N

s

uOttawa

Sustainable Polymer Reaction Engineering:
Towards Fully Renewable Pressure-Sensitive Adhesives

By

Vida A. Gabriel

A thesis submitted in partial fulfillment of the requirements for the

Doctorate in Philosophy degree in Chemical Engineering

Department of Chemical and Biological Engineering, Faculty of Engineering

University of Ottawa, Ottawa, Canada

© Vida A. Gabriel, Ottawa, Canada, 2022



Abstract

This thesis has as its principal goal the development of sustainable pressure-sensitive
adhesives (PSAs). To that end, we examined polymer reaction engineering practices and polymer
formulations through the lens of the 12 Principles of Green Chemistry. To begin with, we
employed emulsion polymerization as our polymer synthesis method because of its use of water
instead of hazardous solvents. We also replaced various petroleum-based components with bio-
based alternatives (e.g., starch, cellulose nanocrystals), thereby reducing synthesis hazards,
increasing product safety and increasing the amount of sustainably sourced raw materials in the
PSA. However, changing the synthetic method as well as key components in the formulation
presented significant challenges to maintaining PSA performance. This thesis illustrates the
challenging path taken towards developing a fully renewable PSA.

PSAs should display a specific balance of adhesion and cohesion. Typically, petroleum-
based additives (which are often hazardous/toxic) such as tackifiers, cross-linkers, chain transfer
agents and rheology modifiers are added to tailor latex properties to fit the intended application.
However, because of their inherently opposing effects, an additive used to increase adhesion will
weaken the cohesive forces of the polymer, and vice versa. Cellulose nanocrystals (CNCs) are
sustainable nanomaterials that have been shown to be effective to resolve the
adhesion/cohesion conundrum. In the first part of this project, we developed a new technique
to increase CNC loading in emulsion-based PSA formulations beyond the 1-2% limits previously
encountered due to high latex viscosity, colloidal instability, and poor film properties. The higher
CNC loadings were shown to continuously improve shear strength but resulted in eventual
decreases to tack and peel strength.

In the second part of this project, we replaced the sulfated CNCs with carboxylated CNCs
(cCNCs), which are produced by a process using a “greener” catalyst (i.e., hydrogen peroxide
instead of sulfuric acid). The cCNCs’ carboxylate surface groups interacted strongly with the
polymer matrix, ultimately leading to catastrophic coagulation. The interactions between cCNCs
and other standard latex components were studied and through the creative manipulation of the
emulsion polymerization process, a reproducible method to incorporate the cCNCs in a seeded

semi-batch reaction yielded stable, high-quality latexes. In the third part of this project, the effect



of the cCNCs on the adhesive properties of the nanocomposite latex films was studied and
compared to the effects of the sulfated CNCs. AFM imaging revealed that cCNCs interact with
latex particles and each other; thus, omitting ultrasonication at the preparation stage was shown
to preserve these interactions and lead to greater property enhancements.

In the fourth part of this project, starch nanoparticles (SNPs) were used to displace some
of the petroleum-based monomer in the production of core-shell (SNP cores, acrylic shell)
latexes. SNPs are renewably sourced, inexpensive, and biodegradable. The challenge of locating
the SNPs into the particle cores was overcome by crosslinking the SNPs using a food grade cross-
linker (sodium trimetaphosphate) and functionalizing them using a sugar-based monomer
(EcoMer™). To tune the PSA properties to rival a range of commercial tapes, a method to
incorporate CNCs to the SNP-latexes in situ was developed. In addition, because monomers such
as 2-octyl acrylate (20A), styrene, and acrylic acid can be bio-sourced, they were selected as the
acrylic shell monomers to encapsulate the SNPs in the nanocomposite latexes. Due to supply
chain challenges, n-octyl acrylate was used as a model monomer for 20A to produce latexes with
~80% bio-content that rivaled commercial Post-It™ notes, masking tapes, and duct tapes.

After addressing the sustainability of the polymerization method and polymer
components, we posed the question: what are the effects of using renewably sourced and bio-
sourced materials on the end-of-life of the PSAs? Because the infrastructure for biodegradation
studies at the lab scale via composting does not exist in Canada (to our knowledge), we designed
an in-house aerobic composting set-up consisting of a series of bioreactors and sensors capable
of measuring the aerobic biodegradability of our polymers in a simulated composting
environment. Although not fully tested, the composting setup was designed, and its construction
was begun. Steps to complete the construction and validate its operation are detailed.

The path towards sustainability is often long and complex. In this four-year study, the re-
design of an adhesive synthesis process using a more sustainable approach, emulsion
polymerization, along with an 80% bio-sourced formulation required significant corrective
measures. Overcoming the technical challenges required mustering all the polymer reaction
engineering tools at our disposal. Despite the time and effort required, achieving a more

sustainable process is indeed within our grasp.



Résumé

L’objectif principal de cette thése fut le développement durable d'adhésifs sensibles a la
pression (ASP). Nous avons employé la polymérisation en émulsion comme méthode de synthese
car il s’agit d’une méthode écologique en raison de son utilisation d'eau au lieu de solvants. Nous
avons également remplacé divers composants a base de pétrole par des alternatives biosourcées
(ex. amidon, cellulose) d’augmenter la sécurité des produits et la quantité de matiéres premiéres
d'origine durable. Cependant, I'utilisation de la polymérisation en émulsion et la modification des
composants clés de nos latex (c.-a-d, polymeéres dispersés dans de I'eau) ont mené des défis
importants vis-a-vis la qualité et performance des ASP. Cette these illustre la voie difficile
empruntée pour développer des ASP entiérement renouvelables.

Les ASP doivent démontrés un équilibre spécifique d'adhésion et de cohésion.
Généralement, des additifs a base de pétrole (qui sont souvent dangereux/toxiques, ex., des
agents collants, de réticulation, de transfert de chaine, modificateurs de rhéologie,) sont rajoutés
pour adapter les propriétés du latex a I'application prévue. Pourtant, en raison de leurs effets
opposés, un additif utilisé pour augmenter I'adhérence affaiblira les forces de cohésion du
polymére, et vice versa. Les nanocristaux de cellulose (NCC) sont des nanomatériaux durables qui
se sont avérés efficaces pour résoudre I'énigme adhérence/cohésion. Dans la premiére partie de
ce projet, nous avons développé une nouvelle technique pour augmenter la charge des NCC dans
les formulations d’ASP au-dela des limites de 1 a 2 % précédemment rencontrées. Les charges
CNC plus élevées améliorent continuellement la résistance au cisaillement, mais entrainent
éventuellement une diminution de la résistance au « tack » et au pelage.

Dans la deuxiéme partie de ce projet, nous avons remplacé les NCC sulfatés par des NCC
carboxylés (NCCc), qui sont synthétisés par une voie plus écologique (par I'emploi du peroxyde
d'hydrogene au lieu de I'acide sulfurique). Les groupes de surface carboxylate des NCCc furent
déstabilisés par les autres composantes du latex induisant par conséquence une coagulation
catastrophique. Les interactions entre les NCCc et d'autres composants de latex standard ont été
étudiées et une méthode reproductible pour incorporer les NCCc dans une réaction en semi-
continu a abouti des latex stables et de haute qualité. Dans la troisieme partie de ce projet, I'effet

des NCCc sur les propriétés adhésives des films de latex a été étudié et comparé aux effets des



NCC sulfatés. L'imagerie microscope a force atomique a révélé que les NCCc interagissent avec
les particules de latex et entre elles. L'omission de la dispersion ultrasonique préservait ces
interactions menant a de plus grandes améliorations des propriétés des films.

Dans la quatrieme partie de ce projet, des nanoparticules d'amidon (NPA) ont été utilisées
pour remplacer une partie du monomere dans la production de latex coque-noyaux (noyaux NPA,
coque acrylique). Les NPA sont renouvelable, peu coliteux et biodégradables. Le défi de délimiter
les NPA dans les noyaux des particules a été surmonté en réticulant les NPA avec un réticulant
alimentaire (trimétaphosphate de sodium) et en les fonctionnalisant a I'aide d'un monomeére a
base de sucre (EcoMer™). Pour ajuster les propriétés NPA pour rivaliser avec des rubans
commerciaux, une méthode pour incorporer des NCC aux latex NPA in situ a été développée. De
plus, comme des monomeéres tels que l'acrylate de 2-octyle (20A), le styréne et I'acide acrylique
peuvent étre biosourcés, ils ont été sélectionnés pour former la coque acrylique. En raison des
défis et retards de la chaine d'approvisionnement, |'acrylate de n-octyle a été utilisé comme
monomere modele pour 20A afin de produire des latex avec une teneur en bio d'environ 80 %
qui rivalisait avec les adhésifs commerciaux (Post-It™, rubans de masquage, rubans d’emballage).

Apres avoir abordé la durabilité du mode de polymérisation et des composants du
polymeére, nous avons posé la question : quels sont les effets de I'utilisation de matériaux bio et
biosourcés sur la fin de vie des ASP ? Parce que l'infrastructure pour les études de biodégradation
a I'échelle du laboratoire via le compostage n'existe pas au Canada (a notre connaissance), nous
avons congu un appareil de compostage aérobie capable de mesurer la biodégradabilité aérobie
de nos polyméres dans un environnement de compostage. Bien qu'elle n'ait pas été entierement
testée, l'installation de compostage a été congue et sa construction a commencé. Les étapes pour
terminer la construction et valider son fonctionnement sont détaillées.

Le chemin vers la durabilité est souvent long et complexe. Dans cette étude la ré-
conception de la synthése d'adhésifs avec une approche plus durable, la polymérisation en
émulsion, associée a une formulation a 80% biosourcée a nécessité d'importantes mesures
correctives. Pour surmonter les défis techniques, il a fallu rassembler tous les outils d'ingénierie
de la réaction des polyméres a notre disposition. Malgré le temps et les efforts requis, la

réalisation d'un processus plus durable est en effet a notre portée.
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Chapter 1

Introduction

1.1 Sustainable polymer reaction engineering

1.1.1 What do we mean by “sustainable polymer”?

Polymers are a class of materials with an exceedingly broad range of applications.
Although their light weight, flexibility, versatility, and low cost have provided unparalleled
benefits to humanity, their manufacture, ubiquity, and durability has resulted in their
accumulation in nature and in causing serious harm to our ecosystems. When tackling
environmental concerns, sustainability is often the first criteria addressed. The definition of
“sustainability”, in its general sense, refers to the continued capacity to function at the necessary
level to maintain the desired benefits.!! In the context of this thesis, sustainability also
encompasses the notion of considering future consequences of present processes or actions. The
definition of polymer sustainability has been the subject of much debate because it is often
defined in a relative manner, that is, by comparison to current or traditional practices. For
example, if a plastic product contains renewable materials, is produced via an eco-friendlier
method or can degrade (even if just partially), it can be called a “sustainable polymer”. Ideally,
for a polymer to be labelled as sustainable, each element of its lifecycle (i.e., material extraction,
manufacturing, packaging and transportation, use, and end-of-life) should be sustainable. Thus,
when discussing “sustainable polymers”, we are henceforth referring to a polymer that:

1. Is produced in an eco-friendly process (e.g., has no harmful by-products, does not generate
waste, requires minimal water resources and energy (preferably, renewable energy), does
not impart negative environmental consequences),

2. Is produced using renewable feedstock (e.g., waste materials, plant or other naturally
occurring matter), and
3. Can be reintegrated into the environment after its useful life without any detrimental

effects to humans, animals, or the environment.
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An important aside: Although the terms bio-based, bio-sourced, renewably-sourced, renewable
and sustainable share some similarities, they are not interchangeable. Each have key elements
that make them distinguishable from the other, thus, for clarity, they are defined in Table 1.1
(note that the word “material” can be replaced with monomer, polymer, etc.).

Table 1.1 Helpful term distinctions and definitions.

Term Definition

Bio-based material A material that is obtained directly from natural resources
Bio-sourced material A material that is derived from natural resources
Renewably-sourced material A material that is obtained via an ecological (renewable) process

A material made from natural resources (bio-based or bio-sourced)

Renewable material . . .
that can be replenished and/or cycled back to its origin

Sustainable material A material that is renewably-sourced and renewable

Figure 1.1 is an effective approach for the development of sustainable polymers. Waste
prevention at the production stage, using catalysts, avoiding chemical derivatives, maximizing
atom economy, analyzing in real time, and minimizing potential for accidents (principles 1, 5-7,
9, 11 and 12, respectively) are arguably well addressed in industry due to the economic benefits
that they offer. On the other hand, the principles with the greatest potential impact on
sustainability include (2) designing safer products, (3) designing less hazardous synthesis, (4)
using renewable feedstock, (8) using safer solvents and reaction conditions, and (10) designing

products to degrade after use.[? 3!

8.Use

safer
solvents
& reaction
conditions,

1.Prevent charical

derivat- 9.
Increase

12
Minimize
potential for
Design accidents
products to
10.degrade
after use

Figure 1.1 The 12 Principles of Green Chemistry.[!
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In this thesis, we use emulsion polymerization (discussed in detail later), a well-known
polymer production process. It is considered to be an environmentally friendly method of
producing polymers largely because its bulk medium is water as opposed to the volatile and toxic
solvents used in many commercial processes.®! Principles 2, 3, and 8 are addressed when
switching to emulsion polymerization because the resulting products are safer (e.g., no solvent
off-gassing), it is a less hazardous polymer production method (e.g., low reaction pressure, good
heat transfer), and the absence of solvents improves overall reaction safety conditions.

Producing polymeric materials from renewable feedstock (i.e., principle 4) has an
enormous environmental impact because the majority of polymer formulations consist of
monomers, which typically, are derived from fossil fuels. Renewable monomers have been
available for decades!®! and their abundance in nature provides a baseline for economical and
environmentally-friendly use. Common monomers such as methacrylic acid, styrene, and acrylic
acid can be bio-sourced,%14 thus, using renewably-sourced monomers can improve polymer
sustainability dramatically. In addition, using a renewable feedstock can provide further impact
on other “green” principles. For instance, vegetable oils, lignin, cellulose, chitin, starch, and other
natural polymers have been used to produce polymeric materials!® >-'8land because they are
largely nontoxic, the resulting products are safer (principle 2). Furthermore, renewably-sourced
nanoparticles, such as cellulose nanocrystals (CNCs, discussed later), can be used as polymer
property modifiers®24 and are a safer alternative to typical, toxic property modifiers.[?>! Thus,
employing green nanoparticles in lieu of traditional petrochemical additives can reduce overall
synthesis hazards (i.e., principle 3).

Finally, the use of renewable feedstock may enable the design of polymers that can
degrade after use (principle 10). Starch nanoparticles (SNPs) are renewably-sourced and
biobased nanomaterials and can be used as fillers in emulsion-based polymers.26-281 When used
to fill polymer particle cores, SNPs not only displace fossil fuel-based materials (i.e., monomer),
but they increase the polymer bio-content and introduce a biodegradable component to the
resulting material. Nonetheless, petroleum-based monomers still form a significant part of
polymer formulations, thus, we have an opportunity (and a duty) to displace higher amounts of

monomer and other toxic components with bio- or sustainably-sourced alternatives.
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1.1.2 Challenges to sustainable practice

The main challenge in the production of more sustainable adhesives lies in the use of
emulsion polymerization. In the first place, many commercial adhesives are prepared via solution
polymerization and conversion to an emulsion polymerization process will lead to product
performance changes.[? 20 21,29, 301 The heterogeneous (i.e., multi-phase) nature of the emulsion
polymerization process, compared to the single phase in a solution polymerization, is responsible
for these changes. Specifically, a solution polymerization will yield a homogeneous, continuous
network that provides cohesive strength to the adhesive when cast as a film on a substrate. On
the other hand, because of the compartmentalized nature of an emulsion polymerization (a
suspension of polymer particles or latex), a continuous network is harder to achieve during film
formation because it relies on diffusion of polymer chains from particle to particle. In addition,
because of the replacement of such a significant amount of components in the formulation with
renewable materials, the polymerization kinetics and the resulting product properties will
inevitably be affected. In particular, the colloidal stability of the latex can be disrupted; colloidal
dispersions are sensitive to their specific chemical environments and thus, every component
present in the reaction mixture is prone to interactions with other components. To overcome
such significant changes to the polymerization process and formulation, we will need to exploit
many techniques in our polymer reaction engineering toolbox, which include when and how to
add components to the formulation (e.g., via semi-batch addition), and adjusting the particle size,
particle size distribution, pH, solids content, and polymer microstructure.

Two of the renewable materials selected for this study, CNCs and SNPs, are hydrophilic
and incorporating them in a hydrophobic polymer matrix poses additional technical challenges,
especially in an emulsion polymerization (i.e., a water-based process).l'* 271 Regardless, the
addition of SNPs allows for a higher bio-content while CNCs have been shown to improve
adhesive properties.?> 21 271 A number of techniques have been developed to overcome these
challenges including chemical modification of the CNCs and SNPs.[2% 317361 At the same time, the
loading of these materials, relative to the bulk monomer, is limited due to their effect on adhesive
performance. Thus, replacing the remaining petroleum-based monomer with renewably-sourced

alternatives becomes an appealing option.



Chapter 1

Given that our long-term goal is to design a completely renewable PSA, we must replace
the most impactful components (i.e., monomers) with greener counterparts. There are many
options available, but most of these are either too expensive or are obtained through
unsustainable pathways, which defeats the purpose of this work. Plant-based oils have been
explored as a cheaper, potential source of greener monomers due to the presence of double
bonds in their structure. However, the triglyceride building blocks in these oils are often inert and
pushing them to react in a conventional free-radical emulsion polymerization is difficult.[*> 16 37,
381 Monomer options for the production of high-performance, sustainable PSAs are particularly
constrained because they should simultaneously 1- be compatible with waterborne
polymerization methods, 2- be biobased, bio-sourced or biodegradable, 3- be able to participate
in free-radical polymerization (i.e., have a vinyl group), and 4- have a low homopolymer T,.
Therefore, deriving widely used monomers, traditionally prepared from fossil resources, from
renewable feedstock is an appealing option because the above criteria can be met without
affecting reaction kinetics or product performance.

Acrylic acid (AA) and methacrylic acid (MAA) are among the cornerstone building blocks
for common acrylic monomers and although it is not yet the standard in industry, AA and MAA
can be synthesized from glycerol with high yields and selectivity.[*®! 2-octyl acrylate (20A), which
can be derived from bio-sourced AA, has been gaining popularity in the realm of PSAs because it
is a low Tg acrylic monomer. In 2008, 3M™ patented the use of 20A for adhesive applications and
launched its Scotch® Magic™ Greener tape in 2009, made from 65% plant-based and recycled
materials.*®! A year later, the Post-1t® Greener note was released which uses 100% recycled
paper fibres and 67% plant-based adhesives.*!! In this work, we sought to increase the
biocontent of our emulsion-based PSAs therefore, 20A, STY and AA were selected as co-
monomers because each of them can be biosourced.[!? 1242 43 Note that nOA (same molecular
weight a 20A) was used as a model monomer for 20A because of its availability during the COVID-
19 pandemic.

Finally, while there has been significant research on the use of renewable materials in
polymer formulations,® 4439 analysis regarding polymer end of life is lacking. Despite the

availability of standardized and internationally recognized testing methods!®*>* and the vast
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amounts of resources and data addressing polymer degradation, little has been reported about
the degradability of adhesives (with the exception of research focused on adhesives for medical
applications).®® For reasons described in Chapter 7, our hypothesis is that the probability for
polymer (bio)degradation is highest in a composting environment, thus we are interested in
testing the aerobic biodegradability of our PSAs in a composting environment. Unfortunately, to
our knowledge, the infrastructure for testing biodegradation in a composting environment at the
lab scale does not exist in Canada. Chapter 7 details the design and construction of an apparatus
capable of simulating a composting environment to determine the aerobic biodegradation of
plastic materials under controlled composting conditions (compliant to the American standard
testing method (ASTM) D5338).5 Ultimately, this simulated composting environment is the

missing tool that we need in our engineering toolbox to design truly sustainable PSAs.

1.2 Objectives, hypothesis, and thesis structure

The objective of this thesis was to use sustainable methods to produce high-performance
adhesives composed of a maximal amount of renewable material. We hypothesize that by
combining the unique qualities of SNPs and CNCs as a nanocomposite material with renewably-
sourced monomers (e.g., 2-octyl acrylate, acrylic acid, styrene), we can deliver high performance
and high bio-content latexes for adhesive applications with equivalent or superior properties to
their commercially available equivalents.

This thesis includes a total of 8 chapters, described below:

Chapter 2 provides a background on adhesives and adhesion, discusses the emulsion
polymerization process, and introduces the renewable nanomaterials (i.e., CNCs and SNPs) used
to produce our polymer nanocomposites.

Chapter 3 was published in the Macromolecular Reaction Engineering journal®®® and
explores the effects of higher loadings of sulfated CNCs in latex-based PSA films. When added in
an emulsion polymerization reaction, sulfated CNCs are commonly loaded at concentrations of
0.5 — 1% (relative to monomer) for latex property enhancements due to the experimental
challenges encountered with higher CNC loadings.[**??) Because our objectives included

producing high-performance PSAs and increasing the quantity of renewable materials in our
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formulations, we developed a method to overcome the colloidal instabilities related to high CNC
loadings and measured the effect of high CNC loadings (up to 4%) on the adhesive properties.

Chapter 4, published in The Canadian Journal of Chemical Engineering,’®”! explores the
use of a novel nanomaterial, carboxylated CNCs (cCNCs) in latex-based PSAs. The cCNCs can be
obtained in a wet form (i.e., cCNCs suspended in water) and as a spray-dried powder. Due to their
carboxylated surface groups, the cCNCs interacted strongly with the polymer particles, which
made their incorporation via emulsion polymerization challenging. Chapter 4 details the creative
manipulation of the emulsion polymerization process that enabled the production of
nanocomposite PSA latexes with cCNCs.

Chapter 5 was published in the Macromolecular Reaction Engineering journal®®® and
discusses the effects of cCNCs on PSA performance properties (i.e., peel strength, tack, and shear
strength) of latex films. In that published work, we took a closer look at the effects of cCNCs on
PSA film formation via atomic force microscopy. Therein, we uncovered the mechanisms by
which cCNCs improve PSA performance.

Chapter 6 features a manuscript submitted to the ACS Sustainable Chemistry and
Engineering journal. The chapter describes how we increased the renewable material loading by
displacing the polymer cores of our PSAs with SNPs. We developed methods to incorporate
sulfated CNCs into the PSA formulation for property performance enhancement. This is the first
instance of the combination of SNPs and CNCs in a latex, to our knowledge. In that work we used
a model monomer system for an ~80% bio-based PSA formulation and demonstrated that
commercially competitive PSAs with high renewable feedstock content is possible.

Chapter 7 provides a brief overview of current methods for assessing polymer
degradation and highlights the opportunities and potential benefits of designing polymers that
can biodegrade in a composting environment. We present a bioreactor design, which simulates
a composting environment. Though the apparatus is not yet in operation, its status and action
plan for its completion are detailed.

Chapter 8 provides a general discussion and summarizes the most important findings in
this thesis. The discussion concludes by proposing new, more effective approaches for the

production of sustainable polymers.
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Finally, Appendix I-lll contain supporting information related to chapters 3, 5 and 7

respectively, Appendix IV provides a report on health and safety considerations for this project

and Appendix V contains a list of publications and conference attendance.
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Background

A background on adhesive theory and characterization, emulsion polymerization and
nanocomposites is presented below. Note that a general discussion of CNCs and SNPs in polymer
nanocomposites is discussed here and that details pertaining to sulfated or carboxylated CNCs
are discussed in Chapter 3, and Chapters 4 and 5 respectively. A background on degradation will

be addressed in Chapter 7.

2.1 Adhesives and adhesion

Adhesives are non-metallic materials used to bond matter together through surface
interactions such as adhesion and cohesion. Adhesion is defined by the bonding of one material
to another and describes the forces that are operating across an interface, whereas cohesion

refers to the intermolecular interactions between molecules of a same material.[!

2.1.1 Pressure-sensitive adhesives (PSAs)

PSAs are polymeric materials that instantaneously bond to a surface upon light contact
pressure and differ from traditional adhesives in that the material remains in a fluid state after
adhesion.[! Furthermore, they can be easily removed with a light pulling force without leaving a
residue on the substrate. Global demands from the automotive, packaging, construction,
electronics, medical, and general consumer industry have shaped a multibillion dollar PSA
industry which is expected to grow from $9.8 billion (in 2020) to 17.6 billion USD in 2030.1> 3]
Water-based, hot melt, and solvent-based PSAs can be used for a variety of applications such as
graphics, medical, tapes and labels.

Polymers are employed for PSA fabrication as they display high shear strength and peel
adhesion without leaving residue upon debonding — both characteristics are paramount but can
act against one another. The distinctive balance between adhesive and cohesive forces is possible

due to a polymer’s viscoelastic profile; it facilitates PSA flowability and energy dissipation during
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the bonding process via interfacial and interstitial crosslinking, and polymer chain

entanglement.[t4
2.1.2 PSA formulation and performance

Polymers with a low glass-transition temperature (Tg), preferably ranging from -20 to -60
°C,!Y are commonly used in PSA formulations because they can maintain their fluidity and
tackiness at room temperature. Low Tg polymers are achieved by combining “soft” monomers
(i.e., monomers with < 0°C homopolymer Tg) with “hard” monomers (monomers with > 0°C
homopolymer Tg). The Ty of polymer samples can be measured via differential scanning
calorimetry (DSC). Manipulation of the copolymer microstructure (e.g., molecular weight,

crosslinking) also plays a role in PSA performance. Examples of the impact of difference chemical

and physical factors on PSA properties are included in Table 2.1.

Table 2.1 Impact of chemical and physical factors on tack, peel strength and shear strength of
PSAs.[1 3]
Factors Tack force Peel strength  Shear strength

Chemical

“Soft” monomers

\ 4
[ 4
Ty
I 4
¥

g

“Hard” monomers

Polar monomers

Crosslinkers

Tackifiers

Peel Modifiers

> D> e e €D
EEeD> D> D> e

Physical

Film thickness f f ;
Temperature f f ;

f: increases, ;: decreases, ?{ = increases to a maximum, then decreases
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PSAs are conventionally characterized by tack force (or simply, tack), peel adhesion and
shear resistance. Tack refers to the separation energy after a short contact time and low pressure
(Figure 2.1A), peel adhesion measures the material’s ability to resist removal through peeling
(Figure 2.1B) and shear resistance is the ability that a material has to resist a constant shear force
(Figure 2.1C).[% 4 %8 Tack and peel tests typically involve a bonding and a debonding step where

the loading rate is important, whereas shear strength is measured in a static manner.

Figure 2.1 Loop tack (A), peel strength (B) and shear strength (C) testing representations.’!

Benedek and Heymans showed that a decrease in particle size increases tack and peel
strength.[> 19 They explained this effect by noting that smaller particles pack more tightly during
the film forming process, thereby increasing the contact area between the adhesive and
substrate. In a similar way, the latex particle size distribution (PSD) can influence particle packing
during film formation and affect adhesive-substrate contact. In the case of tack, a lower adhesive
viscosity is favoured because the material is able to wet the surface more intimately due to better
viscous flow and elastic deformation. Thus, with higher fluidity, the force required to separate
the adhesive from the substrate is higher.[!l Peel strength is similar to tack in that it also implies
a bonding and debonding step, but the influence of adhesive viscosity on its strength is less
critical because the debonding time for peel strength measurement lasts longer.') Nonetheless,
the increase in adhesive strength from the lowered viscosity is often accompanied by a decrease
in cohesive strength (shear strength) and thus, balanced PSDs and viscosities need to be attained

to obtain optimal adhesion and cohesion.
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As noted earlier, the polymer microstructure is another important determining factor for
adhesive properties. The molecular weight distribution (MWD) is governed by the chemical
nature of the monomer systems and can be modified using, for example, chain-transfer agents
(CTAs) and/or crosslinkers. These modifiers can affect the molecular weight (My), the molecular
weight between entanglements (Me), and the molecular weight between crosslink points (M),
which all affect adhesive performance.* Generally speaking, the My should be limited for
polymers intended for adhesive applications so that they can retain their fluidity — increasing the
molecular weight of polymers in an emulsion tends to decrease the fluidity of the polymer, which
increases the shear strength to the detriment of tack and peel strength.

Depending on the formulation (e.g., monomers, property modifiers), the latex’s gel
content (i.e., the portion of polymer that is crosslinked) can change, which drastically affects PSA
properties. In general, with increasing gel content, the shear strength increases while the tack
and peel strength decrease. This is due to the increased cohesive strength introduced by the
polymer-gel matrix, which in turn decreases the ability of the material to adhere to the substrate.
Monomers with functional groups, such as acrylic acid (AA), are commonly used in formulations
to increase the shear strength of PSAs by increasing their gel content.['% 111 The My, Me and M
must also be considered for their effect on adhesive properties. For instance, in a higher gel
containing polymer, My and M. affect the peel strength and tack, whereas the network
morphology (Mc) governs the shear strength.? For low gel containing polymers, higher peel
strengths are seen for cases where M. is high, while lower Me (with constant My,) shows an
improved shear strength due to higher degrees of entanglement, for a constant My.[** As noted
above, the MWD, My, Me and Mc can be tuned in an emulsion polymerization using CTAs and

crosslinkers,373%) often without affecting reaction rate or provoking colloidal instabilities.

2.2 Emulsion polymerization

Emulsion polymerization is a heterogeneous polymerization process involving monomer
droplets dispersed in a continuous aqueous phase to form a latex polymer. It is widely used to
produce resins with various colloidal and physicochemical properties and is considered as a more

sustainable approach to polymer production because it uses water as its suspending medium.*3!
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Eliminating the need for solvents or other toxic suspending agents renders emulsion
polymerization safer and more sustainable as opposed to solution polymerization.

The main components in an emulsion polymerization are water, monomer, surfactant,
initiator, buffer (optional) and other property modifiers. The water acts as the chief dispersant
which comprises 40-50% of the reaction volume (hence, latexes typically have a 50-60% solids
content), acting as a heat sink.['¥) Many polymerization techniques are accompanied by heat
transfer challenges arising from the highly exothermic polymerization reaction, yet emulsion
polymerization overcomes these challenges because of its lower viscosity. Emulsion
polymerization allows for high-solids and low-viscosity latexes, which are two great benefits for
commercial use.[*#!

Emulsion polymerizations can be performed in batch, semi-batch, or continuous modes.
In the batch process, all the components are initially loaded to the reactor. Upon radical
formation, particle nucleation and growth happen simultaneously, allowing for little control over
the polymerization. Using a semi-batch process allows for much more control because it is
performed in two stages: a latex seeding stage followed by a monomer feeding stage. The seed
stage determines the overall number of particles whereas the particle growth rate, and thus heat
removal rate, copolymer composition and even particle morphology, can be controlled during
the monomer feeding stage. Industrially, some commodity emulsion polymers are produced in a
series of stirred tank reactors in continuous mode to provide high reaction rates and uniform
quality production for large-scale needs.[** 13 Acrylic polymer latex films are an example of
materials produced by conventional emulsion polymerization and due to its versatile nature, the
formulation can be modified to yield a polymer suitable for a vast range of applications such as
high-impact polymers, latex paints, paper coatings, textiles, sealants and adhesives.['* 1°]

The main components in the emulsion polymer formulation are the monomer(s), initiator
and surfactant. Water soluble initiators such as persulfates are widely used in emulsion
polymerization and are the source of free-radicals used to initiate the chain growth
polymerization reactions of the monomers. Typically, in free-radical polymerization, the radicals
target the carbon-carbon double bond on the monomer. The surfactant provides colloidal

stability to the various particle species in the latex. Anionic surfactants are most commonly used
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because they are inexpensive and provide good particle stabilization. When the concentration is
greater than the critical micelle concentration (CMC), surfactant molecules aggregate to form
micelles of about 50-150 A in diameter.

Upon mixing the water, monomer(s) and surfactant together, the surfactant-micelles
swell with monomer; the number density of the monomer-swollen micelles is typically on the
order of 107 to 108 L'X. The majority of the monomer is partitioned into large droplets, usually
in the range of 1 — 10 pm with a number density of 10° to 10! L'1. Note that the monomer-
swollen micelles become the main locus for polymer particle nucleation because of their much
higher number density relative to the monomer droplets.*> Although monomers are commonly
hydrophobic, a small amount of monomer is dissolved in the water phase.

