which was ~ 100 times longer than that of the neat polymer. This implies that
nanoparticles constrain local dynamics, and effectively play the role of long-lived physical
crosslinks. Although the relevance of the interphasial region is acknowledged, its architecture

and dynamics are still poorly understood.

A continuous interplay between enthalpic and entropic contributions determines if and how
polymer segments adsorb at the nanoparticle surface (Figure 8.2). In essence, the enthalpic
factor describes the nanoparticle - polymer affinity [56,190]. Attractive nanoparticle —
polymer interactions increase the polymer density at the nanoparticle interface (Chapter 3),
and consequently reduce the polymer’s segmental dynamics, while weakly attractive or
repulsive nanoparticle — polymer interactions decrease polymer density and increase
segmental dynamics. The enthalpic factor is rather well understood, and quantified by the
interaction strength (¢) in the Lennard Jones potential used in molecular dynamics
simulations [75,320] (Chapter 3), the work of adhesion (#,) between the nanoparticle and
polymer measured in practice (Chapter 2 & Chapter 3) [65,184,321], or by calculating, e.g.,
the number of hydrogen or covalent bonds [210].

In our simulations we did not find a great difference in the enthalpy between systems
(Chapter 3), and entropic contributions are possibly more important as generally assumed.
The entropic component dictates the conformation of free chains near the nanoparticle
surface; for instance, the polymers experience an entropic penalty when the interparticle
distance is small [212]. Metaphorically speaking, it simply gets ‘too crowded’. As a
consequence, the polymer density at the interface decreases, and the reduction in dynamics
is less than may be expected. The entropic factor is rather difficult to quantify, and its effect

on interphasial structure and dynamics thus difficult to predict.

168



General Discussion

Entropic effects Enthalpic effects
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Figure 8.2: Entropic and enthalpic factors that reduce or increase the polymer density at

the nanoparticle surface (p,) which has been related to interphasial dynamics.

The overall conclusion is that the polymer density at the nanoparticle’s interface needs to be
maximized in order to minimize segmental relaxations in the interphasial region. Potential
routes to do so are surface modification (altering the enthalpic factor) or polymer grafting
(entropic factor) (Chapter 6 & [190]), which we further discuss in section 8.3.4 and directly

relate to material properties.
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For the development of biobased systems, it is important to keep in mind that nanoparticles
may have widely differing shapes and sizes including the chitin nanocrystals used in this
thesis (Chapter 5 & Chapter 6). To which extent polymers experience chain frustration has
been related to nanoparticle surface chemistry, curvature (related to size and geometry), and
roughness, although their actual effect is rather unknown [56]. Additionally, the presence of
abundant hydroxyl groups in, e.g., chitin [51] complicates the matter further; adsorption of
polymer segments is highly dependent on the activation energy of the hydrogen bonds (k»7),
and the polymer’s attempt frequency related to the relaxation time of the polymer. Both
factors are temperature dependent and thus affected by production conditions. Although, the

interdependency of these factors still needs to be unravelled [56].

8.1.2 Nanoparticle dispersion as key parameter for nanocomposite design

Interphasial dynamics are commonly explained by events occurring at the interface of the
nanoparticle (section 8.1). Remarkably, our results from Chapter 3 and Chapter 4 highlight
that the overall dispersion state of the nanocomposite can greatly impact interphasial
architecture (Chapter 3) and as such its relaxation time (Chapter 4); we visualize this in

Figure 8.3.

On one hand, nanoparticle aggregation negatively impacts the build-up of the interphasial
layer. In Chapter 3 we used molecular dynamics simulations to investigate how nanoparticle
— polymer interactions affect the overall and interphasial nanocomposite structure. At very
low nanoparticle loadings where the nanoparticles did not physically touch (Chapter 3;
Figure 3.3), the polymer density at the nanoparticle surface clearly increased upon increasing
nanoparticle — polymer interactions. At higher loadings, an overall reduction in polymer
density was observed in systems that started to aggregate, even for attractive nanoparticle -
polymer interaction. This can be explained by part of the nanoparticle surface area becoming

inaccessible for the polymer (Figure 8.3).

As reported in Chapter 4, PDMS coated nanoparticles showed substantially better dispersion
states compared to PVP and PAA coated nanoparticles. At a nanoparticle loading of 5 wt. %,
aggregated systems (PAA and PVP coating) increased 7o by a factor 10 whereas a factor 100
was found for well-dispersed systems (PDMS coating). Noteworthy was the independence

of the relaxation time on the enthalpic component of the interaction; the work of adhesion
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with PLA is 91.6, 87.4, and 54.3 mJ/m? for PAA, PVP, and PDMS, respectively. We
speculated that individual interphasial layers can affect each other which is facilitated by
favourable dispersion states. Reduced dynamics directly translated to a higher complex
viscosity which is a thought-provoking indication that dispersion is more important than

maximizing the interaction force between the nanoparticle and polymer.

