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ABSTRACT

The research in this thesis primarily focuses on municipal solid waste (MSW)
deconstruction and biobased polymer synthesis. The study comprises the following
components: (1) optimizing reaction conditions for the deconstruction of mixed waste
streams, (2) enhancing the thermal and mechanical properties of polystyrene using
biobased monomers, and (3) screening solvent-mediated depolymerization conditions
of poly(methyl methacrylate) (PMMA) using thermogravimetric analysis (TGA). The
first part of the research investigates the optimization of reaction conditions for
deconstructing MSWs. Various parameters, such as temperature, reaction time, and
solvent selection, are explored to maximize the efficiency of the deconstruction
process. The primary aim is to recover valuable small molecules from the waste
stream that can serve as precursors for synthesizing high-value chemicals. The second
part explores the hypothesis that functional groups in biobased monomers can enhance
polystyrene's thermal and mechanical properties. The selected monomers, derived
from renewable sources, are copolymerized with styrene in different mole fractions
and characterized to evaluate their thermal properties. The aim is to develop a
sustainable approach for improving the performance of polystyrene through
integrating biobased materials. The third part of the research focuses on screening
solvent-mediated depolymerization conditions for PMMA using an ionic liquid as the
solvent to enable circularity in plastic's lifecycle. Different fractions of PMMA in
ionic liquid samples are subjected to a range of temperature profiles. Through TGA,

the weight loss profiles provide valuable insights into the depolymerization behavior

xvii



of PMMA. Overarchingly, this thesis aims to contribute to waste management and
sustainable materials development by optimizing the deconstruction of mixed waste
streams, enhancing the performance of polystyrene through biobased monomers, and

screening the depolymerization conditions of PMMA using TGA.
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Chapter 1

INTRODUCTION

1.1 Background on Municipal Solid Waste

Innovation is a fundamental driving force behind societal progress, compelling
continuous improvement in all aspects of human existence. Throughout history, such
advancements have led to novel materials with exceptional properties. In the early
1900s, the synthesis of synthetic polymers, particularly plastics, emerged as a
significant breakthrough.* Primarily made from crude oil, the widespread application
of plastics has profoundly impacted society, resulting in remarkable growth and
technological advancements in various fields, including medicine and technology.?
Plastics offer outstanding physical, mechanical, and thermal characteristics while
being relatively cost-effective compared to alternative materials like metals and
glasses.>* Consequently, they have found widespread utilization across many sectors,
such as aviation, automotive manufacturing, construction, textiles, pharmaceuticals,
etc.58 The global production of plastics reached about 390.7 million metric tons in
2021, demonstrating an increase of ~ four percent over the previous year.®

The production of versatile materials and their extensive range of applications
has led to a significant increase in waste generation on an unprecedented scale.
Cumulative estimates show that primary and secondary (recycled) plastic waste has
reached 6300 million metric tons (Mt) globally.*® Despite the economic gains
witnessed in the past century, the improper management of these waste streams has

resulted in detrimental effects on the environment. About 79 wt.% of all plastics ever



produced are discarded, accumulating in landfills or the natural environment.® This
dire fate of plastic waste has raised concerns among governments and non-
governmental organizations, particularly considering the growing awareness of
climate change.!! 12 Recent studies have established a fundamental link between
marine plastic pollution and climate change, emphasizing the urgent need to address
this pressing issue.> 14 Consequently, society actively seeks sustainable alternatives
and innovative approaches to upcycle these waste streams. This thesis aims to
contribute to this endeavor by exploring the valorization of waste streams toward
high-value products.

Waste streams encompass a diverse range of materials that can be classified
based on their origin (domestic, industrial, commercial, construction, or institutional);
their contents (organic material, glass, metal, plastic paper, etc.); or according to their
hazard potential (toxic, non-toxin, flammable, radioactive, infectious, etc.).™
Municipal solid waste (MSW), in particular, represents a heterogeneous waste stream
originating from households, construction and demolition activities, commercial
establishments, and institutions. Commonly referred to as trash or garbage, MSW
comprises an array of materials such as product packaging, grass clippings, furniture,
clothing, bottles, food scraps, and newspapers, among others.®

The amount and composition of MSW are influenced by several factors,
including population size, consumption habits, income levels, and living standards,
among other factors.!’ In the United States, the total generation of MSW in 2018 was
292.4 million tons, ~23.7 million tons more than the amount generated in the previous

year.'® This substantial increase underscores the critical need to assess the current



waste management practices and evaluate their suitability for the economy and

environment in the foreseeable future.

1.2 Waste Management Methods

The management of MSW involves several complex stages, including
collection, transportation, waste treatment, and disposal.'” *® The approach to handling
MSW differs across communities and localities, primarily influenced by the quantity
and composition of waste within each area. However, in many developing regions,
implementing proper and safe waste management technologies still needs to be
improved, leading to open disposal practices.’ In the United States, MSW
management primarily relies on landfilling, incineration, composting, and recycling as
critical methods.® Each method carries distinct economic and environmental
implications for society, necessitating a delicate balance between the economy and the
environment. Identifying the optimal waste management approach demands a
financially sustainable, technically feasible, socially acceptable, and environmentally

friendly solution.8

1.2.1 Landfilling

Landfilling is the most common,® 1° and the most economical,?’ method of
MSW disposal. This approach involves excavating holes lined with adsorbent
materials to prevent waste leakage into the soil and groundwater. The excavated pits
are then filled with garbage, making landfilling popular because of its substantial
waste-handling capacity, relatively low investment requirements, and minimal
technical complexity.?! In the United States, food and plastics comprised the most

significant component of landfilled waste, at 24 wt.% and 18 wt.% respectively, in



2018.16 Conversely, in developing countries, landfilled MSW has a higher organic
content, ranging from 75 wt.% to ~ 97 wt.%.%

Despite its economic advantages and widespread utilization as the preferred
waste disposal method, landfilling can have long-term detrimental effects on soil
quality.?? The process leads to the formation and release of leachates, methane, and
CO2 gases, which can have severe consequences. Leachates are generated when
rainwater permeates through the waste layers within a landfill, extracting chemicals
and contaminants that subsequently contaminate the surrounding environment.?® The
presence of significant quantities of biodegradable materials in landfills can increase
the leaching of toxins, ultimately diminishing the soil's suitability for agriculture. Non-
methane organic compounds, including volatile organic compounds, have been
detected in landfills, posing a threat to the biodiversity of organisms inhabiting the

contaminated areas and disrupting the local ecosystems.?*

1.2.2 Incineration

Incineration serves as a thermal treatment method for MSW, involving the
combustion of waste streams in specialized incinerators operating at high
temperatures. This process primarily converts the waste into solid carbon residues and
gases, including smoke, tars, and CO,.2° Incineration offers several advantages,
particularly in areas where land availability for landfilling is limited. For instance, in
Singapore, a densely populated country with limited land resources, incineration has
become the predominant approach for MSW management, resulting in a significant
reduction in waste mass by ~ 90%.2528 Other developed countries have also made

substantial investments in infrastructure and resources to ensure proper and relatively



environmentally friendly incineration, minimizing the circulation of toxic substances
in the environment.?

However, in many sub-Saharan African countries, there is a pressing need for
improved incineration infrastructure, leading to the disposal of MSW through open
burning practices.? % Unfortunately, this method has detrimental environmental
consequences, as it releases toxic gases that saturate the atmosphere, contributing to
global warming and adverse effects.3! Beyond traditional incineration, the Waste-to-
Energy process has gained popularity since the 1970s.32 This approach harnesses the
heat generated during waste combustion to produce electricity, which can power
nearby facilities.® Thus, incineration plants can achieve self-sufficiency in energy
generation and utilization.®* However, concerns have been raised regarding
incineration's potential greenhouse gas emissions, prompting ongoing efforts to

improve incineration facilities and mitigate environmental impacts.?®

1.2.3 Composting, Anaerobic Digestion, and Biodegradation

Polymeric materials eventually degrade over time, although the degradation
rate varies. While some polymers degrade slowly over centuries, compostable and
biodegradable polymers follow specific degradation timelines under particular
environmental conditions, such as microorganisms, temperature, humidity, and
product distribution. The biodegradation process of polymers can be summarized into
three essential steps, as explained by Lucas et al.,*® biodeteriorations, bio-
fragmentation, and assimilation. Biodeterioration refers to the modification of
polymers' physical, chemical, and mechanical properties because of microbial growth
on or within the polymer surface. Bio-fragmentation involves the conversion of

polymers into smaller oligomers and monomers by microorganisms. Assimilation



entails the utilization of polymer fragments as a source of energy, carbon, and
nutrients, leading to the conversion of plastic carbon into CO», water, and biomass.
Importantly, biodegradation processes do not leave behind toxic residue biomass.

Besides biodegradable polymers, compostable products adhere to specific
quality criteria regarding the compost they produce, the required time for degradation,
and environmental conditions. For resins composed of a single polymer,
compostable products require a 60% conversion of carbon into CO> within 180 days,
while copolymers require a 90% conversion of carbon into CO2.3” All compostable
products are biodegradable, but not all biodegradable products are compostable.

Notable studies have identified specific microorganisms and enzymes that
contribute to plastic biodegradation. Yoshida revealed that the bacterium Ideonella
sakaiensis 201-56 could utilize poly(ethylene terephthalate) (PET) as an energy and
carbon source, producing enzymes that can hydrolyze PET and its intermediates.® The
highly efficient PET-hydrolytic enzyme PETase, used in the hydrolysis of PET, was
successfully secreted from B.subtilis 168, presenting a viable option for
biodegradation PET.% It was also shown that two dominant cyanobacterial species,
Phormidium lucidum and Oscillatoria subbrevis, could efficiently degrade recalcitrant
low-density polyethylene (LDPE) sheets.*

Computational tools have emerged as valuable resources for efficient polymer
degradation. These tools aid in developing search algorithms for enzymes involved in
plastic biodegradation, offering exciting opportunities for significant improvements in
degradation rates.** The comprehensive understanding of microbial degradation,

environmental influences, specific microorganisms, enzymes, and molecular weight



effects on plastic biodegradation paves the way for further investigation and the

development of innovative strategies to address plastic waste management challenges.

1.2.4 Mechanical Recycling

The mechanical recycling of plastic waste represents a powerful method for
reintroducing these waste streams back into the materials ecosystem. This process
involves the intensive and meticulous separation of plastic waste, which can be
collected separately from municipalities or mixed waste streams. After sorting,
cleaning, and separation, the plastic components are shredded, melted, and extruded
into pellets.*> However, a drawback of mechanical recycling is the reduction in
molecular weight of the polymers, leading to structural changes that result in material
degradation (loss of mechanical properties, including toughness and aesthetic
characteristics such as color).*® To address these limitations, fillers are often added to
enhance the properties of recycled materials. Mechanical recycling currently
represents the most widely applied method.**

Other targets of mechanical recycling can be categorized as "drop-in"
polymers or alternative options. Drop-ins refer to polymers that are bio-similar to
petroleum-based plastics and can be seamlessly integrated into the existing mechanical
recycling routes designed for their petroleum-based counterparts. Examples of drop-in
polymers include bio-polyethylene terephthalate (bio-PET), bio-polyethylene (bio-
PE), and bio-polypropylene (bio-PP).*> 46 The petroleum-based analogs, namely PET,
PE, and PP, respectively, have well-established mechanical recycling pathways,
allowing the integration of their biopolymer counterparts into the recycling process.**
47 Mechanical recycling plays a pivotal role in the reutilization of plastic waste,

despite the challenges posed by polymer degradation. Incorporating drop-in polymers



into established mechanical recycling routes offers promising opportunities for the

sustainable management of plastic waste streams.*®

1.2.5 Chemical Recycling

Chemical recycling represents a promising approach for breaking plastic
materials into oligomers, monomers, or other chemical building blocks.* In ideal
scenarios, monomer recovery via depolymerization allows for a closed-loop material,
where high-yielding processes are crucial to maximizing the chemical lifetime.
Chemical recycling offers a complementary solution to address the limitations of
mechanical recycling, such as property loss and material degradation.*® For
challenging-to-recycle materials like single-use packaging, which makes up about
42% of non-fiber plastic,'® chemical recycling presents a viable alternative.>® The
significant economic impact of landfilling single-use packaging materials, resulting in
an estimated annual loss of 95% (excluding external environmental costs) valued at
$80-120 billion, is an additional incentive for exploring chemical recycling methods.>*
However, despite its potential benefits, the adoption of chemical recycling remains
limited, as less than 1 wt.% of plastics are chemically recycled, and there need to be
more scaling-up efforts.>2

Chemical recycling can be broadly classified into two categories based on the
reagents used and the processes involved: thermochemical recycling and chemical
depolymerization. Thermochemical recycling primarily focuses on processing
polyolefins to produce value-added chemicals, fuel-type products, and light alkanes,>
although it can also apply to other polymers, including polyhydroxyalkanoates
(PHAS).>* This method can be carried out either in the presence of limited oxygen,

known as gasification, or in the absence of oxygen, referred to as pyrolysis or



thermal/catalytic cracking.® Conversely, chemical depolymerization to monomers is
applied explicitly to condensation polymers such as polycarbonates, polyesters, and
polyamides.** Depending on the specific chemical agents used, chemolysis can be
further categorized into hydrolysis, alcoholysis, glycolysis, and other variations. One
notable advantage of chemical depolymerization is its ability to produce monomers

that can be purified to a quality comparable to virgin-grade standards.>’->°
1.2.5.1 Thermochemical Methods

1.25.1.1 Pyrolysis

Pyrolysis is a thermochemical decomposition process that transforms MSW
and plastic compositions into valuable products at elevated temperatures.®® This
method involves subjecting the waste materials to high temperatures in the absence of
oxygen, leading to the breakdown of complex organic compounds.5!

During pyrolysis, the solid waste and plastic constituents undergo thermal
degradation, producing various byproducts. One of the critical products obtained
through pyrolysis is pyrolysis 0il.®2 This oil is composed of various organic
compounds, including carboxylic acids, ketones, aldehydes, furans, etc., derived from
the original waste materials.®® The high temperature in the pyrolysis process initiates a
series of chemical reactions, including depolymerization, cracking, and fragmentation
of the complex polymers in the waste and plastic components.®* These reactions
produce smaller molecular fragments, which can be processed further to get valuable
products.®®

Pyrolysis offers several advantages in waste management and resource

recovery.®® % It provides an alternative method for waste disposal, reducing the



volume of waste that would otherwise end up in landfills. The pyrolysis process
allows for the recovery of energy-rich products such as pyrolysis oil, which can be
used as a renewable energy source or as a feedstock for the production of chemicals

and fuels.%’

1.2.5.1.2 Gasification

In the gasification process, plastic waste is subjected to high temperatures
ranging from 500 to 1300 °C in the presence of gasifying agents, such as steam and
air, producing synthetic gas comprising CO and H».%® The synthetic gas obtained can
serve as a versatile feedstock for synthesizing other valuable products and as a fuel
source for electricity generation.®®

Gasification offers several advantages, making it an attractive approach for
treating heterogeneous and contaminated polymers.” Unlike other thermal conversion
processes, such as pyrolysis, gasification effectively converts a wide range of plastic
waste compositions.’® It can accommodate materials with varying levels of impurities.
By employing appropriate gasification conditions, it is possible to maximize the yield
and quality of the synthetic gas produced, enhancing the overall efficiency and
sustainability of the process.”

To optimize gasification conditions and investigate the influence of different
plastic waste compositions, Sabea et al.”® conducted a comprehensive study on the
steam gasification of pure PE, pure PP, and a mixture of PE/PP with varying mass
ratios. Using AspenPlus™ software, they performed simulations to identify favorable
reaction conditions for achieving optimum syngas production. The simulation results
revealed that pure PE, characterized by higher hydrogen and carbon content, produced

more syngas.” In contrast, pure polypropylene exhibited the lowest yield, with
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varying PE/PP ratios yielding intermediate results.” The study determined that the
optimal gasification conditions for maximum syngas production, including a syngas
flow rate of 21 kmol/h and an H2/CO ratio of 2.1 for pure PE and 20.3 kmol/h and 2
for pure PP, were achieved at a temperature of 900 °C and a steam-to-feed percentage
(SIF) of 1.5.7

The findings of Sabea et al.”® highlight the potential of steam gasification as an
effective method for converting plastic waste into valuable synthetic gas. By gaining
insights into the influence of different plastic compositions and optimizing gasification
conditions, the efficiency and effectiveness of the gasification process can be
significantly enhanced. This research contributes to the growing knowledge of plastic
waste valorization through gasification and paves the way for developing sustainable
waste management strategies. Researchers, including Block et al.,” have investigated
the co-pyrogasification of plastic waste with biomass to optimize the gasification
process and improve the quality and composition of the produced syngas. This
synergistic approach shows promise in enhancing the characteristics of the syngas,
making it more valuable for downstream applications.”