Figure 2.2 illustrates the progression of a conventional emulsion polymerization reaction
(note that the components are not to scale). Firstly, surfactant is mixed into a water-monomer
mixture in a reactor and migrates to the aqueous/organic interface to reduce interfacial tension.
The surfactant stabilizes the monomer droplets and forms monomer-swollen micelles. (Figure
2.2i) After the addition of a water-soluble initiator, (Figure 2.2ii) the few monomer molecules
dissolved in the aqueous phase, polymerize to form oligoradicals (i.e., short-chain polymers)
(Figure 2.2iii). When an oligoradical reaches a certain critical length (usually between 10-20
monomer units), it becomes too hydrophobic to remain in the water phase and is absorbed into
a monomer-swollen micelle, thus nucleating a latex particle (Figure 2.2iv). There are other
variations in nucleation mechanisms, but it is worth noting that the main locus of particle
nucleation is typically in the monomer-swollen micelles rather than the monomer droplets
because of the significant difference in surface area. Both the particle number and
polymerization rate increase with time until all the micelles are nucleated. Thereafter, in a
conventional emulsion polymerization, the number of particles in the latex does not change,
indicating the completion of the seeding (i.e., initiation) stage. As the reaction proceeds,
oligoradicals enter the polymer particles. The presence of a radical in the particle leads to
immediate termination of the polymerization due to the presence of another radical. Another
oligoradical entering the particle, resumes the polymerization and so on. Next, the particle size

increases due to the growing polymer particles. The monomer concentration in the particles
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remains constant due to rapid diffusion from the monomer droplets and as a result, the

polymerization rate during the feeding stage is constant. The final stage of the polymerization

begins when the polymerization rate starts to decrease due to the depletion of monomer

droplets (Figure 2.2v). The remaining monomer in the particles continues to react until

completely consumed (Figure 2.2vi).
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Figure 2.2 Illustration of the progression of a conventional emulsion polymerization reaction.
Note that the components are not to scale.

2.3 Polymer nanocomposites

Inert and reinforcing fillers can be added to polymer matrices to enhance their physical,

thermodynamic and processing characteristics and have been shown to improve chemical and

mechanical performance.[*®! Nanoparticles in polymer composite materials have been the focus

of many advancements in recent years and are referred to as polymer nanocomposites. To date,

19



Chapter 2

nanoparticles such as carbon nanotubes, nanosilica, nanoclay and nanotin-oxide have been
shown to positively influence composite material properties.’’~24 For instance, adding as little
as 0.3 wt.% of surface modified carbon nanotubes greatly improved the viscoelastic properties
and adhesion energy of PSAs produced by emulsion polymerization by 65 and 85%,
respectively.['8] Attempts were also made to improve the adhesive properties of a PSA with
nanosilica, which increased the tack by 250 and 300% with 2 and 4 wt.% loadings, respectively.
(231 With nanosilica, however, the peel strength decreased at higher loadings. The utility of
nanoparticles provides opportunities for diverse commercial applications especially given their
high impact despite low volumes (1-10 wt.%) as opposed to the traditional micro-scale inorganic
fillers whose loadings can be quite high (15-40 wt.%), thereby negatively affecting properties.!*®!

Despite the excellent performance impact of many nanomaterials, the question of their
negative impact on the environment persists. Bio-sourced nanomaterials such as cellulose

nanocrystals (CNCs) are an interesting alternative and have been shown to be safe.[?>7?7]

2.3.1 Cellulose nanocrystals (CNCs)

Cellulose is a linear chain of glucose molecules (containing -1,4 glycosidic bonds, right
side of Figure 2.3) which is produced mainly by plants and is most commonly extracted from
wood pulp.?83% Cellulose nanocrystals (CNCs) can be extracted from the crystalline regions of
microfibrils of natural cellulose via chemical processing and form stable aqueous colloids making
them compatible with water-based systems, such as emulsion polymerization. To isolate CNCs
from cellulose fibres found in plants, a strong-acid-catalyzed hydrolysis (typically, with sulfuric
acid) is performed, leaving only the highly ordered and regular rod-like nanocrystals suspended

in the aqueous medium.Y The morphology of plant fibers is illustrated in Figure 2.3.
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Figure 2.3 Schematic of hierarchical morphology of a plant cellulose fiber.[3234
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The performance of polymer nanocomposites is largely determined by the shape,
dispersion quality, and functionality of the nanomaterial added. Many nanomaterials that have
been studied are spherical. When extracted, CNCs have an anisotropic rod-like shape (Figure 2.4)
and their high length to width ratio (i.e., aspect ratio) is responsible for their remarkable strength
effects on polymer nanocomposites.[*” 201 CNCs are safely produced,?®! non-toxic,?®! pose low
potential health hazards,?”) and are generally compostable and biocompatible.3> 361 CNC surface
chemistry can vary and is largely determined by the acid used for its isolation. For example, wood
pulp treated with sulphuric acid yields CNCs with sulphate half-ester surface groups,?” 38 and
oxidative hydrogen peroxide treatments yield CNCs with carboxylate surface groups.?® The first
reported uses of CNCs took advantage of their flexibility and high mechanical strength, providing
a greater axial elastic modulus than Kevlar./*?) Recent work in our laboratory, including work

herein, indicate the highly advantageous effects of CNCs on adhesive properties. [ 41743

Figure 2.4 Tapping mode AFM image of CNCs. Reproduced with permission.®
Copyright 2018, Elsevier.

CNCs are compatible with water-based systems and can be suspended in aqueous
media.l*”! This makes the dispersion of the CNCs in an emulsion polymerization, for example,

relatively straightforward. Stable CNC-latex dispersions were first reported using miniemulsion

21



Chapter 2

polymerization, where CNCs improved the storage modulus of nanocomposite films in the
rubbery state.[3% 48 A recent study showed significant improvement of polymeric films cast from
styrene-butyl acrylate latex formulations with CNCs.[*?! Our research group has pioneered the
use of sulphated CNCs in latex-based adhesive formulations and experimental methods
describing ways to incorporate CNCs for the production of latexes for adhesive applications are
readily found.[*¥ %4 501 An important finding was that the PSA films obtained from conventional
free-radical emulsion polymerization demonstrated a concurrent enhancement of shear
strength, tack, and peel strength with increasing CNC content, thus overcoming some of the
challenges in PSA properties noted earlier.[*> %244 Moreover, the performance enhancement for
PSAs prepared with CNCs in situ as opposed to ex situ (i.e., post-reaction blending) was

substantially greater.!%

2.3.2 Starch and starch nanoparticles (SNPs)

Starch is a polysaccharide produced by most green plants as energy storage and is a good
candidate for the production of sustainable polymer nanocomposites because it is naturally
occurring, abundant, non-toxic, cheap and biodegradable.l®" 2 The shape and particle size of
starch granules (graphical representation in Figure 2.5) largely depend on its botanic origin and
due to the strong nature of the starch granules, crystalline starch moieties (that make up 15 to
45% of native starch)®? can be readily extracted via physical or chemical treatments.>1->3!
Typically, starch is composed of 70-80% amylose (possessing primarily a-1,4 glycosidic bonds)
and 20-30% branched amylopectin (possessing both a—1,4 and o—1,6 glycosidic bonds, Figure
2.6), both of which are forms of glucose.% 34

Despite the promising evidence that starch can reduce the use of synthetic monomers
and increase overall process sustainability, incorporating starch in latex formulations can disrupt
the colloidal stability (because it is water soluble), which would impart negative effects on the
end-use properties. Some of these challenges can be overcome by modifying native starch into
its nanocrystal or nanoparticle form through acid hydrolysis.>> Starch nanoparticles (SNPs) have
been used as nano-fillers to improve mechanical and barrier properties, to improve stability in
emulsion systems, and as binders in paper.3 6758 SNPs can be further modified via SNPs to

increase crosslinking, vinyl functionalization, anionic/cationic charging or even hydrophobization
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Figure 2.5 Illustration of starch granule structure.Y
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Figure 2.6 lllustration of the a-1,4 and a-1,6 glycosidic bonds of starch.>*

to tune their surface groups and alter their behaviour.® % For example, SNPs modified with
functional groups have been used as Pickering stabilizers and as monomers in emulsion
polymerization to make starch-based latexes.[>® 5761 Most recently, Zhang et al.*®! developed a
method to incorporate SNPs into the core of latex particles produced for PSA applications. Using
a series of modifications including crosslinking, vinyl functionalization and the use of a bridging
monomer, they were able to locate the SNPs in the hydrophobic polymer matrix as a particle core
rather than at the particle shell-water interface or even in the water phase. In this way, they used

the biocontent of the latex while maintaining the adhesive properties of the resulting films.>°!
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Put another way, by restricting the SNPs to the latex particle cores, the adhesive film surfaces
were largely comprised of acrylic polymer, thereby displaying the properties of the acrylic shell

polymers as opposed to that of the SNPs in the hidden cores.
2.4 Conclusion

The goal of this thesis is to practice as many of the 12 Principles of Green Chemistry to
design a more sustainable PSA. Synthesizing our polymers via the emulsion polymerization
process whilst replacing as many petroleum-based components with more bio-based and bio-
sourced counterparts will inevitably pose some technical challenges. Thus, we will employ as
many techniques as are needed from our engineering toolbox to counteract the colloidal
instabilities and product performance changes that these substitutions might cause. The
successful displacement of monomer and additives with greener counterparts will significantly
improve PSA sustainability.

Despite the clear advantages of using CNCs for PSA property engineering and SNPs to
increase biocontent, the discussion of recycling, disposal and degradation of the adhesive is not
commonly addressed. Often, it is assumed that with increased biocontent, the degradability of
the material would also improve; however, for PSAs this has largely been untested. This

discussion will be presented in Chapter 7.
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3.1 Abstract

Cellulose nanocrystals (CNCs) are a naturally sourced, non-toxic, nanoparticle known to
improve tack, peel strength and shear resistance simultaneously when incorporated into
nanocomposite latexes produced for pressure-sensitive adhesive (PSA) applications. In this study,
methods for incorporating CNCs into a butyl acrylate/styrene/acrylic acid (91.5/4.5/4.0 wt%)
seeded semi-batch emulsion polymerization for the production of PSAs are presented. Past work
revealed a limit of 1.0-2.0 wt% (based on monomer) CNC loadings due to latex instability. In this
work, CNC loadings of up to 4.0 wt% in a stable latex with 40 wt% solids are achieved by utilizing
all of the available water in the formulation to maximize CNC redispersion. The CNC addition
method is studied (i.e., in the seed, in the feed, or partitioned in both) and adhesive performance
results indicate that there are no significant benefits to where the CNCs are dispersed in situ
during polymerization. However, the quality of the CNC-water dispersion is pivotal to ensuring
latex homogeneity and therefore, adhesive film quality. Though CNCs did improve adhesive
strength at low concentrations, their enhancing effects are modest when used with a

commercially competitive base-case PSA formulation.

Keywords: Emulsion polymerization, cellulose nanocrystals, pressure-sensitive adhesives,

nanocomposites, latex
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3.2 Introduction

Reinforcing fillers are added to polymer matrices to enhance their physical,
thermodynamic and processing characteristics and have been shown to improve chemical and
mechanical performance.l! Nanoparticle fillers such as carbon nanotubes, nanosilica, nanoclay
and nanotin-oxide have been shown to positively influence polymer composite material
properties.[>71 Generally, nanocomposites are produced using physical or chemical processing
methods. Physical methods, namely blending, include solvent processing, melt processing, latex
blends and so on. In these cases, simple mixing is usually insufficient for adequate nanoparticle
dispersion leading to sub-optimal performance, thus product heterogeneity often poses a
challenge.®l Chemical methods comprise the addition of the nanofiller via polymerization® (e.g.,
solution polymerization, suspension polymerization, emulsion polymerization, intercalative
polymerization). By using in situ methods, the nanoparticles are more easily dispersed in the
continuous or monomer phase, allowing them to be present during the polymerization, or to
participate therein, to produce a homogeneous polymer nanocomposite.[10-12]

Emulsion polymerization is considered to be a more sustainable approach to polymer
production, largely because its bulk medium is water as opposed to the volatile and toxic solvents
used in solution polymerization.*3! Emulsion polymerization provides specific advantages over
other polymerization technologies such as low reaction viscosity, which facilitates mixing and
nanoparticle dispersion, as well as improved heat transfer.® In addition, in emulsion
polymerization, molecular weight is decoupled from reaction rate and high productivity can yield
high molecular weight polymers, unlike for example, bulk polymerization.

With greater urgency, research on more sustainable polymer production is increasing.**!
This involves replacing various components of polymer nanocomposites, including the
reinforcing fillers, with less toxic alternatives. In recent years, nanocellulose has received
significant interest due to its renewability, non-toxicity and availability. Cellulose nanocrystals
(CNCs) in particular are quite advantageous due to their rod-like morphology, which gives them
a high aspect ratio.® This characteristic, along with their compatibility with waterborne
polymerization systems, such as emulsion polymerization, enables the CNCs to form a network

at an interface or in the continuous phase of a matrix instead of forming the typical close-packed
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monolayer that spherical nanomaterials often exhibit.[:”? CNCs also have accessible and abundant
surface groups that provide opportunities for functionalization, meaning that the nanocrystals
can be tuned and compatibilized for dispersion in both hydrophilic and hydrophobic systems.*®
191 For example, latexes produced via emulsion polymerization for adhesive applications were
enhanced with CNCs using both physical (blending)™? 2% and chemical (in situ) methods*%?! and
showed simultaneous improvements in tack, peel strength and shear strength up to a
concentration of 1.0 wt% (based on solids). In the referenced studies, adhesive property
improvements were demonstrated using initial base case formulations (i.e., without CNCs), which
had relatively weak adhesive strength compared to commercially available tapes. In these limited
cases, CNC concentrations beyond 1.0 — 2.0 wt% caused colloidal instabilities during the seeded
semi-batch emulsion polymerization process.[?%

In this study, a PSA formulation made of butyl acrylate, styrene and acrylic acid
(BA/STY/AA, 91.5/4.5/4.0 wt%) yielding adhesive properties at commercially competitive levels
was used to investigate different means of incorporating CNCs into latex polymers in situ. CNC
loadings in the formulation were increased until physical limits, inflicted by dispersion limitations,
were reached. Finally, the adhesive properties of films produced from these CNC-saturated

latexes were tested.

3.3 Experimental
3.3.1 Materials

Butyl acrylate (BA), styrene (STY) and acrylic acid (AA) (all >99% purity and stabilized by
20-200 ppm hydroquinone) were purchased from Sigma Aldrich. BA was purified by passing it
through an inhibitor removal column and the other monomers were used as received. The
sodium dodecyl sulfate surfactant (SDS, ACS Reagent >99%), potassium persulfate initiator (KPS,
ACS Reagent >99%), and n-dodecyl mercaptan chain transfer agent (NDM, >95.5%), were
purchased from Sigma Aldrich and used as received. CNCs were obtained from CelluForce Inc.
(Windsor, Quebec), produced via sulfuric acid hydrolysis of bleached Kraft pulp and provided as
a spray-dried powder in the sodium salt form (dimensions: length = 183 + 88, cross-section 6 + 2

nm; nominal sulfate half-ester surface charge content of 250 mmol kg CNC).[?? Distilled,
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deionized water (DDW) was used to prepare the CNC dispersions, pre-emulsion solution and
initiator solution. Tetrahydrofuran (THF, ACS grade, Sigma Aldrich) was used as supplied for gel
content analysis.
3.3.2 Seeded semi-batch emulsion polymerization

Polymerization reactions were conducted in a 1.25 L jacketed stainless-steel Mettler
Toledo LabMax Automatic Lab Reactor equipped with an anchor stirrer, a reflux condenser with
a vent line, and two separate feed lines. The reactor was purged with N, (Linde, Canada)
throughout the reaction and the temperature and stir rate were maintained at 60 °C and 250

rpm, respectively. A general formulation is shown in Table 3.1.

Table 3.1 Base formulation for a 40 wt% solids (total mass = 650 g) nanocomposite latex.

Component Seed stage (g) Feed stage (g)

Monomer 26.00 234.00
KPS 0.08 0.82
SDS 0.6 - 0.65 7.10-7.15
Buffer - 0.14
NDM - 0.63
CNC 0-2.60 0-7.15
DDW 180.00? 210.00°

2Includes total water content from KPS solution, SDS solution and CNC dispersion (if used).

Latex nanocomposites were produced via a seeded semi-batch emulsion polymerization
technique. In the seed stage, the polymer particles were nucleated. The seed particles grew as a
result of monomer (and initiator) fed to the reactor as a pre-emulsion during the feed stage.
Table 3.2 describes the seed and feed stage mixtures and specifies how and when these mixtures
were incorporated. Additional details of the seeded semi-batch emulsion polymerization
technique can be found elsewhere.l'¥ At the end of the feed stage, the reactor contents were
mixed for an additional 30 min at 60°C to ensure that all residual monomer or free radicals (if

any) were consumed.
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Table 3.2 Components in the seed and feed stages of a 40 wt% solids latex formulation with 2
phm CNC (divided equally in the seed and feed stages).

A t
Mixture Description Component rr;:)u :
Emulsifier Surfactant solution initially loaded into CNC 2.60
reactor, mixed at 250 rpm, and heated to 60 DS 0.60
°C. Reactor temperature maintained at £ 1 °C
L DDW 175.50
throughout polymerization.
@ Monomer Seed monomer (~10% of total monomer) STY 1.17
©
13 added to heated emulsifier solution and
S BA 23.79
2 mixed for 5 min.
Initiator 1  Small volume of initiator injected as a shot to KPS 0.078
commence seed stage, which lasts 30 min.
Measurements for “initial” particle size were DDW 3.90
taken at the end of this 30 min period.
Pre- Components emulsified via vigorous mixing in CNC 2.56
emulsion  a beaker using magnetic stirring. Pre-emulsion DDW 128.70
solution fed to reactor at 1.37 g min'! for 240 AA 10.40
min, after completion of seed stage, for STY 10.53
(] .
?!P particle growth. When present, CNCs were BA 214.11
"
B separately dispersed in water prior to SDS 7.15
()]
* emulsification with other components. NDM 0.65
Initiator 2 Initiator 2 solution fed to reactor at same KPS 0.82
time as pre-emulsion solution at 0.3 g min* DDW 81.90
for 270 min total. Buffer 0.14

3.3.3 CNC Redispersion

CNC dispersions were prepared by mixing CNC powder with fresh DDW overnight (in a

covered beaker) with a magnetic stir bar on a stir plate. The dispersion was probe sonicated

(Fisher Scientific 550 sonic dismembrator) whilst submerged in an ice bath the day of the reaction

34



Chapter 3

for 15 min (three 5-min intervals with 5-min rest in between) at 75% amplitude. The dispersions
were suction filtered (110 mm, particle retention of >2.7 um) thrice to remove any impurities
and used immediately. In runs where CNCs were added at both the seed stage and pre-emulsion
feed, the water-CNC mixtures were dispersed and sonicated separately. Note that at
concentrations above ~17.0 gene Llwater, the dispersions could not be suction filtered and were
therefore used as is.
3.3.4 Characterization

Samples (~3 g) were taken at 30-60 min intervals from a sampling valve at the bottom of
the reactor. All samples were characterized for conversion (by gravimetry), particle size and
distribution (three measurements via dynamic light scattering (DLS), Malvern NanoS Zetasizer),
and pH (via Fisher Scientific/Acumet Research AR50 Dual Channel pH/lon/Conductivity probe).
The final latexes were characterized for conversion, particle size, pH, viscosity (via Thermo
Scientific HAAKE Viscotester, Model D), glass transition temperature (Tg, via differential scanning
calorimetry (DSC) TA Instruments, Model Q1000), gel content (three measurements), water and
diiodomethane contact angle (six measurements via VCA Optima, AST Productions Inc.), and
adhesive properties (i.e., tack, peel strength and shear strength, using an Instron 3000 Universal
Tester, five repeat measurements each). The error bars in the figures represent the standard

deviation of the measurements. Details of each method are provided in Appendix I.

3.4 Results and discussion
3.4.1 Maximizing CNC loading

Using the general formulation from Table 3.2, a BA/STY/AA (91.5/4.5/4.0 wt%) terpolymer
latex was produced using the seeded semi-batch emulsion polymerization formulation described
above. A series of preliminary experiments was run to identify a high-performance adhesive
formulation. Details of these experiments are found in Appendix I. The resulting 40 wt% solids
base case formulation contained 0.25 phm NDM (a commonly used chain transfer agent) and
0.5:1.0 (mol:mol) of buffer:initiator because these additives led to significant improvement in the
peel strength and tack of the adhesive films (see Figure Al.1, Al.2, and Table Al.1 of Appendix I).

Acrylic acid was omitted from the seed stage of the reaction because it decreased the media’s
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pH leading to CNC aggregation and ultimately, latex coagulation (see Table Al.2 of the Appendix
[). As discussed in Appendix |, the CNC concentration affected the latex particle size and
consequently the adhesive strength (Figure Al.3 of Appendix I). Therefore, the SDS concentration
was varied depending on the CNC loading to maintain similar initial and final particle sizes,
thereby eliminating any particle size effects on film formation and thus, on adhesive
properties.[?3] Furthermore, the total monomer mass was adjusted to account for other solids
(e.g., initiator, surfactant) to ensure that the targeted solids content of 40% was reached. All
latexes achieved final conversions of >99 wt.% (Figures Al.4 to Al.15 of Appendix I).

The quality (i.e., density and homogeneity) of the network that CNCs can form, and
consequently the magnitude of their reinforcing effects, depends on the processing conditions
(e.g., the dispersion or redispersion process).l?l For PSAs in particular, the addition of CNCs in
situ is preferred over ex situ (i.e., blending) because the in situ addition allows for better
dispersion of the nanomaterial.['>121 Moreover, adding pre-dispersed nanomaterials during the
polymerization process eliminates the need for post-synthesis operations (e.g., blending), which
reduces production time and therefore cost.

CNCs were dispersed in the water reserved for the seed stage of the polymerization and
an in situ loading limit of 1.25 phm CNCs was observed, which is low compared to other studies.
For example, Dastjerdi et al.?” reached an in situ loading of 2.0 phm CNCs in the seed stage, but
with a different monomer system. Although more than 1.25 phm CNCs could be dispersed in the
water reserved for the seed’s emulsifier solution, preparing a seed with higher CNC
concentrations interfered with particle nucleation and resulted in reaction failure (i.e.,
coagulation). The observed colloidal instabilities can be explained in part by the increased
emulsion viscosity caused by the addition of CNCs!*” and in part by the possible CNC-component
interactions and aggregation in the seed stage of the reaction. In an attempt to mitigate the
instability, the surfactant concentration was increased, but this had no discernible effect on
stability (data not shown).

To understand why these colloidal instabilities occur, the CNCs behaviour in a dispersion
must be understood. When properly dispersed (e.g., via ultrasonication), the CNCs form a

metastable aqueous colloid in water due to the electrostatic repulsion between their surface
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sulfate half-ester groups, which helps surmount the attractive van der Waals forces that would
otherwise aggregate them, in accordance with DLVO theory.?? In addition, their rod-like
morphology allows them to form a network in water above a critical concentration; which is
governed by a percolation mechanism between the nanocrystals.!?®! Cherhal et al.l?®! discussed
the aggregation mechanism of rod-like particles and studied the effects of ionic strength and
surface charge density on the agglomeration of CNC dispersions. For charged CNCs with the same
aspect ratio and surface groups as the CNCs used in this study, they found that CNC dispersions
above 2.5 gene Llwater can become metastable (e.g., the dispersion is susceptible to collapse,
under gravity for example).[?! Because the dispersion concentrations used in this study were
above 2.5 gene Lhwater for every latex, the possibility of small CNC agglomerates is possible.
Considering the CNC behaviour in a dispersion, the 1.25 phm CNC loading limit can be re-
examined. For a 650 g latex with 40 wt% solids, a total of 390 g of water is available in the
polymerization; approximately 180 g of which are reserved for the seed stage (Table 3.2). Thus,
1.25 phm CNCs, the equivalent of 3.10 g, were dispersed in the emulsifier solution, resulting in a
local CNC concentration of approximately 17.14 gene L'lwater, Which is considered relatively high.
Thus, to continue adding CNCs to the latex while avoiding any interference with particle
nucleation, the CNC concentration in the seed solution should be capped, and any additional
CNCs should be dispersed elsewhere in the formulation where water is available, notably, in the
pre-emulsion solution. In other words, additional CNCs can be incorporated in the latex by
dispersing them in the water of the pre-emulsion solution and fed to the reactor in the feed stage.
A seed latex containing 1.0 phm CNCs (i.e., 13.75 gene Llwater, Run A3, Table 3.3) was used as a
starting point rather than the maximum 1.25 phm concentration because feeding a CNC-filled
pre-emulsion solution to a seed with greater than 1.0 phm CNC resulted in an unstable final latex
(i.e., there was formation of coagulum or grit in the latex when cooled to room temperature). In
this manner, a latex produced with up to 3.0 phm CNCs (or 23.31 gene L water total) was possible
when the equivalent of 1.0 phm was added during the seed stage, and the remainder through
the feed stage. The local CNC concentrations in both the seed and feed solutions are shown in

Table 3.3.
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Table 3.3 Latex viscosity and particle size for increasing CNC concentrations (described in phm
and gcNe L—lwater)-

[CNC] (phm) [CNC] (gene Lwater) Viscosity Particle size (nm)
Run [Seed] [Feed] [Total] [Seed] [Feed] [Total] (cP) Initial Final
Al - - - - - - 45 76.1 126.7
A2 0.5 - 0.5 6.88 - 3.89 270 72.4 134.4
A3 1.0 - 1.0 13.75 - 7.77 525 86.0 142.0
A3' - 1.0 1.0 - 17.87 7.77 445 82.8 144.0
A3" 0.5 0.5 1.0 6.88 9.02 7.77 432 73.9 146.3
B4 1.25 - 1.25 17.14 - 9.71 830 79.6 156.6
C1 1.0 0.5 1.5 13.75 9.02 11.66 745 66.9 134.0
Cc2 1.0 1.0 2.0 13.75 17.87 15.54 866 79.6 155.0
c2! - 2.0 2.0 - 34.10 15.54 824 76.2 139.9
Cc3 1.0 2.0 3.0 13.76 34.10 23.31 1392 71.5 142.5
c3' - 3.0 3.0 - 36.49 23.31 1142 73.0 143.7

ca 1.0 3.0 4.0 15.78  34.10 31.08 1514 73.8 138.7

In a final attempt to load more CNCs into the latex, some water was displaced from the
“Initiator 2” solution to the “Pre-emulsion” solution allowing for the dispersion of 3.0 phm CNCs
(23.31 gene Lwater) into the pre-emulsion feed. Note that the feed rates of “Initiator 2” and “Pre-
emulsion” solutions were adjusted to maintain the reaction rate (and thus, reaction kinetics).
Thus, a maximum CNC loading in a latex with 40 wt% solids was found to be 31.08 gcne Llwater
total or 4.0 phm. Table 3.3 summarizes the latex particle sizes and viscosities in order of CNC
loading; CNC concentrations are presented in both phm and gene Lwater. Overall, the CNCs did
not impact the initial or final latex particle sizes, conversion or pH trajectories but had significant
impacts on latex viscosity. Conversion, pH, particle size and solid content versus time data can
be found in Appendix | (Figure Al.4 to Al.15).

The latex viscosity (Table 3.3) increased with CNC loading regardless of its placement (seed
vs. feed stage) due in part to the increase in CNC-latex particle interactions and in part to the CNC

loading itself. When comparing runs B4 and C1, there was a small decrease in latex viscosity
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despite the increase of CNC loading, suggesting a better dispersion of the CNCs relative to the
latex when they were added to the feed stage. Interestingly, the latex viscosity in the entire range
showed a positive linear trend (Figure 3.1d), suggesting that the final latex viscosity is a function
of total CNC loading and was not significantly impacted by the local CNC concentrations.
3.4.2 Effect of CNC loading on adhesive performance

CNCs have been shown to improve latex-based adhesive properties, albeit for
formulations with low base case performance.l'®12 201 |t remains unknown however, if these
improvements would likewise be present for high-performance latexes (i.e., formulations whose
tack and peel strength were equal to or greater than that of commercial products). The adhesive
properties of the latexes from Table 3.3 were tested and reported in Figure 3.1. Note that the
data labeled as “masking tape” represent adhesive performance of Uline™ general purpose 1”

masking tape using identical test conditions.

3.4.2.1 CNCs loaded in the seed stage only (runs Al, A2, A3 and B4)

Generally, for tack and peel strength, the PSA films with 0 to 2.0 phm CNCs outperform
Uline general purpose 1”7 masking tape, referred to hereafter as “commercial masking tape”
(Figure 3.1a and 3.1b). Adhesive performance trends are similar to those in the literature,[1%-12
20 specifically for experiments where CNCs were loaded in the seed stage (runs A1-A3 and B4 of
Figure 3.1a and 3.1b). In other words, for latexes prepared by dispersing CNCs in the seed only,
the adhesive strength reaches a maximum at about 0.5 — 1.0 phm for peel and 0.5 phm for tack,
and then sharply decreases with higher loadings. To explain these trends, the CNC-water
dispersion concentrations from Table 3.2 can be re-examined. Recall that concentrations above
2.5 gene Llwater, are possible but can aggregate beyond a certain point. At 0.5 phm (e.g., run A2
with 6.88 gene Llwaterin the seed), the CNC network remains stable due to the constant mixing in
the reactor. The CNC hydrophilicity (due to their surface hydroxyl groups) improves the
wettability of the films, which enables the dry polymer film to more intimately wet the testing
substrate, thereby improving adhesive strength.[!2 271 With the current formulation, the peel
strength and tack reach their peaks at 1.0 and 0.5 phm CNC respectively (Figure 3.1a and 3.1b),
due in part to the improvement in film wettability. However, for higher CNC levels, the local CNC

concentration exceeded the ability of mechanical mixing to keep the CNCs well dispersed during
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the seed stage due to their interactions with other components of the emulsion. Thus, the
addition of CNCs in the seed stage beyond 1.0 phm can start to negatively affect the adhesive
properties. TEM images of latexes from previous work containing 1.0 phm CNCs showed some
mild CNC agglomerates indicating film heterogeneity, which is known to diminish adhesive
strength.[*Y] This is the case for run B4 in particular, where 1.25 phm CNCs is loaded during the
seed stage and the film’s peel strength drops substantially (from over 500 down to 83.1 N m™)
with just a 0.25 phm increase in the CNC concentration. At the same time, the tack was also
reduced relative to the base case. Thus, if the local CNC-water concentration is capped at 13.75
gene Llwater in the seed, tack and peel strength can remain higher than that of the commercial

masking tape, even with higher CNC loadings.

3.4.2.2 CNCs loaded in the seed & feed stages and in the feed stage only (runs A3’, A3”, C1, C2,
C2’, C3, C3’ and C4)

When going beyond 1.0 phm CNCs by dispersing CNCs in the feed as well as the seed
stage, the tack and peel strength do not sharply plummet after reaching their peak - rather, they
decrease gradually. For instance, the peel strength from films containing 1.0, 1.5, 2.0 and 3.0 phm
(runs A3”, C1, C2 and C3, respectively) decreases linearly with increasing CNC loading (Figure
3.1a).

With a total of 1.0 phm CNCs in the formulation, adhesive property improvements were
greater when the CNCs were partitioned between the seed and feed stages (run A3’) relative to
when the total amount was dispersed entirely in the seed stage (run A3) or entirely in the feed
stage (run A3”). Dividing the CNCs between the seed and feed stages allowed for lower local CNC
concentrations (6.88 and 9.02 gene Llwater in the seed and feed stages, respectively) which helped
the CNCs remain well-dispersed during the polymerization and exhibit their typical performance
improvements. Nevertheless, the peel strength of these adhesives decreased with higher
loadings because of the increased latex viscosity (due in part to the addition of CNCs and in part
to the CNC-latex particle interactions), which affected film formation and therefore, the quality
of adhesive films.[?8 In other words, with higher CNC loadings, the CNC-latex particle interactions
inhibit good particle coalescence leading to a non-uniform polymer entanglement density

thereby producing a non-homogeneous film. Although the peel strength with 1.5 or 2.0 phm CNC
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loading was low relative to the base case, dividing the CNCs between the seed and feed stages
allowed the adhesive performance to exceed that of commercial masking tape. However, as is
seen for tack, loading 2.0 phm CNCs entirely in the feed significantly decreased the peel strength
due to the formation of CNC agglomerates as well as chain immobilization caused by the high
local concentration (15.54 gene L lwater).