Well-dispersed systems Aggregated systems
(A) Polymer bridges

(D) Inaccessible surface due to aggregation

Figure 8.3: In well-dispersed systems, individual interphasial regions can affect each
other, this potentially happens via (A) polymer bridges where a single polymer string
(indicated in red) is attached to multiple nanoparticles (B) overlapping interphasial zones,
where adsorbed polymers of different nanoparticles (indicated in blue and red) can
interact (C) through entangled polymers, nanoparticles can possibly interact with
polymers (indicated in black) beyond the adsorbed layer (indicated in red) via
entanglement points (indicated as blue dots). In aggregated systems (D) part of the
interphase becomes inaccessible automatically reducing the overall polymer density, and
hindering interphasial communication.
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How individual interphasial layers interact is not really known, although several hypotheses

exist which we illustrate in Figure 8.3:

e The formation of polymer bridges between nanoparticles (Chapter 3 &
[57,185,322]), which can eventually form a strong nanoparticle network.

e Overlapping interphasial layers [184].

e In case applicable, polymer entanglement allows interactions with polymers beyond

the directly adsorbed layer [210].

To be complete, the effect of nanoparticle dispersion on interphasial dynamics has long been
a blind spot, and through the work in this thesis we have shed some light on this. Current
knowledge of the interphase is mostly based on molecular dynamics simulations (Chapter 3
and [56,191]), and advanced techniques such as neutron spin echo spectroscopy (NSE) or
quasi-elastic neutron scattering (QENS) [56,323,324]. The latter require well-dispersed
systems because heterogeneity largely complicates data analysis [199]. Ironically, in most
systems, some degree of nanoparticle aggregation seems unpreventable when using
conventional methods such as melt mixing (Chapter 6) or solvent casting (Chapter 4); this
inevitably has a negative effect on data gathered, and obscures their interpretation.
Techniques such as laser speckle imaging (LSI) [200-204] allow distinguishing these effects,
and bring phenomena such as multiscale interaction and the importance of nanoparticle

dispersion to light (Chapter 4).

Yet, the translation from interphasial properties to bulk characteristics is extremely
challenging, especially as the empirical observation of the interphasial structure is virtually
inaccessible. To unravel such events, molecular dynamics simulations can be used to
systematically vary and understand the effect of parameters (Chapter 3). The choice of a
simulation method, e.g., quantum, molecular dynamics, mesoscopic, or finite element,
largely depends on the time scales of the phenomena of interest [176]. It is expected that the
interphasial region largely affects bulk scale properties, and ideally simulation techniques
should also cover larger time scales. Unfortunately, today, the computation expense to do so
is still rather high. Alternatively, multiscale simulations could be interesting to answer how

interphasial events are translated to the bulk.
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In brief, we conclude that the overall nanoparticle dispersion state determines if and how
interphasial layers interact and influence interphasial dynamics. It is a key parameter for
nanocomposite design, and therefore we focus on the design of homogenous nanocomposites

in the next section.

8.2 Thermodynamic and Kkinetic routes for nanoparticle dispersion

8.2.1 Nanoparticle dispersion and aggregation

Nanocomposite design often follows a rather trial-and-error approach, despite the various
theoretical frameworks available to prevent nanoparticle aggregation. In Chapter 2 we
discussed these frameworks, which show that nanoparticle aggregation is mostly governed

by two factors:

e The work of adhesion between the nanoparticle and the polymer: W, (a.k.a. Wrr).

e The work of cohesion between the nanoparticles themselves: W, (a.k.a. Wgr).

When W,/W. > 1, nanoparticle dispersion is favoured whereas at W,/W, < 1 aggregation is
favoured. This clearly goes beyond the ‘like-dissolves-like” approach that is commonly used
in engineering fields. In fact, according to the dispersibility factor, the interparticle forces
(W) are equally important as the interaction forces between the nanoparticle and the polymer

(W), but unfortunately often not considered in practice.

To be complete, W, and W. can be calculated using surface energies derived from contact
angle measurements. As the contact angle is sensitive to many effects including surface
roughness and heterogeneity [325,326], some experts in the field question whether
experimental values should be used as a basis to calculate surface energies [325]. Currently,
methods are being developed to measure the most-stable-contact-angle, which is the angle
believed to be closest to thermodynamic equilibrium [325,326]; complementary tools have
been used, e.g., reviewed by Kung et al. [327]. Despite the uncertainty in W,/W., this factor
could describe the dispersibility of TiO, nanoparticles with different coatings in PLA
(Chapter 4). Likewise, in Chapter 6, chitin nanocrystals modified with octanoic acid
(W W.~ 0.80; Appendix 8-1) dispersed better in PLA compared to unmodified chitin
nanocrystals (W./W.~ 0.64; Appendix 8-1). From this we conclude that, in practice,

frameworks that use W,/W. are the best tools currently available for nanocomposite design
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[65,102,170,184]. From a scientific point of view techniques to quantify interaction strengths
or simply hydrophobicity/hydrophilicity of different materials would be needed to make a
next step. For nanocomposites specifically, ideally, these techniques allow the evaluation of
heterogeneous samples over a wide temperature range as is relevant in practice during

production and storage.