Despite the potential advantages, concerns have been raised regarding
gasification's economic and environmental viability. A report by the Global Alliance
for Incinerator Initiative has highlighted technological, financial, regulatory, and
environmental risks associated with gasification, leading to the closure of some
gasification operations.”™ ’® As a result, careful consideration of economic and
environmental factors is necessary to ensure the effectiveness of gasification as a

viable waste management strategy.
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1.2.5.1.3 Catalytic Cracking

The tandem catalytic cross-alkane metathesis process is a unique thermo-
catalytic method. Jia et al.”” demonstrated that this method uses specific catalysts and
processing conditions to achieve the selective degradation of polyethylene to low
molecular weight oils and waxes at 175 °C within 24 h.”’ Different catalysts and
processing conditions also have been used in the chemical recycling of polymers.

Hydrogenolysis has emerged as an alternative method for plastic waste
conversion, addressing the limitations of product selectivity and reaction time
observed in pyrolysis. Rorrer et al.”® employed a hydrogenating catalyst, ruthenium on
carbon (Ru/C), to cleave the C-C bonds in polyolefins under mild conditions, yielding
liquid alkanes. Tandem catalysis, involving multiple catalysts, has also been
investigated by Fan et al.”® and other researchers® for the efficient depolymerization
of polyolefins. These deconstruction methods offer the opportunity to transform drop-
in polyolefins into viable feedstock, enabling their bulk chemical recycling.

Besides conventional polymers, there has been significant progress in the
chemical recycling of biobased polymers, such as PHAs. Ariffin et al.2! demonstrated
controlled pyrolysis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) using alkali
earth compound catalysts, resulting in its complete and selective depolymerization into
crotonic acid and 2-pentanoic acid. The obtained crotonic acid was further
copolymerized, yielding a hydrophilic, amorphous copolymer with potential
applications in waste-water treatment and agriculture.8!8 This example highlights the
diverse range of products that can be obtained through chemical recycling, expanding

the possibilities for their utilization in various sectors.

12



1.2.5.2 Chemical Recycling to Monomers (Chemolysis)

Chemical recycling plays a crucial role in forming monomers, providing a
promising avenue for achieving a circular polymer economy.® Careful considerations
of thermodynamics and Kinetics are essential to ensure the feasibility of chemical
recycling processes that yield ideal monomer recovery. Coates and Getzler®
extensively explored the concept of chemical recycling to monomer (CRM) in their
review, emphasizing the significance of energetics, specifically thermodynamics, and
kinetics. The authors showed that a successful CRM system hinges on balancing the
energetics of polymerization and depolymerization. In each exergonic

polymerization/depolymerization system, a critical temperature, T,, commonly called

the ceiling temperature, emerges as a function of enthalpy (H,,) and the entropic
penalty (S,). The relationship (AH,)/(AS,) dictates polymerization's thermodynamic
favorability below T,. Depolymerization becomes more favorable above T,. Therefore,
an ideal CRM system should exhibit exergonic polymerization at temperatures below
T,, ensuring optimal conversion, molecular weight, and selectivity. Similarly,
depolymerization should possess these desirable attributes at elevated temperatures.
However, it is essential to acknowledge that achieving the ideal conditions for
monomer formation through chemical recycling is not always straightforward.®
Various factors can influence the outcomes, and not all systems yield the desired
monomer formation. The following sections explore some selected examples that
exemplify the challenges and successes associated with monomer formation in

chemical recycling processes.
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1.2.5.2.1 Hydrolysis

Hydrolysis is a viable chemical recycling route employed to recover monomers
from polyesters.%® & In this process, functional groups within the polymer react with
water, resulting in a reverse polymerization process. The hydrolysis of polyesters
yields diacids and glycols as the primary products.®> 8 This reaction can occur in
various mediums, including acidic, alkaline, or neutral conditions.®” The choice of
medium depends on the specific polyester and desired reaction parameters.2® Acidic
hydrolysis, alkaline hydrolysis, and neutral hydrolysis have all been explored as
practical approaches for depolymerizing polyesters and the subsequent formation of

diacid and glycol monomers.88: &

1.2.5.2.2 Alcoholysis

Alcoholysis is another effective chemical recycling route to recover monomers
from various polymers. By employing methanol or ethanol as reactants, the ester
linkages in the polymer backbone can be cleaved, producing ethylene glycol and
dialkyl terephthalate for PET.*® Alcoholysis can also apply to polymers such as
polylactic acid (PLA) and polyhydroxybutyrate.®* Methanolysis of PLA specifically
leads to the formation of methyl lactate, which serves as a valuable green solvent.®
This process offers a promising approach for depolymerizing these polymers and

recovering monomers with potential applications in various industries.

1.2.5.2.3 Glycolysis

Glycolysis is a well-established chemical recycling route used to recover
monomers from polyesters.®? In this process, polyesters undergo degradation through
the reaction with glycols in the presence of trans-esterification catalysts, such as metal

acetates. Glycolysis enables the cleavage of ester linkages in the polymer structure,
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forming glycol units and corresponding monomers. This straightforward reaction
offers an effective means to break down polyesters and facilitate the recovery of
valuable monomeric components. Using appropriate catalysts enhances the efficiency
and selectivity of the glycolysis process, making it a promising method for the

chemical recycling of polyesters.

1.3 Lignocellulosic Biomass Content in MSW

Despite the advantages and disadvantages of the methods listed in the previous
section, the effective separation of materials before their valorization remains a
significant challenge. The successful implementation of chemical recycling relies
heavily on efficiently separating different polymers and contaminants from the waste
stream.®® Effective separation processes are essential to ensure the purity of recovered
monomers and facilitate their subsequent utilization in producing new materials.
Addressing the separation issue is crucial for enhancing the overall efficiency and
feasibility of chemical recycling as a sustainable approach to plastic waste
management.

To address these issues, there is significant interest in developing more
sustainable and environmentally friendly options that complement the current methods
of handling mixed waste.* Pyrolysis and gasification are existing methods for
handling mixed streams. However, these processes involve high temperatures and
energy requirements, and the breakdown products of the materials serve best as fuels
and lubricants. To be economically viable, the fuels derived from waste streams must
be comparable to those obtained from crude oil. Nevertheless, burning these fuels
again and releasing them into the environment can contribute to adverse

environmental effects.
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A different chemical recycling method with a renewed application is the
chemical recycling to high-value small molecules, such as monomers, phenolic
compounds, and cyclohexanols. This method has been applied to significant individual
fractions of MSW.** As shown in Figure 1.1, over 84 wt.% of the composition of
MSW can be divided into two broad categories, lignocellulosic biomass (LCB) and
synthetic polymers. An examination is conducted on these two streams, with an
explicit focus on adapting chemical recycling routes for these separate streams to
transform the mixed waste stream into high-value small molecules that can be more

easily separated.
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Figure 1.1:
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Percentage composition of 292.4 million tons of MSW (in wt.%)
collected in the US in 2018, showing that about 84 wt.% of the MSW is
synthetic polymers or lignocellulose.*®

1.3.1 Lignocellulosic Biomass

Biomass refers to organic matter derived from plants and animals. The most

abundant form of biomass is lignocellulosic biomass, with 181.5 billion tons generated

annually.® Thus, it is the most promising feedstock among various types of biomass

since it is non-edible, abundant, low-cost, and readily available.®®
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The composition of LCB primarily consists of lignin (10-25%), cellulose (40-
60%), and hemicellulose (20-40%), with minor components such as extractives in the
cell wall.®” Notably, the composition of lignin, cellulose, and hemicellulose can vary
depending on the feedstock, season, and processing conditions.%® LCB offers the
opportunity to produce a wide range of oxygen-containing compounds because of the
abundance of functional groups such as hydroxyl, ethers, and esters.% % However,
LCB as a fuel often requires deoxygenation because of its high oxygen content.%

Some sources of LCB include agricultural residue,?® woody biomass
(hardwood and softwood), " 192 and herbaceous feedstock.%® These sources are also

found in MSW, as depicted statistically in Figure 1.2 and illustrated in Figure 1.3.

Lignin
16.6%

’/ Hemicellulose
Cellulose N 20.5%
62.8%

Figure 1.2: Lignocellulose composition of MSW (in wt.%), averaged for different
types of paper and cardboard, wood, non-wood, and natural fibers
resins.%

1.3.1.1 Cellulose

Cellulose is the major component of LCB. It is a polymer of R-D-

glucopyranose moieties linked via B-(1,4) glycosidic bonds with polymorphs.1® Its
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structure comprises extensive intramolecular and intermolecular hydrogen bonding
networks tightly binding glucose units.1%® These inter-chain hydrogen bonds can also

introduce order (crystalline) or disorder (amorphous) into the structure of cellulose.%’

1.3.1.2 Hemicellulose

Hemicellulose is the second most abundant polymer and differs from LCB
because of its chemical heterogeneity.'® Hemicellulose are branched polymers of
pentoses (xylose, arabinose), hexoses (mannose, glucose, galactose), and acetylated
sugars.'% They are also the most thermo-chemically sensitive component of
lignocellulose'® and thus require careful optimization of severity parameters
(temperature, pressure, residence time, pretreatment methods, catalysts, and solvent

choice) to avoid degradation in biomass valorization.%®

1.3.1.3 Lignin

Lignin is one of the most abundant polymers in nature and is present in the
cellular wall of plants. It comprises three different phenylpropane units (p-coumaryl,
coniferyl, and sinapyl alcohol) held together by various linkages.'® It gives the plant
structural support and resistance against microbial attacks, thus contributing to
biomass recalcitrance.'% 1% The building blocks in lignin differ based on the number
of methoxy groups on the phenolic nucleus, abbreviated as H (p-hydroxyphenyl), G
(guaiacyl), and S (syringyl). The distributions in lignin vary across plant species;
softwood lignin only contains G units, hardwood lignin is composed of both G and S
units, while lignin from herbaceous biomass contains all three units.'® The chemical

composition of different lignocellulosic biomass is shown in Table 1.1.
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Table 1.1:  Types of LCB and their chemical composition.1%
Lignocellulosic Biomass Cellulose Hemicellulose | Lignin
(%) (%) (%)
Hardwood Poplar 50.8 -53.3 26.2-28.7 15.5-16.3
Oak 40.4 35.9 24.1
Softwood Pine 42.0-50.0 24.0-27.0 20.0
Douglas fir 44.0 11.0 27.0
Agricultural Wheat straw 35.0-39.0 23.0-30.0 12.0-16.0
waste
Barley Straw 36.0-43.0 24.0-33.0 6.3-9.8
Grasses Switchgrass 35.0-40.0 25.0-30.0 15.0-20.0
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Figure 1.3  Three main components of LCB: cellulose, hemicellulose, and lignin.
The primary components of lignin are guaiacyl, syringyl, and p-
hydroxyphenyl units. The major constituents of hemicellulose are
pentoses and hexoses. The monomeric units of cellulose are glucose.!*
Middle image adapted from the US Department of Energy Genomic
Science Program (http://genomics.energy.gov).

1.3.1.4 Valorization of LCB

As previously mentioned, the utilization of LCB has been hindered by various
factors. One major challenge is the recalcitrance of biomass, which refers to its
resistance to degradation.*” 1! Significant investment is required to explore and
exploit the potential of this sustainable resource. Overcoming these challenges has
been a focal point of research, leading to the development of several methods, such as

process-intensified reactive distillation-reductive catalytic fractionation (RD-RCF).?
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These methods aim to convert LCB into phenolic components, which can be
transformed further into high-value chemicals or biobased polymers.1t% 113

Synthesizing biobased polymers from lignin allows valorizing lignin as waste
streams and provides an alternative approach for producing polymers from sustainable
bio-based sources. Consequently, biobased polymers have garnered renewed interest
because of their sustainable origin and the unique properties derived from the
functional groups present in their molecular structure.!** However, before valorization,
pre-processing and treatment steps are necessary. These steps involve washing out
extractives and characterizing the lignin sample using various procedures to determine
its composition. Once successful pre-treatment has been achieved, chemicals and

monomers can be synthesized from LCB.

1.3.1.4.1 Chemicals from LCB

LCB holds significant potential for valorization through various approaches
and chemical processes. Different components of LCB can be upgraded depending on
the chosen route. Traditionally, valorization methods have primarily focused on
cellulose and hemicellulose, while lignin needs to be addressed because of its
recalcitrant nature. These methods have enabled the production of valuable chemicals
such as sugars, fuels, and alkanes.®’

However, the lignin fraction, which remains unutilized mainly in these
methods, comprises a complex network of ether linkages (e.g., B-O-4 or a-O-4 bonds)
alongside C-C bonds, with the latter showing enhanced resistance to cleavage, making
them more challenging to break. Lignin has often been relegated to low-value
applications or used as a stabilizer for coal tar.1*41%6 As research has progressed, novel

approaches known as lignin-first methods have emerged. These methods aim to
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capitalize on chemistries that valorize lignin without inhibiting or destroying the other
components of holocellulose (i.e., hemicellulose and cellulose).%: 109 112

The chemical transformation of lignin offers an opportunity to exploit its
unique functional groups, producing various products such as cosmetics, vanillin,
flavors, and other ingredients with immense potential and wide-ranging
applications.1% These lignin-derived chemicals hold promise in various industries,

opening new avenues for value creation and utilization of LCB.’

1.3.1.4.2 Polymers from LCB

Biobased polymers are a class derived from biobased sources, encompassing
various materials, including plants, agricultural resources, and food byproducts. It is
important to note that the term "biobased™ does not inherently imply
biodegradability*'® but signifies its origin from renewable resources, contributing to
reduced waste and increased sustainability.

One category of biobased polymers originates from holocellulose, a mixture of
cellulose and hemicellulose found in plant biomass. PHA is a well-known biobased
polymer characterized by its biodegradability.'?® PHA is produced through bacterial
fermentation of waste streams.®* Another prominent biobased polymer is PLA, derived
from starch or sugarcane. PLA finds applications in diverse fields, including
packaging, textiles, and biomedical devices.®

Lignin, another biomass component, offers opportunities for synthesizing
biobased polymers.'t 112 By functionalizing the phenolic groups in lignin, biobased
monomers can be synthesized using acrylates or methacrylates.'?* These monomers
serve as precursors for thermoset and thermoplastic polymers. Examples of such

biobased monomers include ethers and esters of bisphenol A analogs like diglycidyl
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ether of bisguaiacols,'!® and biobased methacrylates.!'” 121122 These lignin-derived
biobased polymers show potential for various applications.!?

Products from the reductive-catalytic deconstruction of LCB have been
precursors for pressure-sensitive adhesives,'? stereolithography (3D-printing)
resins,?* and pharmaceuticals.'?® Thus, the LCB waste stream can be valorized to
provide high-value products. As we adapt to using biobased polymers, it is crucial to
look at ways to recover monomers at the end of the life of these polymers. As noted at
the beginning of this section, bio-based sources of polymers do not equate to

biodegradability at their end of life.

1.4 Problem Statement
This thesis investigates and addresses several scientific problems related to

waste management and biobased polymer application. Specifically, the study seeks to
address the following issues: (1) the lack of scalable application of chemical recycling
for the deconstruction of MSW because of the high energy and resource requirements
for separation; (2) the need for a simultaneous deconstruction of mixed waste streams
into high-value small molecules, (3) the challenge of improving the mechanical and
thermal properties of polystyrene without reducing its glass transition and stiffness;
and (4) the need for depolymerization methods that promote circularity by depressing

the ceiling temperature and forming monomers from poly(methacrylates) (PMMA).

1.5 Significance of Research
The significance of this research lies in its potential to address environmental

challenges toward achieving circularity and sustainability in waste management.
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The valorization of MSW through producing renewable energy and chemicals
is essential for reducing the environmental impact of waste disposal in landfills and
incineration. Biobased materials like poly(vinylsyringol) (PVS) can offer an
environmentally friendly alternative to conventional plastics derived from non-
renewable fossil fuels. By combining these two approaches, this research could create
a new value chain for waste materials and contribute to developing a circular
economy.

Applying methods of synthesizing PVS from lignin-rich waste materials, such
as agricultural residues and forestry waste, can reduce reliance on petroleum-based
materials and mitigate their environmental impact. Investigating the potential of
incorporating PVS into polystyrene to enhance its thermal stability and mechanical
properties (toughness and strain at break) is promising.

This research aims to contribute to developing a more sustainable and circular
economy by valorizing waste materials and utilizing biobased materials to replace
conventional plastics. By doing so, this research can contribute to the global effort to
mitigate the environmental impact of waste disposal and plastic production and

promote the transition toward a more sustainable and resilient society.