For tack, regardless of the CNC incorporation stage (i.e., seed stage vs. feed stage vs. seed
and feed stages), any levels beyond 0.5 phm decreased adhesive performance compared to the
peak tack with CNCs and the base case. The formation, elongation and failure of an adhesive’s
fibrils at a given debonding rate are the most important mechanisms that contribute to adhesive
bond strength.?®! Thus, sharper decreases in tack are observed with the addition of CNCs due to
their impact on an adhesive’s viscoelastic properties.[19-12 20. 211 Specifically, CNCs increase the
elasticity of the polymer matrix (or decrease its fluidity) due to their rod-like morphology because
the formation of a network reduces polymer chain mobility. This suggests that the adhesive’s
ability to elongate and resist an applied force was reduced relative to the base case formulation
(run A1), which explains the decrease in tack beyond 0.5 phm CNCs. Despite these reductions,
the tack remained comparable to that of commercial masking tape for total concentrations of up
to 2.0 phm CNCs (Figure 3.1b).

Between 1.0 — 2.0 phm CNC loadings, regardless of how the CNC was added, the tack
remained in the range of 162-264 N m! (statistically the same within experimental error). This is
because the immobilizing effects of the CNCs which affect tack are more dependent on the total
CNC concentration than the local concentrations. For 1.0 phm CNC loadings divided between the
seed and feed stages (run A3”), only slight improvements in tack were observed versus loading
the CNCs entirely in the feed stage (run A3’) relative to improvements observed in peel strength,
which were much more significant (Figure 3.1a). Adding 1.25 phm in the seed stage (run B4) did
not have as severe an impact on tack as it did on peel strength for the same reasons. When adding
1.5 (run C1) or 2.0 (run C2) phm CNCs divided in the seed and feed stages, film tackiness was
unchanged due to good CNC-water dispersion thanks to the acceptable CNC-water
concentrations (that is, up to 13.75 gene Llwater in the seed and 17.87 gene Llwater in the feed).

When adding the entire 2.0 phm CNCs in the feed stage (run C2’), the local CNC-water
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concentration was much too high (34.01 gene L'water) resulting in a dramatic decrease in tack. In
summary, for tack and peel strength, so long as the total CNC-water concentration is less than
15.54 gene Llwater, adhesion outperforms that of commercial masking tape. Nonetheless, it is
recommended to cap the seed concentration at 13.75 gene Llwater and the feed concentration at
17.87 gene Lwater to maintain a good CNC dispersion.

For higher CNC loadings (3.0 phm in runs C3, C3’ and 4.0 phm in run C4, respectively),
adhesive properties of the resulting films were poor. Although sonication cycles were performed
for all CNC dispersions, at concentrations above 17.87 gcnc Llwater, filtering the CNCs was
challenging because the dispersion formed a gel and could not be suction filtered. Thus, unlike
the instances in which CNCs were sonicated and filtered, it cannot be assumed that the CNCs
were fully dispersed at the onset of the reaction. For runs C3 and C4 (containing 3.0 and 4.0 phm
CNCs, respectively), the final latexes resembled a thick jelly, similar to mayonnaise, and contained
bubbles even after cooling to room temperature. Casting films from these latexes also had some
issues due to the remarkably lower flowability (i.e., the latex had to be scooped onto the Mylar
films rather than pipetted).

The tack and peel strength were similar in runs A3, C1 and C2 despite their differing total
CNC concentrations of 1.0 phm, 1.5 phm and 2.0 phm, respectively. This is because the seed
solutions of these higher CNC-containing latexes were made with 1.0 phm CNCs and so it was no
surprise that the adhesive performance for C1 and C2 (with 1.5 and 2.0 phm total CNC loadings)
was similar to that of A3. Incorporating additional CNCs in the feed stage allowed for a higher
total CNC loading while maintaining a good CNC-dispersion because the Jocal CNC concentrations
were still within acceptable ranges. Furthermore, because the CNCs were being mixed into two
separate suspensions, their sonication and filtration cycles were done separately, to ensure good
dispersion in both the seed and feed stages and ultimately, a more stable CNC-water network.

Generally, the shear strength of a PSA is influenced by its Tg, molecular weight and degree
of crosslinking, which are intrinsic properties of the polymer, governed primarily by the
formulation. Other property modifiers such as CTAs or cross-linkers can be added to manipulate
the microstructural properties of the polymer and are often used together to balance their

individual effects.?% The base case formulation (no CNCs, run Al) showed the lowest shear
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strength and very high tack and peel strength (Figure 3.1), which was not surprising given that
high tack and peel strength are often achieved at the expense of diminishing shear strength.?!
At low CNC loadings, the time to shear failure did not show significant improvement compared
to other studies,1%12 20 gyeraging 0.2-1 h (Figure 3.1c). The highest time to shear failure, 4.75 h,
was observed for PSAs with 4.0 phm CNCs. With the addition of a stiff nanocrystal, a reinforced
network with interconnected rigid micro-domains between soft polymer particles was possible,
and improved the rigidity of the polymer matrix.[?!! This allowed for stronger cohesive forces
within the matrix and therefore, improved shear resistance. In previous work, the shear strength
of PSA films prepared with different monomer systems likewise continually increased with higher
CNC loadings.[19-12:20. 211 | our case, the manifestation of this effect only occurred when the CNC
concentration was high. This was because the base case polymer was exceptionally soft, due to
the 0.25 phm chain transfer agent (i.e., NDM) in the formulation, which reduced the polymer
molecular weight. Because of the shorter polymer chains, the CNCs have less opportunity to
become entangled with chains protruding from the polymer particles.?!! Nonetheless, the use of
a cross-linker in addition to the chain transfer agent is recommended to improve shear strength.

The gel content (Figure 3.2a), representing the insoluble cross-linked portion of the
polymer, is extremely low for all composite latexes relative to previous, similar work.[10-12 20, 21]
Though it increased, the gel content ranged between 3 — 8% for CNC loadings between 0 — 2.0
phm and at its maximum, the gel content only reached 11 —15% at CNC loadings of 3.0 —4.0 phm
(Figure 3.2c, runs C3, C3’ and C4). Low gel content can be attributed to the addition of chain
transfer agent, which led to shorter overall polymer chain lengths and greatly reduced potential
polymer cross-linking.!?3% |n some cases, it has been shown that increasing the CNC loading can
lead to an increase in gel content due to CNC-polymer cross-linking in the polymer matrix."
However, because the T; remained between -40.8 and -38.6 °C regardless of CNC loading (Table
Al.3 of Appendix I), there is no evidence supporting extensive CNC-polymer cross-linking. If there
were any cross-linking reactions, their effects were completely outweighed by the effect of the
chain transfer agent (i.e., NDM). The increase of gel content in runs C3, C3’ and C4 (with 3.0-4.0
phm CNCs) can be attributed to the CNCs whose 3-D network likely entrapped polymer particles

or swelled during gel content testing. As the CNC loading increased, so did the experimental error
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related to gel content. This suggests that the CNCs in the latex samples were not uniformly
dispersed, as some samples had a higher gel fraction than others. Because of this, the gel content
showed no statistical change between 1.5 and 2.0 phm, nor between 3.0 and 4.0 phm despite
the increase in viscosity and changes in shear strength.

Lastly, contact angle measurements were conducted to investigate the effect of CNCs on
film hydrophilicity/hydrophobicity and work of adhesion. With the increase in CNC loading, the
PSA film’s hydrophilicity was expected to increase because the CNCs, which should reside outside
of the polymer particles, are hydrophilic. However, for increased CNC loadings in the seed stage
(i.e., runs A1, A2 A3 and B4), both the water and the diiodomethane contact angles remained
largely statistically unchanged (Figure 3.2b and 3.2c). This intriguing behaviour can be explained
by film formation theory. During the PSA film preparation (see Appendix 1), the latex was cast on
a Mylar film and was left to dry under controlled conditions (i.e., temperature and humidity).
Because the water evaporated from the film’s surface, CNCs were drawn upward and tended to
reside at the film surface, whereas the polymer particles settled nearer to the substrate. If not
well distributed in the polymer matrix, CNCs can agglomerate during film formation, however, if
CNCs are anchored to the polymer matrix, they can remain more uniformly dispersed.’3!
Regardless of the potential of polymer-CNC anchoring, PSA films would have had a high enough
CNC concentration even at ‘lower’ CNC loadings to allow a significant CNC accumulation at the
surface of the prepared films. The abundance of CNCs in the formulation in addition to the use
of acrylic acid led to the production of overall hydrophilic PSA films?!l and thus, low and relatively
uniform water and diiodomethane contact angles.

In previous work, increasing CNC loading helped to improve the film’s wettability and in
turn, the work of adhesion.[*% 12 The work of adhesion (Figure 3.2d) was calculated using the
water and diiodomethane contact angles and the Owens-Wendt equation!®?! (Appendix 1).
Relative to other studies,'” 12l the work of adhesion is high, ranging between 419-522 mN m,
and follows no particular trend with increasing the total CNC loading. In our case, the addition of
CNCs has minimal impact on the work of adhesion relative to the intrinsic adhesive qualities of
the bulk polymer, determined by the formulation. In other words, because the base case latex

adhesive strength is high, the addition of CNCs had less of an impact on the work of adhesion
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the standard deviation.
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Overall.
3.5 Conclusion

Generally, CNCs need to be fully dispersed in water if they are to be properly incorporated
into a latex polymerization. Knowing the limitations for CNC dispersion while keeping in mind the
desire for high solids concentrations in emulsion polymerizations, presents additional
constraints. In this work, we explored new ways of increasing the CNC loading in situ in a seeded
semi-batch emulsion polymerization. An unprecedented CNC concentration of 4.0 phm, or 31.08
gene Llwater was achieved in a stable latex with 40 wt% total solids. This was accomplished by
utilizing all of the available water in the formulation for CNC re-dispersion, allowing the CNCs to
be loaded in both the emulsifier solution (used for the seed stage) and in the pre-emulsion
solution (added in the feed stage).

The next question becomes “what is the impact of maximizing the CNC content in a latex
formulation?”. The application of interest in this work was PSAs. Starting with what can be
considered a good PSA in terms of tack and peel strength, exceeding that of a commercial
masking tape, the addition of CNCs to the formulation showed only modest improvements to
these properties at low loadings. At higher loadings, the tack and peel strengths decreased while
shear resistance increased. Nevertheless, for loadings up to 2.0 phm CNCs, the tack and peel
strengths of our nanocomposites outperformed that of a commercial masking tape.

Comparing the incorporation method of the CNCs (i.e., in the seed, in the feed, or
partitioned in both) indicated that there are no specific advantages to dispersing the CNCs in the
seed solution vs. the feed solution or dividing them in both. Rather, the quality of the CNC
dispersion and the local CNC-water concentration in a given phase is crucial; if the local
concentration is high in the emulsifier solution (i.e., in the seed), the CNCs impede on particle
nucleation and disrupt the colloidal stability in the emulsion, and if too high in the pre-emulsion
solution (i.e., in the feed), the CNCs do not remain well dispersed thereby reducing the adhesive
strength in the dried latex composite films. Thus, it was found that acceptable maximum CNC-
water concentration in the seed and feed were 13.75 gene Llwater and 17.87 gene Llwater,

respectively in a BA/STY/AA latex PSA.
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It is worth mentioning that PSAs are not the only applications of latex polymers. As we
know, changes to the monomer formulation (e.g., using monomers yielding higher T polymers)
can result in a wide range of products, for instance, for coatings applications. Clearly this work
shows that higher loadings of CNCs led to monotonically increasing cohesion in the films (i.e.,
shear strength) which may be similarly advantageous in other latex nanocomposite applications.
The examination of the impact of CNCs on these many other applications is only beginning. One
can certainly keep in mind their impact on viscosity and other mechanical properties. Thus, we
have presented a pathway towards higher CNC loadings that may be of interest for these other

applications.
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4.1 Abstract

Nanocellulosic materials can be used as green materials for property modification in latex
polymers. In particular, cellulose nanocrystals (CNCs) can be incorporated in latexes in situ — a
preferable method to ex situ addition because it ensures latex homogeneity and better
performance enhancements. DextraCel™ is a commercial CNC with carboxylate surface groups,
henceforth referred to as “cCNC”. The interactions between cCNCs and other standard latex
components are studied, and experiments reveal that cCNCs can be sensitive to the ionic strength
of the aqueous phase of the latex. A reproducible method to incorporate cCNCs in situ in a seeded
semi-batch emulsion polymerization is developed for the production of latexes for adhesive
applications by varying the surfactant-initiator systems in the seed stage and the feed stage.
Sodium dodecyl sulphate (SDS) and potassium persulphate (KPS), negatively charged surfactant
and initiator respectively, are used for the seeding reaction, and Triton X-405 and 2,2'-
azobisisobutyronitrile (AIBN) (uncharged surfactant and initiator) are used in the feed to preserve

low ionic strength of the latex, thereby producing stable latexes.

Keywords: Emulsion polymerization, latex, nanocomposites, cellulose nanocrystals, carboxylated

cellulose nanocrystals
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4.2 Introduction

In an effort to design safer polymer products and to manufacture them in a more
sustainable way, there has been a shift towards the use of water-based production methods,
such as emulsion polymerization (EP).[! EP affords numerous technical, environmental, and
safety advantages relative to solvent-based production methods. For example, using water as a
dispersing agent not only eliminates the risks associated with the usage of organic solvents, but
it is a more economical and sustainable process.? 3! Following several decades of development,
EP is a major production method for several commodity products (e.g., paints, coatings,
adhesives).

EP is a heterogeneous system in which organic and inorganic phases co-exist. EP allows
for the simultaneous increase of polymer molecular weight and reaction rate (desirable to
maximize productivity), unlike the case for polymers produced in bulk or solution polymerization
where high molecular weights can only be achieved at lower reaction rates, and vice versa.[*-®!
Furthermore, the viscosity of a given latex is, for the most part, not governed by the polymer
molecular weight and thus, high solids content latexes can be obtained without affecting the
polymer microstructure. Finally, the water in an EP helps to reduce the reaction viscosity and
simultaneously acts as a heat sink allowing for efficient heat transfer and therefore better overall
temperature control.

Compared to single-phase systems, EP can benefit from a broader range of property
modifiers because both hydrophilic and hydrophobic materials can be incorporated into the
polymer latex. In the last few decades, nanomaterials such as nanosilica,’*% nanoclays,™* 2 and
carbon nanotubes**®) have been used increasingly to improve polymer properties (e.g.,
thermodynamic, structural, mechanical) because very small amounts (e.g., 1-2%) can cause
dramatic property improvements. In particular, nanocellulosic materials (i.e., nanomaterials
derived from a natural cellulosic source) exhibit unique properties due to their structure and
surface chemistry. They are promising alternatives to synthetic and petroleum-based property
modifiers because of their ability to assemble at air-water!*”! and oil-water interfaces,!*8! typical
of heterogeneous systems. As such, nanocellulose incorporation via EP has yielded composite

latexes with greater wettability, stability, and mechanical and adhesive performance.!*8!
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Cellulose nanocrystals (CNCs), a subclass of nanocellulose, are commonly extracted from
wood pulp or cotton plants via acid hydrolysis.'*®2l The chemical process used to isolate the
CNCs directly affects their dimensions and surface chemistry, which in turn impacts their
properties. Sulphuric acid treatment of plant-based cellulose is the most popular route for
obtaining CNCs and typically yields high aspect ratio, rod-like particles that are 100 to 200 nm
long and 5 to 10 nm wide, with sulphate half-ester surface groups on the crystal surface.?3 24
Though commonly available in powder form after spray-drying, generally, CNCs can be
redispersed in water to form a stable colloid?>-28) and have been incorporated in a number of
water-based systems in their dispersed form. For example, when up to 2 wt.% CNCs were added
to latexes via mechanical blending, the mechanical properties, 232 shear modulus,!?® 33 thermal
stability,33-3*] matrix reinforcement,®® 371 and adhesive strength*4-*3! of the nanocomposite films
were enhanced. When incorporated via an in situ process in an EP (i.e., added to the formulation
prior to or during the reaction), CNCs have shown similar improvements.[38-43]

An important consideration in EP is maintaining a stable dispersion; the addition of
nanomaterials in situ can be disruptive to latex stability. Moreover, the many components in a
latex formulation (e.g., monomers, surfactants, initiators, modifiers) also impact latex stability
and can play a role in how nanomaterials and, in this case, CNCs affect latex stability and
performance. Although CNCs will be partitioned in the water phase of an emulsion, monomers
which are slightly water-soluble (e.g., butyl acrylate, vinyl acetate) can help to maintain a good
CNC dispersion in a latex.[3® 3% 4% 431 On the other hand, water-soluble components in a latex
formulation (e.g., buffers, acidic monomers, initiators) can affect the pH and/or ionic strength
and destabilize the CNC dispersion; the type of the charged species is also important. For
example, the electrostatic stability of CNC dispersions in seeded semi-batch EP was compromised
when a cationic surfactant (e.g., CTAB) interacted with the CNCs, thereby destabilizing the latex,
whereas anionic surfactants (e.g., SDS) did not.[* 4!

Due to their surface groups, CNCs can easily undergo a number of chemical modifications
allowing one to control their surface activity and tune their functionality, thereby greatly
broadening their scope of use in novel applications. Surface modified CNCs in the form of

carboxylated CNCs, ! acetylated CNCs,!*”! aldehyde CNCs,*®! polymer-grafted CNCs,*®! and CNCs
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modified with alkyl chains of varying lengths!*® % were used in suspension polymerization to
enhance the stability of monomer droplets/polymer particles. EP product properties can be
tailored to specific applications by introducing functional groups to the latex via the formulation
components present (e.g., monomers, surfactants, initiators, fillers). For example, the drying rate
of latex based films can be modified with the addition of carboxyl groups to the latex formulation,
which in turn can affect their optical quality.®%

Unlike the typical sulphated CNCs, Anomera Inc. manufactures carboxylated CNCs, called
DextraCel™. In a recent benchmarking paper, Delepierre et al.’?) compared CNCs extracted by
conventional sulphuric acid hydrolysis to DextraCel™. DextraCel™ CNCs are 100 to 200 nm in
length, 5 nm in width, and form stable colloidal suspensions in water. They have lower surface
charges and are also shorter than CNCs made by sulphuric acid hydrolysis or other commercial
CNCs.P31 These differences result in a significant impact on nanomaterial performance. For
instance, DextraCel™ CNCs are more thermally stable in both their acid and sodium-form than
sulphated CNCs, in part, because of their lower surface charge. In particular, when comparing the
degradative thermogravimetry curves for the two types of CNCs (in their acid form), the onset of
thermal degradation for sulphated CNCs occurs at 150°C, whereas that of carboxylated CNCs only
begins at 250°C.[?

The in situ addition of CNCs in emulsion-based polymers is challenging and methods
developed for in situ CNC addition are specific to the nature of the CNCs, and the components of
the EP. To date, no studies have investigated the addition of carboxylated CNCs in EP reactions.
In this work, a reproducible method for the incorporation of DextraCel™ (henceforth referred to
as “carboxylated CNCs” or “cCNCs”) in a colloidally stable in situ seeded semi-batch EP
formulation is developed. To that end, the interactions of the cCNCs with various components of

the EP formulation (e.g., surfactants and initiators) were studied.

4.3 Experimental

4.3.1 Materials
Butyl acrylate (BA) and methyl methacrylate (MMA) (both >99% pure and stabilized by

20-200 ppm hydroquinone) were purchased from Sigma-Aldrich and purified before use by
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passing them dropwise through an inhibitor removal column. All the surfactants, namely, sodium
dodecyl sulphate (SDS, ACS Reagent >99%), Triton X-405 (liquid, 70% concentration) and
cetyltrimethylammonium bromide (CTAB, Fisher Scientific, technical grade) were used as
received. The initiators, potassium persulphate (KPS, >99%) and 2,2’-azobisisobutyronitrile
(AIBN, 98%) were purchased from Sigma-Aldrich and used as received. DextraCel™ (i.e.,
carboxylated CNCs or cCNCs) was obtained from Anomera Inc. (Montreal, Canada) in a ‘never-
dried’ form (a 4.5 wt.% dispersion in water). The apparent cCNC size, via dynamic light scattering
(DLS), was found to be 81 + 0.4 nm and the length and cross-section determined by atomic force
microscopy®? was 150 + 30 nm and 5 * 1 nm, respectively; they were supplied with Na+
counterions (pH = 7.5) and the carboxylate surface group content was determined to be 141 +
10 mmol/kg cCNC.? Distilled deionized water (DDW) with a resistivity of 18.0 + 0.2 MQ-cm was
used for the emulsion polymerization reactions as well as for all dispersions, suspensions,
solutions, and for characterization purposes.
4.3.2 Seeded semi-batch emulsion polymerization

A copolymer formulation containing a ‘hard’ and ‘soft” monomer (MMA and BA, whose
homopolymer glass transition temperatures are 105°C and -54°C respectively)®¥ was used in
anticipation of future work to produce latexes for adhesive applications. The ratio of these
monomers, 90:10 BA:MMA, was selected according to previous work®% 4% in order to make direct
comparisons with sulphated or otherwise modified CNCs. Preliminary experiments revealed that
loading the CNCs to the seed of the EP reaction (as is done traditionally)3°2! caused significant
gelling due to the high local SDS-cCNC concentration (discussed in section 4.4.2) which perturbed
the seeding reaction, ultimately leading to coagulation. Although the addition of CNCs into the
formulation of a seeded semi-batch EP has a remarkable impact on final latex properties,
previous work revealed that their addition protocol (i.e., added at the seed stage vs. feed stage)
did not affect the degree of property enhancement.®® In other words, CNCs can be added in the
seed or in the feed stage, provided that they are well dispersed. Thus, the cCNCs were added to
the pre-emulsion of the feed stage, rather than the seeding stage to ensure the formation of a
stable polymer seed. A 500 mL RCle glass reactor (Mettler-Toledo) equipped with a Hastelloy

stirrer, two feeding pumps, a thermometer and nitrogen purge line (a needle inlet) were used for
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all polymerization reactions to produce latexes with 40 wt.% solids. Three approaches were used,
which are described as “classical”, “modified” and “hybrid” in terms of which surfactants and
initiators were used.

Classical starved-feed semi-batch emulsion polymerization: Table 4.1 describes the

polymerization sequence and partitioning of the components in a typical reaction. Water and
surfactant were loaded to the reactor, were heated to 60°C under constant stirring (250 rpm),
and were purged with nitrogen for 25 min. Next, 10% of the total monomer was added to the
reactor and left to stir for 5 min before adding a shot of KPS in DDW (0.062 g KPS in 2.25 g DDW)
to initiate the seeding reaction. After the 30-min seeding reaction was complete, two separate
solutions were fed to the reactor via pumps in a feeding stage: 1- a pre-emulsion containing the
monomers, DDW, SDS, and cCNCs, if any; and 2- an initiator solution containing DDW and KPS.
The pre-emulsion was fed to the reactor for a total of 240 min, whereas the initiator solution was
fed for 30 min longer (i.e., 270 min). At the end of the feeding stage, the latex was left to “cook”
at 250 rpm at 60°C for an additional 30 min to allow residual monomer to react. Samples were
taken throughout the runs and were characterized for particle size, zeta-potential, conversion,
and solids content.

Table 4.1 Classical starved-fed semi-batch emulsion polymerization formulation and reaction
sequence to produce a 40 wt.% solids latex with 1.0 phm cCNCs.

Mixture Description Component ,(Agr;'\ount
Emulsifier Surfactant solution mixed at 250 rpm and DDW 48.25
heated to 60°C over 25 min. Reactor purged SDS 0.43

with nitrogen and maintained within 1°C of set

temperature and mixing at 250 rpm for the

()

g duration of the reaction.

(7,]

5 Monomer Seed monomer (~10 wt.% of total monomer) BA 15.30
[}

@ added to heated emulsifier solution and leftto MMA 1.70

mix and heat for 5 min.

Initiator 1  Initiator dissolved in DDW injected to reactor KPS 0.062

to initiate seeding stage, lasting 30 min. DDW 2.25
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Pre- Monomer, surfactant and DDW are mixed BA 145.8
emulsion  vigorously using a magnetic stir bar until MMA 18.0
emulsified. This pre-emulsion solution is fed to
DDW 113.3
o reactor at 1.33 g/min for 240 min after the
§ completion of the seed stage. When present, SDS 1.944
§ cCNCs added to the pre-emulsion. cCNC 40.0
Initiator 2 Initiator 2 solution fed in parallel with pre- KPS 0.54
emulsion solution at 0.25 g/min for 270 min DDW 67.5
total.
@ Reactor contents left to mix at 60°C for
2 additional 30 min to ensure conversion of
§ residual monomer.

Modified starved-feed semi-batch emulsion polymerization: For reasons discussed in detail in

Section 4.4, a different surfactant and initiator were used to produce a stable latex with the
cCNCs in situ. Because the cCNCs were sensitive to the ionic strength of the aqueous phase of the
growing polymer colloid, Triton X-405, a non-ionic surfactant, and AIBN, an oil-soluble initiator,
were used to replace the SDS and KPS, respectively, and reduce the electrolyte concentration in
the water phase of the polymerization where the cCNCs reside. Instead of adding a shot of
initiator solution to initiate the seeding reaction, the AIBN initiator was dissolved in the seed
monomer to initiate the reaction, because it is oil-soluble. Furthermore, the partitioning of the
components in the two feeds was altered; the monomer and initiator were fed to the reactor as
a solution together, and the emulsifier solution (water and surfactant) were fed via the second
feed line. Both feeds lasted for 270 min. All other elements of the EP procedure remained the

same as the “classical” case (Table 4.2).
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Table 4.2 Modified starved-fed semi-batch emulsion polymerization formulation and reaction
sequence to produce a 40 wt.% solids latex with 1.0 phm cCNCs.

Amount

(8)

Mixture Description Component

Emulsifier 1  Surfactant solution mixed at 250 rpm and
heated to 60°C over 25 min. Reactor purged DDW 42.50
with nitrogen and maintained within 1°C of

gp set temperature and mixing at 250 rpm for Triton 0.93
z the duration of the reaction. X-405
§ Monomer + Seed monomer (~10 wt.% of total monomer) BA 15.30
Initiator 1 and initiator added to heated emulsifier
} L i ) MMA 1.70
solution to initiate seeding stage, lasting 30
min. AIBN 0.054
Monomer + Monomer and initiator are fed to reactor at BA 137.70
Initiator 2 0.57 g/min for 270 min after the completion MMA 15.30
of the seed stage. Mixing rate increased to
o AIBN 1.56
a0 300 rpm.
g Emulsifier 2 DDW and surfactant are fed to reactor at DDW 167.90
§ 0.79 g/min for 270 min after the completion
of the seed stage. When present, cCNCs 11iton 6.57
added to the Emulsifier 2 solution. Mixing X-405
rate increased to 300 rpm. cCNC 40.0
" Reactor contents left to mix at 60°C for
bo
g additional 30 min to ensure conversion of
r residual monomer.
o
o

Hybrid starved-feed semi-batch emulsion polymerization: Although using the “modified”

technique and formulation in Table 4.2 did not lead to coagulation, there were other
complications, discussed in detail in Section 4.4. The mixing rate was increased to 300 rpm avoid
the generation of aggregates and samples were carefully taken with a syringe without pausing
the mixing. Furthermore, the initial and final particle sizes were hard to control using the AIBN +
Triton X-405 combination of surfactant and initiator. Thus, to overcome the stability issues while
simultaneously maintaining control of the initial and final particle sizes, it was found that stable

nanocomposite latexes could be obtained by producing a conventional seed (i.e., with SDS and
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KPS) and then changing the surfactant-initiator system to AIBN + Triton X-405 at the onset of the
feeding stage. To ensure high final conversion, a shot of initiator solution (0.25 g KPS in 2.25 g
DDW) was added at the onset of the cook stage. Table 4.3 describes the component partitioning
of this “hybrid” method. Because the AIBN initiator was oil soluble, it could not be fed to the
reactor separately from the monomer. Thus, the following feed solutions were prepared: 1- a

monomer and initiator solution and 2- a water, surfactant and cCNC (when used) solution.

Table 4.3 Hybrid starved-fed semi-batch emulsion polymerization formulation and reaction
sequence for a 40 wt.% solids latex with 1.0 phm cCNC.

Amount

(8)

Mixture Description Component

Emulsifier 1 Surfactant solution mixed at 250 rpm and
heated to 60°C over 25 min. Reactor DDW 48.25
purged with nitrogen and maintained
within 1°C of set temperature and mixing

at 250 rpm for the duration of the SDS 0.43
%’ reaction.
@ Monomer Seed monomer (~10 wt.% of total
b5 N BA 15.30
Q monomer) added to heated emulsifier
solution and left to mix and heat for 5
) MMA 1.70
min.
Initiator 1 Initiator dissolved in DDW injected to KPS 0.062
reactor to initiate seeding stage, lasting
. DDW 2.75
30 min.
Monomer + Monomer and initiator are fed to reactor BA 137.70
Initiator at 0.57 g/min for 270 min after the MMA 15.30
completion of the seed stage. Mixing rate
q, increased to 300 rpm. AIBN 1.024
oo
g Emulsifier 2 DDW and surfactant are fed to reactor at DDW 165.17
= 0.77 g/min for 270 min after the Triton 474
& completion of the seed stage. When X-405 '
present, cCNCs added to the Emulsifier 2
solution. Mixing rate increased to 300 cCNC 37.78

rpm.
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Initiator dissolved in DDW injected to
reactor to boost final conversion. KPS 0.25
Reactor contents left to mix at 60°C for

Cook stage

additional 30 min to ensure conversion of DDW 2.50
residual monomer.

4.3.3 Latex characterization

2 mL samples were taken from the reactor at 30- or 60-min intervals to characterize the
latex. Instantaneous and cumulative conversions were measured gravimetrically using standard
methods.3!

Particle size and distribution, and zeta-potential were measured using a Malvern Zetasizer
2000. Dynamic light scattering (DLS) was used to measure the average particle size and
distribution of polymer particles; ~2 mL of diluted latex sample (0.1 — 0.2 gjatex/8water) Was loaded
to a disposable polystyrene cuvette and measured at a scattering angle of 173° and at 25°C. The
reported particle sizes are an intensity-weighed mean diameter value (z-average) obtained from
three measurements of 12 to 15 scans, and the PDI is a measure of the breadth of the particle
size distribution derived from the cumulant analyses. For the zeta-potential measurements,
prepared samples were loaded in a folded capillary cell. The Smoluchowski approximation, based
on the electrophoretic mobility of the charged particles, was used to calculate the zeta-potential.
For the zeta-potential of latex, ~3 mL of diluted latex sample (0.1 — 0.2 gjatex/8water) Was injected
to a folded capillary cell using a syringe. For the zeta-potential of other solutions (i.e., DDW + KPS,
DDW + cCNCs, DDW + surfactant), no dilutions were performed. The viscosity of the final latex
was measured at 100 rpm using spindles R2 or R3 in a Thermo Scientific HAAKE Viscotester

(Model D).

4.4 Results and discussion

I"

4.4.1 Preliminary experiments using “classical” approach
When cCNCs were first introduced via the pre-emulsion solution in a “classical” starved-
feed semi-batch emulsion polymerization, coagulation occurred approximately 120 min into the

feed stage. In general, the addition of any charged species to the formulation of an emulsion-
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based polymer can lead to coagulation because it can interfere with the particles’ electrical
double layer, ultimately destabilizing the colloid. In addition, all types of CNCs typically increase
reaction viscosity, which in turn can lead to coagulation, but increasing the amount of surfactant
in the formulation can mitigate this effect, ultimately yielding a stable latex.*¥) However, upon
increasing the amount of SDS in the current formulation from 1.35 phm (2.97 g total, Table 4.1)
to 1.75 phm (3.85 g), coagulation occurred in a shorter time frame. The pH, initial and final
particle sizes, as well as the reaction temperature, were varied in a series of troubleshooting
experiments but latex stability continued to be problematic. Kedzior et al.®® noted that
surfactant adsorption to CNCs is strongly dependant on the CNC surface charge and counterions
present in the continuous phase, and such interactions could lead to the destabilization of a CNC
dispersion. Thus, the next logical step was to study the interactions between cCNCs and all ionic
components of the emulsion formulation, namely, the surfactant and initiator. Three different
surfactants (SDS - anionic, Triton X-405 - non-ionic, and CTAB - cationic) were studied to reveal
any potential interactions with the cCNCs. The KPS initiator was likewise studied.