8.2.2 Aggregate strength

In Chapter 6 we used Steglich esterification with fatty acids to increase the hydrophobicity
of chitin nanocrystals. Despite that surface modification improved the dispersibility of chitin
nanocrystals in PLA [172], it cannot be ignored that aggregates of a substantial size (up to
~ 50 pm) were present (Figure 6.5; Chapter 6). This is a common observation, especially
when nanoparticles are dried to, e.g., reduce transport costs. Depending on interactions
between nanoparticles these aggregates can be very strong. Polysaccharide nanocrystals
(such as cellulose or chitin) possess abundant hydroxyl groups that form strong hydrogen
bonds. In Chapter 5 we have shown that a sonication energy input > 100 kJ/g ChNC was
required to break up freeze dried chitin nanocrystal aggregates when redispersed in Milli-Q
water [54]. This exceeds the energy input generated by common extrusion processes and
hampers the application of dried particles. Surface modification on the other hand seems an

effective method to reduce aggregate strength by affecting W./W, (Chapter 6).

Predicting the aggregation tendency of nanoparticles is not trivial as many phenomena may
occur that either favour or oppose aggregation [328]. For instance, nanoparticle aggregation
can be promoted through nanoparticle surface charge reduction upon drying, while
nanoparticle aggregates may be partly broken up by the mechanical stress induced by crystal

formation during freeze drying [328,329].

In principle, the DLVO theory [330,331] can be a basis to understand nanoparticle
aggregation under various conditions including drying [332,333]. For practical systems, it is
advisable to include surface heterogeneity, hydration forces, hydrophobic interactions, steric,
and Helfrich repulsion [328,332], which is far from simple. Extended DLVO models have
been suggested, although it can be very difficult to quantify parameters, due to small size,
variable geometry, roughness, and possibly grafted molecules [332]. Considerable efforts are

currently made to cover conditions relevant to the pharma, paint, and food industries.
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8.2.3 The role of processing on nanoparticle dispersion
In industry, melt mixing is by far the most commonly used technique for plastic processing,
meaning that the applied shear forces can potentially facilitate nanoparticle dispersion. It
allows dispersion of nanoparticles in a rather cheap and easy way based on kinetics
(processing). Theoretically, two energy barriers need to be overcome:

e  The thermodynamic equilibrium related to W./W..

e A certain aggregate strength (when nanoparticles are not individually added).

In Chapter 2 we discussed processing to facilitate nanoparticle dispersion. Shear forces can
decrease the nanoparticle aggregate size [84,108]. Some studies suggest that W./W.
determines which break-up mechanism occurs in addition to the thermodynamic equilibrium
[102,321]. In Figure 8.4 we illustrate that for favourable nanoparticle — polymer interactions
rupture dominates, which is facilitated by polymer infiltration in the aggregate pores, thus
reducing cohesion strength [321] (Chapter 2; equation (2-8)). The pore sizes play an
important role in this, which may - to some extent - be tailored by using different drying
techniques. For instance, spray dried cellulose nanocrystals required less energy to break up
compared to freeze dried nanoparticles due to a difference in porosity [51,87,334]. However,
for unfavourable nanoparticle — polymer interactions, erosion dominates or may not even be

possible without compromising the polymer.
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Figure 8.4: Depending on the magnitude of interaction forces between the nanoparticle

and polymer (Wpr) and interaction forces between nanoparticles (Wrr) (A) fragmentation
or (B) erosion dominates.
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This emphasizes the importance of matching the nanoparticle’s surface chemistry to that of
the polymer. With regard to chitin nanocrystals, its interaction forces are likely so high that
disaggregation is not possible without compromising the polymer, i.e., degradation
(Chapter 5). Surface modification such as performed in Chapter 6 or discussed elsewhere

[53,254,335,336] can be used to improve compatibility.

In the last decade, quite some advances have been made in understanding the effect of
parameters — such as Wrp/Wrr and aggregation strength — on the final dispersion state of
nanocomposites also under non-equilibrium conditions. However, models that accurately
describe these effects are largely missing, or need additional fitting parameters. To illustrate
this, Hassinger et al., [102] used data mining techniques to derive a mathematical expression

that describes the final dispersion state of nanocomposites under non-equilibrium conditions:

T . . 2 ZWPF
Itier = f(matrix) sinh (W— - 1) log(Ey + 1) +Cy 8-1)
FF

To reach a satisfactory description, an additional parameter f(matrix) needed to be introduced.
Whereas the authors hypothesized that f{matrix) describes the mobility and crystallinity of
the polymer matrix, alternative explanations are possible. Most theoretical frameworks
correctly describe tendencies such as nanoparticle aggregation, but they do not provide
information on the time scales at which these processes take place. This is quite crucial, as
thermodynamic and kinetic effects dominate at different time scales and result in different

materials.

8.3 Toward rational design of practical bio-nanocomposites

To make an impact beyond the scientific community, it is relevant to ask how nanocomposite
architecture and dynamics affect material properties. In this section, we aim to translate
fundamental insights — mostly investigated at the nano/microscale — to practical applications.
We pay special attention to polysaccharide nanocrystals derived from cellulose, starch, and
chitin, because these are abundantly present in nature, and ideal candidates for the production

of bio-nanocomposites that fit a circular plastics economy (Chapter 1; section 1.3).
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8.3.1 Mechanical properties

Improved mechanical and viscoelastic properties of nanocomposites compared to the base
polymer are probably the most reported effects, although it is rather unknown how this can
be the result of interphasial properties that translate into bulk behaviour. In the most general
form, it is often argued that — due to the small size of the nanoparticles — the total interphasial
region is already large at low nanoparticle loading [56,184]. Figure 8.5 shows the critical
loading required (in volume %) to create a material fully consisting of nanoparticles and their
corresponding interphasial layers. Yet, for the interphasial layer to correspond to the whole
material, a substantial amount of nanoparticles would be needed and it is questionable
whether this is the case for the nanocomposites made in this thesis (e.g., Chapter 4 &

Chapter 6).