1.6 Thesis Overview

The thesis begins with a review of the current state-of-the-art in waste
valorization technologies and biobased materials. Chapter 2 focuses on the
simultaneous deconstruction of MSW into high-value products. In Chapter 3, the
synthesis and characterization of PVS are studied, and its ability to enhance
polystyrene's thermal and mechanical properties is explored. Chapter 4 describes the

initial attempts towards reducing the ceiling temperature of PMMA using ionic
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liquids. Chapter 5 concludes the thesis and recommends the subsequent work toward

achieving circularity.
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Chapter 2
MUNICIPAL SOLID WASTE DECONSTRUCTION

2.1 Background and Introduction

The successful implementation of chemical recycling for mixed waste streams
poses a significant challenge because of the intricate nature of the separation process.?
Various techniques have been developed to extract value from the two predominant
constituents of mixed waste streams, namely lignocellulosic biomass (LCB) and
plastics.l 2 This chapter aims to investigate the shared characteristics of specific
catalytic methodologies employed in deconstructing these two waste streams. By
capitalizing on the similarities in reaction conditions, this work explores the feasibility
of simultaneously breaking down LCB and plastics, the main components of
municipal solid waste (MSW). The methodologies of interest are reductive catalytic

fractionation (RCF) of LCB and hydrogenolysis of plastics.

2.1.1 RCFofLCB

RCF has emerged as a promising approach for valorizing raw biomass within a
biorefinery context, focusing specifically on a lignin-first strategy.>® In a typical RCF
process, lignin is simultaneously separated from the cellulosic components and
subjected to controlled deconstruction under moderate temperatures, typically around
250 °C.% Using catalysts serves a crucial purpose by stabilizing reactive intermediates,
thereby impeding undesired recombination or condensation reactions that lead to the

formation of recalcitrant carbon-carbon (C-C) linkages.”*° The ability of the catalyst
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to stabilize reactive species during RCF is instrumental in preventing the undesirable
agglomeration of intermediate products.' > Moreover, the RCF process enables the
preservation and subsequent valorization of the remaining cellulosic pulp. This intact
cellulosic fraction can be further upgraded and transformed into a diverse range of
value-added chemicals and polymers. The capability to selectively upgrade the entire
biomass feedstock maximizes the utilization of available resources, and it improves
the economic viability of biomass valorization by facilitating the production of a
broader range of high-value products.!

By adopting a lignin-first approach, RCF optimizes the fractionation of
biomass and minimizes the formation of recalcitrant linkages, thereby enhancing the
overall efficiency and sustainability of the process. This strategic focus on lignin
extraction and concurrent conversion aligns with the principles of green chemistry.!*
141t contributes to producing bio-based chemicals and materials derived from
renewable feedstocks.

Reductive conditions have been extensively employed in deconstruction
processes targeting isolated lignin to efficiently break down the complex lignin
structure.® It is important to note a distinction in terminology: "RCF" refers to treating
whole biomass, wherein lignin is upgraded, while cellulose and hemicellulose are
fractionated. Conversely, "reductive catalytic deconstruction™ refers to the
deconstruction of isolated technical lignin.? In conjunction with the catalyst, molecular
hydrogen or a hydrogen-donor compound is crucial in these processes.? Reductive
processing primarily concentrates on the selective cleavage of inter-unit ether bonds,
targeting the B-O-4 and a-O-4 linkages and removing hydroxyl (OH) groups in the

side chains of lignin molecules.™ The strategic targeting of these inter-unit ether bonds
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and hydroxyl groups is attributed to their substantial abundance within lignin
structures.’* By breaking these bonds and eliminating the hydroxyl groups, the overall
objective is to facilitate the generation of valuable chemical fragments that can be
harnessed to produce renewable chemicals and materials.!3 16

Various pathways and mechanisms have been proposed to elucidate the
reactions involved in reductive deconstruction of LCB.-?° The overall outcome of
these reactions remains consistent across different proposed mechanisms.? The main
results include: (i) Hydrogenolysis of ether bonds: Under reductive conditions, the
inter-unit ether bonds are cleaved, forming smaller fragments. This cleavage reaction
is vital for the controlled depolymerization of lignin. (ii) Removal of benzylic OH
groups (OH,): Benzylic hydroxyl groups, susceptible to reductive processes, are
eliminated during depolymerization. This removal contributes to the generation of
fragmented lignin structures. (iii) Possible removal of OH groups (OH,): Apart from
benzylic OH groups, other hydroxyl groups attached to side chains may also be
removed, further contributing to depolymerization.

These primary reactions lead to the formation of substituted methoxy phenols
and small oligomeric fragments.? The specific compounds formed depend on the
structural characteristics of the original lignin and the conditions employed during
depolymerization. Furthermore, secondary reactions involving additional
hydrogenation or hydrogenolysis can occur depending on the processing conditions
and catalyst used.? These secondary reactions may result in the production of
cyclohexanols or cycloalkanes as byproducts. Figure 2.1 shows an overview of the

RCF process.
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Figure 2.1: Overview of RCF of biomass, using methanol as solvent, 40-bar external
H>, and 5 wt.% ruthenium on carbon (Ru/C) catalyst.

One notable advantage of reductive catalytic approaches is their ability to
suppress the condensation of reactive functional groups prone to such reactions as
alkenyl and carbonyl groups.?!:?2 Consequently, reductive conditions can effectively
prevent re-polymerization to a certain extent, distinguishing them from alkaline or
acidic environments commonly used in other lignin depolymerization methods.
However, most reductive processes cannot cleave the lignin structure's C-C linkages.??
Thus, the degree of deconstruction achievable is typically linked to the relative
abundance of cleavable inter-unit ether bonds present in the lignin polymer before
processing.?* The theoretical maximum monomer yield scales with carbon-oxygen (C-
0) linkages squared.'® The higher the number of cleavable ether bonds, the greater the

extent of depolymerization that can be achieved.

2.1.2 Hydrogenolysis of Plastic Waste

Hydrogenolysis involves the cleavage of chemical bonds in plastic polymers
by introducing H> under suitable reaction conditions, producing lower molecular
weight compounds.?> 26 One of the critical advantages of hydrogenolysis is its

potential to convert plastic waste into valuable chemical building blocks or monomers
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that can be utilized in the synthesis of new plastics or other chemicals.?® 2’ By
selectively breaking down the polymer chains, hydrogenolysis offers the possibility of
recovering high-value products from plastic waste, thus contributing to the circular
economy and reducing reliance on fossil fuel-derived feedstocks.?°

The success of hydrogenolysis largely depends on the choice of catalysts and
reaction parameters.?® 2 Transition metal catalysts, such as ruthenium, palladium,
platinum, cobalt, and nickel, have been widely explored for their hydrogenation and
hydrogenolysis capabilities.?> 2630 These catalysts facilitate the activation of hydrogen
molecules and promote the cleavage of C-C and C-O bonds in plastics. Reaction
conditions, including temperature, pressure, and hydrogen flow rate, must be carefully
controlled to achieve desired conversion rates and selectivity.3! 32

Additionally, the composition and structure of the plastic waste play a crucial
role in the hydrogenolysis process.®* 3 Different types of plastics, such as
polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyethylene
terephthalate (PET), exhibit distinct reactivity and response to hydrogenolysis
conditions. Tailoring the process parameters to specific plastic types can enhance the
efficiency and selectivity of the hydrogenolysis reactions.®® Figure 2.2 shows an

overview of plastic composition in MSW.
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Figure 2.2: Breakdown of plastic components in wt.% (low-density polyethylene
(LDPE), linear low-density polyethylene (LLDPE), polypropylene (PP),
high-density polyethylene (HDPE), poly(ethylene terephthalate) (PET),
polystyrene (PS), poly(vinyl chloride) (PVC), poly(lactic acid) (PLA),
and other resins found in MSW. (Data used to make the plot is from a
Statista webpage.>®)

Hydrogenolysis of plastic waste also presents some challenges. The presence
of contaminants, such as additives, dyes, and other impurities in the plastic matrix, can
impact the catalyst performance and the quality of the resulting products.3*° The
development of effective pre-treatment methods to remove or minimize these
contaminants is crucial for achieving high-quality and economically viable
hydrogenolysis processes.*® Furthermore, the scale-up of hydrogenolysis technologies
and the integration of the process into existing waste management infrastructure

require careful consideration.*" 42 Cost-effectiveness, energy efficiency, and
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environmental impact assessments are essential to ensure the viability and
sustainability of large-scale hydrogenolysis operations. Figure 2.3 shows an overview

of the hydrogenolysis of polyolefins.
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Figure 2.3: Overview of hydrogenolysis of polyolefins, 30-bar external Hz, and 5
wt.% Ru/C catalyst.

2.1.3 Motivation

The study aimed to capitalize on the shared characteristics of reaction
conditions, including Ha pressure (20 — 40 bar), temperature (200 — 300 °C), reaction
time, and catalysts (e.g., ruthenium on carbon (Ru/C)) between RCF of LCB and the
hydrogenolysis of plastics. It is essential to note that a key distinction lies in the
presence of low-boiling point solvents, such as methanol, which are employed in the
valorization of LCB. Building upon the similarities in RCF conditions, with the
primary variation from RCF of LCB being the feedstock, the overall process is
referred to as "RCF of MSW." This encompassed the comprehensive deconstruction
process, considering relevant chemistries like hydrogenolysis and solvolysis.

This integrated methodology facilitates the investigation of the transformation
of diverse constituents present in MSWs, encompassing LCB and plastics. It takes into
consideration the divergent solvent requirements and specific reaction pathways

involved. This approach aims to establish an effective and environmentally friendly
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process for concurrently converting multiple fractions within MSW into valuable

products, including phenolic compounds and alkanes.
2.2 Materials and Methodology for MSW Deconstruction

2.2.1 Materials

Poplar wood and MSW sample were obtained from Idaho National Laboratory
and used as received. LDPE stripped of antioxidants following the procedure
described by Hinton et al.*® was used. Methanol (ACS grade), isopropanol (ACS
grade), dichloromethane (ACS grade), cyclohexane (ACS grade), and 5 wt.% Ru/C
(powder, reduced) were purchased from Fisher Scientific and used as received. N2 and
H> gases (>99.988%) were purchased from Keen Compressed Gas and used as

received.

2.2.2 Procedure for RCF of MSW

RCF in methanol was conducted by established methodologies.® “* A 50-mL
Parr reactor was employed, wherein MSW (500 mg), methanol (10 mL), and Ru/C
catalyst (50 mg) were carefully loaded. The volume of solvent that is safely used
depends on the thermal expansion of the solvent, and reaction temperature, as it
determines sufficient headspace. Subsequently, the reactor was tightly sealed and
subjected to three N2 purges to remove residual air. The system was pressurized to 40
bar with Hz and heated to 250 °C to initiate the deconstruction. The reaction was
allowed for 20 h before cooling the reactor to ambient temperature by placing it in an
ice bath.

Upon reaching ambient temperature (~20 °C), the reactor was opened to the

atmosphere, and the reaction mixture was subjected to filtration to eliminate insoluble
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residues and the catalyst powder. The filtered solids were thoroughly rinsed with
methanol to recover residual products, while the alcoholic wash solution was
combined with the filtrate. Rotary evaporation was employed to remove methanol,
forming a dark, viscous oil. This oil was then extracted twice with cyclohexane to
yield a purer bio-oil with volatile compounds. This procedure was repeated with
solvent choice, reaction time, and temperature variations.

To account for the diverse composition of MSW resulting from various factors
outlined in Chapter 1, a model system consisting of LCB (poplar wood) and plastic
(stripped LDPE) was utilized. This model system possessed a known composition to
ensure consistency in the experimental setup. The objective was to investigate the
effects of synergistic interactions on the mixed waste stream, focusing on assessing the
enhancements in product yields and variety of product composition. The model system
was deconstructed following similar procedures described above. Figure 2.4 shows the
Parr reactor setup used for the deconstruction, while Figure 2.5 shows the product of
deconstruction. All deconstruction experiments were run once, and as such, error bars

are not included in the figures in the results section.
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Figure 2.4: Parr reactor setup for MSW deconstruction. The system is grounded by
connecting the grounding brass clip to it. Major components are labeled.
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Figure 2.5: Product after deconstruction. The picture on the left is the deconstructed
product directly from the Parr reactor, while the figure on the right is the
product after vacuum filtration using Grade 4 Whatman filter paper.

2.3 Characterization Techniques

Gas chromatography-mass spectrometry (GC-MS) was the primary
characterization technique to analyze deconstruction products. This powerful method
enabled the identification of products resulting from the deconstruction protocol. The
flame ionization detector (FID) was helpful in accurately quantifying the yields of the
deconstruction reaction. Mass spectrometry (MS) also provided semi-quantitative

data, yielding sufficiently close values to FID data for practical use.®

231 GC-MS

GC-MS is a highly effective analytical technique that combines the principles
of gas chromatography (GC) and mass spectrometry (MS) to enable precise
separation, detection, and identification of compounds within complex mixtures.*
This method finds extensive application in various fields, such as environmental

analysis, food chemistry, flavor profiling, and pharmaceutical research.*
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The GC system consists of several vital components. Firstly, there is an
injection port where the sample, in either gaseous or liquid form, is introduced. The
injection port is maintained at elevated temperatures, typically around 250-300 °C, to
ensure rapid vaporization of the entire sample.*® However, lower injection
temperatures can prevent degradation for delicate or sensitive samples. An inert gas,
typically helium, is continuously supplied and flows through the system at a constant
rate.*® This inert gas aids in transporting the vaporized components from the injection
port to the chromatographic column.*

The chromatographic column in a temperature-controlled oven is packed with
a stationary phase, such as a polymer or silica gel. The stationary phase selectively
interacts with the individual components of the sample based on their unique chemical
properties.*® The column temperature is set to begin at a temperature slightly lower
than the solvent’s boiling point and gradually increase to a temperature above the
boiling point of the analytes. This temperature gradient separates the sample into
components traveling through the column. Compounds with stronger interactions with
the stationary phase take longer to elute from the column, separating them.*®

In the subsequent step, the separated components exit the GC column and enter
the mass spectrometer for detection and identification.*® Upon exiting the column,
each component is subjected to ionization by an electron beam or another ionization
source.*” This ionization process results in the formation of charged particles (ions).
The ions are then accelerated and directed into the mass spectrometer. Inside the mass
spectrometer, the ions are separated based on their mass-to-charge ratio (m/z) using
magnetic or electric fields. This separation enables the generation of a mass spectrum,

a plot depicting the relative abundance of ions as a function of their mass-to-charge
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ratio.*” The mass spectrum provides valuable information regarding the chemical
structure of the individual components, enabling their identification. By comparing the
obtained mass spectrum with reference spectra in databases, scientists can determine
the identity of the compounds in the sample.

The work in this thesis employed a Shimadzu QP2020 NX GC system, which
was equipped with both an MS detector and an FID for product analysis (identification
and semi-quantitative quantification). The chromatograms shown in the following
pages exclusively display the outcomes and spectra obtained through GC-MS analysis.

For the model system, the yields were calculated as shown below:

GCMS Area of bioil (%)*Weight of final product (mg)
Weight of poplar wood in starting material (mg)

Bio — oil yield (wt.%) =

(2.1)

GCMS Area of alkanes (%)*Weight of final product (mg)
Weight of LDPE in starting material (mg)

Alkane yield (wt. %) =

2.2)

The yields reported for MSW deconstructed were calculated using the formula
below:

Amount of final bio—oil

Phenolic yield (wt.%) =

X (GCMS Area of Phenolics)
(2.3)

Amount of starting MSW

Amount of final bio—oil

Alkane yield (wt.%) =

Amount of starting MW X (GCMS Area of Alkanes) (2.4)

The reported yields for MSW deconstruction were not normalized by lignin or
plastic content. This approach was taken due to the heterogeneity of the waste streams.
Consequently, the yields were expressed relative to the MSW content, as it is a

suitable reference for conducting general comparisons.
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2.4 Results and Discussion

The results section investigates the impact of different experimental
parameters, such as solvent selection, reaction temperature, and reaction duration, on
the yields and distribution of products obtained from the deconstruction of MSW. The
raw data and GC-MS chromatogram processing for the results are detailed in

Appendix A.

2.4.1 Model MSW Deconstruction

The deconstruction of the model system resulted in biomass yields similar to
those reported in the literature, ~ 10 wt.%.* A mixture of products was observed
during the deconstruction of the biomass sample (poplar wood), including phenolics
such as 4-propyl guaiacol and cyclohexanol derivatives, notably 4-propyl
cyclohexanol. This observation suggests the successful deconstruction of the biomass
sample. The deconstruction of LDPE in isopropanol resulted in the formation of
alkanes with carbon numbers ranging from Cio-Czs. It should be noted that polyolefins
are ideally deconstructed in a molten state*® with deconstruction products, liquid
alkanes reported with yields > 90 wt.%.** However, when conducted at the reaction
temperatures (275 °C) in the presence of isopropanol (used in biomass
deconstruction), the formation of alkanes, albeit with lower yields (~7 wt.%), is
observed.