4.4.2 cCNC - surfactant and cCNC — KPS interactions

cCNCs were diluted in DDW to form 0.5 wt.% and 1.0 wt.% dispersions. A predetermined
amount of surfactant was added to the cCNC dispersions to produce solutions that were 0.2, 0.5,
1, 2, 5, 10 and 15 times the critical micelle concentration (CMC) of each respective surfactant in
water (i.e., 8.25 mM for SDS,5610.86 mM for Triton X-405,57 and 0.89 mM for CTAB).[%8! Likewise,
KPS was mixed with the cCNC dispersions of 0.5 wt.% and 1.0 wt.% at concentrations of 15, 30,
40, 50, 60, 70 and 80 mM. In order to study the interactions between each of the aforementioned
components with cCNCs, the apparent diameter and zeta-potential of the cCNC dispersions were
measured (Figure 4.1 and 4.2, respectively).

In general, DLS is better suited for characterizing spherical particles thus, measurements
for rod-like particles, like CNCs, is not accurate. Rather, DLS provides an apparent diameter of
samples and can be used as a point of comparison between CNCs within a study. Because the
apparent cCNC diameter was approximately 80 nm (81 + 0.4 nm)®? any particle size readings
above, ~100 nm, suggested that the DLS was measuring cCNC aggregates. In Figure 4.1A, SDS
loadings beyond 20 mM for 1.0 wt.% cCNC and beyond 40 mM for 0.5 wt.% cCNC yielded
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Figure 4.1 Apparent particle diameter (z-average) of cCNCs in suspension vs. concentration of
(A) SDS, (B) Triton X-405, and (C) KPS. Each point is an average of three measurements and the
error bars represent the standard deviation. Lines drawn between points are provided as a

guide.
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apparent particle diameters above 100 nm, thereby indicating the onset of cCNC aggregation.
CNCs can form stable dispersions in water due to their anionic surface charges, which mutually
repulse neighbouring particles and keep them in suspension.['® 52 53,591 However, as the ionic
strength of the medium is increased, the dispersion stability can be disrupted due to compression
of the charged double layer near the CNC surface (SDS, in addition to being a surfactant, is also a
salt). With increasing SDS concentration, the inherent negative charges that stabilized the cCNCs
were no longer sufficient to prevent particle aggregation and thus, some aggregation occurred.

In contrast to the SDS case, the apparent diameter of the cCNCs barely changed with the
addition of Triton X-405. The apparent diameter of cCNC dispersions with Triton X-405 initially
increased by 6-8 nm, and then decreased gradually as the surfactant reached its CMC (Figure
4.1B). Once at the CMC (0.86 mM),?”) the apparent diameter returned to its original value (~80
nm). Due to the ease of sample preparation and quality of the particle diameter readings, non-
ionic surfactants were deemed suitable stabilizers for cCNCs as they did not negatively interact
with the cCNCs.

For the CTAB-cCNC dispersions, the apparent diameter of the oppositely charged cCNC-
surfactant combinations was expected to increase due to surfactant binding. However, the
apparent particle size of cCNC samples in the presence of CTAB could not be measured via DLS
when adding even as little as 0.2 mM due to sample cloudiness and/or precipitation. These
observations are explained by the cCNC surface charge neutralization that the CTAB induced, and
by the hydrophilization of the cCNC surface with the increase in CTAB loading. More specifically,
as the CTAB (or more precisely, CTA+) concentration increased, the cationic surfactant heads
neutralized the carboxylic ions. Then, other CTA+ heads interacted with the hydrophobic tails of
the already adsorbed surfactant molecules chain-wise until the nanoparticles became
hydrophobic and precipitated.l®-%2] These strong surface interactions ultimately led to poor
dispersions, and thus, measurements via DLS were not possible. We concluded that CTAB was
not a suitable surfactant for formulations containing cCNCs.

Similar to SDS-cCNC interactions, the addition of KPS increased the apparent cCNC
diameter due to the increase in ionic strength of the solution (Figure 4.1C). At KPS concentrations

of ~¥30 mM for both cCNC loadings, the apparent cCNC diameters increased, but the dispersion
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remained stable enough to obtain adequate DLS readings. However, beyond 40 and 50 mM KPS
in cCNC dispersions of 1.0 wt.% and 0.5 wt.%, respectively, reliable readings could not be
obtained due to aggregation made evident by sample cloudiness. Thus, KPS and cCNCs were
deemed to be compatible at low concentrations, approximately 30 and 40 mM for 0.5 wt.% and
1.0 wt.% cCNC dispersions, respectively. Beyond that point, similar to the SDS-cCNC case, the
ionic strength of the medium became high enough to destabilize the dispersions.

Zeta-potential values were measured and plotted against surfactant and initiator
concentrations to uncover any trends in surface charge (Figure 4.2). As an approximate guideline,
a zeta-potential greater than |10 mV| can be sufficient to maintain adequate electrostatic
repulsion, and thus latex stability.®3!

With the addition of up to five times the CMC of SDS (i.e., ~¥40.5 mM SDS), the magnitude
of the zeta-potential of the cCNC dispersions remained statistically unchanged (Figure 4.2A). At
higher concentrations (i.e., 10 and 15 times the CMC), the magnitude of the negative charge
increased slightly, indicating some additional electrostatic repulsion. For the Triton X-405 case,
the magnitude of the zeta-potential of the cCNC dispersions decreased steadily, from about -50
to -30 mV (Figure 4.2B). This decrease could be explained by the increase in Triton X-405
concentration; with the addition of neutral charges, the surface charge density, and therefore
the surface electrostatic potential, decreased in magnitude.

For the CTAB (cationic) dispersions with cCNC, as the CTAB concentration reached its CMC
(0.89 mM),P8! the magnitude of the zeta-potential increased from about -50 to -75 mV (Figure
4.2C). Once the concentration increased beyond the CMC, the zeta-potential moved sharply in
the opposing direction, passing into the positive zeta-potential region. The initial decrease in
zeta-potential is due to CTAB’s behaviour at a solid-liquid interface above and below the CMC.
The CTA+ head groups of the CTAB adsorb via electrostatic interaction to the cCNCs’ negative
surface carboxyl groups. At low CTAB concentrations (e.g., below the CMC), adsorption remained
low despite the presence of a relatively high amount of available negative charges because at the
onset of adsorption, CTAB's hydrocarbon tails lie flat on the cCNCs and reduce their contact area
with water to minimize their interfacial energy.®¥ Thus, at low concentrations, a relatively high

cCNC surface area was occupied by CTAB, which initially hindered adsorption of additional CTAB
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molecules — it was in this region (between 0 to 1 mM CTAB, Figure 4.2C) that the zeta-potential
decreased slightly despite the addition of a cationic surfactant. Subsequently, as the CTAB
concentration increased, the hydrocarbons’ orientation changed from a flat to a perpendicular
orientation.[®¥ Thus, above the CMC, the anionic surface charges on the cCNCs were neutralized
by the cationic surfactant heads due to the high electrostatic attraction of the positive CTAB and
negative cCNC charges. After passing through zero, the zeta-potential continued to grow in the
positive range due to surfactant aggregation on the cCNC surfaces. This conforms to previous
reports in the literature!?* >> %3 and suggests that the cationic surfactant bound ionically to the
cCNC surface groups. The electrostatic attraction and surfactant aggregation to the cCNC
provided additional evidence that CTAB was not a suitable surfactant choice when using cCNCs.

The addition of KPS led to an overall increase in zeta-potential (Figure 4.2D). Specifically,
the magnitude of the negative zeta-potential decreased with higher KPS loadings. Unlike SDS,
which forms a monovalent ion in solution and has a hydrophobic moiety, KPS forms divalent ions,
which dissociate completely in solution and do not form micelles past a critical concentration.
The increase in zeta-potential with high KPS loadings was likely due to a compression of the
electrical double layer on the particles, which reduced their overall surface charge density.
Although no precipitates were visible, the cCNC-KPS samples ranged from cloudy to opaque.
Furthermore, when the samples were re-examined after 24 h, a white rim had formed at the
liquid-air interface. These observations suggest that the cCNCs and KPS aggregated and came out
of solution, thereby lowering the magnitude of the zeta-potential of the KPS-cCNC solution. A
summary of the experimental findings from the cCNC — surfactant and cCNC — initiator study (i.e.,
the concentration thresholds of each of the surfactants and initiator relative to the cCNC
dispersions) is presented in Table 4.4. Although the concentration recommendations of Table 4.4
are useful for troubleshooting, one needs to consider that the cCNCs in an EP interact with all
ions present in the medium. In other words, the total electrolyte concentration, or ionic strength
of the medium as a whole, should be considered when confronting stability issues. We address

this in the next section.
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Table 4.4 Maximum recommended concentrations of SDS, Triton X-405, CTAB, and KPS in 0.5
wt.% and 1.0 wt.% cCNC dispersions.

. . Maximum recommended concentrations (mM)
cCNC dispersion

(wt.%) SDS Triton X-405 CTAB KPS

0.5 <80 >13 Not compatible <~30
(<~10 x CMC) (>15 x CMC)

1.0 <30 >13 Not compatible <~18
(<4 x CMC) (>15 x CMC)

4.4.3 lonic strength of the medium
The ionic strength, I, of an aqueous phase can be calculated as follows:

I =%*Z?=1 C; x z} (Eq 4.1)
where i represents the ion in solution, n is the number of ionic species in the mixture, C is the
electrolyte concentration in g/mol, and z is the valence of the ion. As such, the ionic strength of
the last stable sample taken from EPs before they coagulated in the preliminary experiments was
calculated and plotted against cCNC concentration (Figure 4.3; referred to as ‘Metastable latex
samples’) along with the stable SDS-cCNC and KPS-cCNC dispersions. In addition to these data,
we derived an empirical model based on the lowest ionic strength of the metastable latex
samples and added it to Figure 4.3 as a guide to represent an approximate ionic strength
threshold below which a stable latex could exist. The empirical model was:

[I] = —3.2[cCNC] + 65 (Eq 4.2)
where [I] is the maximum recommended ionic strength, and [cCNC] is the concentration of
cCNCs in the aqueous phase of the formulation. As the cCNC concentration increased, the Na+
counterion concentration and carboxyl content likewise increased, which intrinsically increased
the ionic strength of the water phase. It is for this reason that the ionic strength threshold
decreased with increasing cCNC concentration. Thus, to reduce the ionic strength of the latex
below the threshold line in Figure 4.3, we modified the formulation by reducing and/or replacing

the components contributing to the ionic strength, as discussed in the next section.
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Figure 4.3 lonic strength versus cCNC concentration of metastable latex samples (i.e., the last
stable sample of a latex, which eventually coagulated) as well as the ionic strength of stable
SDS-cCNC and KPS-cCNC dispersions. The model represents a recommended ionic strength

limit, below which a stable latex could exist.

4.4.4 “Modified” experimental approach

In order to reduce the ionic strength of the latex below the threshold line in Figure 4.3
(Eq 4.2), a “modified” formulation was developed in which the aqueous phase was free of added
ions from the initiator or surfactant: the initiator (KPS) and surfactant (SDS) were replaced with
AIBN and Triton X-405, respectively (Table 4.2). Despite being able to carry out the EP to
completion, the polymerizations did not follow expected conversion trajectories and presented
challenges in controlling particle size. Results for a typical run are shown in Figure 4.4.

In a classical semi-batch EP, the conversion at the end of the seed stage should be high
(>80%),P! whereas the seed produced with Triton X-405 and AIBN only reached 30% conversion
(t =0 min, Figure 4.4A) even for cases when the seeding time was extended beyond the usual 30
min. Additional AIBN was added to the seed stage in an attempt to increase conversion, but this
resulted in polymer coagulum on the impeller. EP reaction kinetics are correlated with the
partitioning of the non-ionic surfactant between the oil and aqueous phase and it is known that
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Figure 4.4 (A) Conversion vs. time, (B) z-average particle diameter vs. time, and (C) solids

content vs. time for a 40 wt.% solids latex with 1.0 phm cCNCs using AIBN as initiator and Triton

X-405 as surfactant. See Table 4.2 for formulation and polymerization details.
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surfactant partitioning depends on both the surfactant concentration and its interactions with
other ionic components in the mixture.’” 66681 Syrfactant partitioning can be mitigated by
dissolving the surfactant in the water charged to the reactor and then slowly feeding the neat
monomer, in contrast to the conventional approach of charging all ingredients simultaneously.®”!
In our case, because the reactions were seeded by adding neat monomer to an aqueous
surfactant solution (i.e., DDW + Triton X-405), the nucleation mechanism was likely micellar.
Nonetheless, the reaction rates throughout the experiments were low compared to experiments
conducted using SDS and KPS.

Another distinguishing factor for the “modified” latexes was that the seed particles were

III

large relative to seed particles obtained from the “classical” formulations stabilized with an

I “" III

anionic surfactant; typical “classical” experiments yielded seed particles in the 60 to 80 nm
range.% 4243 However, the seed particles obtained using the “modified” formulation were over
110 nm (Figure 4.4B). Generally, latexes produced with non-ionic surfactants will produce
particles as much as an order of magnitude larger than latexes stabilized with ionic surfactants
(at the same concentration relative to the CMC), due to the nature of the particle stabilization
mechanism.[®871 Although particle diameters in that range are not inherently problematic, latex
particle size does impact film formation and ultimately, performance properties. In order to
eliminate the effects of particle size on film formation, the initial and final latex particle sizes
should be controlled and maintained from latex to latex,?® 72 which proved difficult to do with
Triton X-405 in the current study. Lastly, the final conversion was below 70% (Figure 4.4A) and
the solids content only reached 32% (Figure 4.4C). Any increase in AIBN concentration led to the
accumulation of polymer gel on the impeller, suggesting monomer droplet nucleation. Thus,
further addition of initiator to boost conversion was avoided. The next challenge was to
simultaneously increase monomer conversion, control the initial and final particle diameters, and
maintain the ionic strength of the reaction mixture below the threshold (Figure 4.3).
4.4.5 “Hybrid” experimental approach

Because the cCNC dispersion did remain stable under a range of ionic strengths, it was

I”

decided to produce a “classical” seed using SDS and KPS (Table 4.1) and to continue the particle

growth in the feed stage with the “modified” formulation using Triton X-405 and AIBN (Table
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4.2). This approach was inspired by the common industrial practice to use mixed surfactant
systems; although this is typically added as a mixture throughout the polymerization. This so-
called “hybrid” formulation (Table 4.3) was preferred because: 1- water-soluble initiators are
generally favoured for EP seeding reactions, and 2- using Triton X-405 as surfactant ensures that
the growing particles remain colloidally stable without increasing the ionic strength of the
reaction mixture. Thus, the proposed “hybrid” formulation enabled better control of the particle
size and kept the reaction mixture in an acceptable ionic strength range. With the “hybrid”
formulation, the final latex conversion and solids content were improved to 89% and 35%,
respectively (Figure 4.5A and 4.5C). The initial (76 = 3 nm) and final (163 + 5 nm) particle sizes
were consistent between experiments and the latexes could be cast to form continuous films for
adhesive applications. The latex viscosity of a 40 wt.% solids latex with 1.0 phm cCNC loading was
167 mPa-s, which is significantly lower than latexes produced with other CNCs at the same solids
content and CNC loading.3% 42

Non-ionic/ionic surfactant mixtures have been utilized in the past and studies addressing
SDS-Triton X-405 combinations reveal that the synergistic effects of the combined surfactants
render the overall CMC hard to predict.[®®7% The observed CMC of surfactant mixtures has been
reported to be non-additive because of the interactions between different molecules in micelle
formation.l’! This ultimately leads to difficulties in controlling particle size, predicting particle
stability and determining whether the nucleation mechanism is micellar, coagulative, or a
combination of the two. In our “hybrid” formulation, because the seeding stage contained only
SDS (ionic surfactant) and KPS (water-soluble initiator), the nucleation mechanism was
undoubtedly micellar. This ensured that stability issues could be avoided in the early, more
critical stages of the polymerization. Continuing the reaction with Triton X-405 (nonionic
surfactant) and AIBN (monomer-soluble initiator) proved to be effective. Monomer droplet
nucleation and/or secondary nucleation is possible when using oil-soluble initiators in EPs.[> 73!
In our case, there was an accumulation of polymer gel on the impeller suggesting that some
monomer droplet nucleation did occur. Because we could not achieve a solids content higher
than 35 wt.% (recall our 40 wt.% target), we estimated that 5 wt.%, i.e., roughly 13% of the total

monomer weight, was subject to monomer droplet nucleation. Nevertheless, the monomodal
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Figure 4.5 (A) Conversion vs. time, (B) z-average particle diameter vs. time, and (C) solids
content vs. time for a 40 wt.% solids latex with 1.0 phm cCNCs using SDS (surfactant) and KPS
(initiator) in the seed, and Triton X-405 (surfactant) and AIBN (initiator) in the feed as
surfactant. See Table 4.3 for formulation and polymerization details.
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PSD obtained via DLS and the low PDI (Figure 4.5B) suggested that any nucleated monomer
droplets were completely separate from the latex and thus, the final latex was of good quality

and could be fully characterized.

4.5 Conclusion

The path towards more sustainable polymer reaction engineering is facilitated with the
use of EP. This water-based approach provides several economic and technical advantages while
also vyielding environmental benefit — the displacement of organic solvents from the
polymerization process. In so doing, however, product performance is necessarily altered to
achieve the same polymer properties. One such approach is the use of nanomaterials to prepare
nanocomposites. Health and safety concerns normally associated to nanomaterials are greatly
reduced when using cellulose-based materials such as CNCs.

We have shown that in an in situ EP, the cCNC dispersion can be destabilized by the high
ionic strength of the aqueous phase. After a careful study of the interactions between cCNCs and
the various EP components, alternative approaches in terms of formulation and component
partitioning during the semi-batch addition were developed and tested. Ultimately, to facilitate
the addition of cCNCs in situ, a novel “hybrid” semi-batch EP method was used in which a
“classical” seed was formed (using KPS and SDS), followed by the addition of a “modified” feed
solution (using Triton X-405 and AIBN) containing the cCNC dispersion. With this creative
polymerization method, cCNCs were incorporated into latex formulations in situ as a green

alternative to petroleum-based property modifiers for performance improvements.
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5.1 Abstract

Cellulose nanocrystals (CNCs) are becoming a popular option when producing polymer
nanocomposites because they are a green alternative to petroleum-based performance
enhancers and provide significant matrix reinforcement at low loadings. DextraCel™ is a
commercial grade CNC with carboxylate surface groups that can be dispersed in water without
sonication. These carboxylated CNCs (cCNCs) can be incorporated in situ via seeded semi-batch
emulsion polymerization to produce latexes for adhesive applications. The resulting
nanocomposite films exhibit 26x higher peel strength, 4.5x higher tack, and 7.7x higher shear
strength relative to base case films. Curiously, adhesives produced from latexes containing cCNCs
that did not undergo ultrasonication display greater adhesive property improvements relative to
films produced with cCNCs that were ultrasonicated. Atomic force microscopy images reveal that
cCNCs have stronger self interactions than their sulfated CNCs counterparts; cCNCs display side-
by-side and end-to-end association in films when they are not ultrasonicated, which increases
their “apparent” aspect ratio — an important characteristic attributed to matrix reinforcement.
Omitting ultrasonication preserves cCNC-cCNC interactions that cause them to behave like

nanofibers rather than discrete nanocrystals; this allows them to display greater mechanical
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enhancements, similar to reinforcements provided by nanofibrils, without the technical

challenges associated with producing composite latexes with nanofibrils.

Keywords: Pressure-sensitive adhesives, latex, nanocomposites, cellulose nanocrystals,

carboxylated cellulose nanocrystals

5.2 Introduction

Pressure-sensitive adhesives (PSAs) are a class of polymeric materials that adhere to
surfaces with light contact and can be removed without leaving a residue.l The demand for PSAs
is mainly driven by the packaging industry and in 2018, the global PSA market was valued at 11.1
billion USD.? The polymer industry uses predominantly petroleum-based feedstocks and
concerns regarding their impact on the world’s climate has provided an impetus for change. Thus,
researchers and manufacturers are searching for ways to produce eco-friendly polymeric
materials and to produce them in more sustainable ways.!

Emulsion polymerization is considered a sustainable polymer production technique
because it uses water as a dispersing agent instead of the volatile solvents required in other
polymerization methods. As was the case several decades ago in the paint industry, there is a
shift towards the development of latex-based PSAs as opposed to solvent-based applications.
Furthermore, the heterogeneous nature (i.e., the presence of both an organic and an aqueous
phase) in an emulsion polymerization reaction provides opportunities for sustainable polymer
production by allowing a broader variety of nanomaterials to be incorporated into a given latex
formulation. For instance, cellulosic nanomaterials as polymer property modifiers have been
gaining popularity because they are sustainably sourced and renewable. Nanocellulose exhibits
unique properties due to its structure and surface chemistry, and its ability to assemble at oil-
water interfaces has made it particularly useful in heterogeneous systems, such as emulsion
polymerization.l] Cellulose nanocrystals (CNCs) are the crystalline regions in native
lignocellulosic fibers and are typically extracted using acid treatments to produce rod-like (i.e.,
high aspect ratio) nanoparticles. The acid used during their extraction determines CNC surface

chemistry and thus, employing different acids for hydrolysis can yield CNCs with unique property
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modifying capabilities.’! For example, CNCs extracted via sulfuric acid hydrolysis possess sulfate
half-ester surface groups and can yield improved tack, peel strength and shear strength in latex-
based PSA films.[*11) CNCs are typically available commercially in a powdered form after being
spray-dried, and their straightforward dispersibility in water is key to their effectiveness as
polymer property modifiers in latex-based systems.*?

Anomera Inc. (Montreal, QC) produces CNCs with the trade name DextraCel™. Their
technology employs a hydrogen peroxide oxidation method for the isolation of the nanocrystals
which result in carboxylate groups on the CNC surface. In previous work, we revealed that
carboxylated CNC (cCNC) dispersions can be destabilized in high ionic strength conditions. We
developed a non-conventional approach to produce stable latexes with cCNCs: a seeded
emulsion polymerization using a water-soluble initiator and an anionic surfactant, followed by a
semi-batch feed stage using an organic-soluble initiator and a non-ionic surfactant.[*3]

The cCNCs are produced in two forms: a “wet” form (a never-dried 4.5 wt.% suspension in water),
and a “dry” form (a spray-dried powder, readily redispersible in water). In this study, we
examined both forms and dispersed them in various ways as part of their incorporation in situ
into semi-batch emulsion polymerizations (i.e., adding the cCNCs during the polymerization) to
study their effect on the adhesive performance of PSA films. Specifically, cCNCs loadings of 0.5
or 1.0 wt.% were added to 35 wt.% solid content latexes for adhesive applications. The cCNCs
were added in the wet form (as received), in the wet form followed by probe ultrasonication, in
the dry form dispersed in water, and in the dry form dispersed in water followed by probe
ultrasonication. Furthermore, cCNCs in their wet form were added to pre-synthesized base
latexes (i.e., latexes without cCNCs) ex situ (i.e., after the polymerization), via cold (23 °C) and
hot (60 °C) blending to compare the adhesive performance of films produced with cCNCs added

to emulsion polymerization latexes in situ vs. ex situ.

5.3 Experimental

5.3.1 Materials
Butyl acrylate (BA) and methyl methacrylate (MMA) (both <99% purity, stabilized by 20-

200 ppm hydroquinone) were purchased from Sigma-Aldrich and purified by passing them
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dropwise through an inhibitor removal column. The surfactants, sodium dodecyl sulfate (SDS,
ACS Reagent >99%) and Triton X-405 (liquid, Sigma-Aldrich, 70% aqueous concentration), were
used as received. Potassium persulfate (KPS, >99%) and 2,2’-azobisisobutyronitrile (AIBN, 98%)
initiators were purchased from Sigma-Aldrich and used as received. DextraCel™ (i.e.,
carboxylated CNCs or cCNCs) was obtained from Anomera Inc. (Montreal, QC) in a “wet” form
(4.5 wt.% suspension in water) and in a “dry” form (spray-dried redispersible powder). For both
forms, the carboxylate groups on the CNC surface were in the sodium-salt form. The “apparent”
cCNC length via DLS was 81 + 0.4 nm, and the carboxylate group content was 141 + 10 mmol kg
1 ¢cCNC.* Atomic force microscopy (AFM) images revealed that the cCNCs were 206 + 36 nm long
and 4.6 1.4 nm in cross-section.!™ For comparison, the sulfated CNCs (CelluForce Inc., Windsor,
QC) were obtained as a spray-dried powder (dimensions: 183 + 8 nm long and 6 £ 2 nm in cross
section) and had nominal sulfate half-ester surface charge of 250 mmol kg CNC.!*®! Note that
the DLS and AFM protocols are detailed in their respective citations. Distilled deionized water
(DDW) with a resistivity of 18.0 + 0.2 M{2-cm was used for all reactions and characterization.
5.3.2 cCNC dispersion

The cCNCs were added to the emulsion polymerization formulations in multiple ways to
study the effect of the type of CNCs (dry vs. wet form) and its dispersion method on the final
latex properties. In each case, 203 g of cCNC suspension was prepared at a concentration of 4.2
or 8.4 gcenc/Lwater to make latexes with cCNC loadings of 0.5 or 1.0 parts per hundred parts
monomer (phm), respectively. Specifically:
“Wet” cCNC: Wet cCNCs (4.5 wt.% dispersion, as received) were diluted in DDW and mixed with
a magnetic stir bar before their addition to the formulation.

“Wet ultrasonicated” cCNCs: Wet cCNCs (4.5 wt.% dispersion, as received) were diluted in DDW,

mixed with a magnetic stir bar, then ultrasonicated. Probe ultrasonication was performed in an
ice bath using a Fisher Scientific 550 sonic dismembrator at 75% amplitude for three intervals of
5 min, with 5 min rest in between.

“Dry dispersed” cCNCs: Dry cCNCs were added to DDW and mixed vigorously with a magnetic stir

bar for an hour, or until there were no more visible aggregates.
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“Dry ultrasonicated” cCNCs: Dry cCNCs were dispersed in the same way as the “dry dispersed”

method followed by three cycles of probe ultrasonication (described above). Sulfated CNCs were
also dispersed in this manner.
5.3.3 Seeded semi-batch emulsion polymerization

BA and MMA were used in a 90:10 wt.% ratio to obtain a latex with a low glass transition
temperature (Tg) for adhesive applications (-38 °C). In general, copolymer formulations with a
‘hard’ monomer (i.e., MMA, polymer Tg = 105 °C)!*”1 and a ’soft’ monomer (i.e., BA, polymer Tg =
-54 °C)[*7] gre used when developing latex formulations for PSA applications.

A Mettler-Toledo 500 mL RC1e glass reactor was used to produce all latexes. The reactor
was equipped with a Hastelloy stirrer, two feeding pumps, a thermometer and a nitrogen purge
line. Because cCNCs are sensitive to high ionic strengths, a non-conventional emulsion
polymerization formulation was employed to form stable latexes in which the surfactant-initiator
systems in the seed stage and the feed stage were different. Specifically, a seed was formed using
~10% of the total monomer by mass, SDS surfactant and KPS initiator (both anionic). Then, in the
feed stage, to avoid increasing the ionic strength of the aqueous phase, the surfactant and
initiator were replaced with Triton X-405 (non-ionic) and AIBN (monomer-soluble), respectively.
Details for why a non-conventional formulation was needed and why each surfactant and
initiator were selected can be found in previous work.[*3! One other conclusion from that work
was that the cCNCs should be added during the feed stage. Therefore, the reaction sequence was
as follows: water and SDS surfactant were loaded into the reactor, purged with nitrogen, and
heated to 60 °C under constant mixing (250 rpm). Seed monomer (~10 wt.% of total monomer)
was then added and heated while mixing for 5 min. Via a syringe and needle, a shot of initiator
solution containing KPS initiator and DDW was injected to the reactor to commence the seeding
reaction, which lasted 30 min. At the onset of the feed stage, the mixing rate was increased to
300 rpm and two separate solutions were fed to the reactor for a total of 270 min. The solutions
contained: 1- monomer and AIBN initiator, and 2- DDW, Triton X-405 surfactant, and cCNCs when
present. The partitioning of components and their addition sequence are summarised in Table

5.1.
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Table 5.1 Formulation and reaction sequence for a 40 wt.% solids latex with 1.0 phm dry cCNCs
produced via a seeded semi-batch emulsion polymerization.

. A Amount
Mixture Description Component ()
Seed Emulsifier solution mixed at 250 rpm and
emulsifier heated to 60 °C over 25 min. Reactor purged DDW 48.25
with nitrogen and maintained within 1°C of
set temperature and mixing at 250 rpm for gps 0.43
% the seed stage.
z Monomer Seed monomer (~10 wt% of total monomer) ga 15.30
§ added to heated emulsifier solution and left
to mix and heat for 5 min. MMA 1.70
Seed Initiator dispersed in DDW injected to KPS 0.062
initiator reactor to initiate seeding reaction, lasting
) DDW 2.75
30 min.
Monomer Monomer and initiator are fed to reactor at gp 137.70
and initiator 0.57 g min! for 270 min after the completion
of the seed stage. Reactor mixing rate MMA 15.30
gp increased to 300 rpm for the feed stage. AIBN 0.991
g Feed DDW and surfactant are fed to reactor at ppyy 201.3
E’_; emulsifier 0.77 g min't for 270 min after the completion E—
of the seed stage. When present, cCNCs e 4.74
added to the feed emulsifier. Reactor mixing
rate increased to 300 rpm for the feed stage. DY ¢CNC 1.70
Initiator dispersed in DDW injected to
% reactor to boost final conversion. Reactor P2 0.25
Z’ contents left to mix at 60 °C for additional 30
§ min to ensure conversion of residual ppw 2.50

monomer.

5.3.4 Cold and hot blends

Base latexes (i.e., latexes without any cCNCs) were produced to perform hot and cold

blending to examine the effects of adding “wet” cCNCs (as received) ex situ versus in situ. To

ensure the same final solids content between all the latexes, the base latexes produced for the

blending experiments were of slightly higher solids content such that the addition of the wet
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cCNC dispersion would result in a latex with 35 wt.% solids. To perform the hot blends, wet cCNCs
were added to the reactor at the end of the feed stage and mixed at 60 °C for the duration of the
cook stage. For the cold blends, wet cCNCs were added to the latex at room temperature (~23
°C) and mixed with a magnetic stir bar at 300 rpm for 30 min.

5.3.5 Latex characterization

Latex samples (2 mL total) were taken from the reactor using a syringe at 30- or 60-min
intervals for characterization. 0.5 to 0.75 mL of sample was used to measure the instantaneous
and cumulative conversions (standard gravimetric methods were used)® and the remaining
sample was used to measure pH, and particle size distribution (PSD).

A Malvern Zetasizer 2000 was used to measure the particle size and PSD. The average
particle size of diluted latex samples (0.1 — 0.2 gatex water ) Was also measured via dynamic light
scattering (DLS) at an angle of 173° and a temperature of 25°C. Three measurements of 12 to 15
scans were obtained and the average value (an intensity weighted mean diameter value, i.e., z-
average) was reported. The polydispersity index (PDI, a measure of the breadth of the PSD) was
derived from the cumulant analyses.

The pH of the samples and final latexes were measured with a Fisher Scientific/Accumet
Research AR50 Dial Channel pH-meter. The viscosity of each final latex was measured at 100 rpm
using spindles R2 or R3 on a Thermo Scientific HAAKE Viscotester (Model D).

A TA Instruments Model Q100 DSC was used to measure the Tg of all final latex samples.
About 10 mg of dried latex was placed in an aluminum pan and pressed sealed with an aluminum
lid. To remove any residual moisture (if any) and to reset the thermal history of the polymer, a
first heating cycle was performed by heating the sample from room temperature to 100 °C (at 10
°C min!). After 3 min at 100 °C, the sample was cooled to -60 °C and maintained there for 3 min
before the second heating cycle. Then, the sample was heated to 80°C (at 10 °C min) and the
inflection point of the reversed heat flow curve was reported as the Tg. All measurements were
performed under a nitrogen environment.