An alternative explanation for improved material properties is the formation of a percolation
network, i.e., a three-dimensional network in which nanoparticles are connected [175]. It has
been suggested that strong polysaccharide nanocrystals (cellulose nanocrystals ~ 7.5 GPa
[337]) result in a network connected through hydrogen bonds [338], leading to a stronger
material. However, this hypothesis has been contested [339]. For regular dimensions of

polysaccharide nanocrystals (diameter 5 — 20 nm, and length 100 — 400 nm), a concentration

100

h; (nm)

5 10 15 20 25
R (nm)

Figure 8.5: Critical nanoparticle loading (vol %) required to create a material fully
consisting of nanoparticles and its corresponding interphasial layer. This is determined
for various nanoparticle radii (R) and interphasial thicknesses(h;) .
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of ~ 5 vol. % would be required for network formation [340]. Higher values have been

reported for spherical nanoparticles (theoretical percolation threshold ~ 16 vol % [341]).

Although both the interphasial volume as such and the occurrence of a percolation network
carry interesting elements, we feel that it is not for nothing these theories fail to accurately
describe experimental data [339]. Others have suggested that the interphasial layer should be
taken into account in the percolation theory, i.e., nanoparticles are connected through their
interphasial layers [342,343]. As discussed in section 8.1.2 this can potentially happen via
overlapping interphasial zones, polymer bridges [344], or via entanglements (Figure 8.3).
These pseudo-percolation networks have a lower percolation threshold than the ‘original’
ones depending on the interphasial thickness and nanoparticle size considered. For instance,
Chen et al. [57] used a percolation model where nanoparticles were linked by polymer
bridges, and the surrounding polymer was affected by hydrodynamic interactions. In that
way, they were able to fairly well predict the linear viscoelastic response of the polymer
nanocomposites consisting of silica particles in P2VP. Through the work in Chapter 4, the

link to interphasial relaxation times has become within reach.

To be complete, other phenomena may occur at substantially higher nanoparticle loadings.
For instance, for entangled polymers, molecular dynamics simulations have suggested that

the addition of nanoparticles decreases the tube diameter through geometric constraints.

(A) (B) ©)

Figure 8.6: Several hypotheses exist to explain enhanced mechanical properties including
(A) a composite where most of the material exists of the interphasial region (B) the
formation of a percolation network where nanoparticles are in direct contact (C) the
formation of a pseudo-percolation network in which interphasial zones affect each other.
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Thereby they effectively increase the entanglement density, giving rise to a reinforcing effect
that increases with specific surface area [345]; rather high nanoparticle loadings ( > 30%) are
required, which is quite far beyond the amounts used in our study, and used in practice

(commonly <5 wt. %).

Although the exact mechanism behind the reinforcing effect of nanoparticle addition remains
unclear, the altered bulk properties directly affect material processability. At temperatures
exceeding the glass transition temperature, generally, attractive nanoparticle — polymer
interactions result in a substantial increase in viscosity (Chapter 4), which is also reported
for polysaccharide-filled polymers [55,334,346]. An altered melt flow viscosity can improve
or worsen the processability of a material and directly influence the choice of processing
method, e.g., extrusion or injection moulding. In general, at temperatures below Tj,
nanoparticles improve mechanical strength compared to the base polymer as extensively

reviewed [51,347].

8.3.2 Thermal properties

Nanoparticle addition alters segmental dynamics and thereby directly the material’s thermal
profile. Our results from Chapter 3 illustrate that 7, increases in the case of attractive
nanoparticle — polymer interactions and decreases when the nanoparticle — polymer
interaction is very poor (Chapter 3; Figure 3.2). Experimentally, similar effects have been
observed for various nanoparticles such as TiO;, SiO,, or chitin nanocrystals

[65,192,229,348,349], although generally the effect is rather small, i.e., max. + 5 °C [65].

To be complete, T, is defined as the temperature where relaxation times become infinitely
slow [187,188], and is therefore not only an indication of altered material properties, but can
also be used as a relatively easy tool to understand material dynamics at the Angstrom scale
[350]. However, the difference in 7, is commonly small and difficult to measure as it is within
the error range of a DSC. For instance, our results in Chapter 4 clearly show increased

relaxation times upon nanoparticle addition, but no increase in 7.

8.3.3 Barrier properties
Various studies — including Chapter 6 — have shown improved barrier function (e.g., water

vapour or oxygen) upon nanoparticle addition [194,351,352]. This reduction can easily be
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50— 70% depending on nanocomposite design and processing methods [194,351,352].
Classically, this is explained by an increased tortuous path, thus limiting diffusion
(Figure 8.7). It is often suggested that nanocrystals or nano clays could be of interest as their
geometry allows an even longer tortuous path (Figure 8.7), although it is good to keep in
mind that in a 3D-network the actual pathlength may be rather shorter as presented in
Figure 8.7, due to the smallest dimension of the particles. Several models exist that predict

permeability of nanocomposites as reviewed by, e.g., [351,353].