The presence of phenolics was no longer detected in the product of the mixed
stream deconstruction. At the same time, higher yields of cyclohexanols (~13 wt.%)
were observed compared to the combined phenolic and cyclohexanol content in the
biomass sample (~10 wt.%). These findings are presented in Figure 2.6. It is

hypothesized that the presence of mixed streams during deconstruction promotes the
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hydrogenation of aromatic rings.*® Consequently, the mixed stream facilitates the
hydrogenation of biomass under the same reaction conditions, leading to the formation
of cyclohexanol.*® This reaction scheme is shown in Figure 2.7. Overall, the results
from the deconstruction process support the successful conversion of the model MSW
system to high-value chemicals and highlight the impact of mixed streams on product

yields and reaction pathways.

[]Alkanes
[ ] Cyclohexanols
Phenolics
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Figure 2.6: Yields of model system (poplar wood, stripped LDPE, and mixed
streams with individual composition of 50 wt.%). Reaction conditions:
275 °C, 40 bar Hz, 3 h, Sample:5 wt.% Ru/C = 10:1.
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OH OH

Figure 2.7: Reaction scheme for hydrogenating 4-propyl guaiacol into 4-propyl
cyclohexanol. The hydrogenation led to the cleaving of the methoxy
groups and the saturation aromatic ring.*°

2.4.2 Effects of Solvent on MSW Deconstruction

Isopropanol, methanol, and cyclohexane were the solvents used to deconstruct
MSW. The selection of solvents is crucial as they act to solvate the lignocellulosic
material, with polar protic solvents being commonly utilized.>* Cyclohexane was
employed as a control to assess the potential valorization of samples in the presence of
a non-polar solvent. The primary products of interest were cyclohexanols, phenolics,
furanmethanol, and alkanes as the desired products. In contrast, esters, ketones, and
carboxylic acids formed as by-products were not quantified due to their limited
applicability in the context of this work.

Isopropanol was found to yield primary products of interest, namely phenolics
and alkanes in the C10-C1g range, along with furan methanol, as shown in Figure 2.8.
Consistent with expectations, no desirable products were observed in the product

distributions when cyclohexane was used as the solvent.
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GC-MS spectra of MSW deconstruction at 250 °C in isopropanol. In this
case, a wider range of product distribution, with tetrahydro-2-furan
methanol (2-FM) in blue and heptadecane, is seen. The phenolics which
are shown in green are 4-ethyl guaiacol (4-EG) and 4-propyl guaiacol (4-
PG). Inset: Picture of the vial after work-up.

Compared to isopropanol, the efficiency of breaking down MSW in methanol

was also low, resulting in only the production of phenolic compounds. The

decomposition of plastics was not observed during MSW deconstruction in methanol.

Quialitatively, as depicted in Figure 2.9, the products obtained from MSW

deconstruction in methanol exhibited heterogeneity, with the presence of solid

residues detected after sample processing. Conversely, employing isopropanol as the
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solvent yielded more apparent bio-oil products, with a phenolic compound yield of ~ 3
wt.%, as illustrated in Figure 2.10. These findings indicate the potential of isopropanol
as an effective agent for valorizing mixed-stream studies.>® Consequently, isopropanol

was selected as the solvent for subsequent valorization studies and experimental runs.

».

’

(a) (b) ()

Figure 2.9: Qualitative comparison of products of MSW deconstruction by varying
the solvents used. (a) Methanol is used as the solvent, (b) cyclohexane is
used as the solvent, and (c) isopropanol is used as the solvent. Observe
the presence of solid residue after extraction using methanol as the
solvent of deconstruction.
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Figure 2.10: Yield of MSW deconstruction as a function of solvent. Reaction
conditions: 250 °C, 40 bar Hz, 20 h, MSW:5 wt.% Ru/C = 10:1.

2.4.3 Effects of Temperature on MSW Deconstruction

Using isopropanol as the solvent, the influence of reaction temperature on the
deconstruction of MSW was explored. This investigation aimed to determine the
optimal temperature range for conducting a series of deconstruction runs. Higher
temperatures facilitate the activation and breakdown of covalent bonds, resulting in
increased production of products in the mixed stream.®? A comprehensive study was
conducted across a range of temperatures, specifically from 250 to 325 °C, at 25 °C

intervals. Interestingly, as the reaction temperature increased, a higher proportion of
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alkanes was observed in the product distributions, while the presence of phenolics
diminished at higher temperatures. This observation suggests that, under prolonged
reaction times and specific conditions, the formation of alkanes becomes more
favorable in product distribution as complex products are broken down into simpler

alkanes.® The yields are shown in Figure 2.11 below.
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Figure 2.11: Yield of MSW deconstruction as a function of reaction temperature. An
increase in alkane products as the reaction temperature increases are
observed, with a converse reduction in phenolics at these high
temperatures. Reaction conditions: Isopropanol, 40 bar Hz, 20 h, MSW:5
wt.% Ru/C = 10:1.
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2.4.4 Effects of Reaction Time on MSW Deconstruction

Finally, the effects of reaction time on product distribution were investigated.
This was important because it was accidentally, and interestingly, discovered that
within specific temperature ranges and at shorter times, the products obtained from
MSW deconstruction could be varied. 275 °C and 300 °C were chosen as temperatures
of interest from the previous section, and the reactions were run at 1 h, 6 h, and 20 h.
The reaction yield at 275 °C is shown in Figure 2.12, while the yield at 300 °C is

shown in Figure 2.13.
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Figure 2.12: Yield of MSW deconstruction at 275 °C as a function of reaction time.
As the reaction time increases, an increase in alkane products increases,
with a reduction in phenolic yields at a more extended time. Reaction
conditions: Isopropanol, 40 bar H2, MSW:5 wt.% Ru/C = 10:1.
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The quantities of products formed exhibit variations corresponding to the
increase in reaction time. At shorter reaction times (1 h) and higher temperatures (300
°C), and longer times (20 h), and lower temperatures (275 °C), a broader product
distribution is observed. Conversely, at longer reaction times (> 3 h) and higher
temperatures (300 °C), the products are more selective to alkanes formation. These
findings highlight the significance of considering the interplay between reaction
temperatures and times to identify the optimal conditions for the process based on the

desired products anticipated.
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Figure 2.13: Yield of MSW deconstruction at 300 °C, as a function of reaction time.
At longer reaction times, phenolics and furan methanol components are
not in the sample composition. Reaction conditions: Isopropanol, 40 bar
Hz, MSW:5 wt.% Ru/C = 10:1.
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2.5 Conclusions

In conclusion, the study successfully demonstrated the feasibility and potential
applications of RCF in efficiently breaking down mixed waste streams, encompassing
lignocellulosic biomass and plastics, into valuable phenolics, cyclohexanol
derivatives, and alkanes. This process offers a promising approach for valorizing
complex and heterogeneous feedstock that are traditionally challenging to degrade.

Implementing RCF allows simultaneous depolymerization and conversion of
lignocellulosic biomass and plastics, producing phenolics and alkanes. The phenolic
compounds obtained through RCF hold great potential for various applications. They
can serve as valuable chemical intermediates for synthesizing high-value products,
including biobased polymers, resins, adhesives, and coatings. Using phenolics derived
from waste sources aligns with sustainability and circular economy principles,
providing an environmentally friendly alternative to fossil-based counterparts.

Additionally, the alkanes generated during the RCF process possess significant
value as versatile compounds. They can be employed as renewable fuels, offering an
opportunity to reduce greenhouse gas emissions and dependence on fossil fuels.
Furthermore, these alkanes can serve as lubricants and diesel additives and contribute
to the production of pharmaceuticals and cosmetics. The versatility of alkanes from
waste materials allows their incorporation into various industries, thereby expanding
the potential markets for these biobased resources.

Future research should focus on refining the separation techniques to
efficiently isolate and purify the phenolics and alkanes obtained from RCF. Optimal
reaction conditions and catalyst systems should be further explored to enhance the
yield and selectivity of the desired products. Additionally, evaluating the performance

of the phenolics in various downstream applications and conducting comprehensive
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characterization of the alkanes will provide valuable insights into their suitability for

different industrial sectors.

62



REFERENCES

Hinton, Z. R.; Talley, M. R.; Kots, P. A.; Le, A.V.; Zhang, T.; Mackay, M.
E.; Kunjapur, A. M.; Bai, P.; Vlachos, D. G.; Watson, M. P., Innovations
Toward the Valorization of Plastics Waste. Annual Review of Materials
Research 2022, 52, 249-280.

Schutyser, W.; Renders, a. T.; Van den Bosch, S.; Koelewijn, S. F.;
Beckham, G. T.; Sels, B. F., Chemicals from lignin: an interplay of
lignocellulose fractionation, depolymerisation, and upgrading. Chemical
Society Reviews 2018, 47 (3), 852-908.

Shapiro, A. J.; O'Dea, R. M.; Li, S. C.; Ajah, J. C.; Bass, G. F.; Epps lii, T.
H., Engineering Innovations, Challenges, and Opportunities for
Lignocellulosic Biorefineries: Leveraging Biobased Polymer Production.
Annual Review of Chemical and Biomolecular Engineering 2023, 14.

Luo, Y.; O'Dea, R. M.; Gupta, Y.; Chang, J.; Sadula, S.; Soh, L.P.;
Robbins, A. M.; Levia, D. F.; Vlachos, D. G.; Epps lii, T. H., A Life Cycle
Greenhouse Gas Model of a Yellow Poplar Forest Residue Reductive Catalytic
Fractionation Biorefinery. Environmental Engineering Science 2022, 39 (10),
821-833.

Abu-Omar, M. M.; Barta, K.; Beckham, G. T.; Luterbacher, J. S.; Ralph, J.;
Rinaldi, R.; Roman-Leshkov, Y.; Samec, J. S. M.; Sels, B. F.; Wang, F.,
Guidelines for performing lignin-first biorefining. Energy & Environmental
Science 2021, 14 (1), 262-292.

O’Dea, R. M.; Pranda, P. A.; Luo, Y.; Amitrano, A.; Ebikade, E. O.;
Gottlieb, E. R.; Ajao, O.; Benali, M.; Vlachos, D. G.; lerapetritou, M.,
Ambient-pressure lignin valorization to high-performance polymers by
intensified reductive catalytic deconstruction. Science Advances 2022, 8 (3),
eabj7523.

Galkin, M. V.; Samec, J. S. M., Lignin valorization through catalytic

lignocellulose fractionation: a fundamental platform for the future biorefinery.
ChemSusChem 2016, 9 (13), 1544-1558.

63



10.

11.

12.

13.

14.

15.

16.

17.

Van den Bosch, S.; Schutyser, W.; Vanholme, R.; Driessen, T.; Koelewijn,
S. F.; Renders, T.; De Meester, B.; Huijgen, W. J. J.; Dehaen, W.; Courtin,
C. M., Reductive lignocellulose fractionation into soluble lignin-derived
phenolic monomers and dimers and processable carbohydrate pulps. Energy &
environmental science 2015, 8 (6), 1748-1763.

Galkin, M. V.; Samec, J. S. M., Selective route to 2-propenyl aryls directly
from wood by a tandem organosolv and palladium-catalysed transfer
hydrogenolysis. ChemSusChem 2014, 7 (8), 2154-2158.

Schutyser, W.; Van den Bosch, S.; Renders, T.; De Boe, T.; Koelewijn, S.
F.; Dewaele, A.; Ennaert, T.; Verkinderen, O.; Goderis, B.; Courtin, C. M.,
Influence of bio-based solvents on the catalytic reductive fractionation of birch
wood. Green Chemistry 2015, 17 (11), 5035-5045.

Paone, E.; Tabanelli, T.; Mauriello, F., The rise of lignin biorefinery. Current
Opinion in Green and Sustainable Chemistry 2020, 24, 1-6.

Anderson, E. M.; Katahira, R.; Reed, M.; Resch, M. G.; Karp, E. M.;
Beckham, G. T.; Roméan-Leshkov, Y., Reductive catalytic fractionation of corn
stover lignin. ACS Sustainable Chemistry & Engineering 2016, 4 (12), 6940-
6950.

Van Aelst, K.; Van Sinay, E.; Vangeel, T.; Cooreman, E.; Van den Bossche,
G.; Renders, T.; Van Aelst, J.; Van den Bosch, S.; Sels, B. F., Reductive
catalytic fractionation of pine wood: elucidating and quantifying the molecular
structures in the lignin oil. Chemical science 2020, 11 (42), 11498-11508.

Renders, T.; Van den Bossche, G.; Vangeel, T.; Van Aelst, K.; Sels, B.,
Reductive catalytic fractionation: state of the art of the lignin-first biorefinery.
Current opinion in biotechnology 2019, 56, 193-201.

Mankar, A. R.; Modak, A.; Pant, K. K., Recent advances in the valorization of
lignin: a key focus on pretreatment, characterization, and catalytic
depolymerization strategies for future biorefineries. Advanced Sustainable
Systems 2022, 6 (3), 2100299.

Tang, D.; Huang, X.; Tang, W.; Jin, Y., Lignin-to-chemicals: Application of
catalytic hydrogenolysis of lignin to produce phenols and terephthalic acid via
metal-based catalysts. International Journal of Biological Macromolecules
2021, 190, 72-85.

Zaheer, M.; Kempe, R., Catalytic hydrogenolysis of aryl ethers: a key step in
lignin valorization to valuable chemicals. ACS Catal 5: 1675-1684. 2015.

64



18.

19.

20.

21.

22.

23.

24,

25.

26.

Galkin, M. V.; Sawadjoon, S.; Rohde, V.; Dawange, M.; Samec, J. S. M.,
Mild heterogeneous palladium-catalyzed cleavage of B-O-4'-ether linkages of
lignin model compounds and native lignin in air. ChemCatChem 2014, 6 (1),
179-184.

Lu, J.; Wang, M.; Zhang, X.; Heyden, A.; Wang, F., B-O-4 bond cleavage
mechanism for lignin model compounds over Pd catalysts identified by
combination of first-principles calculations and experiments. ACS Catalysis
2016, 6 (8), 5589-5598.

Parsell, T. H.; Owen, B. C.; Klein, I.; Jarrell, T. M.; Marcum, C. L.;
Haupert, L. J.; Amundson, L. M.; Kenttdmaa, H. I.; Ribeiro, F.; Miller, J. T.,
Cleavage and hydrodeoxygenation (HDO) of C-O bonds relevant to lignin
conversion using Pd/Zn synergistic catalysis. Chemical Science 2013, 4 (2),
806-813.

Ha, J.-M.; Hwang, K.-R.; Kim, Y.-M.; Jae, J.; Kim, K. H.; Lee, H. W,;
Kim, J.-Y.; Park, Y.-K., Recent progress in the thermal and catalytic
conversion of lignin. Renewable and Sustainable Energy Reviews 2019, 111,
422-441.

Sang, Y.; Chen, H.; Khalifeh, M.; Li, Y., Catalysis and chemistry of lignin
depolymerization in alcohol solvents-A review. Catalysis Today 2023, 408,
168-181.

Dong, L.; Lin, L.; Han, X.; Si, X.; Liu, X.; Guo, Y.; Lu, F.; Rudi¢, S.;
Parker, S. F.; Yang, S., Breaking the limit of lignin monomer production via
cleavage of interunit carbon—carbon linkages. Chem 2019, 5 (6), 1521-1536.

Rinaldi, R.; Jastrzebski, R.; Clough, M. T.; Ralph, J.; Kennema, M.;
Bruijnincx, P. C. A.; Weckhuysen, B. M., Paving the way for lignin
valorisation: recent advances in bioengineering, biorefining and catalysis.
Angewandte Chemie International Edition 2016, 55 (29), 8164-8215.

Rorrer, J. E.; Troyano-Valls, C.; Beckham, G. T.; Roman-Leshkov, Y.,
Hydrogenolysis of polypropylene and mixed polyolefin plastic waste over
Ru/C to produce liquid alkanes. ACS Sustainable Chemistry & Engineering
2021, 9 (35), 11661-11666.

Zhao, Z.; Li, Z.; Zhang, X.; Li, T.; Li, Y.; Chen, X.; Wang, K., Catalytic

hydrogenolysis of plastic to liquid hydrocarbons over a nickel-based catalyst.
Environmental Pollution 2022, 313, 120154.

65



217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sanchez-Rivera, K. L.; Huber, G. W., Catalytic hydrogenolysis of polyolefins
into alkanes. ACS Publications: 2020.

Chen, X.; Wang, Y.; Zhang, L., Recent progress in the chemical upcycling of
plastic wastes. ChemSusChem 2021, 14 (19), 4137-4151.