5.3.6 Latex film preparation and PSA testing
Adhesive films for PSA testing and characterization were prepared by casting roughly 15

g of latex using a Meyer rod (No. 30) to produce films of approximately 18 g m™. Films were dried
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for 48 h at 50 £ 5% relative humidity at 23 £ 2 °C, and films were tested under these same
conditions. Bluehill 2 Materials Testing Software was used on an Instron 3000 Universal Tester,
and Pressure Sensitive Tape Council (PSTC) methods were employed for peel strength, loop tack,
and shear strength measurements. 8!

Peel strength: the PSTC-101 standard, using Test A for 180° peel, was used. Prepared films
were cut into 1”7 x 12” strips and applied along the centre of a stainless-steel testing plate,
adhesive side down. The strips were applied to the testing panel at approximately 10 mm s*
using a weighted steel roller (2040 %45 g) rolling twice in each lengthwise direction. All samples
displayed adhesive, as opposed to cohesive, failure.

Loop tack: the PSTC-16 standard was employed. Prepared films were cut into 1” x 5” strips
and formed into a loop with the adhesive side facing outward. A piece of 1” masking tape was
used to secure the loop and to create a thicker edge for the Instron tester grips. The loop was
lowered on the stainless-steel testing panel at a rate of 2 mm s until there was a 1” contact. The
strip was lifted by the tester at a rate of 5 mm s* and the maximum force required to remove the
strip was recorded. All samples displayed adhesive, as opposed to cohesive, failure.

Shear strength: the PSTC-107A standard was used but a modification to the test area was

made because adhesive strips exhibited unreasonably long failure times. Instead of 1” x 1” areas,
1” x 0.5” testing areas were used. Adhesive strips were cut into 1” x 5” strips and placed in such
a way that a 1” x 0.5” adhesive surface was in contact with the testing panel. A weighted steel
roller (2040 +45 g) was used to apply the adhesive to the test plate by rolling twice in each
lengthwise direction at a rate of approximately 10 mm s*. A 500 g mass was affixed to each tape
and the time to shear failure was recorded. All samples displayed cohesive, as opposed to
adhesive, failure.
5.3.7 Latex film preparation for AFM

Stock latexes (35 wt.% solids) were diluted by a factor of 1 and 100 to make samples of
17.5 and 0.35 wt.% solids, respectively. The base latex (49 wt.% solids), was diluted by a factor of
2.8 and 140 to yield samples of the same concentrations, for comparison (i.e., 17.5 wt.% and 0.35
wt.% solids, respectively). Silicon dioxide wafers (SiO,) were cleaned with isopropyl alcohol and

acetone sequentially and then dried under a nitrogen stream. 500 uL of each of the diluted
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sample was spin coated dynamically (i.e., latex was deposited on the wafer as it was spinning) at
3000 rpm for 30 s onto the cleaned SiO; wafers using a Laurell WS-650-23 spin coater.

The spin coated latex films were imaged using ScanAsyst tapping mode in air, with a
Bruker dimension Icon AFM. A LAXCO™ microscope (Model LMC-4000) was used to obtain a
series of 4K images of the 0.35 wt.% and 17.5 wt.% films to illustrate which part of the samples
were imaged. The ScanAsyst tips have a nominal spring constant of 0.4 N m™ and resonance
frequency of 70 KHz. Imaging was carried out at a scan rate of 0.975 Hz with a resolution of 512
measurements per line. Images were processed using the Nanoscope Analysis software by Bruker
and flattened using high order plane fits. Height and in-phase images were analyzed using a
computer vision approach implemented in python 3.7;1® AFM images were processed using
OpenCV python module and segmented using a local Otsu approach implemented using the Scikit
Image python package. Finally, the segmented images were solved for surface coverage and
particle size, where applicable. Detailed descriptions of the full algorithm process can be found
elsewhere.[*! |In addition, a plugin called “Ridge Detection” in Image) was used to measure the
CNC aspect ratios from in-phase images which were manually cleaned to remove any artifacts of

AFM prior to processing.

5.4 Results and discussion

5.4.1 cCNCs and emulsion polymerization reactions

In the design of PSAs, polymer microstructure is an important determining factor for
adhesive properties. The molecular weight (M) and molecular weight distribution are governed
by the chemical nature of the monomer system and can be modified using chain-transfer agents
(CTAs) and/or crosslinkers. Nevertheless, employing CTAs and crosslinkers for the improvement
of adhesive properties can be challenging because the two governing attributes, adhesion and
cohesion, require opposing properties. Generally speaking, the My, should be limited to lower
values for polymers intended for adhesive applications to retain their mobility — increasing the
Mw of polymers in an emulsion tends to decrease their mobility by increasing chain
entanglements, which increases the cohesive forces (i.e., shear strength) to the detriment of

adhesive forces (i.e., tack and peel strength).[?% 21l However, the addition of CNCs simultaneously
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improve the peel strength, tack, and shear strength of a PSA because the mechanisms by which
CNCs enhance adhesion and cohesion does not impact the polymer microstructure. For sulfated
CNCs in particular, the network created by their rod-like structure in the water phase enhances
the mechanical strength of the polymer matrix, and increases the film formation abilities and
surface wettability of a composite latex. This provides an avenue for polymer particle tethering
and/or entanglement.* 1% 11 Thus, cohesion can be enhanced through CNC-polymer networks in
the water phase of the latex, improving the adhesive forces. This phenomena is due to the
increase in the work of adhesion between the adhesive and the substrate caused by the polar
hydroxy groups of the CNCs with the substrate, and an increase in film wettability via hydrogen
bonding.®1% In other words, using CNCs in a latex for adhesive applications can improve the tack,
peel strength and shear strength simultaneously, compared to using a crosslinker and/or CTA
where improvements in one property result in decreased performance of another property. One
caveat of these property improvements related to the quality of the CNC dispersion in the latex;
a uniform distribution of the CNCs in the matrix is a prerequisite for predictable and reproducible
properties in the nanocomposite.* 11

As noted in the experimental methods section, cCNCs were incorporated in situ and ex
situ (i.e., blended) into latex formulations (BA:MMA 90:10) to evaluate their effect on the
properties PSA films. A total of six different addition methods were tested. The “wet” cCNCs were
added to a latex formulation in situ in two different ways: as received or after ultrasonication.
The dry cCNCs were likewise added to the latexes in situ in two ways: after simple dispersion or
after simple dispersion followed by ultrasonication. Finally, the “wet” cCNCs were added ex situ
to base latexes via hot and cold blends. Latexes of 0.5 and 1.0 phm cCNC loading were prepared
with each of the six addition methods. The conversion, solids content, particle size and pH
trajectories of the emulsion polymerization experiments followed the same trends for all
experiments regardless of the cCNC loading and the cCNC dispersion method, which suggests
that the cCNCs did not participate in the polymerization reaction and therefore, their dispersion
method and loading did not have an effect on the reaction kinetics. Furthermore, the polymer
Tgs remained unchanged (-38 = 1 °C) regardless of cCNC loading. An example of typical

conversion, solids content, particle size and pH trajectories is presented in Figures 1(A)-(D), resp-
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Figure 5.1 (A) conversion, (B) solids content, (C) z-average particle diameter, and (D) pH versus time trajectories for a 35 wt.% solids
latex produced with 1.0 phm 'Dry dispersed' cCNCs. Similar profiles were observed for latexes with cCNCs added wet or dry, with
simple mixing or ultrasonication (i.e., the 4 in situ addition methods). Lines drawn between points are provided as a guide.
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ectively, and a table containing details from other experiments can be found in Table All.1 of the
Appendix Il.
5.4.2 Microscopy of cCNC nanocomposite latexes

Stock latex was diluted, spin coated on SiO, wafers, and imaged via AFM to observe the
cCNC dispersion in the polymer matrix, their position relative to the latex polymer particles, and
their behaviour in the films. While AFM can have high precision and resolution, low Tg polymer
films are particularly challenging to image. The main concerns when imaging soft polymer
particles is the problem of tip contamination, and the phenomenon of particle flattening due to
excessive tapping force, which can lead to exaggerated particle sizes. To attain a truly
representative image, a cantilever with an appropriate spring constant should be employed; the
spring constant should be high enough to withstand the adhesive nature of the PSA film while
being low enough to prevent significant indentation of the polymer particles.

In accordance with previous AFM imaging of soft CNC-doped polymer films, some areas
of the films were rich in CNCs, and others showed fewer CNCs.[®! A series of 4K images of the 0.35
wt.% and 17.5 wt.% films to illustrate which part of the samples were imaged (Figure All.1 of the
Appendix Il). Focusing on polymer-rich areas in the spin coated films proved useful to detect
cCNCs, because the CNCs tend to be closely associated with, or adsorbed onto, the surface of the
polymer particles.[® % 15 221 Selected AFM images are presented in the manuscript to guide the
discussion.

For the base latex, irrespective of the dilution factor, AFM images revealed that the spin
coated films produced were not continuous (Figure 5.2A and 5.3A). For the base latex at 0.35
wt.% solids (Figure 5.2A), the average particle diameter calculated from the AFM image is 167 +
16 nm, which is close to the average particle diameter obtained via DLS (164.4 nm).[*3] When
cCNCs were added, the particle diameters were much bigger than those recorded via DLS, ranging
from 114-860 nm for the 0.5 phm loading (Figure 5.2B). The larger diameters observed via AFM,
as well as the loss of sphericity, suggest that the polymer particles were packing together, and at
higher cCNC loadings (1.0 phm, Figure 5.2C), the polymer was beginning to form a film. Note that
all three AFM images from Figure 5.2 were taken from samples diluted to the same solids content

(0.35 wt.%).
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(A) (C)
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Figure 5.2 In-phase AFM images of films cast from 0.35 wt.% latexes containing (A) no cCNCs,
(B) 0.5 phm dry dispersed cCNCs, and (C) 1.0 phm dry dispersed cCNCs.

According to film formation theory, the formation of latex-based films occurs in three
stages.[?3! Stage | consists of water evaporation and subsequent particle ordering and packing. In
Stage I, particle deformation occurs as a result of an imbalance between the attractive forces
amid particles and their mechanical resistance. Once particles are in sufficient proximity to one
another, Stage Ill ensues where polymer chains inter-diffuse across particle-particle boundaries,
leading to coalescence, and the formation of a uniform, continuous polymer film. There are
reports that sulfated CNCs lower the solids content threshold for latex particle coalescence,
thereby promoting film formation.?! The same phenomenon was observed in this work as can
be seen from the larger polymer islands on AFM images of samples with increasing cCNC loadings
(Figure 5.2B and 2C) versus those without (Figure 5.2A). Processing these AFM images through a
computer vision approach®® revealed that the films produced from 0.35 wt.% latex samples
containing 0.5 phm cCNCs (regardless of cCNC type or dispersion method) displayed between
10.8 and 14.6% surface coverage, whereas the film without cCNCs only had a surface coverage
of 6.1% (Table 5.2). When increasing the cCNC loading to 1.0 phm, the size of the polymer islands
grew, and the range of surface coverages increased to 27.8 — 40.9% (Table 5.2). This surface
coverage data support the hypothesis that adding cCNCs to a latex formulation promotes the

coalescence of polymer particles, thereby facilitating film formation.
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Table 5.2 Surface coverage of 0.35 wt.% spin coated films. AFM height images used for analysis
can be found in Figure All.2 of Appendix II.

Surface coverage (%)

Base latex 6.1°

0.5 phm cCNCs 1.0 phm cCNCs

Wet 13.8 27.8
Wet ultrasonicated 10.8 25.1
Dry dispersed 14.6 40.9
Dry ultrasonicated 13.2 32.8
Sulfated 19.8 36.6

aAt 17.5 wt.% solids, the surface coverage is 11.4%

When observing the spin coated films produced from 17.5 wt.% latex samples (Figure
5.3), those containing 0.5 and 1.0 phm cCNCs produced continuous films (i.e., 100% surface
coverage), whereas the base latex only had a surface coverage of 11.4%. In fact, the 0.35 wt.%
films containing 0.5 phm cCNCs had, on average, surface coverages of 13.1% which is roughly 2%
higher than that of the base latex at 17.5 wt.%; once again, this illustrates the magnitude to which
the cCNCs promote polymer coalescence and enhance film formation. According to film
formation theory, there is a minimum solids content threshold at which a uniform polymer film
is formed.!?3 In our case, a 17.5 wt.% solids base latex sample could not form a continuous film,
but with the addition of as little as 0.5 phm cCNCs, a continuous polymer film was achieved.
Moreover, carboxyl groups can improve the phase compatibility between hard and soft polymer
particles in a polymer matrix,?° and their addition in latexes produced for coating applications
slowed the drying rate of latex-based films, which provided more time for polymer chains to
interpenetrate and create continuous films, thereby improving film quality.!?® Though the drying
rate was not specifically measured in this work, the higher surface coverage in the cCNC
nanocomposites suggests that the carboxylate groups play a role in film coalescence. Note that
for the base case latex, increasing the solids content from 0.35 wt.% to 17.5 wt.% only increased

the surface coverage from 6.1 to 11.4%.
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Figure 5.3 In-phase AFM images of films cast from 17.5 wt.% latexes containing (A) no cCNCs,
(B) 0.5 phm dry dispersed cCNCs, and (C) 1.0 phm dry dispersed cCNCs.

Overall, there are very few instances of ‘free-floating’ cCNCs in the AFM images (i.e.,
cCNCs that do not contact any polymer particles). Instead, as observed many times in the
literature with other types of CNCs, cCNCs appear on, around, and in between the polymer
islands, indicating many polymer-cCNC interactions.® * 15 221 A good CNC dispersion (i.e., CNC
individualization, discrete individual CNCs) is critical to the final performance properties of a
given nanocomposite because one of the key attributes that render CNCs effective for property
improvement in latex-based systems is their high aspect ratio and high surface to volume ratio.
Their rigid and whisker-like morphology enables them to act as bridges between soft polymer
particles to promote film formation and strengthen the polymer matrix, which improves cohesive
forces in PSA nanocomposites. If CNCs are not well dispersed in water prior to their addition, CNC
agglomeration can occur in the latex rendering the nanocomposite and the integrity of its films
heterogeneous, ultimately affecting performance./* 2’ Curiously the capacity for property
improvement was greater when the ultrasonication step to “fully” disperse the cCNCs was
omitted.

Like sulfated CNCs, cCNCs can stack side-by-side when not fully redispersed. However,
cCNCs also line-up end-to-end. The cCNCs’ distinctive behaviour leads to an increase in their
“apparent” aspect ratio in the nanocomposite, which contributes to particle-particle

branching,?®! promotes stress transfer between fillers and polymer matrices,?”? and can form
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entangled networks at low concentrations.!*! The cCNCs used here have an aspect ratio of 30 +
1014 and that of the sulfated CNCs is 31 + 10;1°! those aspect ratios were determined using
length and width data from individual CNCs in AFM images (i.e., the CNCs that were imaged were
not touching any other CNC — determining reliable CNC dimensions by AFM and transmission
electron microscopy is a heavily studied topic).*°! However, CNCs in latexes inevitably interact
with each other and with the polymer film, which can affect their “apparent” aspect ratio. To that
end, the “apparent” aspect ratios of the cCNCs were calculated from the AFM images. Traditional
methods for determining the ‘true’ lengths and widths of CNCs are done on height images
manually and only individualized CNCs (i.e., CNCs that do not touch any other CNCs) are
measured.’®% In this work, the “apparent” aspect ratios were sought and therefore all cCNCs,
including those that were aligned and touching, were measured. However, manual
determination of the cCNC lengths was challenging because cCNCs in the AFMs were ‘curved’,
resembling nanofibrils, as a result of their end-to-end and side-by-side interactions. Furthermore,
the “apparent” cCNC widths were not always consistent from one end of a cCNC ‘nanofibril’ to
the other and therefore manual width estimations proved too subjective. To eliminate these
errors, AFMs were processed using the “Ridge Detection” plugin in ImageJ (Table 5.3). In-phase
images were used instead of height images because the former showed better contrast between
the hard (i.e., cCNC) and soft (i.e., polymer) materials in the spin coated films. This made the
cCNCs stand out, and they were therefore more easily detected by the Ridge Detection plugin.
Because the aspect ratio data were not normally distributed (skewed to the right) the mode of
the “apparent” aspect ratios was more representative of the data and was used for comparison
instead of the mean. An example of the “apparent” aspect ratio distribution curve can be found
in Appendix Il (Figure All.3).

For all nanocomposite films, the “apparent” cCNC aspect ratios were much smaller than
the aspect ratios reported in the literature, but the trends were informative. In latexes with low
cCNC loadings (i.e., 0.5 phm, far from the threshold for the formation of a percolation network),
AFM images revealed that sonication breaks up loose and end-to-end agglomerates and yields
smaller “apparent” aspect ratios. On the other hand, dried CNCs have more side-to-side

aggregation and therefore, smaller “apparent” aspect ratios (Table 5.3).
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Table 5.3 “Apparent” aspect ratios for cCNCs at 0.5 and 1.0 phm loadings in latex films spin
coated from 0.35 wt.% and 17.5 wt.% solids suspensions.

“Apparent” aspect ratio of cCNCs

17.5 wt.% films

cCNC type 0.5 phm 1.0 phm
Wet 5.8 2.7
Wet ultrasonicated 5.0 2.8
Dry dispersed 2.3 3.2
Dry ultrasonicated 2.1 3.0
Sulfated CNCs 3.0 2.6

In the films produced with 1.0 phm CNC loadings, the difference between “apparent”
aspect ratios of ultrasonicated vs. non ultrasonicated CNCs is less pronounced (Table 5.3). At
higher concentrations, cCNCs tend to form interconnected networks (Figure 5.4B) rather than
the long fibre-like structures observed at the 0.5 phm loading (Figure 5.4A). The (ultrasonicated)
sulfated CNCs on the other hand do not display the same degree of end-to-end association and
show individualized particles at both loadings (Figure 5.4C-D).

Finally, to confirm these results, DLS measurements were conducted on the cCNC
suspensions at 0.1 wt.%. In general, DLS is better suited to characterize spherical particles, hence,
measuring rod-like particles (like cCNCs) is not accurate. Nonetheless, DLS can deliver an
“apparent” diameter of suspended nanoparticles and can be used as a point of comparison within
a study. Thus, DLS measurements revealed that the “apparent” size of the cCNCs varied based
on the dispersion method. When ultrasonicated, the “apparent” z-average of the cCNCs via DLS
was roughly 81 nm whereas the “wet” and “dry dispersed” cCNCs exhibited higher “apparent” z-
averages, at 130 and 186 nm, respectively (Table 5.4). This confirms that there were significant
cCNC-cCNC interactions, which rendered their “apparent” lengths longer when they were not

redispersed via ultrasonication.
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A)

Figure 5.4 In phase AFM images of 17.5 wt.% films with A) 0.5 phm wet cCNCs, B) 1.0 phm wet
cCNCs, C) 0.5 phm sulfated CNCs, and D) 1.0 phm sulfated CNCs.

Table 5.4 “Apparent” z-average (via DLS) of 0.1 wt.% cCNC suspensions according to their
different dispersion methods.

“Apparent” z-average size (nm)

Wet 130
Wet ultrasonicated 81
Dry dispersed 186
Dry ultrasonicated 82

5.4.3 PSA properties of cCNC nanocomposite latex films
With the addition of any amount of cCNC, regardless of the addition method (in situ vs.

ex situ), the type of CNC (dry cCNCs, wet cCNCs), or the use of ultrasonication, the peel strength,
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tack and shear strength improved relative to the base latex (Figures 5.5, 5.6, and 5.7). For
comparison, Post-it notes (Post-it™ “Super Sticky Big Notes”), a commercial masking tape (Uline™
general purpose 1” masking tape), and a latex produced with sulfated CNCs were tested and

plotted on the same graph.
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Figure 5.5 Peel strength of latexes produced with 0.5 and 1.0 phm ¢cCNC with various cCNC
addition methods (wet, wet ultrasonicated, dry dispersed, dry ultrasonicated, hot blend, cold
blend, and sulfated CNCs). Post-it™ notes and masking tape were measured for comparison and
the error bars represent the standard deviation of six measurements.
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Figure 5.6 Tack of latexes produced with 0.5 and 1.0 phm cCNC with various cCNC addition
methods (wet, wet ultrasonicated, dry dispersed, dry ultrasonicated, hot blend, cold blend, and
sulfated CNCs). Post-it™ notes and masking tape were measured for comparison and the error

bars represent the standard deviation of six measurements.
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Figure 5.7 Shear strength of latexes produced with 0.5 and 1.0 phm cCNC with various cCNC
addition methods (wet, wet ultrasonicated, dry dispersed, dry ultrasonicated, hot blend, cold
blend, and sulfated CNCs). Post-it™ notes and masking tape were measured for comparison and
the error bars represent the standard deviation of six measurements.

A number of factors influence how CNCs improve adhesive and cohesive properties
simultaneously. Without considering surface groups, the addition of a crystalline nanoparticle is
known to improve PSA performance because of the added mechanical strength provided by the
nanorods./* CNCs have high aspect ratios allowing them to form percolating networks within
polymer composites.313% The formation of these networks can increase the rigidity of the
polymer matrix thereby improving cohesive forces (i.e., shear strength) and strength without
affecting the polymer microstructure, e.g., polymer Tg.[* 711 151 Moreover, when considering
surface groups, the abundance of hydroxy or carboxylate moieties render the nanocrystals
hydrophilic. Thus, their addition to a latex containing some hydrophilic components (e.g., acrylic
acid, vinyl acetate, methyl methacrylate) can promote film formation and increase film
smoothness.?> 28 Finally, the presence of surface groups can provide an avenue for hydrogen
bonding within the polymer, which improves cohesion.[6=% 13!

Both the physical and chemical properties of the cCNCs play a role in the PSA
improvements because of the synergy between the cCNCs and the functional monomers in the
formulation. As a result of their extraction and production method, the cCNCs have a higher
normalized mass of bound water than their sulfated counterpartsi*¥ (i.e., they are more

hydrophilic) which likely facilitates their re-dispersion in water relative to the sulfated CNCs. The
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cCNCs’ greater hydrophilicity was observed experimentally: when preparing 0.5 and 1.0 phm
dispersions (4.2 and 8.6 gene Lwater 2, respectively), the dry cCNCs ‘dispersed’ completely after 30
min of mixing with a stir bar at room temperature whereas sulfated CNCs required 2 (or more)
hours of vigorous mixing before the disappearance of visible CNC aggregates. Furthermore, the
carboxylate groups provide additional property enhancing characteristics via hydrophilic surface
interactions: the cCNCs improve the film wettability via hydrogen bonding between the
nanocomposite film and the substrate (i.e., improved adhesion) and the cCNCs help form bridges
in the polymer film and reinforce the matrix (i.e., improved cohesion).

With the addition of the “wet” and “wet ultrasonicated” cCNCs (Figures 4-6) the peel
strength, tack and shear strength of the adhesive films increased at 0.5 phm compared to the
base latex but decreased at the higher loading. This same trend was observed elsewhere with
the addition of sulfated CNCs when a classical emulsion polymerization formulation (i.e., using
anionic surfactant and persulfate initiator) was employed.*!! Intriguingly, we observed that the
cCNCs that did not undergo ultrasonication (i.e., “wet”) provided more significant adhesive
enhancements than cCNCs that were probe sonicated (i.e, “wet ultrasonicated). The “wet” cCNCs
demonstrated the greatest property improvements among all the forms of cCNCs and addition
methods at a loading of 0.5 phm, and the adhesive properties rivaled (and sometimes surpassed)
those of the commercial masking tape (Figure 4-6). Relative to the base latex, the films with 0.5
phm “wet” cCNCs showed over 26x higher peel strength, 4.5x higher loop tack, and 7.7x greater
shear strength. The “wet ultrasonicated” cCNCs also showed PSA improvements, and had 11.2x,
3.1x, and 5.4x higher peel strength, tack and shear strength respectively, relative to the base
case.

The peel strength, loop tack and shear strengths of the PSAs produced with the “wet”
cCNCs were 2.3x, 1.4x and 1.4x higher than the PSAs produced with the “wet ultrasonicated”
cCNCs. AFM images revealed that the cCNCs can interact together (side-by-side and end-to-end

7 u

stacking), which can affect the cCNCs’ “apparent” aspect ratios in the films. In water-based
systems, increasing the aspect ratio of CNCs leads to more CNC-CNC entanglement which can
form fibrils that are able to bridge neighbouring particles. For instance, Kalashnikova et al.3¢!

observed that high aspect ratio CNCs were similar in morphology to cellulose nanofibrils (CNFs),
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which can entangle and reinforce polymer matrices at much lower concentrations than CNCs.
Likewise, our AFM images revealed that the cCNCs resembled nanofibrils more than nanocrystals
when added in situ to the polymerization without sonication. Their fibre-like appearance allowed
them to behave like nanofibrils, which have superior particle anchoring, bridging, and entangling
capabilities due to their higher aspect ratio.l?” 38 The benefit of using CNCs rather than CNFs lies
in their ease of use: CNCs are rigid nanorods that do not entangle; this makes them easier to
homogeneously distribute in a latex. On the other hand, CNFs are harder to successfully and
homogenously incorporate into polymer matrices (without extremely high shear processing)
because they can entangle permanently and have high viscosities at low concentrations in water
which can interfere with the emulsion polymerization. CNFs can also not be redispersed from
dry. cCNCs can provide the benefits of both nanocrystals and nanofibrils because they are easily
dispersed in a water-based system and can interact with each other to form longer filaments that
behave as nanofibrils. Thus, we can reap the benefits of fibre-like nanoparticles without the risk
of permanent fibril entanglements. The films produced with the “wet” cCNCs demonstrated the
greatest property improvements because the quality of their dispersion was ideal for PSA
applications, that is, they were dispersed enough to be homogeneously distributed in the latex
while still exhibiting superior “apparent” aspect ratios, branching and networking behaviour, like
CNFs.

The “dry dispersed” and “dry ultrasonicated” cCNCs showed increasing peel strength,
tack, and shear strength with increasing cCNC loading (Figures 4-6). Similar to the trend observed
between the “wet” and “wet ultrasonicated” cCNCs, the absence of probe ultrasonication
generally led to better adhesive property improvements. Specifically, the peel and shear
strengths at 0.5 and 1.0 phm loadings were higher for the “dry dispersed” films vs. the “dry
ultrasonicated” films, and the tack for both methods were within experimental error, but still
were higher than the base case. Typically, sonication is required to redisperse dry CNCs in water
before adding them to a latex formulation in situ or ex situ to obtain a homogeneous final
product. But, omitting the ultrasonication step is beneficial to the cCNCs when using them to

improve PSA properties because of its effect on the “apparent” aspect ratio.
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Finally, the wet 4.5 wt.% cCNC dispersion was added to latexes ex situ in hot and cold
blends (Figures 2-4). Similar to results in the literature, adhesive properties were superior in films
cast from latexes produced with cCNCs added in situ rather than with the ex situ method.’=?! In
our case, regardless of the CNC loading, the peel strength, tack and shear strengths were higher
for the 1.0 phm loading than for the 0.5 phm loading, and adhesive strengths between the hot
and cold blends at each of the loadings were statistically alike. However, because the cCNCs were
being added in an already well dispersed form (i.e., the “wet” 4.5 wt.% dispersion, as received
from the manufacturer), there was no statistical difference between the adhesive properties of
films cast from the latexes produced via hot and cold blends. The shear strength of the cold blend

film at 0.5 phm loading was slightly superior to that of the hot blend at that loading.

5.5 Conclusion

cCNCs improve both the adhesive and cohesive qualities of latex nanocomposite films
when incorporated at low loadings (0.5 — 1.0 wt.%). Although PSA films can be enhanced by
performing latex-cCNC blends, incorporating cCNCs in situ (i.e., during the emulsion
polymerization) provides much larger peel strength, tack, and shear strength improvements.

After using the cCNCs in both their wet and dried forms in situ to produce PSA films,
adhesive testing revealed that cCNCs provided greater property improvements when they were
not ultrasonicated. Without sonication, the cCNCs can be adequately dispersed in water and their
networking behaviour (i.e., end-to-end and side-by-side interactions) is preserved. Because of
this, their “apparent” aspect ratios in the spin coated films were higher, which had a positive
effect on the adhesive strength. PSAs produced with 0.5 phm “wet” (unsonicated) cCNCs
performed best, surpassing the adhesive performance of a commercial masking tape. The “dry”
(unsonicated) cCNCs likewise produced high performance PSAs and could match or outperform
a commercial masking tape at a loading of 1.0 phm.

In general, the adhesive improvements that CNCs can provide are in part due to their high
aspect ratio. AFM images revealed that cCNCs interact strongly with each other, relative to
sulfated CNCs, due to their surface chemistry; the cCNCs resemble nanofibrils more than

nanocrystals due to their side-by-side and end-to-end association in the films. When
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incorporating the cCNCs without ultrasonication, there was a higher degree of nanocrystal
elongation which induced a higher “apparent” aspect ratio of the nanoparticles in the films,
which gave the cCNCs a fibre-like appearance. These cCNC-cCNC interactions led to greater
improvements in PSA performance relative to films produced from latexes where the cCNCs were
added after ultrasonication. The cCNCs may be able to provide similar mechanical improvements
to PSA films as nanofibrils (i.e., higher particle-particle bridging and improved film formation) but
without the complications associated with the addition of nanofibrils in polymer matrices (e.g.,
nanoparticle entanglement). Finally, cCNC measurements from AFM images indicated that
ultrasonication can decrease the “apparent” aspect ratio of the cCNCs in the PSA films, which
was less beneficial to PSA properties.

Finally, cCNCs can be adequately dispersed in water without the need for sonication. From
experimental, industrial, and health and safety standpoints, omitting the sonication step is
desirable because it is expensive, energy intensive, and hazardous. This paves the way for a more

straightforward use of cCNCs in industrial applications.
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6.1 Abstract

The development of adhesive polymers derived from renewable materials is a rapidly
emerging research field driven by the rising demands for polymer sustainability. The use of bio-
based and biodegradable feedstock to produce commodity polymers often yields products that
are outperformed by their petroleum-based equivalents due to various synthetic challenges. To
date, the drawbacks of polymers produced from renewable materials in terms of their application
properties, ease of production and cost are still too great for their complete commercial
adoption. In this work, 12% of the monomer used in the formulation of a latex-based pressure-
sensitive adhesive (PSA) was replaced with starch nanoparticles (SNPs), a biodegradable material.
To reduce the potential for negative effects to be imparted on the adhesive properties, the SNPs
were encapsulated as latex particle cores, within acrylic particle shells, which govern the PSA
properties, made from a model system for an ~80% bio-sourced acrylic monomer formulation.
The core-shell latexes, produced via seeded semi-batch emulsion polymerization, yielded
bimodal particle size distributions, which played an important role in the PSA properties. To
address any performance challenges related to substituting petroleum- with bio-based
components, cellulose nanocrystals (CNCs), a bio-based material, were incorporated as property
performance enhancers. Herein, the challenges of combining SNPs and CNCs in an emulsion-
based PSA were overcome and the SNP and CNC loadings were varied to tune the adhesive

properties of the PSA films within the performance range of various commercial tapes.

Keywords: Emulsion polymerization, starch nanoparticles, cellulose nanocrystals, pressure-

sensitive adhesives, latex, core-shell particles
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6.2 Introduction

Since the early 1970’s, concerns about plastic pollution on land and in oceans have been
on the rise. Although the positive impacts of polymers on our quality of life are incontestable
(e.g., medicine, transportation, electronic technologies), the same properties that render plastics
useful (e.g., strength, durability, water resistance, low cost) result in their accumulation in nature
leading to harm to animal and plant life. In addition, their production methods often require the
use of solvents, which are likewise polluting the environment.[!) Due to stringent societal
demands for environmental justice, scientists and engineers have been developing better plastic
waste management strategies.

In a way similar to the pulp and paper industry’s push to use recycled paper to
manufacture their products, there have been efforts to recycle plastics to produce new materials.
One of the main challenges of plastic recycling is that the separation of polymers into their
respective components (monomers, fillers, etc.) is not straightforward. In addition, the polymeric
material quality often deteriorates with processing. Upcycling, the production of a material of
higher value/quality than the originating material, has been proposed as a more economical way
of managing waste from single-use plastics.”) However, as with many polymeric materials,
upcycled plastics will ultimately end up as landfill or be incinerated at their end of life stage
because these traditional disposal practices are simpler and less costly.

Due to public pressure and government regulations, the paper industry has developed
many innovations to replace single-use plastics in a variety of settings; e.g., paper cups, paper
straws and wooden stirrers in coffee shops; paper bags in grocery stores; paper padded mailers
and shipping containers. Nonetheless, these paper products almost always contain a polymeric
binder or adhesive that can at best pose challenges in recycling equipment fouling and at worst,
risk being toxic.!® Thus, the production of non-toxic and/or biobased adhesives is of interest.