The increase in a tortuous path often fails to describe the data [352]; for well-dispersed
systems, a large part of the material consists of the interphasial region or is affected by the
interphasial region provided that the nanoparticles are sufficiently present (Chapter 4). As
this region possesses different properties as the base polymer it may explain differences in
permeability. Furthermore, several nanoparticles including chitin and cellulose nanocrystals
have shown nucleation effects in the polymers they were dispersed in [349,354-356],
meaning that the overall crystallinity increases upon nanoparticle addition. These

explanations are — in our humble opinion — quite valid but seem largely overlooked.

;%i:oood
A O

A (B)
Figure 8.7: Needle shaped particles (A) are expected to provide superior barrier

—_—

)

=

properties compared to sphere shaped particles (B) due to an increased tortuous diffusion
path.
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8.3.4 Directly linking nanocomposite dynamics to material properties

One obvious question remains unanswered: how can one finetune nanocomposites in such a
way that desired material properties are created? Today, clear design models are missing, and
as pointed out before, interphasial and overall nanocomposite architecture are interlinked and

play a pivotal role in the final material properties:

e Nanoparticle — polymer interactions determine interphasial layer thickness and
polymer density (Chapter 3).
e Nanoparticle dispersion determines if and how interphasial properties are translated

to the bulk (Chapter 2 & Chapter 4).

Various routes can be considered which we schematically present in Figure 8.8. The
following options generally reduce the polymer density in the interphasial layer, resulting in
unaltered or even increased dynamics, which may decrease the mechanical strength, glass

transition temperature, and increase permeability:

e Repulsive nanoparticle — polymer interactions (Chapter 3).
e Plasticizers are commonly added to facilitate nanoparticle dispersion [55,237]; which

also tends to increase the overall dynamics.

The following routes generally increase the polymer density in the interphasial layer,
resulting in reduced dynamics, which may increase mechanical strength and the glass

transition temperature, and reduce permeability:

e Attractive nanoparticle — polymer interactions lead to increased polymer density at
the interphase, as well as homogeneous nanoparticle dispersion in the polymer matrix
(Chapter 3). This is commonly regarded as the ‘enthalpic route’ (section 8.1.1
& 8.2).

e QGrafting with a low molecular weight molecule may improve nanoparticle
dispersion. It is good to point out that it can also result in a localized plasticizing
effect [346], thereby reducing the melt viscosity and/or mechanical properties.

e Grafting with a high molecular weight molecule may improve nanoparticle
dispersion (Chapter 6), potentially through interaction with the surrounding

polymer. This is commonly regarded as the ‘entropic route’ (sections 8.1.1 & 8.2).
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General Discussion

The above expectations are based on information available in various fields. In reality, more
factors determine the success or failure of materials. To illustrate, very fast crystallization is
required for injection blowing of PET bottles, a factor that we have not covered here. To truly
link interphasial dynamics to material properties, techniques are required that measure

nanoscale dynamics during use and production.

In Chapter 4, we have shown the potential of laser speckle imaging (LSI), to investigate
material dynamics in situ during solidification. The beauty of this technique is that it can be
used during for instance a tensile test, or measurement of barrier properties (cup-test). In that
way, nanoscale dynamics can be directly related to macro-/bulk dynamics, which accelerates
the rational design of these materials. It is good to point out that tremendous amounts of data
are produced during LSI measurements. Provided that the sample is homogeneous, this opens
possibilities to use LSI in combination with artificial intelligence. The large data sets
generated by LSI may in that way lead to reliable models and algorithms that predict large-
scale properties that are currently either lacking or simply not considered good

enough [186,357].

8.3.5 Additional features of nanocomposites
Besides altering physical properties of polymers, the addition of nanoparticles also opens up
the possibility to introduce additional features to existing polymers such as optical,

antioxidant, or antimicrobial properties.

8.3.5.1  Optical properties

As a rule of thumb, the size of a particle needs to be smaller than the wavelength of visible
light (A =300 — 500 nm) to obtain transparent films, and for this dispersion of particles is of
great relevance. It is even more challenging to obtain transparent films when polysaccharide

nanocrystals are used, because these nanocrystals commonly undergo browning when heated.

In Chapter 6 we have shown that surface modification is a viable way to decrease browning
and improve nanocrystal dispersion in the PLA matrix, and as such resulted in
nanocomposites with increased transparency (Chapter 6; Figure 6.6). This highly affected
the appeal of the resultant nanocomposite (Figure 8.9), which is of great importance for

consumer acceptance.
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(A) (B)

Figure 8.9: (4) Large chitin nanocrystal aggregates visible at 5 wt. %, fatty acid surface
modification (C18:0) improves dispersibility and film transparency (B) (Chapter 6).

8.3.5.2  Antioxidant and antimicrobial activity

Addition of nanoparticles may lead to additional functionality of packaging material, that can
be instrumental in ‘active packaging concepts’ (Figure 8.10). Chitin based products
(including chitosan) have antifungal and antioxidant properties [36,358—362], and there are
indications that these properties remain when used in combination with polymers. This is an
important lead for the food industry that aims toward more natural ways to protect its
products. Within a sister project, DPPH radical scavenging activity (antioxidant) was found
when particles were included in a polylactic acid packaging concept. When particles are at
the surface their activity was 5 times higher than when used as integral part of the film

(Figure 8.10).