Nakaji, Y.; Tamura, M.; Miyaoka, S.; Kumagai, S.; Tanji, M.; Nakagawa,
Y.; Yoshioka, T.; Tomishige, K., Low-temperature catalytic upgrading of
waste polyolefinic plastics into liquid fuels and waxes. Applied Catalysis B:
Environmental 2021, 285, 119805.

Zichittella, G.; Ebrahim, A. M.; Zhu, J.; Brenner, A. E.; Drake, G.;
Beckham, G. T.; Bare, S. R.; Rorrer, J. E.; Roman-Leshkov, Y.,
Hydrogenolysis of Polyethylene and Polypropylene into Propane over Cobalt-
Based Catalysts. JACS Au 2022, 2 (10), 2259-2268.

Rorrer, J. E.; Beckham, G. T.; Roman-Leshkov, Y., Conversion of polyolefin
waste to liquid alkanes with Ru-based catalysts under mild conditions. Jacs Au
2020, 1 (1), 8-12.

Ugdiiler, S.; Van Geem, K. M.; Denolf, R.; Roosen, M.; Mys, N.; Ragaert,
K.; De Meester, S., Towards closed-loop recycling of multilayer and coloured
PET plastic waste by alkaline hydrolysis. Green chemistry 2020, 22 (16),
5376-5394.

Huang, J.; Veksha, A.; Chan, W. P.; Giannis, A.; Lisak, G., Chemical
recycling of plastic waste for sustainable material management: A prospective
review on catalysts and processes. Renewable and Sustainable Energy Reviews
2022, 154, 111866.

Peng, Y.; Wang, Y.; Ke, L.; Dai, L.; Wu, Q.; Cobb, K.; Zeng, Y.; Zou, R;;
Liu, Y.; Ruan, R., A review on catalytic pyrolysis of plastic wastes to high-
value products. Energy Conversion and Management 2022, 254, 115243.

Lee, K.; Jing, Y.; Wang, Y.; Yan, N., A unified view on catalytic conversion
of biomass and waste plastics. Nature Reviews Chemistry 2022, 6 (9), 635-652.

I, T. Total plastic municipal solid waste generated in the United States in 2018,
by resins. https://www.statista.com/statistics/1228812/us-plastic-waste-
generation-by-resin/ (accessed June 14, 2023).

66



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Fuentes, S.; Figueras, F., Hydrogenolysis of cyclopentane and hydrogenation
of benzene on palladium catalysts of widely varying dispersion. Journal of the
Chemical Society, Faraday Transactions 1: Physical Chemistry in Condensed
Phases 1978, 74, 174-181.

Burch, R.; Bond, G. C.; Rajaram, R. R., Hydrogenolysis of alkanes. Part 3.—
Hydrogenolysis of n-hexane and methylcyclopentane over variously treated
Ru/TiO 2 catalysts. Journal of the Chemical Society, Faraday Transactions 1:
Physical Chemistry in Condensed Phases 1986, 82 (6), 1985-1998.

Anderson, J. B. F.; Burch, R.; Cairns, J. A., Influence of metal-support
interactions on the hydrogenolysis of methylcyclopentane over supported Rh
catalysts. Journal of the Chemical Society, Faraday Transactions 1: Physical
Chemistry in Condensed Phases 1987, 83 (3), 913-923.

Crawford, C.; Oscarson, S., Optimized Conditions for the Palladium-Catalyzed
Hydrogenolysis of Benzyl and Naphthylmethyl Ethers: Preventing Saturation
of Aromatic Protecting Groups. European Journal of Organic Chemistry 2020,
2020 (22), 3332-3337.

Menti-Platten, M.; Aldrich-Wright, J. R.; Gordon, C. P., A flow-based
transition-metal-catalysed hydrogenolysis strategy to facilitate peptide side-
chain deprotection. Organic & Biomolecular Chemistry 2022, 20 (1), 106-112.

Kouris, P. D.; Huang, X.; Boot, M. D.; Hensen, E. J. M., Scaling-up catalytic
depolymerisation of lignin: performance criteria for industrial operation.
Topics in Catalysis 2018, 61, 1901-1911.

Hinton, Z. R.; Kots, P. A.; Soukaseum, M.; Vance, B. C.; Vlachos, D. G;
Epps, T. H.; Korley, L. T. J., Antioxidant-induced transformations of a metal-
acid hydrocracking catalyst in the deconstruction of polyethylene waste. Green
Chemistry 2022, 24 (19), 7332-7339.

Wang, S.; Shuai, L.; Saha, B.; Vlachos, D. G.; Epps lii, T. H., From tree to
tape: direct synthesis of pressure sensitive adhesives from depolymerized raw
lignocellulosic biomass. ACS Central Science 2018, 4 (6), 701-708.

Hiibschmann, H.-J., Handbook of GC-MS: fundamentals and applications.
John Wiley & Sons: 2015.

Shimadzu Gas Chromatography: Basics & Fundamentals.

https://www.shimadzu.com/an/service-support/technical-support/analysis-
basics/fundamentals/index.html (accessed May 31, 2023).

67



47.

48.

49,

50.

51.

52.

Shimadzu Basics of Gas Chromatography-Mass Spectrometry.
https://www.shimadzu.com/an/service-support/technical-support/gas-
chromatograph-mass-spectrometry.html (accessed May 31, 2023).

Zhao, P.; Yuan, Z.; Song, X.; Zhang, J.; Ragauskas, A. J., Product
Characteristics and Synergy Study on Supercritical Methanol Liquefaction of
Lignocellulosic Biomass and Plastic. ACS Sustainable Chemistry &
Engineering 2021, 9 (50), 17103-17111.

Zhang, K.; Meng, Q.; Wu, H.; Yan, J.; Mei, X.; An, P.; Zheng, L.; Zhang,
J.; He, M.; Han, B., Selective Hydrodeoxygenation of Aromatics to
Cyclohexanols over Ru Single Atoms Supported on CeO2. Journal of the
American Chemical Society 2022, 144 (45), 20834-20846.

Xia, H.; Tan, H.; Cui, H.; Song, F.; Zhang, Y.; Zhao, R.; Chen, Z.-N.; Yi,
W.; Li, Z., Tunable selectivity of phenol hydrogenation to cyclohexane or
cyclohexanol by a solvent-driven effect over a bifunctional Pd/NaY catalyst.
Catalysis Science & Technology 2021, 11 (5), 1881-1887.

Capecci, S.; Wang, Y.; Casson Moreno, V.; Held, C.; Leveneur, S., Solvent
effect on the kinetics of the hydrogenation of n-butyl levulinate to y-
valerolactone. Chemical Engineering Science 2021, 231, 116315.

Alonso, D. M.; Bond, J. Q.; Dumesic, J. A., Catalytic conversion of biomass
to biofuels. Green Chemistry 2010, 12 (9), 1493-1513.

68



Chapter 3

POLY (VINYL-SYRINGOL-CO-STYRENE): IMPROVING THERMAL AND
MECHANICAL PROPERTIES OF POLYSTYRENE THROUGH
COPOLYMERIZATION WITH BIO-DERIVED MONOMER

3.1 Background

This chapter investigates bio-derived styrene-like monomers as potential
copolymerization agents with styrene. The aim is to address the inherent brittleness of
polystyrene while maintaining its desirable stiffness and thermal properties. By
incorporating these monomers, the study seeks to enhance the toughness of
polystyrene (PS) while preserving the glass transition temperature (Tg) and stiffness.
This approach presents a promising opportunity to develop a more resilient and
versatile PS material, improving its mechanical performance and expanding its
potential applications. It is important to note that this thesis primarily examines the
effects of the copolymers on thermal properties, leaving further investigations into

other properties for future research.

3.1.1 Polystyrene

PS, a widely used thermoplastic polymer, has a rich history that spans several
decades. Developed in the 19th century by Eduard Simon, PS gained commercial
popularity in the 1930s.! Over the years, advancements in polymerization techniques
and modifications have further refined its properties and expanded its applications. PS
finds extensive use in various industries because of its desirable characteristics. It is

known for its excellent thermal and electrical insulation properties, high transparency,
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and lightweight nature.? These qualities make it a preferred choice for applications
such as packaging materials, disposable cutlery, insulation panels, and consumer
products like toys and compact disc cases.! ® Its versatility allows easy processing and
customization through injection molding and extrusion techniques.*

However, PS has certain limitations. One significant drawback is its inherent
brittleness, which makes it prone to fracture and impact failure.:: > A common
approach to addressing this drawback involves the addition of impact modifiers, such
as rubber particles or copolymers, to improve its resistance to mechanical stress.®8
These modifiers act as energy dissipaters, absorbing and distributing impact forces,
thus increasing the material's toughness.” % 1% Despite efforts to reinforce PS's
toughness, challenges and limitations still need to be addressed by the current
methods. Specifically, achieving a balance between toughness and other desired
properties, such as Tgq and stiffness, remains challenging.!* 1 The compatibility and
dispersion of impact modifiers within the polymer matrix can be challenging to
control, leading to variations in performance and potential limitations in achieving

optimal toughness.*3

3.1.2 Bio-derived Styrene Monomer

The global demand for sustainable materials has propelled significant research
efforts toward developing bio-based chemicals as alternatives to traditional petroleum-
derived counterparts.** 1> Bio-derived and bio-based monomers, essential precursors
in producing sustainable polymers, have gained considerable attention because of their
versatile applications and environmental advantages.'®>'” Styrene, a petroleum-based
monomer, has long been a crucial precursor to produce various polymers. However,

conventional production processes raise environmental concerns because of
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greenhouse gas emissions and the depletion of finite resources.'® Consequently,
pursuing sustainable and renewable alternatives for styrene production, specifically
from bio-derived sources, has garnered significant attention.® 19

Both chemical'®2 and biological?? approaches have been investigated
extensively to explore the diverse pathways available for bio-derived styrene
synthesis. These pathways involve the conversion of biomass feedstocks, such as
lignocellulosic materials and various plant-derived compounds, into bio-derived
styrene. Chemical routes typically employ catalytic processes, while biological routes
use enzymes or microorganisms for bioconversion. Each pathway has distinct
advantages and limitations, including scalability, cost-effectiveness, and compatibility
with different feedstocks.!8

The decarboxylation of the cinnamic acid route has emerged as a promising
strategy among the various bio-derived styrene production pathways.?* 23 This
pathway involves the one-step CO; elimination from cinnamic acid, yielding biobased
monomers.? 24 Cinnamic acid, a widely available compound in various plant sources,
possesses different forms with unique functional groups. Different functional groups
in cinnamic acid enable the production of diverse forms of bio-derived styrene,
imparting unique properties and applications.? Figure 3.1 illustrates specific examples
of cinnamic acids, including caffeic acid, ferulic acid, and sinapic acid. The
distinguishing factor among these acids is the presence of different functional groups
in the 2 and 6-positions besides the hydroxyl group in the 4-position. Caffeic acid has
an additional hydroxyl group, ferulic acid has one methoxy group, and cinnamic acid

contains two methoxy groups.
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Figure 3.1: Chemical structure of naturally occurring cinnamic acids. From left to
right: caffeic acid, ferulic acid, and sinapic acid.

Sinapic acid was chosen as a representative cinnamic acid derivative because
of its unique structural features. It contains two methoxy (-OCHj3) functional groups,
which introduce electron-donating properties and enable the formation of hydrogen
bonds with the hydroxyl group at the 4 positions of the resulting monomer structure.
This interaction is significant as it influences the bio-derived styrene monomer's
overall molecular architecture and subsequent properties. Methoxy groups have been
found to enhance the stability and reactivity of monomers during the polymerization
processes.? 2° The ability of these functional groups to hydrogen bond with the
hydroxyl group at the 4-position facilitates intermolecular interactions, leading to

improved polymer chain alignment and enhanced mechanical properties.?

3.1.3 Protecting Groups

Protecting functional groups is crucial in polymer synthesis to prevent
unwanted reactions and ensure successful polymerization.?’ In particular, the
electronegative hydroxyl group necessitates protection to avoid interference with the
polymerization process.?® The exposed hydroxyl groups can act as phenolic inhibitors,

such as butylated hydroxytoluene, commonly employed as radical scavengers, to
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impede the desired polymerization reactions.?® The hydroxyl groups can be
temporarily "masked" or shielded by employing a protecting group, allowing the
polymerization process to proceed smoothly without interference. This strategy
involves introducing a chemically stable and inert protecting group that can be added
selectively to the hydroxyl groups before the polymerization reaction and cleaved to
restore the original functionality.?’: 2

The acetyl group is known for its neutrality and stability under various reaction
conditions.®® It can be introduced easily to the hydroxyl groups of the polymer at room
temperature, forming acetyl-protected hydroxyl groups. This acetyl protection strategy
effectively shields the hydroxyl groups, minimizing their reactivity and potential
interference with the polymerization process.? Besides the acetyl group, silyl ethers
are another class of compounds commonly employed to protect hydroxyl groups in
monomers during polymer synthesis.3!' 32 Silyl ethers are chemical compounds that
comprise a silicon atom bonded to an alkoxy group, providing a protective shield for
hydroxyl functionality. Silyl ethers encompass various types, with triethyl silyl and
tert-butyldimethylsilyl groups being frequently used examples.3? One beneficial aspect
of silyl ethers is their ease of attachment and subsequent removal under relatively mild
conditions, facilitating the protection and deprotection of hydroxyl groups.

Depending on the specific reaction requirements, introducing silyl ethers to
hydroxyl groups can be accomplished using silyl triflates or chlorides. When using
silyl triflates, which are more reactive, the silylation reaction typically involves using
a hindered amine base facilitating the deprotonation of the silanol group and
promoting a nucleophilic attack on the substrate. In contrast, reactions with silyl

chlorides, which are less reactive, can take place with a regular amine base.
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Dimethyl formamide (DMF) is commonly employed as a solvent to expedite the
reaction process. DMF enhances the kinetics of response and improves the silylation
reaction's overall efficiency.3* Silyl chlorides present fewer reaction hazards than silyl
triflates, as the latter are more reactive and potentially more prone to side reactions.®

Figure 3.2 shows the general structure of a silyl-protecting group.

R' (o}
\ . .-/ \\, 4
Si R
~
RZ
R3
Figure 3.2: General structure of the silyl protecting group. R, R?, and R® can be
combinations of different groups that provide various ether

functionalities. R* is an alkyl (an alkane missing one hydrogen) or an aryl
(substituent derived from an aromatic ring) group.

3.1.4 Biobased Polymer Synthesis

A polymer is a substance composed of molecules comprising long sequences
of atoms or groups of atoms linked. Polymerization, the process of synthesizing
polymers, involves several methods broadly categorized as chain-growth and step-
growth polymerization. These methods differ in how polymer chains form and grow
during synthesis.®

Chain-growth polymerization involves progressively adding monomer units to
an actively growing polymer chain. This process typically comprises three major
steps: initiation, propagation, and termination.®® 3" In the initiation step, reactive
species, such as a free radical or an anionic or cationic initiator, are introduced to
initiate the polymerization process. This species facilitates the formation of an active

polymer chain-end capable of further growth. During the propagation step, monomer
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units are added successively to the growing polymer chain, resulting in its elongation.
This step continues until the desired polymer chain length is achieved. Finally, in the
termination step, the polymerization process is stopped, either through a combination
of reactive species or through the addition of chain-terminating agents, leading to the
formation of a stable polymer.

Step-growth polymerization involves the systematic combination of polymer
chains or monomers, resulting in the progressive growth of the polymer.®® 3" Unlike
chain-growth polymerization, step-growth polymerization does not rely on continually
adding monomer units to an actively growing chain. Instead, the reaction occurs
between functional groups on different polymer chains or monomers, leading to the
formation of covalent bonds and the subsequent growth of the polymer network. Step-
growth polymerization allows for greater control over the molecular architecture of the
resulting polymer, as the combination of various monomers or polymers enables the

incorporation of specific functional groups or structures.

3.1.4.1 Free-radical Polymerization

Free-radical polymerization is a chain-growth polymerization technique
wherein polymerization is initiated by generating free radicals, which act as reactive
species capable of initiating the polymerization process.® 3" These free radicals can be
generated through various means, such as thermal, photochemical, or redox initiation
methods. Once initiated, the polymerization proceeds through the sequential addition
of monomer units to the growing polymer chain, facilitated by the reactivity of the
generated free radicals. The termination of the reaction can occur through various
mechanisms. The two most common means of termination, combination, and

disproportionation involve the bimolecular reaction of the growing polymer chains.%
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Combination involves coupling two growing chains to form a single polymer
molecule. Alternatively, it could be ended through disproportionation, which is the

abstraction of hydrogen atoms from one growing chain.