Pressure-sensitive adhesives (PSAs) are viscoelastic polymers that have unique properties
— PSAs should simultaneously display high molecular mobility and flow at room temperature
while also exhibiting a certain degree of cohesiveness (i.e., flow resistance). The specific balance
between flowability/wettability (i.e., adhesion) and strength (i.e., cohesion) can be attained by

using a combination of monomers and property modifiers. Due to the increasingly urgent
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demand for more sustainable products, adhesive production methods are moving towards
water-based methods (i.e., emulsion polymerization) rather than solvent-based ones (i.e.,
solution polymerization). Furthermore, their composition is moving towards sustainably sourced,
bio-based, raw materials, resulting in hopefully biodegradable products (note: it should be
acknowledged that degradability is not necessarily the result of using biobased materials). The
use of bio-based or bio-sourced feedstock for the production of resins, paints and coatings is a
classic example.[*®! (We distinguish bio-based and bio-sourced as follows: bio-based refers to a
naturally occurring resource whereas bio-sourced implies a derivatization of the naturally
occurring resource).

The use of bio-feedstock in PSAs has been the subject of many recent studies and include
bio-based materials such as lignin, tannins, starch, soybean oil, and sugar-cane.’! Badia et al.
synthesized PSAs from 72% bio-sourced materials via emulsion or latex polymerization.'% In their
work, they used 2-octyl acrylate (20A, 73% bio-sourced) and isobornyl methacrylate (IBOMA,
71% bio-sourced) derived from castor oil and pine resin, respectively. In later work, they
produced latex-based coatings containing 20A and IBOMA along with a sugar-based vinyl
monomer (EcoMer©, EcoSynthetix) to introduce a biodegradable element to their
formulation.[*Y] Though work to replace petroleum-derived monomers with bio-based ones is
advancing rapidly, the resulting polymeric materials can underperform compared to their
petrochemical counterparts.[*% 12 Moreover, additives such as rheology modifiers, cross-linkers
and chain transfer agents are commonly used to strengthen the bio-based PSAs to achieve the
same performance for the compared to their conventional competitors. However, these
additives are often the most toxic and polluting components in a latex polymer.'3-%% Thus, to
avoid these toxic additives, nontoxic fillers can be used to modify the polymer properties.

Composites are materials made of two or more components, notably, a matrix (e.g.,
polymer, binder) and a filler. The matrix serves to distribute any applied load within a composite
while surrounding and protecting the filler. The filler serves to enhance the chemical, mechanical
or physical properties of the composite material. Nanomaterials have been gaining popularity as
fillers in polymer composites because they come in different shapes (e.g., spherical, rod-like,

tube), diameters (e.g., nanometers to microns), and can provide significant physical and chemical
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enhancements with their addition in very small amounts.[*672% Starch, a commonly used filler, is
a naturally occurring and biodegradable material that can be physically or chemically modified to
alter its shape and size or to introduce functionality.l?>?*! For example, as a nanocrystal, starch
has been used as a Pickering stabilizer!?> 2%! or a reinforcing agent,?> 27281 and as a nanopatrticle,
it has been used as a filler for polymer matrix reinforcement.?®! Nanostarch has been used to
displace up to 25% monomer in an emulsion polymerization when used as a reactive copolymer
or filler.3% Using starch in these ways not only displaces monomer and increases bio-content, but
it takes the sustainability of the resulting latex to a new level because starch is also
biodegradable.

Cellulose, the building block for starch, has gained favour in the production of polymer
composites. Cellulose has crystalline regions that can be extracted to yield cellulose nano fibrils
or cellulose nanocrystals (CNCs). Like starch nanoparticles, CNCs can be incorporated in emulsion
polymer formulations due to their hydrophilicity, and they can improve the mechanical and
adhesive properties of a polymeric material.® 321 To counteract the potential performance
modifications caused by the addition of bio-based materials (compared to their petroleum-based
counterparts), CNCs can be added in lieu of rheology modifiers, thickeners, chain-transfer agents
or crosslinkers to achieve remarkable adhesive performance.’®3-37] Furthermore, when added to
a latex-based PSA formulation, CNC loadings of 0.5 — 1% improved both the adhesive and
cohesive properties simultaneously®®*4 — an effect that is rarely seen with the addition of a
single component to a PSA formulation.[*>*7]

The objective of this work was to use all of the available tools and techniques to maximize
the bio-content and sustainability of latexes produced for PSAs whilst maintaining the same (or
better) performance compared to petrochemical counterparts. To our knowledge, this work
presents the first combined use of SNPs and CNCs for emulsion-based PSAs. We explore the
combination of these two renewable nanocomposites in a model monomer system for a high
bio-content PSA formulation. The model system consists of 91.5 wt.% n-octyl acrylate (nOA), 4.5
wt.% styrene (STY) and 4.0 wt.% acrylic acid (AA). We refer to nOA as a “model” monomer for
20A because they have the same molecular weight and share a similar molecular structure

(Figure 6.1). Because AA and STY can also be biosourced,*8>3] our monomer system models an
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acrylic formulation that can be up to 75% biosourced. The focus then, is to explore the
displacement of 12% of the monomer in the latex particle cores with functionalized SNPs.
Furthermore, the adhesive properties of the resulting PSAs are modified by adding up to 1 wt.%

CNCs into the polymer matrix.

nOA /Y W W W
o]
20A /\[(O\/k/\/\
(e]
Figure 6.1 Molecular structure of nOA (top) and 20A (bottom).

6.3 Materials and Methods

6.3.1 Materials

The monomer, n-octyl acrylate (nOA, 99%), was purchased from TClI America. Styrene
(STY, >99% stabilized by 20-200 ppm hydroquinone), acrylic acid (AA, 99%, stabilized by 20—-200
ppm hydroquinone), potassium persulfate initiator (KPS, >99%) and sodium dodecyl sulfate
surfactant (SDS, ACS Reagent >99%) were purchased from Sigma Aldrich. The nOA and STY were
purified by passing them dropwise through an inhibitor removal column and the AA was used as
received. Experimental grade starch nanoparticles (SNPs) and a functionalized sugar-based
monomer (FSM, EcoMer®) were supplied by EcoSynthetix Inc. (Burlington, ON). Sodium
trimetaphosphate cross-linker (STMP, food grade, Sigma Aldrich), sodium bicarbonate buffer
(NaHCO3s, ACS certified, Sigma Aldrich), hydrochloric acid (HCI, 1 M, Fisher Scientific), sodium
hydroxide pellets (NaOH, Fisher Scientific) and butyl vinyl ether (BVE, 98%, Sigma Aldrich) were
used as received. Sulfated cellulose nanocrystals (CNCs) (CelluForce Inc., Windsor, ON) were
obtained as a spray-dried powder (dimensions: 183 + 8 nm long and 6 £ 2 nm in cross section)
and had a nominal sulfate half-ester surface charge of 250 mmol kg* CNC.5*¥ Distilled deionized
water (DDW) with a resistivity of 18.02 + 0.2 MQ-cm was used for all experiments and

characterization.
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6.3.2 CNC redispersion

The CNCs were redispersed in the DDW reserved for the pre-emulsion solution: 0.75 to
1.5 g CNC powder was mixed in 150 g DDW using a magnetic stir bar and plate overnight. The
mixture was probe ultrasonicated in an ice bath using a Fisher Scientific 550 sonic dismembrator
at 75% amplitude for three intervals of 5 min, with 5 min rest in between.

6.3.3 Modification of SNPs

The SNPs were modified using a procedure detailed elsewherel®® but the component
amounts were slightly modified to increase the solids content of the modified SNPs (mSNPs) to
20 wt.% (Table 6.1). The steps for the modifications (accompanied by a visual representation in
Figure 6.2) are as follows: first, 80 g of SNPs was added to 320 g of DDW and left to fully dissolve
overnight (Figure 6.2i). The starch solution, along with 0.8 g of NaHCOs, was added to a 500 mL
glass RCle reaction calorimeter (Mettler-Toledo) equipped with a thermocouple and a Hastelloy
stirrer and heated to 60°C under continuous mixing (250 rpm) for 25 min. Once heated, pH was
adjusted to 11 using 2.0 — 2.8 g of NaOH pellets to prepare for the SNP crosslinking reaction. To
increase the crosslink density of the SNPs, 0.8 g of STMP was added to the reactor (Figure 6.2ii)
was performed by adding 8.0 g of FSM dissolved in 18.5 g DDW (i.e., 26.5 g of a 30% aqueous
solution) to the reactor (Figure 6.2v) and reacting for another hour (Figure 6.2vi). To stop the
reaction, 2-3 g of HCl was added to adjust the pH to 6.5. Proceeding in this way produced a 20
wt.% functionalized SNP solution. Note that the concentrations of NaHCOs;, STMP and FSM
relative to the SNPs were 1, 1 and 10 wt.%, respectively. The modified SNPs are henceforth

referred to as mSNPs.
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Table 6.1 Components and method for the production of functionalized (modified) SNPs.

Step Description Component Amount
(g)
NaHCOs3 added to SNPs dissolved in water. SNPs 80.0
- Mixture loaded into reactor and heated to DDW 320.0
Initial charge o . .
60°C and stirred (250 rpm) for 25 min. NaHCO3 0.8
pH adjusted to 11 by adding NaOH. NaOH 2.0-25
SNP cross linking  STMP added to reactor and left to react 1h.  STMP 0.8
Vinyl FSM 8.0
functionalization =~ FSM aqueous solution added to the reactor
of cross-linked and left to react 1h. DDW 18.5
SNPs
. pH adjusted to 6.5 using HCI to terminate
Reaction . . .
S reaction. mSNPs placed in a glass jar and HCI 2.0-3.0
termination
stored at 4°C.
i) O i) O iii)
0 © e~ © "o  _®
@ o O © O ® ® o .>~.
O O
O O @
@ @ N
@ @
O ® { O
® o © @ o © o ©
iv) v ; vi)
5% C &
C
C
)
C 2 2
‘ — starch = cross-linker _ sugar-based
nanoparticle ~ monomer

Figure 6.2 Visual representation of the production of modified (i.e., crosslinked and
functionalized) starch nanoparticles. Components are not to scale.
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6.3.4 Seeded Semi-batch Emulsion Polymerization

The RCle reactor, equipped with two feed pumps and an inlet for nitrogen purging, was
used for the polymerization. An example formulation and procedure is shown in Table 6.2. To
begin, the mSNPs (when used), SDS and DDW were loaded to the reactor, heated to 60°C and
purged with nitrogen under constant mixing (250 rpm) for ~25 min. Once heated, a small amount
of BVE was added as a “tie-layer” monomer and polymerized by injecting an initiator solution
(KPS in DDW) to complete the final SNP modification step, which lasted for 45 min; this is referred
to as the seed stage. The feed stage consisted of feeding a pre-emulsion solution (monomer,
surfactant, and CNC suspension) to the reactor over 240 min, along with an initiator solution (KPS
in DDW) which was fed over 270 min. At the end of the feed stage, the latex was left to cook for
1h.

Table 6.2 Typical formulation and procedure for the production of a 40 wt.% solids latex with 15
wt.% mSNPs and 1 wt.% CNCs. Monomer ratios were 91.5/4.5/4.0 nOA/STY/AA (wt.%) and 1
wt.% surfactant and 1.3 wt.% initiator (relative to total monomer) were used.

Mixture Description Component Amount
(g)
mSNPsand mSNPs DDW and SDS mixed at 250 rom  msNp 98.0
emulsifier and heated to 60°C over 25 min. Reactor
o purged with nitrogen, maintained within DDW 13.8
?!P 1°C of set temp_erature_and mixed (250 DS 0.40
; rpm) for the entire reaction.
® Tie-layer BVE added to heated solution and left to
“  Monomer ix and heat for 5 min. BVE 10.0
mix an
Seed Initiator dissolved in DDW injected to KPS 0.12
initiator reactor to polymerize BVE (45 min). DDW 2.75
Pre- AA 4.7
emulsion Monomers and surfactant emulsified STY 53
o with CNC + DDW suspension fed to nOA 107.3
& reactor at 0.81 g min? for 240 min after SDS 1.32
z completion of seed stage. CNC 1.6
k1 DDW 75.3
Feed Initiator solution fed to reactor at 0.16 g KPS 1.2
initiator min? for 270 min after completion of DDW 41.0
seed stage.
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Cook stage

Reactor contents left to mix at 60°C for 1
h to ensure conversion of residual
monomer.

To produce latexes without mSNP cores, the seeding stage was slightly modified: water

and surfactant were loaded to the reactor instead of the mSNP solution, and in lieu of the BVE,

20 g of monomer solution (91.5/4.5/4.0 wt.% nOA/STY/AA) was added to form the seed latex.

For all reactions, the initiator (KPS) and surfactant (SDS) concentrations were 0.34% and 1.0%,

respectively, relative to the monomer weight.

Table 6.3 Typical formulation and procedure for the production of a 40 wt.% solids latex
without mSNPs or CNCs (i.e., base-latex). Monomer ratios are 91.5/4.5/4.0 wt.% nOA/STY/AA
and 1 wt.% surfactant and 1.3 wt.% initiator (relative to total monomer) were used.

Mixture Description Component Amount
(g)
Seed Emulsifier solution mixed at 250 rpm and
emulsifier heated to 60°C over 25 min. DPW 100
Reactor purged with nitrogen,
maintained within 1°C of set temperature
@ and mixed (250 rpm) for the entire SDS 0.25
s reaction.
g Monomer Seed monomer (~10 wt% of t.o.tal AA 0.80
w monomer) added to heated emulsifier
solution and left to mix and heat for 5 STY 0.90
min. nOA 18.30
Seed initiator Initiator dispersed in DDW injected to KPS 0.05
reactor to initiate seed reaction (45 min). DDW 5.0
Pre-emulsion . AA 4.70
Emulsified monomers, water, and
., STY 5.30
o surfactant fed to reactor at 0.68 g min
& . . nOA 107.5
© for 240 min after completion of seed
= stage SDS 1.33
° ' DDW 43.75
&  Feed initiator Initiator + water solution fed to reactor at KPS 201.3
P . .
0.16 g min™ for 270 min after completion DDW 43.75
of seed stage.
()
g Reactor contents left to mix at 60°C for 1 KPS 0.25
o h to ensure conversion of residual
§ monomer. DDW 2.50
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6.3.5 Latex Characterization

Samples were taken throughout the reactions at intervals of 30-60 min to track particle
size, pH, conversion and solids content of the latexes. A Malvern Zetasizer 2000 was used to
measure the particle size and particle size distribution; the pH was measured using a Fisher
Scientific/Accumet Research AR50 Dial Channel pH meter; and the conversion and solids content
were calculated via gravimetry. Final latexes were characterized for viscosity using a Thermo
Scientific HAAKE Viscotester (Model D), glass-transition temperature (Tg) using a TA Instruments
Model Q100 DSC, and gel content via solvent extraction. Details of the above characterization
methods can be found elsewhere.[*?]
6.3.6 PSA Testing

Adhesive films for PSA testing were prepared by casting ~15 g of latex on a corona treated
Mylar sheet (Melinex 462 0.002 MIL, Tekra) using Meyer rods No. 30 and No. 50 to produce films
of approximately 18 g m™* and 30 g m™, respectively. Films were dried for 48 h at 50 & 5% relative
humidity and at 23 = 2°C and tested under the same conditions. Bluehill 2 Materials Testing
Software was used with an Instron 3000 Universal Tester, and Pressure Sensitive Tape Council
(PSTC) methods®®! were employed to measure the peel strength, loop tack and shear strength of

the prepared films. Details of these methods can be found elsewhere.*3!

6.4 Results and Discussion

6.4.1 Producing Latexes with mSNPs and CNCs

PSAs are polymers with a specific balance of fluidity, tackiness and strength. Their
practicality (e.g., quick adherence, residue-free removal) and properties (e.g., strength,
tackiness) are a direct result of their microstructure, which can be fine-tuned to specific
applications. Low Tg acrylic monomers (e.g., butyl acrylate, 2-ethylhexyl acrylate) make up the
majority of a PSA formulation because they are soft and tacky at room temperature. To provide
some cohesiveness, a lesser amount of high T; monomer (e.g., methyl methacrylate, styrene) can
be used. Monomers with functional groups (e.g., AA) can also be introduced.

To increase the sustainability of PSA films, latex particle cores can be replaced with a filler

such as starch; not only does this displace some petroleum-based feedstock but it introduces a
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biodegradable component. Zhang et al.*® developed a method to cross-link and functionalize
SNPs (i.e., produce mSNPs) for this very purpose. In their pioneering work, they produced latex
particles with a core-shell morphology; mSNPs were encapsulated within the particles (core) and
then enveloped with an acrylic polymer shell as illustrated in Figure 6.3. In general, film formation
and bulk adhesive properties of latex films are governed by the surface properties of the polymer
particles.’” %8 Thus, with a low T polymer shell, the core-shell latexes resulted in PSA films that
maintained the tackiness and peel strength of the original base-latex. However, the shear

strength slightly decreased.®!

Figure 6.3 TEM image of a core-shell latex particle produced with an SNP core and poly(methyl-
methacrylate) shell. Figure reproduced with permission.>> Copyright 2018 Elsevier.

The addition of nanoparticles to a polymer matrix is advantageous for property
modification because of their high surface area to volume ratio and functionality, which leads to
significant particle-matrix interactions at low loadings. CNCs are hydrophilic and thus compatible
with water-based systems such as emulsion polymerizations. While these extraordinarily
efficient additives require energy intensive dispersion (i.e., they require sonication when in
powder form) and require significant amounts of water, once redispersed, the suspended CNCs
are highly stable and can be added at any stage of a semi-batch emulsion polymerization.!3 44

To compensate for the decrease in shear strength, such as was noted above for the mSNP core-
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shell latexes, we added CNCs because they have been shown to increase the shear strength in
latex-based PSA films. In fact, CNCs have been shown to increase all three PSA performance
properties simultaneously, which is atypical because the improvement in adhesive strength often
corresponds to a decrease in cohesive strength, or vice versa. [*>-*71 The ability of CNCs to increase
the adhesive and cohesive performance of PSA films at low loadings (0.5% - 1% relative to
monomer) arises because their reinforcing mechanism does not affect the polymer
microstructure.38-44]

When combining mSNP latexes with CNCs, we were faced with the challenge of limiting
the solids concentration in the latex because of the significant water requirements emanating
from both the SNP modification and CNC redispersion. For instance, the method to produce
mSNPs yields a 13 wt.% suspension in water.>> Thus, to displace 15% of the monomer in a 40
wt.% solids latex (total mass 350 g), Zhang et al. added 172.2 g of mSNP solution to the seed stage
(i.e., 21 g of mSNPs and 151.2 g water). Because high shear mixing (in this case, probe sonication)
can alter the mSNPs, the CNCs cannot be redispersed in the presence of mSNPs but should
instead be incorporated in the feed solution. Of the remaining water, 78 g was allocated to the
initiator solutions thereby leaving 27.8 g of water in the pre-emulsion for CNC redispersion. It is
generally advised to limit the concentration of a CNC suspension in the feed stage to 17.87 g L!
to maintain a good quality suspension.*3! Therefore, the maximum mass of CNCs that could be
added to the latex is 0.5 g, which amounts to 0.36 wt.% relative to the monomer mass. Recalling
that meaningful PSA enhancements were achieved with at least 0.5 wt.% loadings, the SNP
modification method was altered in this work to yield 20 wt.% mSNP solutions (as described in
the experimental methods section). In this way, a larger amount of water was made available for
CNC redispersion. In addition, because the KPS initiator has a high solubility in water at room
temperature, we were able to move some water from the initiator solutions to the pre-emulsion
solution. Thus, stable 40 wt.% latexes with 15% mSNP cores and 0.5% to 1.0% CNCs in the matrix

were produced (percentages relative to monomer).
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6.4.2 Effect of mSNP and CNC Loading on Latex Properties
Reaction trajectory

The monomer conversion profile of latexes containing 15% mSNPs was different than that
of latexes made with 0-12% mSNPs. For example, there was a significant delay (1.5 h) in
conversion for latexes produced with >12% mSNPs and the final conversion was low (80%). More
initiator could have been added but this would have resulted in significant latex property changes
from run to run and it was therefore decided to limit the mSNP loading to 12%. Consequently, a
series of nine experiments were run following a three-level two-factor experimental design (32)
to study the effects of mSNP and CNC loading on PSA properties (Table 6.4). The mSNP loadings
were 0, 6 and 12%, and those of the CNCs were 0, 0.5 and 1.0% (percentages are relative to
monomer mass; experiments were conducted in random order). Typical monomer conversion,
solids content, particle size and pH evolution for experiments without and with mSNP cores are
presented in Figure 6.4 and 6.5, respectively, and are discussed next. In general, the latexes with
mSNPs (Figure 6.5D) had a higher pH than those without (Figure 6.4D) because the mSNP solution
had a pH of ~6.5.

Table 6.4 32 factorial design: mSNP and CNC loadings

RunID mSNP loading CNC loading

(%) (%)
0,0 0
0,0.5 0 0.5
0,1 1.0
6,0 0
6,0.5 6 0.5
6,1.0 1.0
12,0 0
12,0.5 12 0.5
12,1 1.0
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Figure 6.4 Typical A) monomer conversion, B) solids content, C) z-average, and D) pH profiles vs.
time for latexes produced with CNCs (Run ID 0,1).
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Figure 6.5 Typical A) monomer conversion, B) solids content, C) z-average, and D) pH profiles vs.
time for latexes produced with mSNPs (Run ID 6,0).

Particle size

The initial and final particle diameters varied greatly from run to run. Latexes produced
without mSNP cores followed traditional conversion and particle size trajectories (Figure 6.4C)
and had final particle sizes between 72 — 189 nm depending on CNC loading (Table 6.5). On the
other hand, latexes with mSNP cores could not be characterized for particle size at the end of the
seeding stage (Figure 6.5C, t = 0) because the monomer conversion was too low to prepare stable
samples for DLS. After ~1 h of monomer feeding, the conversion was high enough to measure
particle size and the latex displayed a bimodal size distribution (Figure 6.5C, t = 60 min). Due to
the changes made to the SNP cross-linking and functionalization reaction protocols compared to
previous work, the mSNPs were larger in the current work.3% %31 Because of this, the same volume
of mSNPs generated fewer seed particles, which resulted in an excess of unreacted monomer
and surfactant. Consequently, at the onset of the semi-batch feed (t = 0) a second population of
particles was nucleated. The larger particle diameters observed in Figure 6.5C (500 — 1500 nm)
were particles with mSNP cores, whereas the smaller particles (100 — 300 nm in diameter) were
the result of a secondary micellar nucleation. With a loading of 6% mSNPs, between 62 and 69%
of the particles were large (i.e., had mSNP cores) and the remaining 31-38% were small (i.e.,
nucleated from micelles). Latexes produced with 12% mSNPs likewise displayed particle
bimodality, however, the ratio of large to small particles was higher because of the higher

number of mSNP seed particles; only 10-14% of the particles were fully acrylic. As noted in Table
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6.5, particle sizes differed significantly from run to run. The final particle size(s) and intensity of
each of the latexes are presented therein.

Table 6.5 Final latex particle diameter and Tg.

Z-average particle diameter

RunID (d.nm)
(mSNP% + CNC%) Peak 1 Peak 2
(volume %) (volume %)
0,0 189.1 (100%)° -
0,0.5 72.2 (100%) -
0,1.0 81.0 (100%) -
6,0 1426.0 (66%) 361.2 (34%)
6,0.5 878.4 (69%)  405.6 (31%)
6,1.0 1326.0 (62%) 379.4 (38%)
12,0 4563.6 (90%) 276.1 (10%)
12,0.5 4202.7 (86%) 289.0 (14%)
12,1.0 4309.2 (87%) 281.6 (13%)

3Base-latex was produced at a higher solids content (50 wt.%) to improve film formation.

Minitab™ software was used for statistical modeling to uncover the effects of mSNP and
CNC loading on the particle size(s) and the relative peak volume percent. The predictors were

standardized using the following equation:

Standardized _ (value of operating variable)—(average of upper and lower limits) Eq. 6.1
variable - half the range between upper and lower limits

Regression models were fitted using all first- and second-order variable interactions and
subsequently reduced to retain only the statistically significant terms using backwards
elimination at a significance level of 5% (i.e., « = 0.05). This method was used throughout the
work to fit all subsequent regression models. Detailed Minitab outputs can be found in the
Supporting Information. The regression equation for the particle diameter of peak 1 (i.e., particle
size 1, or PS1) and its adjusted-R? value are presented in Eq. 6.2 and the corresponding surface

plot is shown in Figure 6.6.

PS1(d.nm) = 1034 + 2122 mSNP - 77 CNCs + 1026 mSNP? + 265 CNCs?  Eq.6.2
(RZ4; = 99.51%)
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Figure 6.6 Surface plot of the regression model for the particle diameter of peak 1 (PS1) as a
function of mSNP and CNC loadings from mSNP =0 —12% and CNC = 0 — 1% (R%q4j = 99.51). Note
that the mSNP and CNC predictors are standardized on the figure.

Both the mSNP and CNC loadings had a statistically significant effect on PS1. As the mSNP
and CNC loadings increased, PS1 increased. With the addition of mSNPs there was a greater
number of large particle cores for the polymerization and thus, the particle diameter of the larger
particles (i.e., PS1) increased. The effect of the CNCs was slightly nuanced because of the negative
CNC and positive CNC? terms in the model. At a lower loading (CNC = 0.5%) the effect of the
negative term in Eq.2 dominates thereby reducing the particle diameter. In other words, for a
given mSNP loading, adding 0.5% CNCs decreased the particle diameter of peak 1 (Table 6.5).
This was attributed to CNCs’ ability to adsorb to polymer particle surfaces and create particle-
particle barriers similar to Pickering stabilizers (CNCs have been used in lieu of surfactant in other
work).% ¢ However, with further increases in CNC loading (CNC = 1 %), the effect of the positive
term of the equation dominates and PS1 increases slightly because of increased surfactant/CNC
interactions related to ionic strength effects. Because of the mSNPs’ lower general reactivity, the
KPS loading in this work was high (1% relative to monomer) compared to other work (~0.34%
relative to monomer).1*% 4 431 CNC suspension stability is affected by ionic strength®! and
although the KPS loading remained constant from run to run, CNC/ion interactions increased with
CNC loading.

The regression equations for the particle diameters of peak 2 (i.e., particle size 2, or PS2)
and the volume fraction of PS1 (i.e., percentage of particles in peak 1, or %PS1) are presented in

Eq. 6.3 and 4 (along with their adjusted-R? values) and their corresponding fitted lines are shown
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in Figure 6.7 and 6.8, respectively. Only the mSNP loading had a statistically significant effect on
PS2 and %PS1 (i.e., p < oo of 0.05) and therefore all terms involving the CNC loading were removed
during the backwards elimination. Without mSNPs, the PSD was unimodal and thus %PS1 was 1
(i.e., 100%) and PS2 was zero (Figure 6.7 and 6.8, respectively). With the addition of 6 wt.%
mSNPs, a secondary population of particles was nucleated hence the appearance of PS2. Relative
to the 12% loading, latexes with 6% mSNPs had a smaller number of latex particles with mSNP
cores (i.e., lower %PS1) and thus, PS2 was higher (discussed previously). In other words, as the

mSNP loading increased %PS1 increased (Figure 6.8) and the particle size of PS2 decreased

(Figure 6.7).
PS2 (d.nm) = 382 + 141 mSNP — 241 mSNP? (Rgdj = 99.39%) Eq.6.3
% PS1 (%) = 0.66 - 62 x 107> mSNP + 0.38 mSNP? (Rczldj = 97.60%) Eq. 6.4
400; ».
®
300
E
T 200
4
100
04
10 05 0.0 05 10
mSNP loading

Figure 6.7 Fitted line of the regression model for particle diameter of peak 2 (PS2) as a function
of mSNP loading from SNP = 0 — 12% (R%.4j = 99.39%). Data points represent the experimental
data. Note that the mSNP predictor is standardized on the figure.

Viscosity and gel content

Variations in particle size, particle size distribution (PSD) and CNC loading can affect latex
viscosity. A latex with smaller particles will generally have a higher viscosity than one with larger
particles, in a given formulation, because of the increased surface area and therefore, increased
particle-particle interactions.[®? Although viscosity trends in latexes with bimodal particle size
distributions are more complex, in general, as the particle size or fraction of large particles

increases, latex viscosity generally decreases(®> &1 (Table 6.5 and Figure 6.9A). Note that this
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Figure 6.8 Fitted line of the regression model for the intensity of peak 1 (%PS1) as a function of
mSNP from SNP = 0 — 12% (R?%qq = 97.6). Data points represent the experimental data. Note that
the mSNP predictor is standardized on the figure.

trend cannot be extended to the base-latex because it was produced at a higher solids content

(to cast good quality PSA films). CNCs can also cause an increase in latex viscosity because of the

increase in CNC-latex particle interactions due to their high surface contact area and functional

group interactions.% 4043 Thys, for a given mSNP loading, an increase in CNC loading increased

latex viscosity (Figure 6.9A).
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Figure 6.9 Latex viscosity (A) and polymer gel content (B) vs. mSNP and CNC loading.

CNCs have been shown to increase latex gel content without affecting polymer

microstructure.3® 3% 42 431 However, the effect of CNC loading on the gel content of latexes
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produced with mSNP cores was not statistically significant in the present analysis. This was
because of the overwhelming effect on gel content due to the particle size and peak distribution
which, as discussed above, were the result of the change in mSNP loading. In some cases, latex
particle size can affect polymer gel content. For example, higher gel content latexes can be
produced with larger particles when using acrylate monomers because of their tendency for
intramolecular chain transfer to polymer (i.e., backbiting).l4%7] After standardizing the

predictors, gel content was modeled using PS1, PS2 and %PS1 in the regression equation:

Gel content (%) = —28.29 PS2 * %PS1 + 46.31PS1®2  (R;;; = 98.30%). Eq.6.5

According to Eq. 6.5, PS1 is the largest contributor to the gel content. The polymer gel
content was measured using a solvent extraction method in which polymer samples were sealed
in poly(vinylidene fluoride) (PVDF) pouches with a pore size of 0.45 um and soaked in
tetrahydrofuran for 48 h. Any soluble polymer would leach out of the pouch and only the
insoluble portion (typically, the gel) would be retained. The mSNP cores were much larger (800 —
4000 nm in diameter) than the PVDF pores and thus, were retained in all cases as they too were
insoluble. Thus, as the amount of mSNP increased, PS1 increased (Eq. 2) and the gel content
increased. The decrease in %PS1, which corresponded to an increase in PS2, led to higher gel
contents due to the increased intramolecular chain transfer, as discussed above. The gel content
increased with PS1 due to the increased percentage of mSNP cores, which as described above
were retained in the PVDF pouches. Finally, the mSNP and CNC loadings did not affect the

polymer Tg in @ meaningful way; all latexes displayed T's of -51.0 + 2.4°C.

6.4.3 Effect of mSNP and CNC loading on PSA properties

PSA properties of the base-latex (Run ID 0,0) were measured from films prepared from a
50 wt.% solids latex because at 40 wt.%, the latex was not castable. Because latex film thickness
has an effect on PSA properties, a smaller Meyer rod (#20 instead of #30) was used to cast the
base-latex to yield an equivalent film thickness. Peel strength, tack and shear strength results are
presented in Figure 6.10A, B and C, respectively. The PSA properties of other commercial tapes

are shown in Figure 9D for comparison.
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Figure 6.10 A) Peel strength, B) tack, and C) shear strength of films produced from latexes with
varying mSNP and CNC loadings (film thickness = 17.6 + 0.8 g m™'). Adhesive strength of
commercial adhesives shown in D) for comparison.