Antioxidant functionality can be boosted by surface modification, and a potential route to do
so is the Steglich esterification that we used in Chapter 6. The selection of a fatty acid with
a phenolic moiety may even create a double effect, i.e., increased dispersibility in the polymer

matrix and antioxidant activity, which is a concept that needs to be further tested.
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Figure 8.10: (A) DPPH inhibition as function of nanocrystal addition (B) where PLA
nanocomposites show higher activity when chitin nanocrystals were placed on top of the
plastic film instead of inside [358].

8.4 Outlook — How to arrive at a circular biobased plastics economy?

8.4.1 The missing vision of a circular economy

Direct action is urgently needed to limit climate change, but this is challenging as the
transition towards a circular plastics economy goes beyond technical challenges; hurdles that
are societal, political, legislative, infrastructural, or economical in nature need to be overcome
as well [363]. In other words, a holistic approach is required to transform our current linear

economy into a more circular one.

Our results from Chapter 7 indicate that the vision of a future circular economy is far from
united; actors (e.g., policymakers, scientists, and industry) have different ideas about what
this circular plastics economy implies, and what the role of different plastics in this economy
is. Because of this, it is questionable whether certain research findings are in line with what
is desired or looked for in society. For example, bioplastics positively contribute to
sustainability, but they do not solve the huge amounts of plastic litter in the environment. To
mitigate the litter problem, behavioural changes are needed. To address this, collaborations

between natural and social science are of essence [364]. It is therefore crucial to look beyond
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the material dynamics and consider the social dynamics as well, although this is not

straightforward due to different terminology and views on methodology.

Today, collaboration largely depends on individuals initiatives, whereas some frameworks
exist that facilitate this. For instance, the RRI framework — Responsible Research and
Innovation — is developed by the European Union to form a shared understanding of the roles
and responsibilities of stakeholders, and create public trust toward advanced technologies
including novel materials [365]. From a business and government perspective, the Ellen Mac
Arthur Foundation aims to actively unite various organizations through, e.g., ‘Global
Commitment’ [366] and ‘Plastics Pact Network’ [367]. These are ways to change the
individual random man walks into a united march towards a circular economy that is required

to meet climate’s deadline.

8.4.2 The route toward a circular economy

In Chapter 7 we observed that societal actors prioritize traditional plastic’s recyclability,
whereas academic actors focus on alternative forms of plastics in a circular economy. Today,
bioplastics have a disputative reputation. On one hand, bioplastics have an excellent CO»
footprint compared to petroleum-based plastics [368]. On the other hand, they interfere with
current recycling processes. In a polluted world where fossil-based sources are scarce and
prices fluctuate, it is inevitable to focus on biobased resources in the long run. Having said
that, it is good to consider that one vision does not necessarily exclude the other, but may

simply take place at different time frames, which we illustrate in Figure 8.11.

On the short term, much can be gained by the first 8 steps of the 9R-framework, including
recycling, reusing [369], or reducing traditional fossil-based plastics (Table 8.1). The current
footprint of food production must not be underestimated [370]; plastic packages effectively
increase the food’s shelf life and reduce food waste, thus contributing to lowering the
footprint. In conjunction, the potential of alternative forms of plastics should be investigated

and developed; for example, the (bio)nanocomposites of this thesis (Chapter 6).

Inevitably, there will be a transition phase, during which traditional and alternative forms of
plastics co-exist. In this stage, we have to adjust alternative plastics so they can be

traditionally processed, and/or adjust our processes to make them suitable for alternative
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Figure 8.11: The transition towards a fully biobased circular plastics economy where

traditional plastics are eventually replaced by alternative forms of plastics.
forms of plastics. Eventually, we arrive at a completely biobased circular plastics economy
where plastics are made from biobased resources that can be recycled after use. To be
complete, the last step within the 9R-framework — R0O: Refuse — can be applied in the broadest
sense, e.g., bioplastics, (bio)nanocomposites, edible plastics, or materials we simply do not

yet know, are examples that fall within this category (Chapter 7).

8.4.3 Future materials — do (bio)nanocomposites have a place in society?

Looking at, e.g., the automotive or aviation industry, there is a role for nanocomposites in
society, but whether these kinds of materials will also find their way within the packaging
industry still needs to be seen. The astonishing material properties of (bio)nanocomposites
may potentially expand plastic properties as we currently know them, and make them even
more effective at, e.g., reducing food waste. For fossil-based plastics, these improvements
may allow a reduction of resource usage which directly leads to an environmentally and
financially favourable picture (R2: reduce; Table 8.1). Fully biobased nanocomposites can

be regarded as completely novel materials (RO: Refuse; Table 8.1), and therefore may
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Table 8.1: 9R-framework: steps that can be taken to arrive at a circular economy.

Circular
economy

Linear
economy

Smarter product
use and
manufacture

RO Refuse: make a product reductant by abandoning its
function or by offering the same function with another
product.

R1 Rethink: prolong product use (e.g., sharing the product).