3.1.4.2 Copolymerization

Homopolymers are derived from a single type of monomer. They are
characterized by repeating units of the same kind, which may comprise one or more
species of the monomer unit. Copolymers are synthesized through the concurrent
polymerization of two or more distinct monomers.® The resulting polymers exhibit
different structural arrangements within their chains, classifying copolymers as linear
or branched. Branched copolymers possess a primary chain with one or more
polymeric side chains characterized by diverse architectures, such as star-shaped or
grafted configurations.®® In contrast, linear copolymers comprise a single main chain,
wherein the copolymer units can be arranged alternating, block, or statistically. Each
type of copolymerization offers unique control over the composition, structure, and
properties of the resulting copolymer, enabling the design and synthesis of materials
with tailored characteristics for specific applications.®® 3" Polymer textbooks like
Introduction to Polymers,®® and Principles of Polymerization®’ give detailed
information about other types of polymerizations, their reactivities ratios, and detailed
calculations, which are beyond the scope of this section.

Copolymerization was used to tune the Tq, which gives critical operating
conditions of polymers, with the assumption that each monomer occupies the same
amount of free volume whether it is in a copolymer or homopolymer, so that the Tq
falls between the values for each homopolymer, dictated by the mass fraction of each

component.®” This is dictated by the Fox-Flory equation:
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L& (3.1)

Tgap Tga Tgp

w, and wy are the weight fractions of the individual monomers, T, 4, and Ty g,

the Tgs of the individual homopolymers, and T, 45 the Tq of the random copolymer.

3.1.4.3 Deprotection of Polymers

Like other protecting groups, such as acetate, the silyl group can be cleaved
through hydrolysis using acidic or basic conditions.®® The size of the substituent
influences the hydrolysis rate of silyl ethers attached to the silicon atom. Larger
substituents provide increased resistance to hydrolysis. The presence of electron-
withdrawing or electron-donating groups on the silicon atom affects the rate of
hydrolysis under specific conditions.

Under acidic conditions, the relative resistance of various silyl ethers can be
ranked as follows:®

Trimethylsilyl (TMS) (1) < Triethylsilyl (TES) (64) < tert-Butyldimethylsilyl
(TBS) (20,000) < Triisopropylsilyl (TIPS) (700,000) < tert-Butyldiphenylsilyl
(TBDPS) (5,000,000)

Under basic conditions, the relative resistance of silyl ethers can be ranked as
follows:®

TMS (1) < TES (10-100) < TBS ~ TBDPS (20,000) < TIPS (100,000)

Regarding hydrolysis, the steric bulk on the silicon atom has a more significant
impact than the steric bulk on the oxygen atom of the silyl ether. Therefore, the size
and nature of the substituent on the silicon atom play a crucial role in determining the
hydrolysis resistance.®

Within the chapter, homopolymers, namely PS and poly(vinyl syringol) (PVS),

along with random copolymers containing 5-15 mol.% of vinyl syringol in styrene,
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were synthesized. The underlying hypothesis behind this work is that the functional
groups, specifically hydroxyl and methoxy groups, could enhance PS's Tq and
toughness. However, it is essential to note that only thermal characterizations were

performed in this study.

3.2 Monomer and Polymer Characterization Techniques
The synthesized polymer samples were subjected to various characterization
techniques to evaluate their structure, composition, and properties. These techniques

are explained below.

3.2.1 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical
technique that allows the determination of the molecular structure and dynamics of a
wide range of compounds.®® “° It was used in this thesis to confirm different synthesis
steps. NMR spectroscopy's operating principle is based on atomic nuclei's magnetic
properties. When placed in a magnetic field, atomic nuclei with an odd number of
protons or neutrons, such as hydrogen (*H) or carbon-13 (*3C), will align parallel or
antiparallel to the magnetic field.3* %% When a radiofrequency pulse is applied to the
sample, the nuclei absorb energy and transition from one spin state to another,
emitting a characteristic signal as they return to their initial spin state.** This signal is
detected by a receiver coil and processed to generate an NMR spectrum, which
provides information about the chemical structure and environment of the molecules
in the sample.*?

NMR spectroscopy finds widespread application in analyzing products

obtained from LCB,*#* and plastic breakdown.*> % These substances are intricate
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mixtures composed of polysaccharides, lignin, and various other compounds,
presenting a challenge in characterizing the individual constituents. Nonetheless,
NMR spectroscopy enables identifying and quantifying specific components based on
distinct spectral patterns.®® Moreover, NMR spectroscopy serves as a valuable tool for
monitoring the deconstruction process of these waste streams during the production of
biofuels and other valuable commodities.*”*8 It can track the transformation of
lignocellulosic sugars into biofuels like ethanol or butanol. By comparing the spectral
pattern of the resulting product with that of the initial material, it becomes possible to
find out the extent of conversion and detect any byproducts or impurities. However,
these applications were not the primary focus of the thesis. Instead, *H NMR
spectroscopy was employed to assess the purity of monomers, track polymerizations,
and confirm experimental synthesis.

In this chapter, *H NMR spectroscopy measurements were conducted using a
Bruker Avance Neo 400 MHz spectrometer. Deuterated chloroform (CDCly),
deuterated dimethyl sulfoxide (DMSO), and deuterated acetone (CD3).CO- were used
as solvents. Monomers, PS, and protected PVS were analyzed in CDClz and DMSO
(both solvents are suitable as they dissolved the compounds effectively), while
deprotected [co]polymers were analyzed in (CD3)2CO.. The formation of vinyl
syringol from sinapic acid was confirmed by the appearance of ethylene peaks & ~
5.25 ppm and 5.75 ppm in DMSQO. Protection of the monomer was confirmed by the
appearance of alkyl peaks at 6 ~ 0.62 ppm and 6 = 0.89 ppm. Polymerization of vinyl
syringol was observed by peak broadening (6 ~ 3.52 ppm corresponding to methoxy
groups and 6 ~ 5.67 ppm corresponding to the aromatic group), and the appearance of

aliphatic peaks (6 = 1.25 ppm and at & = 1.81 ppm) in the polymers using CDCls.
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Deprotection was confirmed by the appearance of a hydroxyl peak in the polymer
dissolved in (CD3).CO2 at § = 5.74 ppm. Finally, *H NMR spectroscopy was used to
confirm the purity of monomers and polymers after work-up and drying, respectively,
as evidenced by the absence of corresponding solvents used in the synthesis and

purification steps.

3.2.2 Gel Permeation Chromatography (GPC)

GPC is a technique that separates and characterizes polymers based on their
size and molecular weight. The basic principle behind GPC is that smaller molecules
can penetrate the pores of a porous stationary phase more quickly than larger
molecules.*® In GPC, a dilute polymer solution is injected into a solvent stream, which
flows through the stationary phase, a column packed with beads of porous gels,
typically made of silica. The porosity of the gel is essential, typically between 50 -10°
A 3¢ The column is then connected to a pump, which allows the solvent to flow
through the column at a controlled rate. As the polymer solution flows through the
column, the larger molecules are excluded from the pores of the stationary phase and
are eluted more quickly than the smaller molecules. A detector, such as a refractive
index or UV-vis detector, detects the eluted polymer molecules.>°

The detector signals are then plotted as a function of elution volume, which is
proportional to the hydrodynamic volume of the polymer molecules.® The resulting
chromatogram shows a series of peaks, each representing a different molecular weight
polymer fraction. The molecular weight of each fraction is then calculated by
comparing the elution volume of the polymer fraction to a calibration curve generated

by the elution volumes of known molecular weight standards.>® The resulting data can
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then determine the polymer sample's average molecular weight, dispersity (), and
molecular weight distribution.>

The GPC analysis of [co]polymers was performed using the Tosoh ECoSEC
HLC-8320 system, which included a TSKgel HHR-H guard column, two TSKgel
GMHHR-N columns in series, and a refractive index detector. The eluent used in all
samples was THF at a 1.0 mL/min flow rate, and the columns were maintained at 40
°C. Before analysis, all samples were dissolved in the solvent (at a concentration of 1
mg/mL) and left to dissolve for 24 h. The solution was then filtered using a 0.1 um
poly(tetrafluoroethylene) syringe filter. The reported molecular weights were
calibrated using polystyrene standards (PStQuick C and PstQuick D, Tosoh

Bioscience).

3.2.3 Differential Scanning Calorimetry (DSC)

DSC is a thermal analysis technique used to measure the changes in heat flow
between a sample and a reference material as a function of temperature or time. It
studies the thermal behavior of materials, including determining the T4, melting point,
and other thermal properties.®® The basic principle of DSC involves heating or cooling
the sample and reference material at a controlled rate while measuring the heat flow
between them.> The heat flow is measured using a differential thermocouple, which
detects the temperature difference between the sample and the reference material. The
sample undergoes thermal transitions during heating or cooling, such as melting or
glass transition. These transitions involve the absorption or release of heat, which
results in a change in the heat flow detected by the thermocouple.®* A sharp shift in the
heat flow curve, recorded as a function of temperature, identifies the temperature at

which a transition occurs. The DSC analysis data can determine the sample's various
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thermal properties, such as the heat capacity, enthalpy, and phase transitions.>* It can
also study the kinetics of phase transitions, such as the rate of melting or
crystallization.>

The Tgs of the [co]polymers were determined using the TA Instruments
Discovery DSC. ~5 - 10 mg of each polymer sample was heated from room
temperature (~ 25 °C) to 180 °C at 10 °C/min. It was then held isothermally at 180 °C
for 2 min, cooled back to 20 °C, and held for 2 min. Subsequently, it was heated to
180 °C at 10 °C/min. This heating and cooling process was repeated three times,
resulting in three heating events and two cooling events. The first heating cycle erodes
the polymers' thermal history, while the third one validates the results obtained from

the second one. The reported data corresponds to the second heating trace.

3.2.4 Thermogravimetric Analysis (TGA)

TGA is a thermal analysis technigue used to measure a material's weight
changes as a function of temperature or time. It is commonly used to determine
materials' thermal stability and composition, including polymers, composites, and
minerals.> The basic principle of TGA involves heating the sample at a controlled rate
while measuring its weight changes. The sample is placed in a furnace, which is
heated at a constant rate while a sensitive balance continuously monitors the weight of
the sample. The balance records the mass changes of the sample as it is heated or
cooled, and the data is plotted as a function of temperature or time.>*

During the heating process, the sample undergoes thermal degradation, which
results in weight loss.>® The weight loss rate and extent depend on the sample's
composition and thermal stability. The resulting data can determine various thermal

properties, such as the onset and completion temperature of decomposition, the
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decomposition kinetics, and the thermal stability of the sample. TGA can also analyze
the composition of materials by heating the sample in a specific atmosphere, such as
air, nitrogen, or oxygen. The resulting weight loss is used to determine the percentage
of each component in the sample.>

TGA on the [co]polymers were done using a TA Instruments TGA 5500. ~5 -
10 mg of each sample was loaded onto a clean, weighed, and tared 100-pL platinum
pan. The thermal degradation profile of the samples was conducted under an N>
atmosphere, with a ramp rate of 5 °C/min, reaching a maximum temperature of 600

°C.

3.2.5 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a widely used technique to
analyze the chemical composition of polymers. FTIR measures the absorption of
infrared radiation by the polymer, which is related to the vibrational modes of the
chemical bonds in the polymer. The absorption spectrum provides information about
the functional groups present in the polymer and their chemical environment.

FTIR analysis of polymers involves the following steps: sample preparation,
irradiation with infrared radiation, Fourier transform of the resulting interferogram,
interpretation of the absorption spectrum, and quantification of components.> A thin
polymer sample is prepared as a film, pellet, or powder. The sample is then exposed to
infrared radiation, which the polymer absorbs, causing its chemical bonds to vibrate.
The resulting radiation absorption is recorded as an interferogram, which is
transformed using Fourier transform to generate an absorption spectrum. The
absorption spectrum is then analyzed to identify the polymer's functional groups and

chemical environment.®® The positions and intensities of the absorption bands in the
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spectrum provide valuable information about the chemical bonds present, such as C-H,
C-C, and C=0 bonds.>® Additionally, FTIR can be used for quantification by
comparing the sample's absorption to a known standard or using calibration curves.
This study used an attenuated total reflectance FTIR (ATR-FTIR) Nicolet 470
NEXUS FTIR spectrometer to measure infrared absorption regions. Typically, ~10 mg
of polymer powder was placed under the probe and scanned from 500 to 4000 cm™
with 256 scans at a resolution of 4 cm™. The obtained results were processed with

OMNIC IR software samples.
3.3 Materials and Methodology

3.3.1 Materials

DMF (ACS grade), triethylamine (TEA) (99%), hexanes (ACS grade), ethyl
acetate (ACS grade), DMSO (ACS grade), CDCIs (ACS grade), sodium bicarbonate
(99.5%, anhydrous), toluene (ACS grade), styrene (>99%), acetone (ACS grade),
concentrated hydrochloric acid (HCI) (Technical grade), (CD3).CO- (ACS grade), and
magnesium sulfate (ACS grade, anhydrous) were purchased from Fisher Scientific and
used as received. Sinapic acid (>98%) and chlorotriethylsilane (TESCI) (>98%) were
purchased from Sigma Aldrich and used as received. Azobisisobutyronitrile (AIBN),
purchased from Sigma Aldrich, was purified by recrystallization in methanol from 65

°C to ~20 °C before use.

3.3.2 Decarboxylation and Protection of Monomer
In a round-bottom flask, 10 g of sinapic acid (44.6 mmol) was dissolved in 23
mL of DMF. To this solution, 12.43 mL of triethylamine TEA (89.2 mmol) was

added. The reaction mixture was then set up with a reflux condenser, as shown in
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Figure 3.3, as the reaction temperature was above the boiling point of triethyl amine
(89 °C). The set-up was put into an oil bath and heated to 115 °C under stirring. This
reflux process was allowed to proceed for 2 h, facilitating the decarboxylation

reaction.

Figure 3.3: Decarboxylation set-up with Dimroth reflux condenser.

The extent of the reaction was determined by monitoring the conversion of
sinapic acid to bio-derived styrene monomers using *H NMR spectroscopy. After the 2
h reaction time, *H NMR analysis confirmed >99.9% conversion to 4-vinylsyringol,
showing successful decarboxylation. The schematic for decarboxylation and

protection are shown in Figure 3.4 and Figure 3.5, respectively below.
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Figure 3.4: Decarboxylation of sinapic acid to vinyl syringol.
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Figure 3.5: Protection of vinyl syringol monomer with TESCI.

Following decarboxylation, a one-step protection mechanism was employed to

protect the hydroxyl group. The reaction mixture was cooled to 0 °C by placing it in

an ice bath, and then 8.5 mL of TESCI (7.54 g, 50 mmol) was slowly added. The

reaction was allowed to proceed for an additional 16 h under stirring. Figure 3.6 shows

the use of *H NMR spectroscopy to confirm successful decarboxylation.
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Figure 3.6: Confirmation of decarboxylation with *H NMR in DMSO.

Complete protection was confirmed by *H NMR spectroscopy, as shown in
Figure 3.7, by the silyl peaks' appearance and the hydroxyl peaks' disappearance. The
reaction mixture was diluted with hexanes, and the salt residue was filtered with a

cotton ball and a 0.45-micron filter. The filtrate was washed twice with 1M
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hydrochloric acid (HCI) and 1M sodium bicarbonate (Na2CQOz), once with brine and
dried with magnesium sulfate salt. After concentrating the organic layer by rotatory
evaporation, the residue was purified by flash column chromatography. The
purification process was carried out using a Biotage Selekt flash chromatography
system with a 60 A normal phase silica column using hexanes/ethyl acetate solvent
system. The samples were loaded via liquid injection, starting at 0% ethyl acetate
composition and gradually increasing to 20% ethyl acetate over 10 column volumes,
and finally reaching 100% ethyl acetate over 3 column volumes. The best separation
was observed at ~ hexanes/ethyl acetate = 83/17). The purified monomer was an off-

white viscous liquid.
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Figure 3.7: 'H NMR of protected monomer in CDCls.

3.3.3 Polymerization Procedure

The polymerization process was carried out using a molar ratio of 200:1 for the
monomer to the initiator and a volume (mL) equivalent of 1.5 times the mass (g) of the
monomer for the solvent, toluene (e.g., 1.5 mL of solvent for 1 g of monomer). The

reaction proceeded for 24 h at a controlled temperature of 60 °C, as shown in Figure
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3.8. 'H NMR spectroscopy was used to monitor the progress of the polymerization
reaction by observing the broadening of peaks in the spectra, showing the conversion

of monomers to polymer.
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Figure 3.8: Free-radical polymerization of the protected monomer.

The resulting polymers were precipitated three times using cold methanol. This
precipitation process aided in the purification and isolation of the polymers. After each
precipitation, the polymers were separated by centrifugation. The precipitated
polymers were dried in a vacuum oven for 24 h at 70 °C to ensure complete removal

of solvents.