Adding mSNPs and CNCs improved the peel strength, tack, and shear strength of the PSA
films relative to the base-latex at most of the load levels (Figure 6.10). The adhesive forces of a
PSA (i.e., peel strength and tack) can be enhanced with the addition of hydrophilic components
because they can improve the wettability of the films to a substrate.*’”! With the exception of
experiments with 12 wt.% mSNPs (discussed next), the addition of CNCs resulted in adhesive
forces going through a maximum (Figure 6.10A and B). This trend, observed many times
before,'3337! is due to the balance of hydrophilicity and stiffness in the PSA film. At 0.5%, the
CNCs’ hydrophilicity and hydrogen bonding capabilities improved the films’ ability to wet and
adhere to the substrate, thereby improving adhesion. At higher loadings, although the material
became more hydrophilic, the CNCs contributed to an increase in polymer stiffness, which

reduced their mobility to the detriment of the adhesive strength.[*% 47]
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Film quality and PSA properties are affected by, among various factors, the ability for the
latex particles to deform, pack together, and for their polymer chains to interdiffuse into a
continuous film.[8 Smaller particles can deform and fill interstitial voids faster than larger ones
because in the larger particles, polymer chains have to flow over greater distances.l®® Broad or
multimodal PSDs can produce films with smaller void fractions due to the improved particle
organization and bimodal PSDs are known to alter dispersion rheology and facilitate film
formation, leading to improved final film properties.[®% 7% 711 | agtexes with 6% mSNP cores and
0.5% CNCs displayed the highest peel strength and tack due to the better balance of PSD and
particle shell thickness. Increasing the thickness of a soft polymer shell decreases the minimum
film formation temperature, which improves the particles’ ability to flow and deform during film
formation.” ®81 Finally, the addition of 0.5% CNCs further increased adhesive properties because
of film formation facilitation and/or increased film hydrophilicity and film wetting without over-
stiffening the films.

The adhesive strength of films containing 12% mSNPs behaved differently than their
lower mSNP counterparts due to differences in film formation. Studies on film formation
characteristics and film properties of latexes with large, hard particles and small, soft particles,
show that there is a critical ratio of small to large particles required to obtain a continuous
voidless film.” There should be a sufficient number of small particles to fill the voids between
the large particles. Even though the mSNP’s shells were acrylic, they could not deform as easily
as the smaller particles due to their larger, harder cores. Therefore, at the higher mSNP loading
(12%), the higher fraction of large, hard particles had a negative effect on film formation and
thus, on the adhesive properties (Figure 6.10A and B). Nonetheless, at the 12% mSNP loading,
the increasing CNC loading led to increasing peel strength and tack. The morphology (i.e., rod-
like) and surface chemistry (polar and hydrophilic sulfate half-ester groups) of CNCs enable them
to act as bridges between polymer particles, which improves the homogeneity of PSA films.[44 72
Thus, for the 12% mSNP films, the CNCs acted as polymer particle bridges and promoted film
formation with the resulting positive effect on adhesive strength.

In general, the addition of a stiff filler to otherwise non-linked particles can increase the

cohesiveness of a composite material.[*”? CNCs improve cohesiveness not only because they are
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rigid nanoparticles, but because their surface groups (i.e., sulfate half-esters) introduce the
possibility for CNC-CNC, CNC-particle, and CNC-substrate hydrogen bonding.[3® 72 73 As the CNC
loading increased, the film rigidity and the probability of hydrogen bonding increased, leading to
higher shear strengths (Figure 6.10C). For the latexes with higher mSNP loadings, not only were
the particle cores more rigid (recall, the seed was not a soft acrylic) but the acrylic polymer shell
was thinner. Thus, the strengthening effects of higher CNC loadings was more pronounced as the
mMSNP loading increased because the amount of CNCs relative to polymer surface area was
higher.

Although the shear strength was acceptable, the base films’ adhesive forces were weaker
than that of a 3M™ commercial Post-It™ note (Figure 6.10A-D). However, with the addition of 6%
mSNPs and up to 0.5% CNCs, the peel strength increased to 146 — 198 N/m, surpassing that of a
commercial packing tape and the tack improved beyond the strength of a commercial masking
tape. Moreover, the mSNP and CNC loadings can be used to tune the adhesive strength of a PSA
depending on its intended application ranging from Post-It™ notes to masking or duct tapes.
Another way that the PSA properties can be fine-tuned is by varying the PSA film thickness. For
example, casting thinner films can enable PSAs with 6% mSNPs and 0.5% CNCs to exhibit similar

peel and tack to commercial masking tape (Figure S1 of the Supporting Information).

6.5 Conclusion

Growing environmental concerns due to polymer pollution have spurred the
development of innovative strategies to increase the sustainability of adhesives. The use of
emulsion polymerization for PSA synthesis partly addresses the sustainability of the production
step because the technology is water-based as opposed to solvent-based. To improve the
sustainability of the PSA materials, fossil fuel-based monomers are being replaced with
renewable raw materials derived from biological sources. However, the inherent technical and
economic drawbacks of using certain bio-based or bio-sourced feedstock is preventing their
widespread commercial implementation. Emulsion polymerization is a more technically
challenging polymer production method relative to solvent-based methods due to its

heterogeneous nature; small changes in chemical compositions can easily perturb colloidal
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stability, ultimately affecting the reaction kinetics and/or product quality. Synthesizing common
fossil-based monomers from renewable materials can eliminate some technical challenges
because the formulation components, and therefore the reaction kinetics, are preserved.
Sourcing monomers from bio-feedstock instead of fossil fuels is a step towards polymer
sustainability. Another important consideration in addressing sustainability, is to address the
issue of polymer end of life.

In this work, 12% of the monomer was displaced with starch, a bio-based and
biodegradable material,”* 7°! as particle cores in a seeded semi-batch emulsion polymerization.
To contribute to the commercial viability and widespread adoption of sustainable polymers, they
should be able to compete with their highly optimized petroleum-based equivalents. Thus, to
improve the adhesive qualities of the starch-filled PSAs, CNCs were used instead of typically
hazardous property modifiers. CNCs are not only sustainable, but due to their hydrophilic nature,
are compatible with emulsion polymerization. In addition, they have previously been proven to
be effective as adhesive and cohesive reinforcing agents in latex-based adhesives.[*-#4 76l The
other major component in the PSAs is the monomer forming the acrylic polymer shells. Acrylic
acid and methacrylic acid can now be produced as bio-sourced materials and are precursors for
the production of a broad range of monomers.>®>3 One such monomer is 20A, which exhibits
the low Tg required for PSA applications. As noted, nOA is a near equivalent model monomer for
20A and was readily available at lower cost. The other monomer, styrene, is also obtainable from
biological sources.*®! Moreover, we have implemented a more sustainable technology (emulsion
polymerization) along with bio-sourced components (starch, and acrylic monomers) and a safe,
bio-based nanomaterial (CNC) as a property modifier. The resulting adhesive now contains more
biodegradable components than typical commercial formulations. Their degree of degradability
or compostability has yet to be measured.

The combined effects of mSNPs and CNCs on PSA properties are complex. In the first
place, and in part due to the synthetic conditions, the mSNPs contributed to the generation of
latexes with bimodal PSDs. The bimodal PSDs led to lower latex viscosity. Under some conditions,
the bimodal PSDs led to better particle arrangement and therefore improved film coalescence.®3!

However, the latexes consisting of a high ratio of large and hard particles to small and soft
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particles yielded PSA films that sometimes underperformed the base-latex (i.e., without starch
or CNCs) due to film-formation difficulties. The addition of CNCs led to better adhesive properties
due to improvements in film-formation facilitated by CNC-particle bridging, among other
effects.[** 72 77] Finally, by manipulating the mSNP and CNC loadings, PSAs that rival commercial
post-it notes, masking tapes, and duct tapes were produced. Moreover, high performance model

PSAs with a bio-sourced content of ~80% were produced.
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Polymer End-of-Life

7.1 Sustainable end-of-life polymer management

Sustainability is a practice in which current actions are examined considering their future
consequences. The idea is to develop ecological methods that can be used indefinitely to meet
present needs without impeding future generations’ ability to meet theirs. In our pursuit for
sustainability, each step of the polymer lifecycle (i.e., material extraction, manufacturing,
packaging and transportation, use, and end-of-life) should be addressed. Although there can be
some overlap, decoupling each of the stages and addressing them individually, enables us to be
more effective in designing for sustainability. Admirable work in academia and industry have led
to the development of more sustainably sourced feedstock for polymer formulations (e.g., bio-
based and bio-sourced monomers) and advancements in their sustainable synthesis — the topic
of this thesis. When considering polymer end-of-life, recycling and degradation are the two most
considered routes.

Recycling offers economic and environmental benefits if the costs of resources used are
not greater than the resources saved. Waste collection, sorting, cleaning and reprocessing are
cost intensive, and the recycling of household waste plastics can be difficult due to biological
residue contamination or when they contain a mixture of different plastics.[*) Furthermore, the
guality of many polymeric materials deteriorates with processing, making recycling and reuse of
limited value in addressing sustainable end-of-life practices for polymers. Therefore, researchers
have been turning to polymer degradation in the last few decades as a more promising and

sustainable avenue for plastic end-of-life management.

7.2 Polymer (bio)degradation

Photodegradation by natural daylight, oxidation by chemical additives, thermal
degradation by heat, mechanical degradation by physical means and biodegradation by
microorganisms are five possible polymer degradation pathways./ 3! Because our goal is to

design polymers with sustainable end-of-life outcomes, biodegradation is the most promising
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pathway because of their reintegration into nature. The definition and specifications of
biodegradability have been the subject of some debate in the literature so, for the purposes of
this chapter, biodegradability will be defined as the carbon chain deterioration and ultimate mass
loss of a material due to the action and metabolism of microorganisms. During the
biodegradation process, high molecular weight polymer molecules break down into low
molecular weight compounds, and eventually into carbon dioxide, methane and water for
example by exo- and endo-enzymes or secreted byproducts.

Biodegradable polymers have received considerable attention due to the decline in
available fossil resources and the increasing preference for environmentally friendly products.!
When designing more sustainable synthetic polymers, a common misconception is that
incorporating renewably, or bio-sourced materials can improve biodegradability. For example,
bio-sourced and petroleum sourced monomers will behave identically at the end-of-life stage
because their molecular structure remains the same. Similarly, entirely bio-based polymers do
not equate to biodegradable polymers as they do not necessarily degrade in short time frames.
For example, lignin is a naturally occurring and relatively inert macromolecule but its
degradability can be lower than a synthetic polymer which has hydrolysable functional groups,
such as aliphatic polyesters.[®! Note that in the design of biodegradable plastics, a common first
factor to consider is the hydrolysable linkages that the polymer backbone has.!?! Some bio-based
materials such as starch and cellulose are biodegradable and thus, researchers postulate that
utilising them in polymer formulations will render the material more prone to degradation.
Although the reasoning is sound, the effect of including bio-based materials in synthetic polymers
on biodegradation has not been thoroughly examined.

The main challenge with biodegradability is the measurement of the extent of
degradation and the creation of toxic by-products. Test methods have been developed by
standards organizations such as the American Society for Testing and Materials (ASTM), the
International Organization of Standardization (ISO), and the British Standards Institution, to
name a few. Despite the large number of respected testing standards for degradability and
biodegradability, to our knowledge, there have been few reports of their application to

adhesives, excluding for medical applications. For example, in a study where adhesives were
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synthesized from plant oil-derived acrylated methyl oleate, the materials were reported to have
completely disappeared when exposed to soil for a few months. However, the specific testing
conditions were not mentioned despite statements that they were biocompatible as determined
from cytotoxicity tests and were found to support the growth of human tissue, opening a door
for biomedical applications.l”! In another example, double-sided adhesives comprising a starch
carrier were synthesized and it was noted that the acrylic-based adhesive was partly degradable;
few details about the degradation were provided.®

The ASTM and ISO have developed standard test methods for water-insoluble polymer
and plastic material biodegradability in liquid media (e.g., sewage water, activated sludge) or
solid media (e.g., petri dish, soil).l! Their standards include aerobic and anaerobic decomposition
and require the measurement of gaseous emissions (e.g., CO;, H,0, CHa) to evaluate the extent
of degradation. The two main methods for solid biodegradability testing are in petri dishes or in
soil, the latter including composting methods.!

Biodegradation studies using petri dishes can be useful for biodegradability screening and
are most effective to determine degradation pathways for polymeric materials with low water
solubility.[® Testing materials in soil is more desirable, but experiments for the biodegradation
of plastic materials in soil are much longer (2-12 months) and more complex.? 1*-331 Although
tests in soils and petri dishes are interesting from a biological perspective as they can provide
insights about which bacterial or fungal strains are capable of degrading the material, one of the
biggest challenges is that the controlled testing conditions are not scalable. For instance, if the
right microorganisms from petri dish or soil studies could be identified and introduced in a
landfill, their chances of survival and reproduction is low due to competition with other
microorganisms. If they do survive, the probability that these microorganisms will feed from
more readily accessible carbohydrates (e.g., food scraps, plant matter) is high, and the probability
of these microorganisms landing specifically on the targeted plastic is low. Composting is a
promising avenue for polymer biodegradation because it provides an environment with a
multitude of healthy and active bacterial and fungal colonies. In addition, the industrial
composting process is conducive to degradation because it also comprises thermal, mechanical

and chemical degradation.
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7.2.1 Composting

Composting is an aerobic biological process in which organic matter is decomposed by
the action of microorganisms to produce a biologically stable product with no phytotoxic effects
on plants.*¥ Composting yields a mixture rich in plant nutrients (e.g., nitrogen, phosphorus,
potassium) and microorganisms (e.g., microbes, fungal mycelium, worms) called ‘humus’, which
can be used to fertilize soil. Humus is produced when materials rich in nitrogen (e.g., plant matter,
food scraps) and carbon (e.g., wood chips, leaves, other yard waste) are broken down over many
months. The decomposition process can be facilitated via composting, which is a multi-step
process in which the temperature, oxygen and moisture levels are controlled. Although there are
very many practiced composting methods, they can be divided into two categories: passively and
actively aerated composting. The sub-classification of the methods largely depends on the
specific method used to provide aeration and the size and shape of the composting vessel.
Actively aerated composting is often preferred because aerating the compost pile helps to
regulate its temperature and maintain aerobic degradation conditions, thereby expediting the
composting process. This approach is also conducive to the production of high-quality pathogen
free compost.[14 151

A first step in the industrial composting process involves shredding the organic matter.
Aside from shredding and aerating the compost pile, the decomposition process is aided by
adding water. Aerobic detritivores such as bacteria and fungi chemically break down organic
matter by converting them into CO;, ammonium, nitrate, nitrite and humus-like products while
generating heat. Different communities of microorganisms (e.g., bacteria, actinomyces, mildews)
dominate depending on the pile temperature. For example, mesophilic microorganisms
dominate in the initial decomposition when temperatures are between 25 and 35°C which break
down soluble and other readily degradable matter causing the temperature to rise. Above 40°C,
the colonies of mesophilic microorganisms start to decline and are replaced by thermophilic
microorganisms. The thermophilic phase is marked by temperatures of 55-60°C which
accelerates the decomposition of fats, protein and complex hydrocarbons (e.g., cellulose and
hemicellulose). In addition, these temperatures eliminate plant and human pathogens. After the

decomposition in complete, the pile can be left to mature for several days, weeks, or months.
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In a municipal composting plant, the moisture content, oxygen availability and nitrogen-
and carbon-rich inputs are appropriately maintained to promote biological activity of the
microbes, fungi, earthworms, and other detritivores. Thus, a composting environment is an
extremely species-rich source of inoculum for evaluation of the biodegradability of plastics. In
this work, we adapted published standards and consulted with an industrial composter (Renewi
Canada Ltd., Ottawa) to design an apparatus to measure polymer biodegradability under aerobic

composting conditions at the lab scale.

7.3 Design of a lab scale composting test apparatus

Carbon dioxide measurements and visual observations are typically used to estimate the
degree of biodegradation.!*®! Determination of the percent dry weight of the material after burial
in soil, in agar culture or in bioreactors, is considered a quantitative measure for
biodegradability.[*” 18 Gravimetric methods are the most widely used and are easy to carry out
however, they cannot be used independently for our materials because weight loss methods
require that the material should not be sensitive to moisture (e.g., swellable) or easily hydrolyzed
upon exposure in a short period of time.”’ PSAs tend to be sensitive to moisture and thus,
gravimetric methods would not be sufficient in our case.

Because our goal was to design a polymer that could biodegrade using existing
infrastructure and industrial methods, the biodegradability set-up was designed to simulate the
composting conditions of Ottawa’s municipal composting facility (Renewi Canada Ltd.). The
facility is designed as an enclosed aerated static pile in the shape of a tunnel that has an aerated
floor, which provides positive aeration (i.e., aeration that pushes air from the ground upwards,
through the compost pile, and into the environment). The aeration floor and composting pile are
housed in a long narrow concrete tunnel typically 3 to 6 m wide, 6 to 10 m high, and upwards of
50 m in length. The tunnels are designed to allow large loaders to drive in and out to load and
unload materials and during the active composting, the tunnel is closed with an airtight seal.

We designed and built a series of 15 bioreactors capable of simulating the enclosed
aerated static pile, common to municipal composting facilities, to measure the aerobic

degradation based on the D5338 ASTM standard.l'®! The apparatus also includes sensors, a
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temperature control bath, and ventilation system. A data acquisition software was developed
using LabVIEW to automate communication with sensors to measure temperature, humidity and

CO; concentrations and infer the degree and rate of aerobic degradation.

7.3.1 ASTM D5338

Test method ASTM D5338 determines the rate and degree of aerobic biodegradation of
plastic materials when exposed to a controlled composting environment.'® It was designed to
yield reproducible and translatable test results under conditions that simulate composting
conditions where thermophilic temperatures are achieved. According to the standard, aerobic
composting should take place in a controlled environment where temperature, aeration and
humidity are controlled within certain limits. In essence, polymer samples are exposed to
inoculum derived from compost from municipal solid waste. The CO; evolution as a function of
time is measured and used to assess the rate of biodegradation. The degree of biodegradability
is obtained by calculating the total percentage of carbon in the test substance that is converted
to CO; during the composting experiment.

A series of at least 12 composting vessels, 2 to 5 L in volume, are required: one test
substance, one blank, one positive control and one negative control, all in triplicate. The blank
consists of the inoculum only, the positive control consists of inoculum with a thin-layer

chromatography cellulose, and the negative control consists of inoculum with polyethylene.

7.3.2 Bioreactor design

To obtain a suitable lab scale set-up and to reduce overall costs, the bioreactors were
custom built in-house in the University of Ottawa’s Chemical Engineering Department workshop.
The bioreactors (Figure 7.1) were designed to be robust (e.g., made from durable materials, able
to withstand temperatures and pressures far greater than required) and the bioreactor
prototyping was done with the help of Dr. Sean M.W. Wilson (TerraFixing Inc.). Detailed
SolidWorks sketches of the bioreactor tube, flange, base, lid and O-ring used to machine the
vessels can be found in Appendix Illl. The bioreactor body was made from a 4.5” outer diameter
stainless steel tube (thickness = %”) cut to 12” in height and has a total inner volume of
approximately 3.1 L. The tube has two port holes for %4” Yor-Lok adaptors suitable for the tubing

used for the active aeration (discussed later). The lid, made from %" thick polycarbonate, was
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secured to the flange via six bolts and wing nuts passing through %” holes drilled into the flange
and lid. Note that there is a 0.06” deep groove that was etched into the lid to house an O-ring to
ensure an airtight seal. The sensor (described later) was affixed to the underside of the lid and
the cable used to power the sensor and transmit data to the computer was passe through the lid
via a compression fitting sealed with silicone (Figure 7.2).

Side view Lid
Flange

3 1/4" Yor-Lok

Isometric view

In between lid and
flange there is an O-ring

4.5" OD tube

1/4" Yor-Lok

1/4" Yor-Lok /

Figure 7.1 Isometric and side views of the bioreactor.

)
» Sensirion SCD30 Compression
- sensor fitting

Figure 7.2 Image of Sensirion SCD30 sensor affixed to lid (left) and the compression fitting
used to secure cable in place.

At the start of testing, a predetermined amount of compost is added to each bioreactor

while ensuring that no more than 75% of the volume of the test vessel is filled; sufficient
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headspace is required to provide enough space for CO,, humidity and temperature readings as
well as manual mixing. The CO; concentration in ppm, relative humidity and temperature data
measured by a Sensirion SCD30 sensor are transmitted in real time to LabVIEW via a
microcontroller board (data acquisition platform and electronics setup is described later). To
calculate the number of moles of CO; from the ppm values, the exact volume of the bioreactor
after it has been filled with the sample and inoculum should be known. Thus, before initializing
testing, a secondary container with a known volume and pressure gauge is used with the
relationship of Boyle’s law (i.e., P1V1 = P,V;) to calculate the exact volume of each of the vessels’

headspace.

7.3.3 Temperature-control bath

During mid- and large-scale composting, the bulk temperature increases naturally to
about 58°C due to the biological activity of the microorganisms. By monitoring the
carbon:nitrogen ratio and aeration rate, the compost temperature is naturally maintained within
2°C. Because of the small overall volume of inoculum in each reactor, a temperature control bath
is required to simulate the natural temperature cycles of composting. Environmental chambers
can also be used to simulate these temperatures. To reduce costs, a temperature control bath
made from a 60-gallon galvanized steel stock-tank (McMaster Carr, Figure 7.3) and a heating
element were used. To ensure that the desired temperatures are reached and maintained
throughout the experiment, the stock tank was wrapped with a %" thick layer of isoprene
insulation, and to avoid bulk water evaporation and heat loss, the bioreactors and temperature-

control bath are covered with a Plexiglas lid (to be designed).
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Figure 7.3 Sketch of the 60-gallon stock tank used as the temperature control bath.
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7.3.4 CO;, relative humidity, and temperature sensor

Instead of using cumbersome methods for determining CO, evolution (e.g., titrating a
caustic solution periodically), an automatic data acquisition platform was designed in LabVIEW
to record the CO; evolution in real time, thereby reducing manual labour for the duration of the
experiment. Each bioreactor is equipped with a measurement device comprised of a Sensirion
SCD30 sensor (which measures CO; concentration in ppm, relative humidity, and temperature)
and an Adafruit 5V microcontroller board called a Trinket. The Trinket transmits the data from
the sensor to LabVIEW via a standard 12C protocol through the Arduino integrated development
environment (Arduino IDE). The code used to program the SCD30 (i.e., the library manager in the
Arduino IDE) was obtained onlinel?”! and the Toolkit needed to establish communication between
the Trinket and LabVIEW was downloaded from the National Instruments website. Cables
capable of withstanding the experimental conditions (e.g., high temperatures, humidity) were
purchased form McMaster Carr and a diagram of the sensor-Trinket connection is shown in
Figure 7.4. Note that the Trinket is plugged directly into the computer via a micro USB cable which

provides power to and transmits data from the sensor.

© VDD
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©——RXSDA
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3 -~

S0 v ® S

Figure 7.4 Diagram representing how the Trinket microcontroller (left) and Sensirion SCD30
sensor (right) are wired together.

7.3.5 Positive aeration system

The ASTM D5338 standard requires that the vessels be opened and aerated periodically
to ensure that the microorganisms have sufficient oxygen. During that time, the caustic solutions
used to capture the CO, emitted during the tests (e.g., Ba(OH);) are titrated to calculate the
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number of moles of CO; emitted. To minimize experimental error, reduce the amount of labour,
and to eliminate unpleasant odours that are released every few days during aeration and
titrations, an airflow system designed to mimic the positive aeration used in municipal
composting facilities will be used which vents directly into a fume hood. Briefly, CO,-free air (Zero
Air, Messer) is flowed through the vessels and purged via a series of tubes and valves (Figure 7.5).
To determine the degree of biodegradation, we can calculate the number of moles of CO; by
taking the integral of the CO; curve between each reactor purge. These calculations were

automated in LabVIEW.

To other_biqrea_ctors To fumehood
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Figure 7.5 Bioreactor aeration set-up.

7.3.6 Determination of the rate of biodegradation and biodegradability
The percent biodegradation is calculated by dividing the average net CO; production of

the sample by the original average amount of carbon in the sample, and multiplying by 100 as

follows:
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C_'bioreactor - Cblank Eq.7.1

% biodegradation = C
sample

where Cpipreactor 1S the average net CO; produced in the three bioreactors with the test sample
and Cpjanx is the average net CO, produced from the three bioreactors with compost only.
Csampie is the amount of carbon in the sample itself, which is readily calculated because the exact
chemical composition of the samples is known. The standard error, s,, and the 95% confidence

interval of the percentage of biodegradation should also be reported and are calculated as

follows:
) 5 Eq.7.2
Shioreactor + Shlank
3 3
s, = x 100
¢ Csample
95% confidence interval = % biodegradation + (2.132 X s,) Eq.7.3

where sZioreactor aNd Siank are the variances in the calculated averages of the CO,
concentration in the bioreactor containing the test sample and the blank, respectively. These

calculations are automated in LabVIEW at the end of the test which lasts 45 days.

7.4 Conclusions and future work

In this chapter, the design and construction of an affordable lab scale composting test
apparatus capable of determining the aerobic biodegradation of plastic materials under
composting conditions per the ASTM D 5338 standard was reported. Using sensors and
microcontrollers, CO; data can be automatically collected via LabVIEW to calculate both the rate
and degree of biodegradation of our test samples. The following tasks to complete the

construction and testing are pending:

design and construct fitted lid for the temperature control bath,

- connect flexible tubing for the aeration system and test for leaks,

- test temperature control bath,

- write LabVIEW code for automatic calculation of rate of biodegradation, and

- test long-term sensor reliability.
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Once these tasks are completed, the lab-scale composting apparatus can be validated by

measuring the rate and extent of biodegradation of a known material (e.g., chromatography

cellulose).
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General Discussion and Conclusion

8.1 General discussion

The goal of this thesis was to develop and implement as many sustainable engineering
practices as possible to make a fully sustainable adhesive. To that end, the formulation,

polymerization process, and end-of-life fate of the polymers were considered at the design stage.

8.1.1 Polymer additives

Relative to their solvent-based equivalents, manufacturers often rely on additives and
rheology modifiers in latex-based paints, coatings, and adhesives to achieve a specific balance of
application viscosity, flow and levelling, and anti-settling properties — it is not unusual to use 3-4
different additives at a time.['™ For latex-based adhesives in particular, cross-linkers and chain
transfer agents are commonly added to tune the polymer microstructure and ultimately, the
adhesive properties.®) One conundrum faced in the adhesives industry is that changes to the
microstructure that improve adhesion will weaken cohesion, and vice-versa.[®! In this work, we
replaced these additives with cellulose nanocrystals (CNCs), a bio-based and biodegradable
material.” 81 When added to our formulations, the CNCs acted as latex rheology modifiers and
improved all PSA properties (tack, peel strength and shear strength) simultaneously, thus
resolving the opposing actions of cohesion and adhesion.

CNCs need to be fully redispersed in water if they are to be properly incorporated into a
latex polymerization. In Chapter 3, we overcame the ~1.5% CNC loading threshold in latexes by
developing a method of incorporating them while maintaining colloidal stability and without
impacting the reaction kinetics. Hence, CNCs were loaded into both the emulsifier solution (used
for the seed stage) and in the pre-emulsion solution (used for the feed stage) thereby using all of
the available water in the formulation for CNC redispersion. We demonstrated that 0.5-1%
loadings gave the best balance of PSA properties, whereas higher loadings of CNCs (up to 4%) led
to monotonical increases in cohesive forces (Figure 8.1). That work provided a pathway for higher

loadings which may be beneficial in other applications (e.g., latex paints and coatings)."!
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154



Chapter 8

Because our objective was to increase the sustainability of our polymers, we explored a
novel nanomaterial, cCNCs (DextraCel™) in Chapter 4. Relative to sulfated CNCs (used in Chapter
3), cCNCs are extracted via an eco-friendly process (using hydrogen peroxide instead of sulfuric
acid) and can be obtained as a spray-dried powder or as a 4.5 wt.% suspension in water.!%) When
incorporating cCNCs into our latexes via traditional methods,™** 1% the nanoparticle suspension
was destabilized causing catastrophic coagulation. After carefully studying the cCNCs’
interactions with the other components in the formulation, we overcame the colloidal
instabilities and developed a reproducible method to incorporate the cCNCs in situ via a semi-
batch emulsion polymerization to produce stable, high quality latexes for PSA applications.*3!
This marks the first instance of in situ incorporation of cCNCs in a latex-based composite.

In Chapter 5, PSA testing revealed that cCNCs improved the adhesive and cohesive
strengths of films simultaneously, and to a greater degree than the sulfated CNCs (Figure 8.2). In
addition, films produced with unsonicated cCNCs outperformed those that were sonicated prior
to addition to the latex. AFM imaging revealed that cCNCs stacked side-by-side and end-to-end,
which resulted in an elongated appearance, i.e., a higher ‘apparent’ aspect ratio in the films.
Omitting sonication preserved the cCNCs’ networking behaviour and enabled them to provide
similar mechanical improvements to PSA films as would nanofibrils but without the difficulties in
dispersion associated with the addition of nanofibrils in polymer matrices.

Impact

Chapters 3 to 5 reveal our efforts to uncover how one bio-based additive, CNCs, can be
used to displace hazardous/petroleum-based additives and rheology modifiers. CNC surface
groups (sulfate half-ester or carboxylate) coupled with their high aspect ratios decreased the
solids content threshold at which latex particles coalesced into a continuous film. This enhanced
interaction between the CNCs and the latex particles facilitated film casting, improved film
formation and increased PSA properties without impacting the latex solids content. Henceforth,
cCNCs can be used in the place of rheology modifiers to make an otherwise non-castable film
castable, or to tailor the adhesive strength of a latex-based adhesive. Although the benefits of

using CNCs in polymer composites is now well-established, their widespread use in industry has
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been hampered by the need to sonicate them prior to addition.[*?! Thus, this work has paved the

way for more straightforward addition of cCNCs in industrial applications beyond adhesives.['*
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Figure 8.2 a) Peel strength, b) tack, and c) shear strength of latexes produced with 0.5 and 1.0
phm cCNC with various cCNC addition methods (wet, wet ultrasonicated, dry dispersed, dry
ultrasonicated, hot blend, cold blend, and sulfated CNCs). Post-it™ notes and masking tape

were measured for comparison and the error bars represent the standard deviation of six
measurements.

The work from Chapters 4 and 5 is enormously beneficial to Anomera Inc. because it
provided their scientist and engineers with invaluable insights on how their material behaves

with latexes and how it compares to other commercially available CNCs. We developed a method
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to overcome the colloidal instabilities encountered whilst adding their material to typical latex
formulations thereby widening the scope of potential applications (e.g., latex-based paints and
coatings). The resulting peer-reviewed publications are being used to showcase Anomera’s cCNCs
(aka DextraCel™) and has resulted in a spin-off project between the University of Ottawa, the
University of British Columbia, Queen’s University, Anomera, BASF and Rayonier Advanced

Materials.

8.1.2 Monomer

Replacing all the petroleum-based components in PSA formulations with bio-based ones
(i.e., materials that are obtained directly from natural resources) would be ideal, however,
polymerization kinetics and resulting product properties are increasingly affected as key
components (e.g., monomers) are replaced.

Bio-based materials can be derivatized or modified to increase their likelihood of
polymerizing. However, one must consider avoiding extensive chemical derivatization and
modification due to their negative impact on cost, waste, atom economy, energy and the
introduction of additional chemical hazards. Starch nanoparticles (SNPs), a bio-based material,
were functionalized and used to displace monomer in latex formulations (Chapter 6). To preserve
the adhesive properties of the films, the SNPs were encapsulated to produce core-shell particles
whose bulk properties (e.g., Tg, adhesive forces) were governed by the acrylic shell. Petroleum-
based materials often outperform their greener counterparts so, in lieu of enhancing our PSA
properties with typical petroleum-based additives, we developed a method to introduce another
renewable material, sulfated CNCs, to tune the PSA properties to rival commercial, fully acrylic
PSAs (Chapter 6). In Chapter 3, we examined the effects of higher CNC loadings (< 4 wt.%) and
concluded that the best adhesive and cohesive improvements were achieved at loadings of 0.5 —
1%. Consequently, the core-shell latexes discussed in Chapter 6 were enhanced with 0.5 — 1%
CNCs. As the formulation components were changed, the application performance unsurprisingly
also changed. Thus, due to performance limitations, we were limited to displacing only 12% of
the monomer with SNPs. To address the sustainability of the remaining monomer, we developed
a formulation which modeled an ~80% bio-sourced acrylic formulation comprising 91.5% n-octyl

acrylate (nOA), 4.5% styrene (STY) and 4.0% acrylic acid (AA). Note that nOA was used to model
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2-octyl acrylate (20A), which can be 73% bio-sourced,*> while AA and STY can both be bio-
sourced.[16-21
Impact

The objective of this thesis was to use sustainable methods to produce high-performance
PSAs composed of a maximal amount of renewable materials. Thus, the work culminated in the
production of PSAs that rival commercial Post-It™ notes, masking tape, and duct tape in which
13% of the monomer was replaced with starch and cellulose, and whose acrylic formulation
modeled that of an ~80% bio-sourced polymer.
8.1.3 Polymer end-of-life

A key element in polymer sustainability is the notion of sustainable polymer end-of-life
management. In Chapter 7, we explored available degradation pathways and hypothesized that
composting conditions provide the environment most conducive to polymer biodegradation
because it includes the elements of mechanical degradation, thermal degradation, chemical
degradation and biodegradation. Because lab-scale testing facilities for polymer biodegradation
in compost do not exist in Canada, we designed an apparatus capable of measuring the aerobic
biodegradability of polymers in a composting environment, modeled after Ottawa’s municipal
composting facility (Renewi Ltd.). Although mostly constructed, the unit has yet to be thoroughly
tested and validated against materials with known extents and rates of biodegradation.
Thereafter, we will be able to evaluate the effects of our sustainable polymer reaction

engineering practices on the end-of-life of our PSAs.