R2 Reduce: increase material productivity in product
manufacturing.

Extend the
lifespan of the
product and its

R3 Reuse: Reuse by another consumer of discarded product
which is still in good condition and fulfils its original
function.

R4 Repair: repair and maintenance of defective product so it
can be used with its original function.

RS5 Refurbish: restore an old product and bring it up to date.

parts

R6 Remanufacture: use parts of the discarded product in a
new product with the same function.

R7 Repurpose: use the discarded product or its parts in a new
product with a different function.

R8 Recycle: process materials to obtain the same or lower

Useful ualit
application of quatity
materials

R9 Recover: incineration of material with energy recover

contribute to the ultimate goal of a circular biobased plastics economy provided that they are

recycled.

Potential ‘deal-breakers’ should be investigated before these novel concepts can become

successful in society. These include:

e Scalability; can we produce these materials at large scale? Will the heterogeneous

nature of, e.g., polysaccharide nanocrystals allow large-scale processing?

e  Accessibility; are the envisioned nanoparticles/crystals and polymers sufficiently

available?
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o End-of-life possibilities; are these materials fully compostable and/or recyclable?
What is the effect of nanoparticles on these processes?

e Sustainability; what is the environmental footprint of production? And that of
end-of-life processes? Are these advanced processes more sustainable than current
ones?

e Toxicology; do nanoparticles/crystals migrate out of the package? If so, what is its
physiological effect on humans and the environment?

e Consumer acceptance and handling; do consumers know how to separate
nanocomposites from other materials? What happens if they do not separate these

materials accordingly?

It is clear that the rational design of nanocomposites from just a technical point of view is
challenging, but when including societal aspects, the picture becomes even more
multifaceted. In particular, if one wishes to create a fully biobased nanocomposite that not
only fits within circular economy concepts, but that also leads to consumer acceptance in the

widest sense.

In the introduction of this thesis, we asked ourselves the following question (Chapter 1;

section 1.1; page. 11):

“There is a clear need for new materials with comparable properties to plastics [..] We
therefore need to question ourselves what these novel materials should look like, and what

their role is within a future circular economy.”

It may be obvious that there is no simple answer to this question, and it is important to
consider that the use of bioplastics — and bio-nanocomposites specifically — is one possible
solution to the linearity of the current plastics economy. If we put this in a broader context
and look back at materials we used and preferred in the past (Chapter 1; section 1.1;), one
task seems clear: we ‘simply’ need to make materials that are better than the plastics we

currently know.
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8.5 Appendix

Appendix 8-1: Dispersive and polar surface energy of unmodified chitin nanocrystals
(ChNC), chitin nanocrystals modified with octanoic acid (ChNC-C8:0) produced in

Chapter 6.

Sample y d 71’ y total
ChNC 86.7 12.9 99.6
ChNC-C8:0 52.6 11.0 63.8
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Summary

The discovery of plastics has revolutionized the world we live in due to their astonishing
properties including mouldability, durability, price, and strength in combination with light
weight. In fact, the demand for plastic products is still increasing. However, our consumption
pattern in combination with the (often) non-biodegradable/compostable nature of plastics is
no longer compatible. A circular bio-economy offers an escape from our current reality in
which fossil fuels negatively impact the environment, and plastic pollution affects life on the
planet. There is a clear demand for plastic products as well as a desire to reduce the impact

on the planet, and we need to ask ourselves what these novel materials should look like.

At present, much can be gained by recycling, reusing, or reducing traditional fossil-based
plastics. In a polluted world where fossil sources are scarce and oil prices are heavily
fluctuating, it is advisable to focus on biobased materials for the long(er) term. Biobased
(biodegradable/compostable) plastics are particularly relevant because of their low footprint
compared to their fossil-based counterparts. Today, the use of bioplastics is still a niche,

mainly because their functionality does not compare favourably to their intended use.

The addition of nanoparticles to a biobased polymer has been shown to lead to
nanocomposites with enhanced mechanical, thermal, and barrier properties, and has the
potential to expand bioplastic use. In Chapter 1 we outlined the concept of thermoplastic
(bio)nanocomposites as novel materials that fit within the circular biobased economy. We
highlighted that chitin nanocrystals are excellent candidates for plastic reinforcement as they
are abundantly present in nature, are strong, and easy to modify. Furthermore, chitin based
products possess antioxidant and antimicrobial activity, which may add functionality to the
bioplastic beyond what is currently feasible with fossil-based plastics. Despite the potential

to use nanoparticles in bioplastics, their application is greatly underexplored.

Within this thesis, we aimed to investigate and characterize the multiscale physical and

chemical properties of nanoparticle reinforced plastics that fit within a circular economy.
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Summary

It is the result of multidisciplinary research and divided into three parts:

e Part I: Model systems.
e Part II: Biobased systems.

e Part III: Plastic products and society.

Improved material properties are observed when nanoparticles are homogeneously dispersed
in the polymer matrix. In practice however, nanoparticles tend to aggregate. The first part of
this thesis is dedicated to model systems to investigate the effect of various design parameters
on nanoparticle dispersion, and how the resultant nanocomposite structure affects material

properties.