3.3.4 Deprotection of Protecting Group

A deprotection procedure adapted from a previously established removed the
protecting group from the polymer.2® A solution was prepared by dissolving 200 mg of
the protected polymer in 12 mL of THF. To this solution, 0.3 mL of 12 M HCI was
added, and the reaction mixture was stirred for 2 h at room temperature. The presence
of the strong acid facilitated the removal of the protecting group, revealing the desired

hydroxyl group. The reaction scheme is shown in Figure 3.9
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Figure 3.9: Deprotection of silylated polymer.

The deprotection reaction mixture was diluted with ~ 10 mL of ethyl acetate
and subjected to washing with water using a separatory funnel. This washing step
aided in the removal of any remaining acidic components and impurities from the
reaction mixture. Subsequently, the residual ethyl acetate was evaporated, and the
resulting polymer residue was dissolved in acetone. The polymer was precipitated into
hexanes thrice to purify it further. Each precipitation step involved adding the polymer
solution in acetone to a sufficient volume of hexanes, forming polymer precipitates.
The polymer precipitates were separated by centrifugation, followed by drying for 48

h at 70 °C to ensure complete removal of solvents and residual impurities.
3.4 Results and Discussion

3.4.1 Polymer Synthesis and Deprotection

It was observed that achieving complete deprotection with the acetyl and tert-
butyl silyl groups posed a challenge. Notably, these groups needed higher
temperatures before cleaving, reaching 60 °C, and longer reaction times of ~ 20 h. The

associated work-up procedure proved tedious without successful deprotection. In
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contrast, the triethyl silyl group exhibited exceptional deprotection characteristics, as it
could be cleaved easily using HCI at room temperature within 3 h. This significantly
streamlined the deprotection process. Consequently, the triethyl silyl protecting group
emerged as the preferred choice for subsequent polymer and copolymer synthesis. The
deprotection was confirmed using *H NMR and FTIR spectra, as shown in Figure 3.10
and Figure 3.11, respectively.

The protected copolymers are labeled as (PSxmoe-CO-TESV Syme), Where X is the
number of moles of styrene, y represents the number of mols of silylated vinyl
syringol, and the molar percentage is abbreviated as m%. TESVS is triethyl silyl vinyl
syringol. Conversely, the deprotected copolymers are labeled as (PSxmoe-CO-V Symos),
where X, y, and m% carry the same meaning as in the protected copolymer, while VS

represents vinyl syringol.
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Figure 3.10: *H NMR spectrum in (CDz3)2CO after deprotecting the polymer using
HCI at room temperature.
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Figure 3.11: FTIR spectra for protected and deprotected PVS. The hydroxyl group,
around the 3000-3800 cm region, is seen after successful deprotection.
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Table 3.1:  Molecular weights of the polymers synthesized.

[Co]Polymers Molecular Weight (D)
(Mn) (Da)

PS 19,000 1.57

P(S95m%-CO-TEV Ssmus) 17,700 1.58

P(Seomee-CO-TEV S10me) 21,300 1.51

P(Sesmes-CO-TEV S15mo) 23,300 1.27

P(TEVS) 41,200 1.50

The molecular weights of the protected polymers, shown in Figure 3.12, were
determined by employing GPC in THF. This was done on the protected polymers as
the hydroxyl groups in the deprotected polymers could form hydrogen bonding with
the THF molecules or interact with the GPC column and lead to adsorption, which can

cause retention time shifts, affecting the accuracy of polymer characterization.®’
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Figure 3.12: GPC traces of synthesized homopolymers and copolymers.

3.4.2 Thermal Stability of Polymers

The TGA curves align with prior expectations, reflecting the degradation
patterns of the polymers influenced by the various bonding present. PS, characterized
by covalent carbon-carbon (C-C) bonds, exhibits the most robust bonding,>® as shown
in Figure 3.13. In contrast, the deprotected polymers showcase covalent C-C bonds
and hydrogen bonding. The maximum degradation temperatures (Td, max) Of the
[co]polymers, defined as the peak temperature in the first derivative curve of the TGA
plots, are summarized in Table 3.2. The TGA curves of protected polymers are shown

in Appendix B.
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Figure 3.13: TGA curves of deprotected polymers. (N2 atmosphere, ramp rate of 5 °C
min). Sample weight percentage vs. temperature on the top and the
corresponding first derivative for each polymer on the bottom.
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Table 3.2:  Degradation temperature of synthesized [co]polymers.

[Co]Polymers Td, max (°C)
PS 401
P(Sesmes-CO-TEV Ssmos) 377
P(Seom%-CO-TEVS10ms) 385
P(Sssm%-CO-TEVS15ms) 393
P(TEVS) 374

Considering the relative strengths of these bonding types, hydrogen bonding is
the weakest, while C-C covalent bonds are the strongest.>® The peak degradation event
observed is the highest for PS, which possesses robust C-C bonds. The peak
degradation event is lowest for PVS, which has hydrogen bonding.®® However, the
copolymers are thermally stable for PS applications, and the difference in degradation
temperatures is minimal. Furthermore, the synthesized polymers have a similar on-set

of degradation temperature.

3.4.3 Tgs of Polymers

Upon deprotection of the polymers, the exposed hydroxyl groups can form
hydrogen bonds with one another and the two methoxy groups present in the
polymers. As a result, polymers with hydrogen bonding exhibit higher Tq4s because of
strong intermolecular interactions and increased structural rigidity.5* The
intermolecular hydrogen bonds create additional forces of attraction between polymer

chains, leading to increased resistance to molecular motion and higher Tq values.®?
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Furthermore, the close packing facilitated by hydrogen bonding restricts molecular
mobility, further contributing to higher Tgs. In summary, the DSC results confirm the
expected impact of different bonding on the Tgs of the polymers. The exposure of
hydroxy!l groups and the formation of hydrogen bonds in deprotected polymers result
in higher Tg values.®” These findings show the influence of intermolecular interactions
and structural factors on the glass transition behavior of the polymers.®® This
observation is corroborated by the data presented in Figure 3.15, which compares the
experimentally determined T4 and the Tq4 calculated using the Fox-Flory equation.
Notably, an upward trend in the disparity between these two values is observed as the
quantity of vinyl syringol rises. The Tgs of protected polymers are shown in Appendix

B.
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Figure 3.14: Second DSC trace on heating (10 °C/min, N2 flow) for deprotected
polymers. They are shifted vertically for comparison. Arrows guide the
eye to the Tgs.
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(Tgexp) and the estimated Fox-Flory Tg (Tg.rF).

3.5 Conclusions

This study effectively integrated monomer synthesis, protection, and free-
radical polymerization to achieve the desired copolymer structures. The observed
thermal behavior of the polymers was attributed to their specific structural features
and the influence of various intermolecular bonding interactions. The synthesized
copolymers displayed thermal stability comparable to that of PS. Notably, increased
hydroxyl functionalities led to an elevation in the Tq. This phenomenon may be
attributed to hydrogen bonding, as supported by the increase in the predicted Fox-
Flory Tg. Additional investigations, such as employing FTIR analysis across different

sample compositions, are warranted to substantiate this claim further.
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It is recommended that future investigations focus on the fabrication of
polymer films derived from synthesized polymers. By generating polymer films, it
becomes possible to explore and characterize their mechanical properties in greater
detail.®* This aspect of research would offer valuable insights into the performance and
potential applications of the developed polymers. By delving into the mechanical
properties, factors such as tensile strength, flexibility, and elasticity can be assessed,
providing a comprehensive understanding of the material's behavior under different
conditions.®® Analyzing other mechanical parameters, such as hardness, adhesion, and
fracture toughness, would contribute to a more comprehensive evaluation of the
synthesized polymers.

Investigating film properties can extend to examining other essential aspects,
such as thermal stability, optical properties, and barrier properties.®® These properties
are crucial in many applications, including coatings, packaging materials, and
electronic devices. Therefore, a detailed characterization of these attributes would
provide valuable insights into the potential utility and performance of the synthesized
polymers. Thus, while this study successfully achieved the synthesis and evaluation of
intermolecular bonding effects on temperature behavior, future efforts should focus on
fabricating polymer films and conducting in-depth characterization of their mechanical
properties, as well as exploring other relevant properties to enhance further

understanding and expand the potential applications of the developed polymers.
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Chapter 4

SOLVENT-MEDIATED DEPOLYMERIZATION: USING
THERMOGRAVIMETRIC ANALYSIS AS A SCREENING TOOL

4.1 Background and Introduction

The present chapter investigates the potential utilization of a solvent-mediated
approach for depolymerizing poly(methylmethacrylate) (PMMA). This approach uses
ionic liquids as low-vapor solvents to dissolve the polymer, aiming to lower its ceiling
temperature. It is anticipated that the ceiling temperature of PMMA can be effectively
reduced, leading to enhanced depolymerization efficiency. The objective is to explore
the feasibility of utilizing this solvent-mediated strategy to facilitate the
depolymerization of PMMA and potentially enable the recycling and valorization of

this polymer waste.

4.1.1 Depolymerization of Polymers

At the end of a polymer's use, shifting the focus to efficiently depolymerizing
it into its constituent monomers is crucial in achieving circularity in the polymer life
cycle.}® This process is inherently governed by thermodynamics, precisely the
energetic requirements that dictate the feasibility of depolymerization.*® Gibb's Free
Energy of the reaction quantifies the concept of "favorability” in this context.
Reactions characterized by lower Gibb's Free Energy values are thermodynamically
favored as the products are more stable, requiring less energy for the reaction

mechanism to proceed.® Thus, depolymerization's success hinges on the system's
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energetic landscape. The reaction can proceed smoothly if the energy requirements are
met, leading to efficient monomer recovery. Lowering Gibb's Free Energy of the
reaction by adjusting reaction conditions reduces energy barriers, enhancing the
efficiency of monomer recovery and promoting circularity in polymer production and
recycling.®

The free energy of polymerization (AG) can be described as:

AG = AH — TAS (4.1)

where AH is the enthalpy of polymerization, T is the reaction temperature, and
AS is the entropy of polymerization. AH is negative for free-radical polymerization,
and AS is negative as the polymer has fewer degrees of freedom than the monomers.
Thus, polymerization is favored at lower temperatures, whereas depolymerization is
favorable at higher temperatures.

When AG = 0, the rate of propagation and depropagation are equal, and thus,

the temperature is termed as the critical temperature, which can be represented as:

__AH

T. =
¢ As

(4.2)

Polymers that can undergo depolymerization and revert to their constituent
monomers often have comparatively lower ceiling temperatures.” An example is
PMMA, with a ceiling temperature of ~ 220 - 250 °C.2 Given that many bio-based
polymers feature acrylate and methacrylate components,®** PMMA was selected as
the focal polymer for investigating conditions conducive to effective and efficient
depolymerization processes.

The control of temperature, precisely the ceiling temperature, is paramount in

governing the thermodynamics of polymerization. ** According to the Gibbs free

energy equation, the ceiling temperature represents the critical threshold below which
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polymerization becomes thermodynamically favored. Consequently, the reaction must
be raised above this temperature for depolymerization. However, this inherent
limitation presents a challenge regarding the successful depolymerization of polymers.
The requirement of operating above the ceiling temperature poses an obstacle to the
effective recovery of monomers.® The lack of control over high-temperature reactions
significantly impacts the ability to form desired products, such as individual monomer
units, selectively.™ ¢ Instead, unwanted side reactions such as decarboxylation,
dehydration, and epimerization can occur at those high temperatures and high
conversions.t’ Consequently, addressing this barrier becomes crucial in advancing
circularity objectives.

Various strategies have been explored to overcome the limitation imposed by
the ceiling temperature in the depolymerization of polymers, such as solvent
dissolution and reactive distillation methods that enhance the favorability of the
reaction equilibrium.® Solvent dissolution offers a promising approach to
depolymerization by leveraging the unique solvating properties of particular
solvents.!® By selecting appropriate solvents, polymers can be effectively dissolved,
thereby breaking down their macromolecular structure and facilitating the recovery of
monomers.'® The choice of solvent depends on several factors, including solubility
parameters, polarity, and compatibility with the polymer matrix.?

Reactive distillation combines the principles of distillation and chemical
reaction to promote favorable reaction equilibria.!® 2° Removing the reaction products
shifts the balance towards the desired monomers, enabling their selective recovery.?
This dynamic approach not only overcomes the restrictions imposed by the ceiling

temperature but also enhances the overall efficiency of the depolymerization process.?
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Furthermore, reactive distillation offers several benefits, including continuous removal
of reaction products, enhanced equilibrium shifting, and improved selectivity in
product formation.*®

Therefore, ionic liquids were selected as solvents of interest to take advantage
of the abovementioned strategies. lonic liquids are a class of solvents known for their
unique properties, such as high boiling point and negligible vapor pressure, that render
them well-suited for reducing ceiling temperature and facilitating monomer

recovery.?

4.1.2 lonic Liquids: Potential Application as a Solvent for Depolymerization

lonic liquids are composed of ions and exhibit unique properties, such as
negligible vapor pressure at a given reaction condition.?> 23 This characteristic allows
for utilizing reactive distillation, which combines chemical reaction and distillation
processes in a single operation. The strong electrostatic interactions, high ionic
strength, and low vapor pressure of ionic liquids ensure their stability under the
reaction conditions typically employed for depolymerization.?* 2> As a result, they can
serve as both a solvent and a reaction medium, enabling efficient dissolution of
polymers while maintaining their integrity and stability. By selecting appropriate ionic
liquids with desirable solvating properties, the ceiling temperature of polymers can
effectively be reduced.

lonic liquids can also act as catalysts or co-catalysts in depolymerization
reactions.?® 2’ Their tunable chemical structures and properties allow tailoring their
interaction with the polymer chains, promoting efficient bond cleavage and facilitating
depolymerization. This catalytic role further enhances the effectiveness of the

depolymerization process and contributes to the reduction of the ceiling temperature.
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1-hexyl-3-methylimidazolium bis (triflate), shown in Figure 4.1 below, used a
solvent based on its stability at high temperatures and potential to dissolve the
polymer. Thermal stability screening was conducted using thermogravimetric analysis
(TGA) coupled with a mass spectrometer, facilitating an efficient and straightforward

screening process.

¢ PHs
(CF3S0,5),N"
N
NQ
(CH3)sCH3

Figure 4.1: Chemical structure of 1-hexyl-3-methylimidazolium bis (triflate).

4.1.3 Using TGA as a Screening Tool for Depolymerization Setup

TGA is a powerful tool for screening solvents in vacuum reactive distillation
of polymers.t® By utilizing TGA, the compatibility and efficacy of solvents can be
conveniently screened, with high throughput, without the need for complex setups
involving separate distillation of bulk polymers and solvents. This approach is
particularly advantageous when solvents are costly, like ionic liquids, and reaction
conditions are yet to be optimized. In solvent screening for vacuum reactive
distillation, TGA evaluates critical parameters, such as thermal stability, volatility, and
compatibility of solvents with the polymer matrix.'° By subjecting the polymer-
solvent mixture to controlled heating, TGA can precisely monitor the weight loss or

evaporation of solvents as a function of temperature.
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Furthermore, TGA provides valuable insights into the decomposition behavior
of polymers, solvents, and thermal degradation profiles.?® This information aids in the
identification of optimal temperature ranges for vacuum reactive distillation, allowing
for the design of efficient depolymerization processes. The use of TGA for solvent
screening in vacuum reactive distillation streamlines the initial stages of research and
development, enabling rapid evaluation of solvents without the need for extensive
setup and experimentation.® This approach saves time and resources and provides

critical information for subsequent process design and optimization.
4.2 Materials and Methodology

4.2.1 Materials

Methyl methacrylate (99%) (ACS grade), methanol (ACS grade), 1-hexyl-3-
methylimidazolium bis (triflate) (>98.0%), dichloromethane (DCM) (ACS grade),
tetrahydrofuran (THF) (Optima grade), and diethyl ether (ACS grade) were obtained
from Fisher Scientific and used as received. Anhydrous anisole was obtained from
Acros Organics and used as received. Azobisisobutyronitrile (AIBN) was obtained

from Sigma-Aldrich and recrystallized in methanol from 65 °C to ~20 °C before use.

4.2.2 PMMA Synthesis

Free-radical polymerization method was used to synthesize PMMA, as
discussed in Chapter 3. A monomer-to-initiator molar ratio of 200:1 was used, with
the addition of AIBN to the polymer set-up. The system was sparged for 15 min with
Argon to create an inert environment. Following polymerization, the reaction
proceeded for 3 h at 90 °C. The resulting solution was then diluted with DCM and

precipitated into diethyl ether. The precipitate was subjected to centrifugation and
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underwent a two-step work-up process. Subsequently, it was dried under vacuum

conditions for 24 h. The reaction scheme is shown in Figure 4.2

So
@, AIBN

) @) . n
| 90°C, 2 h

Figure 4.2: Free-radical polymerization for PMMA synthesis.