8.2 Perspective on future directions

The future of sustainable polymer reaction engineering will likely address and develop
techniques to promote post-use biodegradation of polymers and their reintegration to the
environment. During processing, storage and use, (bio)degradable polymers must remain stable
and only disintegrate at the end of their intended lifetime. Ideally, they should completely break
down into molecules that can be reintegrated to the environment without having any adverse
effects on human health or the environment. To design practical, economical, and commercially

competitive biodegradable polymers, selecting the right formulation components that cater to
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the applications and provide a degradability pathway is key. Microorganisms degrade starch and
cellulose more readily than petroleum-based materials, therefore, introducing them in polymeric
materials can introduce degradation pathways therein.!?? From a polymer reaction engineering
perspective, we hypothesize that increasing the polymer hydrophilicity and improving polymer

chain accessibility to microorganisms are key in promoting polymer biodegradation.

8.2.1 Polymer hydrophilicity

Most synthetic polymers are hydrophobic and water insoluble making them inaccessible
to microorganisms or enzymatic activity. To that end, increasing the hydrophilicity of the
polymers can increase the susceptibility to enzymatic attack.!?3! The addition of AA (bio-sourced,
bio-degradable) as a co-monomer, for instance, would help to improve polymer polarity and
hydrophilicity due to the carboxyl groups which are also known to improve the peel adhesion of
elastomers.’) Adding other components that can swell with water can also promote
biodegradability because high moisture content can foster biological activity (as discussed in the
composting section of Chapter 7). CNCs can improve a polymer’s ability to swell with water and
the addition of biodegradable components such as starch and cellulose can increase the
biodegradation of the material under compositing conditions, due to the priming effect (when
large amounts of the organic matter present in the mature compost undergo polymer-induced
degradation).l?* Starch and cellulose are biodegradable in many environments, and neither are
toxic or hazardous.[?>72° A final important caveat, however, is that the intended application of
the polymeric material must allow for a limited level of hydrophilicity.
8.2.2 Polymer chain accessibility

In comparison with small organic molecules, polymers are long-chained high molecular
weight materials with unique physical and chemical properties. They play essential and
ubiquitous roles in everyday life and fulfill many applications due to their versatile structures and
morphologies which impart a wide range of chemical, mechanical, optical and electrical
properties. A significant portion of commercial polymers are produced via chain-growth
polymerization and have high molecular weights which give rise to their desirable properties.

However, this very same property is what causes them to persist and accumulate in nature.
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Modifying the molecular weight alters polymer properties significantly; this phenomenon can be
used to our advantage to design materials that can degrade at the end of their useful life.

Many biodegradable polymers used in medical applications are produced via step-growth
polymerization. Polymers produced via step-growth mechanisms can be made biodegradable by
introducing hydrolysable components in the polymer backbone, which is not the case with chain-
growth polymerization where the backbone typically contains only carbon-carbon bonds. In
industry, free-radical (i.e., chain-growth) polymerization is a widely used polymer synthesis
method because of its fast reaction kinetics, high yields, and absence of by-products. The
challenge is to produce a polymer with hydrolysable linkages like oxygen (i.e., ester bonds) in the
backbone using free-radical polymerization. When copolymerized with acrylic monomers via
radical ring-opening polymerization, cyclic monomers such as cyclic ketene acetals can introduce
ester bonds in polymer backbones, making them more susceptible to enzymatic attack.2% 31 This

is another interesting avenue worth investigating.

8.3 Concluding remarks

In this thesis, we explored the possibility of synthesizing a fully sustainable polymer for
adhesive applications. While we haven’t achieved a 100% sustainable PSA, this work
demonstrates the feasibility of producing ~80% bio-sourced and commercially competitive
adhesives via emulsion polymerization. It should be clear, however, that a transition to fully
sustainable polymers is an enormous challenge. In the first place, identifying suitable alternative
materials is complicated by the many constraints we face: cost, availability, properties,
polymerizability, etc. Secondly, as demonstrated in this work, any changes to a polymer
formulation can result in significant property changes and may even require substantial process
modifications. While this may seem like an insurmountable problem, we are heartened by the
transition made by the paints and coatings industry many decades ago when they moved from a

solvent-based to latex-based (water-based) process.
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Supporting Information for “Pushing the Limits with Cellulose Nanocrystal
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Pushing the limits with cellulose nanocrystal loadings in latex-based pressure-

sensitive adhesive nanocomposites
Vida A. Gabriel,® Emily D. Cranston,” and Marc A. Dubé?

2Department of Chemical and Biological Engineering, Centre for Catalysis Research and Innovation, University of
Ottawa, 161 Louis Pasteur Pvt, Ottawa, Ontario K1N 6N5, Canada

bDepartment of Wood Science, University of British Columbia, 2424 Main Mall, Vancouver, British Columbia V6T
174, Canada

Al.1 Developing a high-performance PSA formulation

Al.1.1 Formulation

A terpolymer latex formulation of BA/STY/AA (91.5/4.5/4.0 wt%) was inspired by a
patent,[ which purports to deliver an adhesive with high peel strength, tack and shear strength,
and a Tg lower than -40 °C. To improve the adhesive strength of the base-case (Figure Al.1), a
chain-transfer agent, n-dodecyl mercaptan (NDM) was added to the formulation. After a number
of screening experiments (Table Al.1), a maximum loading of 0.25 parts-per-hundred monomer
(phm) NDM was added to the formulation. Higher NDM concentrations resulted in cohesive
failure of the PSA (i.e., when residual PSA remains on the substrate after testing). A 0.25 phm
NDM loading was added to the formulation and showed significant improvement to the tack and
peel strength of the films (Figure Al.1 Tack and peel strength of the base-case PSA produced with
and without NDM compared to that of a commercial masking tape.). Due to the addition of 0.25
phm NDM, the adhesive strength exceeded that of a commercial masking tape (Uline™ general

purpose 1” masking tape).
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Figure Al.1 Tack and peel strength of the base-case PSA produced with and without
NDM compared to that of a commercial masking tape.

Table Al.1 Latex status for the determination of NDM loading (40 wt% solids).

NDM (phm) Latex status PSA test
0.40 Good Failed
0.30 Good Failed
Could not cast film

0.2 o N/A
due to low viscosity

0.25 Good Good

Al.1.2 AA addition

Previous work showed that BA and high T, monomers were compatible with CNCs,!?! yet
coagulation would occur at the onset of the reaction when CNCs were added to the base-case.
To overcome these instabilities, the component addition sequence and concentrations of the

monomer, buffer, and surfactant were studied (Table Al.2.).
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Table Al 2. List of troubleshooting experiments to obtain a stable latex
with AA and CNCs (40 wt% solids).

Experiment AA addition CNC [SDS] Buffer Latex status
Seed Feed (1 phm) (phm) Seed Feed
1 v v X 2.0 X X Good
2 v v v 2.0 X X Failed
3 X X v 2.5 X X Unstable
4 X X v 3.0 X X Good
5 v v v 3.0 X X Failed
6 v v v 3.5 X X Failed
7 v v v 3.0 v v Failed
8 v v v 3.0 X v Failed
9 X v v 3.0 X v Good

The use of AA in the formulation was thought to cause the coagulation. Thus, to evaluate
the CNC-AA interaction, the monomer addition step was studied by adding the AA to i) the seed
stage, ii) the feed stage, and iii) added to both the seed and feed stages. The CNCs were obtained
from a sulfuric acid hydrolysis treatment which produces rod-like crystals with nominal sulfate
half-ester groups on their surface. The ester groups can react with the carboxylic acid groups of
the AA in a saponification reaction, thus interfering with the CNC surface charges and therefore,
the CNC-polymer network stability.! Although the CNCs reside in the water phase isolated from
monomer droplets, the AA-CNC interaction is unavoidable because the AA is highly water-
soluble. It was decided to omit AA from the latex seed, and instead feed all of the desired AA with
the pre-emulsion after the end of the seed stage.

Al.1.3 Buffer concentration

Sodium bicarbonate buffer was added to the formulation in order to increase the latex’s
shelf life. Without buffer, the latex would destabilize after a few weeks (e.g., formation of grit or
polymer sedimentation). After trying different buffer concentrations and addition methods (e.g.,

in the seed stage, feed stage, or both), a 1.0:0.5 (mol:mol) initiator:buffer solution mixed into the
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initiator feed increased the latex shelf life significantly (>8 months) and improved the adhesive

strength of cast films (Figure Al.2).

120 -
Buffer:Initiator (mol:mol)
100 + B 10:1.0
= ] 05:1.0
€ » 80 1 OJo:10
zZs
£ = 60 -
£ E
2 40
(7))
20 13
5 .l.II. 1
0 |
Peel strength Shear (days)

Adhesive test

Figure Al.2 Effect of buffer on the peel strength, tack, and shear strength of films cast
from latexes with 0.5 phm CNCs added in the seed (without NDM in the formulation).

1.4. Surfactant concentration

Surfactant is key in maintaining the stability of growing latex particles, yet in excess, PSA
film performance diminishes*® (Figure Al.3). During preliminary experiments, coagulation
would occur towards the end of the polymerization likely due to mixing limitations caused by the
increase in latex viscosity due to the presence of CNCs. In other words, the higher viscosity and
the CNC-particle interactions reduce particle mobility in the reactor. The overall slower
movement causes the particles to interact longer and more intimately, thereby increasing the
chances of particle agglomeration. This was confirmed by the sudden increase in large particles
observed by DLS toward the end of the reaction. Thus, SDS levels needed to be increased for
higher CNC levels to help promote good particle movement (i.e., mixing) relative to the CNC

matrix.
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Figure Al.3 Effect of surfactant concentration on adhesive properties for latexes
containing 0.5 phm CNC and a 0.5:1 (mol:mol) of buffer:initiator (without NDM in the
formulation).

It is important to note that CNCs have shown stabilizing characteristics when used in an
emulsion. For example, Mabrouk et al.”} produced stable polymer nanocomposite dispersions
with CNCs in lieu of surfactant in an emulsion polymerization. However, CNCs do not interact
with the anionic SDS used here and are shown to displace anionic CNCs from the monomer-water
interface.® In the present study, CNCs showed similar stabilizing characteristics. In the seed
stage, less surfactant was necessary for runs with CNCs to attain the targeted initial particle
diameter (~70 nm). However, emulsions with more CNCs needed more surfactant in the later
stages of the reaction to remain stable. This can be explained due to the overall concentrations:
relative to the whole reaction mixture, the concentration of CNCs was high during the seed stage;
thus, less surfactant was required to stabilize the seed particles. During the feed stage however,
the concentration of CNCs relative to the emulsion volume was continually decreasing; thus, the
stabilizing effects of the CNCs were less significant and more surfactant was necessary to stabilize
the polymer particles. To obtain seed particles of ~73 nm (5 nm), roughly 0.65, 0.62 and 0.60 g
of SDS were needed for CNC loadings of 0, 0.5 and 1 phm, respectively. The total required SDS
concentration for those CNC loadings were 2.0, 2.5 and 3.0 phm, respectively, to obtain a final

latex particle size of 130 nm (5 nm).
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Al.2 Characterization

Al.2.1 Sample characterization
Conversion: the overall conversion (Coveral) Was calculated gravimetrically based on the
total dried polymer relative to the sample weight and overall monomer present in the reaction

formulation.

mass of dry polymer

C — Eq Al.1
overall ™ t5tq1 mass of monomer in the reaction (Eq )

Particle size: a Malvern NanoS Zetasizer was used to measure the particle size and particle
size distribution (PSD) of all samples and the final latex using dynamic light scattering (DLS). One
drop of sample was diluted in roughly 5 mL of distilled deionized water (DDW) and tested thrice
atanangle of 173° and 25°Cin a cuvette. The particle sizes reported are intensity-weighted mean
diameter (z-average) and the PDl is a measure of the breadth of the PSD derived from cumulative
analyses and is dimensionless.

pH: The pH was measured for all samples and the final latexes using a Fisher
Scientific/Accumet Research AR50 Dual Channel pH/lon/Conductivity meter.

Viscosity: The final latex viscosity was measured at 200 rpm using a Thermo Scientific
HAAKE Viscotester (Model D). The appropriate spindle was selected to ensure sufficient drag to

perform the measurements.

Al.2.2 PSA characterization

Glass transition temperature (Tg): T, was measured for the final latexes using dynamic
scanning calorimetry (DSC, TA Instruments, Model Q1000). Between 10-15 mg of dry latex were
measured in an aluminum dish and the heating/cooling cycles were as follows: samples were
initially heated to 100 °C and isothermal for 3 min to ensure the evaporation of any moisture.
The sample was then cooled to -80 °C at 10 °C min™ and held for 3 min. A final heating to 20 °C
at 10 °C min! was performed. The T was calculated at the inflection point of the reverse heat
flow curve of the cooling cycle.

Gel content: Gel content was measured the final latexes. Approximately 0.03 g of dry
samples were placed in poly(vinylidene fluoride) Durapore (47 mm diameter, 5 um-pores,

Millipore) membrane pouch. Each membrane was heat sealed and placed in a 475 ml glass jar
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filled with approximately 250 ml of THF. The jars were left to shake for 48 h in a wrist action
shaker after which the THF was decanted and the pouches dried in a fume hood. The gel content

was calculated as follows:

weight of retained gel

Gel content = (Eq AL.21)

weigt of polymer sample

Contact angle measurements: The DDW and diiodomethane (Sigma) contact angle of the
adhesive films were measured using a VCA Optima (AST Productions Inc.). Adhesive films were
prepared in same manner as for adhesive testing (detailed below). 1 pL droplets of solvent were
dropped onto the surface of the film, followed by immediate measurement of the contact angle.
Measurements were repeated 6 times with each solvent for each sample and contact angle was
calculated by VCA OptimaXE software.

Adhesive properties: Films were prepared on 14” x 14” corona treated Mylar sheets by
casting roughly 20 g of latex using a Meyer rod (No. 50). Films were dried at 50 + 5% relative
humidity at 23 + 2 °C for 48 h. These conditions were maintained during adhesive testing. Bluehill
2 Materials Testing Software was used on an Instron 3000 Universal Tester, and Pressure
Sensitive Tape Council (PSTC) methods® were employed. Each one of the methods described
were performed for each formulation in quintuplets.

Peel strength was measured using the PSTC-101 standard using Test A for 180° peel. Dried
films were cut into 1”7 x 12” strips and applied along the center of a testing plate, adhesive side
down. The strips were applied to the testing panel at approximately 10 mm s using a weighted
steel roller (2040 + 45 g) rolling twice in each lengthwise direction. Note that a piece of 1” masking
tape was affixed to the edge of the film to form a thicker edge for the Instron tester grip and that
the specimen was discarded if any air bubbles were visible.

Loop tack was measured using the PSTC-16 standard. Dried films were cut into 1” x 5”
strips and formed into a loop with the adhesive site facing outward. A piece of 1” masking tape
was used to secure the loop and to create a thicker grip for the Instron tester grips. The loop was
lowered on the testing panel at a rate of 2 mm s until there was a 1” contact. The strip was lifted
by the tester at a rate of 5 mm s and the maximum force requited to remove the strip was

recorded.

170



Appendix |

Shear strength was measured with the PSTC-107A standard. A modification to the test

area was made since the preliminary formulations exhibited unreasonably long time to failure
times. Instead of 1” x 1” areas, 0.5” x 1” testing areas were used. Adhesive strips were cut into
1” x 5” strips and placed in such a way that a 0.5” x 1” adhesive surface was in contact with the
testing panel. A weighted steel roller (2040 + 45 g) was used to apply the adhesive to the test
place by rolling twice in each lengthwise direction at a rate of approximately 10 mm s. A 500 g
mass was affixed to each tape and the time to shear failure was recorded.

Work of adhesion: Using two probe liquids with known surface tensions, a harmonic
mean equation®® can be used to evaluate the surface free energy of a PSA film:
vivg | vy

+ Eq Al.3
yi+vg yfw}f)( aAl3)

(1+ cosby)y; = 4 (

d.d p.p
(1+ cos 6,)y, = 4<ﬂ + V;y",,) (Eq Al4)

vi+vd " vh+v)

Yo = Vi +¥y (Eq ALS5)

where y is the surface tension (in mN m) and 6 is the measured contact angle. The superscripts
d and p designate the polar component and the dispersive component of the surface tension,
respectively, and the subscripts 1 and 2 specify the probe liquids, which are DDW and
diiodomethane, respectively. Note that yg is the polar component of the PSA film and yg is the
dispersive component of the PSA film.

Using solver in Microsoft Excel, equations Al.3 — Al.4 can be solved for y?, y% and Yp- The
results for each of the latexes are summarized in Table S3. Using these results, the work of

adhesion can be calculated using the Owens-Wendt relation:[*!

Wip = 0.5y (1 + cos6) = (v&yi) ™ (vézvy ) (Eq AL6)

where y& is the dispersive component of stainless steel (26.6 mN m™) and y~. is the polar

component of stainless steel (18.8 mN m™). The work of adhesion is reported in Table Al.3.
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Table Al.3 Water contact angle, diiodomethane contact angle and work of adhesion of
PSA films.

ey [CNC] (phm) Contact an.?le (©) Sur{;c; :zjlon WAD_l Ig
[Seed] [Feed] [Tota] DDW? r:;'t‘;]‘:‘:‘e Ve v ye  (MNMT) (O
Al - - 0 54.99 72.48 146 32.6 47.2 488 -40.7
A2 0.5 - 0.5 52.76 66.06 17.1 319 49.0 522 -40.9
A3 1 - 1 55.05 69.18 159 314 473 500 -40.9
A3’ 0 1 1 56.61 72.59 146 314 46.1 480 -40.8
A3” 0.5 0.5 1 5.25 77.59 146 324 47.0 486 -39.6
B4 1.25 - 1.25 56.58 71.12 146 315 46.1 480 -40.2
C1 1 0.5 1.5 72.06 83.50 11.1 243 354 367 -39.9
Cc2 1 2 71.07 67.08 17.7 199 37.6 419 -39.5
c2' 0 2 2 66.47 68.02 16.9 23.1 40.1 443 -39.8
Cc3 1 2 3 61.40 77.14 13.0 29.7 42.7 440 -40.2
c3' 0 3 3 58.59 67.39 16.8 28.3 45.1 487 -40.2
C4 1 4 4 59.48 75.16 13.7 30.3 441 456 -38.6

a) Distilled deionized water

3. Experimental results: conversion, particle size, pH and solid content evolution

Conversion, solids content, particle size and pH evolution for all experiments detailed in

the main text are shown in Figure Al.4 to Al.15. Note that for run C4 with 4.0 phm CNCs (Figure

S15), samples could not be characterized between 150 and 270 min due to difficulties

encountered with sample preparation.
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Figure Al.4 a) Conversion and solids content evolution, and b) particle size and pH evolution run Al (base case, 0 phm CNCs).
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Figure AlL.5 a) Conversion and solids content evolution, and b) particle size and pH evolution of run A2 with 0.5 phm CNCs in the seed.
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Figure Al.7 a) Conversion and solids content evolution, and b) particle size and pH evolution of run A3’ with 1.0 phm CNCs in the feed.
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Figure Al.9 a) Conversion and solids content evolution, and b) particle size and pH evolution of run B4 with 1.25 phm CNCs in the seed.
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Figure Al.10 a) Conversion and solids content evolution, and b) particle size and pH evolution of run C1 with 1.5phm CNCs (1.0 phm in the seed and
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Figure Al.11 a) Conversion and solids content evolution, and b) particle size and pH evolution of run C2 with 2.0 phm CNCs (1.0 phm in the seed and
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Figure Al.12 a) Conversion and solids content evolution, and b) particle size and pH evolution of run C2’ with 2.0 phm CNCs in the feed.
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Figure Al.13 a) Conversion and solids content evolution, and b) particle size and pH evolution of run C3 with 3.0 phm CNCs (1.0 phm in the seed and
2.0 phm in the feed).
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Figure Al.15 a) Conversion and solids content evolution, and b) particle size and pH evolution of run C4 with 4.0 phm CNCs (1.0 phm in the seed and
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Supporting Information for: “Improving Latex-Based Pressure-Sensitive
Adhesive Films using Carboxylated Cellulose Nanocrystals”

Supporting Information for

Improving Latex Based Pressure-Sensitive Adhesive Films using Carboxylated

Cellulose Nanocrystals
Vida A. Gabriel,%? Mathieu N. Tousignant,® Sean M.W. Wilson,? Marie D.M. Faure,* Emily D.
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All.1 Summary of experimental details

Table All.1 Solid’s content, conversion, particle size, pH, zeta-potential, and Tg of latexes

produced in this study.

cCNe Final Final Z-average Final ::::I j:lri]:t?(::
RunID loading solids convers- & pH Range . Tg (°C)

X (d.nm) PDI potential for zeta-

(phm) content ion .
(mV) potential
Initial . Initial .
(seed) Final (seed) Final
Base case 0 49% 99% 81.8 164.0 0.032 5.1 4.5 -46.3 7.09 -37.0
Wet 0.5 35% 93% 75.6 178.4 0.016 5.2 5.1 -49.9 4.94 -36.7
e
1.0 35% 93% 75.0 160.4 0.100 5.1 5.7 -49.1 5.82 -37.5
Wet 0.5 35% 93% 76.1 161.2 0.023 5.1 5.4 -50.1 7.31 -37.6
ultrasonicated 1.0 35% 93% 75.2 162.1 0.017 5.1 5.6 -50.3 7.99 -37.4
. 0.5 35% 93% 78.9 159.9 0.017 5.0 5.3 -51.8 8.18 -39.1
Dry dispersed
1.0 35% 93% 74.1 152.9 0.013 5.1 6.0 -50 5.07 -38.9
Dry 0.5 35% 93% 78.9 160.2 0.070 5.2 5.4 -49.6 8.42 -38.5
ultrasonicated 1.0 35% 93% 75.2 162.1 0.002 5.2 6.1 -54.8 6.89 -37.8
0.5 35% 93% 74.5 163.2 0.023 4.8 4.4 -67.7 9.77 -37.0
Sulfated CNCs
1.0 35% 93% 69.4 161.2 0.053 5.2 4.2 -54.2 8.21 -37.1
Hot Blend 0.5 48% 98% 73.2 149.4 0.002 4.4 5.4 -61.6 6.23 -38.2
ot Blen

1.0 48% 98% 67.4 141.6 0.011 4.0 6.4 -60.4 7.74 -37.9
Cold blend 0.5 48% 98% 71.2 155.6 0.042 4.5 5.7 -56.2 7.87 -38.4
1.0 48% 98% 75.7 156.1 0.060 5.1 6.3 -53.7 8.51 -37.3
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All.2 AFM imaging

A LAXCO™ microscope (Model LMC-4000) was used to obtain a series of 4K images of the
0.35 wt.% and 17.5 wt.% films to illustrate which part of the samples were imaged (Figure All.1).
In general, areas that appeared smoother (i.e., ‘valleys’ in the polymer film) had a limited number
of cCNCs whereas parts of the film which showed more significant topological heterogeneity (i.e.,
polymer ‘mountains’) proved more successful when searching for cCNCs. In other words, focusing
on polymer-rich areas in the spin-coated films proved useful to detect cCNCs, because the CNCs
tend to be more closely associated with, or adsorbed to, the surface of the polymer particles.[*~

4 Examples of areas used for AFM images can be found in Figure All.1.

0.35 wt.% film, 5x zoom 0.35 wt.% film, 20x zoom 0.35 wt.% film, 100x zoom

17.5 wt.% film, 100x zoom

Figure All.1 Microscopy images (visual representation) of latex films containing 1.0 phm ‘wet’
cCNCs on SiO; wafers. Arrows represent where probe was lowered to collect AFM images.

All.2.1 AFM image characterisation
Height images were used to determine the films’ surface coverage on the SiO, wafers.

The data from Table 5.2 in the main manuscript were obtained from the images in Figure All.2.
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0.5 phm cCNCs 1.0 phm cCNCs

Wet

Wet ultrasonicated

Dry dispersed

Dry ultrasonicated
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Sulfated CNCs

Figure All.2 AFM height images of PSA films with 0.5 and 1.0 phm cCNC loadings used to
calculate polymer surface coverages.

All.2.2 Frequency curve from “apparent” aspect ratio calculations
In phase images were analyzed in Imagel using the “Ridge Detection” plugin. An example of

a an “apparent” aspect ratio distribution curve is presented in Figure All.3.
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Figure All.3 Frequency curve or the "apparent" aspect ratios of cCNCs in films produced from a
latex with 1.0 phm wet cCNCs.
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All.3 Additional latex characterization

The latex gel content was measured via gravimetry. Approximately 0.03 g of dried latex

was weighed and heat-sealed in 47 mm diameter poly(vinylidene fluoride) (PVDF) membrane

pouches with a pore size of 0.45 microns (Durapore, Millipore). Prepared pouches were placed

in 4 oz jars and filled with ~100 mL of THF and left to soak and stir for 24 h in a wrist-action

mechanical shaker. After decanting the THF, the pouches were left to dry in a fume hood for 24

h, or until their mass was constant. The gel content was calculated as the mass of retained gel

divided by the mass of polymer sample.

100 { m Base case
X H Wet
E 80 - @Wet ultrasonicated
g 1 4 mDry dispersed
§ 60 1 5 @ Dry ultrasonicated
2 A @ Sulfated CNCs
8 01 2 @ Hot blend
20 : A | /] BCold blend

0 0.5 1.0
cCNC loading (phm)

Figure All.4 Gel content of latexes produced with 0.5 and 1.0 phm cCNCs.
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Supporting Information for “Chapter 7: Polymer End-of-Life”

Alll.1 SolidWorks sketches for Bioreactor machining
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Figure Alll.1 Solidworks design for Bioreactor vessels
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Figure Alll.2 Solidworks design for Bioreactor body
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Figure Alll.3 Solidworks design for Bioreactor lid.
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Figure Alll.4 Solidworks design for Bioreactor flange and base
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Top view
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Figure Alll.5 Solidworks design for Bioreactor O-ring
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Laboratory Safety Considerations

The hazards and required PPEs for all the chemicals used in this project were obtained from
the manufacturer’s safety data sheets and are summarised below. In general, solutions were
prepared in a fume hood and personal protective equipment (PPE) including respiratory mask,
safety goggles, gloves, and lab coat were used during reaction preparation and polymerization
because of possible contact with monomer vapours (during reactor charging and sampling). The
reactor temperature is automatically controlled (max ~ 65-70 °C) in a jacketed stainless-steel
reactor, connected to a condenser which liquefies the monomer vapours.

Table AlIV.1 Hazards and personal protective equipment required for chemicals in this project.

Manufacturing

Personal protective

Chemicals Hazards .
company equipment (PPE)
Flammable liquid and vapour.
Harmful if swallowed, in Tiehtly fitting safet
contact with skin or if gntly & y
inhaled goggles.
Acrylic Acid (AA) Sigma-Aldrich ) . Gloves, complete suit,
Causes severe skin burns and i
- a full-face respirator
- Handle in fumehood
May cause respiratory
irritation.
Acrylated fapomdlzed Sigma-Aldrich May Fause allergic skin Protect!ve gloves, eye
soybean oil (AESO) reaction protection
. Highly flammable liquid and Protective clothing and
Acetone Fischer vapor loves, eye protection
Scientific Causes serious eye irritation g »€YeP
May cause drowsiness
Flammable Protective clothing and
2,2’-Azobis . . Toxic if swallowed g.
. . Sigma-Aldrich . . gloves, eye protection,
isobutyronitrile (AIBN) Skin, eye and respiratory .
o and full face respirator
irritation
Flammable liquid and vapour HEASE TS ol AL
Butyl Acrylate (BA) Sigma-Aldrich . q . B gloves, eye protection,
Cause skin irritation .
and full face respirator
Flammable liquid and vapour Protective clothing and
Butyl vinyl ether (BVE) Sigma-Aldrich d pour, gloves, eye protection,

Carboxylated cellulose
nanocrystals (cCNCs)

Cetyltrimethylammonium

bromide (CTAB)

Anomera Inc.

Fisher
Scientific

fatal in contact with skin

No significant hazard

Causes serious eye damage
Acute oral toxicity
Causes skin irritation

and full face respirator
Protective clothing and
gloves, eye protection

Protective clothing and
gloves, eye protection,
and respirator

191



Appendix IV

EcoMer® (sugar-based
monomer)

Sodium hydroxide pellets
(NaOH)

Sulfated cellulose
nanocrystals (CNCs)

Hydrochloric acid (HCL)

N-dodecyl mercaptan
(NDM)

Nitrogen gas (N>)

N-octyl acrylate (nOA)

Potassium persulfate
(KPS)

Sodium bicarbonate
(NaHC03)

Sodium
trimetaphosphate (STMP)

Sodium dodecyl sulfate
(SDS)

EcoSynthetix

Sigma-Aldrich

CelluForce

Sigma-Aldrich

Sigma-Aldrich

Messer

TCl America

Sigma-Aldrich

Sigma Aldrich

Sigma-Aldrich

Sigma-Aldrich

May cause respiratory
irritation

Causes skin irritation

Corrosive material, may cause
severe skin burns, eye and
resperatory irritation.
Poisonous if ingested.
Reactive with water and
bases

No significant hazard

Corrosive material, causes
severe skin burns and eye
damage, may cause repertory
irritations

Highly flammable liquid and
vapor

May cause skin and eye
irritation and damage to
organs

High pressure
May cause suffocation by
displacing the oxygen in air

Combustible liquid
Flammable liquid

Causes skin and eye
damage/irritation,

Oxidizing solids

May cause eye, skin, and
respiratory irritation

No Hazard. May cause eye
and skin irritation

Not a hazardous substance or
mixture. May be harmful if
inhaled, or absorbed through
skin. May cause eye irritation
Flammable and toxic in
contact with skin

May cause serious eye
damage and may cause skin
and respiratory irritation

Protective clothing and
gloves, eye protection

Protective clothing and
gloves, eye protection

Protective clothing and
gloves, eye protection
Protective clothing,
gloves, eye protection,
and full face
respirator. Manipulate
in fume hood

Protective clothing and
gloves, eye protection,
and full face respirator

Storage upright and
secure cylinders all
time while in use and
use appropriate hand
truck designed for
cylinder

Protective clothing and
gloves, eye protection,
and full face respirator

Protective clothing and
gloves, eye protection
Protective clothing and
gloves, eye protection

Handle with gloves
and eye protection

Protective clothing and
gloves, eye protection
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Sodium hydroxide
(NaOH)

Starch nanoparticles
(SNPs)

Styrene (STY)

Tetrahydrofuran (THF)

Triton X-405, 70%
solution in water

Sigma-Aldrich

ExoSynthetix
Inc.

Sigma-Aldrich
Caledon
chemicals

Fisher
Scientific

Causes severe skin burns and
eye damage

May produce slight irritation
to respiratory tract.
Prolonged exposure to eyes
and skin may cause slight
irritation

Flammable liquid and vapour,
causes skin and serious eye
irritation, harmful if inhaled.

Flammable

May cause mild skin and
serious eye irritation

Not considered hazardous by
the 2012 OSHA Hazard
Communication Standard

Protective clothing and
gloves, eye protection
and respirator

Protective clothing and
gloves, eye protection.
Avoid breathing dust

Tightly fitting safety
goggles.

Gloves, Complete suit,
a full-face respirator

Protective clothing and

gloves, eye protection

Protective clothing,
gloves, eye protection
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