In practice, nanocomposite design often relies on trial-and-error approaches, despite the
various theoretical frameworks available. In Chapter 2 we reviewed these frameworks and
summarized experimental techniques to measure fundamental properties. Nanoparticle
dispersion is predominantly affected by thermodynamic factors; for optimal nanoparticle
dispersion, the nanoparticle — polymer interaction forces need to be higher than the
interaction forces between the nanoparticles themselves. This clearly illustrates we should
look beyond the famous ‘like-dissolves-like theory’. From the review, it became clear that
kinetic effects — such as shear forces — can bring nanoparticles to a new ‘equilibrium’, but

these effects are of lesser importance in nanocomposite design.

In Chapter 3 we used molecular dynamics simulations to investigate the effect of
nanoparticle — polymer interactions on nanoparticle dispersion. Our results highlight that this
affects nanoparticle dispersion, which is the key to the creation of enhanced material
properties. In brief, increased polymer density at the nanoparticle interface, and thus
increased interphasial layer thickness, leads to the formation of nanoparticle bridges, and an

increased glass transition temperature that in turn correlates with more stable materials.

In Chapter 4 we experimentally investigated the effect of nanoparticle — polymer
interactions on dispersion, and local and bulk material dynamics. We showed that interphasial
relaxation times were 102 — 103 times longer in nanocomposites than in neat polylactic acid
(PLA). As such, nanoparticles essentially play the role of long-lived physical crosslinks.

Nanoparticle dispersion highly affected nano- and bulk scale dynamics inside polymers. We
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hypothesized that individual interphasial regions can affect each other which is enhanced by
improved dispersion and higher nanoparticle loading. The nano- and bulk scale dynamics
were practically independent of the enthalpic component, and that leads to thought-provoking
indications that dispersion is more important than nanoparticle — polymer interactions,

whereas the latter is generally considered most important.

In the second part of the thesis, we focussed on the development of fully biobased and
compostable nanocomposites consisting of PLA and chitin nanocrystals. In Chapter 5 we
determined the critical sonication energy input required for chitin nanocrystal aggregate size
reduction. These strong aggregates form upon drying, and we showed that ultrasound can
easily deliver the critical energy input needed to break up chitin nanocrystal aggregates,
whereas the energy input achieved during extrusion of polymer melts is expected to be too
low for this. From this, we concluded that other methods than those classically used should

be considered to achieve optimal chitin nanocrystal dispersion.

In Chapter 6 we modified chitin nanocrystals with fatty acids differing in carbon chain
length to facilitate their dispersion in polylactic acid. Particles modified with the longest fatty
acid showed the highest hydrophobicity, and dispersibility. Generally, particle addition
resulted in brown colour formation which was reduced when the particles were modified.
This was likely the result of better dispersibility of modified chitin nanocrystals, and reduced
reactivity. Overall, the addition of chitin nanocrystals improved barrier properties and

provided high UV protection without this being at the expense of mechanical strength.

The last part of this thesis was dedicated to plastic materials in society. Plastics play an
important role in the transition from a linear economy toward a circular one, but ideas about
this role differ among actors. In Chapter 7 we studied these ideas as a form of futurity
framing of traditional media and international academic papers. Within the linear economy
futurity frame, actors envision today’s issues with plastics such as their non-biodegradability.
Within the vision of a transition toward a circular economy, actors focus on the processes
and steps required for change including consumer behaviour, social structures, and waste
management systems. In both sources actors envision plastics as part of our future circular
economy. Academic papers focus mainly on alternative forms of plastics, whereas

newspapers mainly report on closing the loop for traditional forms of plastic. We observed a
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missed opportunity to combine both visions to develop alternative biobased and
biodegradable forms of plastics that can be recycled. The further development of this future
vision of recyclable bioplastics and biodegradable plastics by industry, academics,
governments, and NGOs, including citizens, may contribute to a more fully circular biobased

plastics economy.

In Chapter 8 we discussed how fundamental insights can be used to rationally design
nanocomposite materials that fit within a circular economy. Enthalpic and entropic factors
are important for interphasial and overall nanocomposite architecture, and collectively affect
material dynamics. On the smallest scale, it seems important to maximize the polymer density
near the nanoparticle surface to reduce interphasial dynamics. In order to get improved
materials, interphasial properties need to be translated to the bulk, and we illustrated that the

overall nanocomposite dispersion state plays a crucial role in this.

Aggregation reduces the polymer density at the interphasial region, while in well-dispersed
systems interphasial layers interact with each other, potentially via overlapping interphasial
zones, polymer bridges, or communicate via entanglements (if applicable). Eventually, a
pseudo-percolation network is formed which reduces the dynamics of most of the material.
From this, we concluded that nanoparticle dispersion is the key factor for nanocomposite
design, and we discussed various thermodynamic and kinetic routes to facilitate that. This
leads to altered mechanical, barrier, and thermal properties. Besides, the functionality of the

nanoparticles can give optical, antioxidant, and antimicrobial features to the material.

Before novel materials - such as bio-nanocomposites - can successfully be introduced into
society, other factors should be investigated as well including scalability, accessibility,
end-of-life possibilities, sustainability, toxicology, and consumer acceptance and handling.
This thesis clearly illustrates the that rational design of nanocomposites needs to be

approached in a truly multifaceted way that combines various fields of science.
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