4.2.3 Preparation of PMMA-IL Solution

The direct dissolution of PMMA into the ionic liquid presented a challenge. As
a result, a two-step approach was adopted. Firstly, the PMMA was dissolved in THF,
and subsequently, this PMMA-THF solution was introduced into the ionic liquid. To
eliminate the THF, rotary evaporation was employed, leading to the concentration of
the polymer solution. Finally, the concentrated polymer solution was dried in a
vacuum oven to ensure the complete removal of any residual solvents. Various
compositions were prepared by incorporating 5, 10, 15, and 20 mol.% of PMMA in
the ionic liquid to explore the effects across a range of dilute polymer-solvent
mixtures. This enabled the examination of the influence of different PMMA

concentrations on the polymer’s behavior within the solvent system.

4.2.4 TGA-Mass Spectrometry (TGA-MS)
All samples underwent TGA-MS experiments using a TA Instruments TGA

5500 connected to an MKS Cirrus 3 MS. The MS was utilized to analyze the volatile
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products released during the process. Approximately 5 mg of each sample was loaded
onto a clean and weighed 100-pL platinum pan. The thermal degradation profile of the
samples was conducted under an N2 atmosphere, with a ramp rate of 5 °C/min,
reaching a maximum temperature of 600 °C. The mass spectra were obtained using a
ramp rate of 20 °C/min. Additionally, the thermal stability of the ionic liquid was
assessed by subjecting it to various isothermal holds, with a ramp rate of 10 °C/min up
to the desired temperature. After holding the temperature isothermally for 1 h, the

system was further heated to 600 °C at 10 °C/min.

4.2.5 Differential Scanning Calorimetry (DSC)

The glass transition temperature (Tg) of the PMMA was determined using the
TA Instruments Discovery DSC, as described in Chapter 3. ~5 mg of the PMMA
sample was heated from room temperature (~ 25 °C) to 180 °C at a rate of 10 °C/min.
It was then held isothermally at 180 °C for 2 min, cooled back to 20 °C, and held for 2
min. Subsequently, it was heated to 180 °C at 10 °C/min. This heating and cooling
process was repeated three times, resulting in three heating and two cooling cycles.

The reported data corresponds to the second heating trace.

4.2.6 Gel Permeation Chromatography (GPC)

The GPC analysis of PMMA was performed using the Tosoh ECOSEC HLC-
8320 system, which included a TSKgel HHR-H guard column, two TSKgel GMHHR-
N columns in series, and a refractive index detector. The eluent was THF at a 1.0
mL/min flow rate, and the columns were maintained at 40 °C. Before analysis, the
PMMA sample was dissolved in the solvent and left to dissolve for 24 h. The solution

was then filtered using a 0.1 um poly(tetrafluoroethylene) syringe filter. The reported
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molecular weights were calibrated using polystyrene standards (PStQuick C and

PstQuick D, Tosoh Bioscience).
4.3 Results and Discussion

4.3.1 GPC and DSC of PMMA

The molecular weight of the synthesized PMMA was determined using GPC in
THF solvent, yielding a number-average molecular weight of 20,700 and a dispersity
(P) of 1.43. Moreover, the T4 of the polymer, ~ 117 °C, falls within the range of
literature values reported for PMMA, an amorphous polymer.?* 3 These are shown in

Figure 4.3 and Figure 4.4, respectively.
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Figure 4.3: Molecular weight of PMMA using GPC in THF.
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Figure 4.4: Second heating DSC trace of PMMA at a 10 °C/min ramp rate.

4.3.2 TGA-MS of PMMA

TGA showed the degradation profile of the PMMA. From the 1st derivative
curve of the TGA degradation profile, two distinct events are seen in Figure 4.5. The
first event is due to the degradation of thermally weaker bonds and terminal groups,
such as head-to-head or tail-to-tail bonds, vinyl groups, and initiator fragments in the
polymer chain. The second event can be attributed to random scission and
depropagation.3! 32 Using the mass-spectrometry attached to the TGA, it was possible
to identify the molecules that come off at those significant degradation events as
monomers. This is done using the atomic mass unit for methyl methacrylate (41, 69,

100), as shown in Figure 4.6.
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TGA curves illustrating two distinct thermal degradation events of
PMMA with color code. The first peak, characterized by
depolymerization at weaker ends and vinyl peaks, among other factors,
has been color-coded to match rough estimates of the PMMA structure.
The second degradation event is attributed to a random chain scission
mechanism. Additionally, it is worth noting that a slight bump observed
at ~ 150 °C on the TGA curves is attributed to the residual presence of
anisole, which was used as a solvent during the polymerization process.
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Figure 4.6: Mass spectra analysis TGA-MS illustrating the thermal degradation of
PMMA and corresponding monomer, methyl methacrylate. The three
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monomer methyl methacrylate, a constituent of PMMA. The TGA-MS
analysis was conducted at a 20 °C/min heating rate under N, atmosphere.
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4.3.3 Thermal Stability of lonic Liquid

The study also sought to determine the specific temperature range at which the
ionic liquid used in our system undergoes degradation. This was achieved by
conducting isothermal TGA experiments and monitoring the mass loss of the ionic
liquid under various temperature conditions. This information is crucial as it optimizes
the reaction temperature, ensuring the monomer distilled in the receiving flask remains
pure. Consequently, the need for subsequent separation or purification steps is

minimized, and thermodynamically favorable depolymerization can be achieved.
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A minimal mass loss of ~ 4% within a temperature range of 275-300 °C was
observed through isothermal holds. Consequently, it was inferred that
depolymerization could effectively take around ~275 °C without significantly

degrading the ionic liquid, as shown in Figure 4.7 below.
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Figure 4.7: TGA curves demonstrating the thermal stability of 1-hexyl-3-
methylimidazolium bis (triflate) under various isothermal holds.

4.3.4 Effects of lonic Liquid on PMMA Depolymerization

In this study, the anticipated effect of the ionic liquid on PMMA
depolymerization is a reduction in the degradation temperature. This phenomenon has
been observed in other polymer-solvent systems.*> ® Unfortunately, applying the

selected ionic liquid in this context did not substantially impact reducing the
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degradation temperature of PMMA. Despite testing various polymer compositions in
the ionic liquid, no significant influence on the solvent's behavior was observed.
Instead, distinct degradation events, as shown in Figure 4.8, corresponding to the
degradation of the polymer and the ionic liquid were identified, indicating separate

and independent degradation processes for each component.
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Figure 4.8: First derivative TGA curves across the PMMA-ionic liquid compositions.

This could be due to incompatible solvent-polymer interactions: Some
polymers may not readily interact or dissolve in certain solvents, leading to limited or

no effect on the temperature observed during TGA. If the solvent chosen does not
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have good solvating properties for the specific polymer, it may not effectively lower
the temperature or impact the thermal behavior of the polymer. However, relying
solely on TGA as the only technique to assess the anticipated effect has limitations.
Incorporating additional methods like GPC on PMMA residues and DSC on the
PMMA-IL is crucial to understand the system's effects comprehensively. These
supplementary analyses are necessary for the conclusion drawn from TGA alone to be

conclusive.

4.4 Conclusions

This chapter aimed to demonstrate the potential of using ionic liquids to
facilitate PMMA depolymerization through a straightforward TGA-MS screening
method. Initially, PMMA was synthesized via free-radical polymerization of its
monomers, and its successful formation was characterized using DSC and GPC.
Through TGA-MS analysis, the thermal stability of the ionic liquid was confirmed by
subjecting it to various isothermal holds. Results indicated that at temperatures above
300 °C, the ionic liquid experienced approximately 8 wt.% mass loss within an hour.
However, below 300 °C, the ionic liquid remained relatively stable, significantly
exceeding the onset of thermal degradation for PMMA. This observation implies that
the system can be established with confidence—maoreover, MS analysis aligned with
monomer spectra (41, 49, 100). Notably, the TGA investigation did not reveal a
PMMA temperature reduction due to dissolution in the ionic liquid.

To further investigate the lack of temperature reduction in the polymer during
TGA analysis, it is recommended to carefully review the solvent selection,
concentration, dissolution process, and experimental parameters. Adjustments can be

made, such as using a different solvent with better solvating properties, increasing the
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concentration of the polymer, or optimizing the dissolution and TGA analysis
conditions.

In addition to TGA, a comprehensive understanding of the designed system
can be achieved by incorporating other techniques, such as DSC and GPC. GPC, for
instance, can characterize changes in the molecular weights of polymer residues at
specific degradation times. A prior study®? demonstrated the use of GPC to determine
reductions in molecular weights resulting from antioxidant stripping, and this method
can be extended to this work. DSC, on the other hand, has proven valuable in studying
the thermal degradation of polymers in previous works.3** It can also be employed to
analyze both the PMMA-IL mixtures and the residues after specific isothermal
degradation events, allowing for an examination of the effects of the reduction in the
Ty of the polymer. By combining TGA, GPC, and DSC analyses, a more

comprehensive understanding of the designed system and its effects can be obtained.
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Chapter 5
CONCLUSIONS AND FUTURE RECOMMENDATIONS

5.1 Conclusions

In this thesis, investigations were conducted on three critical aspects of
polymer valorization and sustainability. These included the deconstruction of mixed
waste streams, the enhancement of thermal and mechanical properties of conventional
polymers using bio-derived monomers, and the utilization of thermogravimetric
analysis (TGA) as an efficient tool for screening depolymerization conditions to
achieve circularity.

The second chapter focused on adapting the reductive catalytic fractionation
method to deconstruct municipal solid waste (MSW). The results obtained from the
model MSW deconstruction demonstrated that mixed streams had a hydrogenation
effect on biomass, resulting in the formation of cyclohexanols in the product
distributions, in contrast to phenolics observed in the deconstruction of pure biomass.
Furthermore, when extending the studies to actual MSW, it was observed that
reactions carried out at higher temperatures and for longer durations led to the
production of alkanes in the product distributions. On the other hand, deconstructions
at relatively shorter times and lower temperatures resulted in phenolics,
furanmethanol, and alkanes in the products. Moreover, it was found that using the
secondary alcohol isopropanol as a solvent facilitated MSW deconstruction. In
contrast, using primary alcohol methanol and non-polar and aprotic solvent

cyclohexane showed different outcomes.
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The third chapter focused on examining how functional groups present in bio-
derived monomers influence the thermal properties of polystyrene (PS). Detailed
experiments were conducted to assess the impact of these functional groups on the
thermal behavior and stability of the polymer, providing valuable insights into the
potential for enhancing PS performance through bio-derived modifications. The
presence of hydroxyl and methoxy groups in the vinyl syringol monomer increased the
glass-transition temperature of the copolymers as the mol fraction of vinyl syringol
increased. Additionally, the thermal stability of the synthesized copolymers was found
to be comparable to that of PS.

The fourth chapter explored the concept of circularity by employing TGA to
screen the effectiveness of ionic liquids in depolymerizing poly(methyl methacrylate).
The aim was to identify suitable conditions and assess the feasibility of utilizing ionic
liquids as potential agents for achieving efficient and sustainable polymer recycling.
Using the metric of reduction in peak degradation temperature, the ionic liquid did not
significantly affect ceiling temperature depression.

This thesis contributes to advancing polymer valorization and sustainability by
addressing crucial aspects of waste management, using bio-derived monomers for
polymer enhancement, and employing TGA as a valuable tool in pursuing circularity.
The findings in each chapter provide insights and pave the way for further research

into these areas.

5.2 Future Recommendations
Based on the findings presented in this thesis, some recommendations can be

made for further exploration and advancement in the respective areas.
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The following steps in the MSW deconstruction discussed in Chapter 2 involve
separating the deconstruction products into phenolic and alkane components. The
phenolics can be [meth] acrylated to generate biobased monomers, which hold
immense potential for applications in various fields, including developing adhesives
and plastics with improved properties.t Simultaneously, the alkane components are
valued as fuel for heavy engines and diesel-powered vehicles.? Demonstrating the
effectiveness of the deconstruction process and the applicability of these high-value
separated molecules would be significant. Future work should focus on scaling the
process to industrial standards, acknowledging the challenges of translating lab-scale
experiments to large-scale operations.® Conducting repeated experiments and
advancing research can contribute to the identification of more optimal conditions for
the deconstruction process. The thesis findings are expected to contribute to an
improved overall climate impact by pursuing these avenues.

In bio-derived polymer synthesis, the next crucial steps include fabricating
films using the synthesized polymers and subjecting these films to a comprehensive
range of mechanical tests. Mechanical testing encompasses parameters such as tensile
strength, modulus, elongation at break, impact resistance, and hardness. * A detailed
understanding of their mechanical properties can be obtained by subjecting the films
to these rigorous mechanical assessments, shedding light on their suitability for
specific applications.

Characterization techniques, such as dynamic mechanical analysis (DMA), can
investigate the viscoelastic behavior of bio-derived polymers under different

temperature and frequency conditions.> DMA provides valuable information about the
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materials' storage modulus, loss modulus, and damping properties, offering insights
into their structural stability and potential performance in dynamic applications.

Regarding circularity, Chapter 4 delved into chemical recycling for monomers,
opening many opportunities for future exploration. Using TGA as a screening tool for
depolymerization experiments presents various possibilities for designing and
conducting experiments. Acknowledging that depolymerization setups are time
intensive and require large-scale setups, especially for unscreened samples, is
essential. Previous research has shown the viability of solvent-aided depolymerization,
and the selection of solvents becomes crucial.® While ionic liquids hold promise, their
effectiveness has yet to be proven in the present work. Further investigation and
exploration of solvent options are necessary to enhance the efficiency of the
depolymerization process.

In conclusion, exploring these recommended options across the three focal
aspects of the thesis will prove valuable in the short-term and longer-term contributing
to advancements in polymer valorization, sustainability, and the broader goal of

mitigating environmental impact.
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Appendix A

SUPPORTING INFORMATION FOR CHAPTER 2

This appendix gives supporting information regarding the raw data and steps
taken to analyze the gas chromatography-mass spectrometry (GC-MS) data for

municipal solid waste (MSW) deconstruction.

A.1 Eliminating Isobutane Peaks in Isopropanol Data Sets.

Figure A.1 shows a prominent peak around 3 min in all runs using isopropanol.
This peak was identified as isobutane through GC-MS analysis. To account for this, a
blank isopropanol run was performed on the GC-MS, where the same isobutane peak
appeared. Consequently, this peak was subtracted from all biooil runs containing
isopropanol. Following the removal of isobutane from this run, the remaining fractions
were scaled up to 100% by multiplying each GC-MS area percentage by the factor
( 100 )

100—isobutane area
The tables below show bio-oil after deconstruction at 250 °C. Similar

transformations were applied to the other data sets, and the values were rounded to
two decimal places. Table Al shows the original GC-MS areas with isobutane, while

Table A2 shows the normalized GC-MS areas for the other samples.
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Figure A.1: GC-MS chromatogram displaying the appearance of isobutane peaks in
biooil samples. The top image shows a blank isopropanol, while the
bottom image shows biooil samples obtained from MSW deconstruction.
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Table A.1: Product distribution of MSW deconstruction at 250 °C for 20 h using
isopropanol. The subtracted isobutane peak is highlighted in red.

Ret. Time
(min) Name GC-MS Area %
3.08 Isobutane 10.44
4.36 2-Furanmethanol tetrahydro- 5.49
4.87 1,2-Pentanediol 3.87
5.49 4-Heptanol2,6-dimethyl 5.76
6.72 2-Furanmethanol tetrahydro- 8.32
7.27 Cyclohexanecarboxvylic acid isopropyl ester 9.16
7.52 n-Octanoic acid isopropyl ester 3.89
7.68 2H-Pyran-2-methanol tetrahydro- 3.78
8.37 Phenol 4-ethyl-2-methoxy- 6.68
9.17 Phenol 2-methoxy-4-propyl- 11.18
11.02 Cyclohexaneethanol acetate 4.36
11.43 3-Hexyne-2 5-dioil 2 5-dimethyl 6.29
11.69 Heptadecane 5.82
11.97 Terephthalic acid diisopropyl ester 9.69
15.07 i-Propyl pentadecanoate 5.27
SUM 100
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Table A.2: Normalized product distributions after isobutane peaks are removed. The
original GC-MS area and the corresponding normalized GC-MS area are
shown. The normalized GC-MS area is used in calculating the yields.

Original | Normalized
Ret. Time GC-MS GC-MS
(min) Name Area% Area%
4.36 2-Furanmethanol tetrahydro- 5.49 6.13
4.87 1,2-Pentanediol 3.87 4.32
5.49 4-Heptanol2,6-dimethyl 5.76 6.43
6.72 2-Furanmethanol tetrahydro- 8.32 9.29
7.27 Cyclohexanecarboxvylic acid isopropyl ester 9.16 10.23
7.52 n-Octanoic acid isopropyl ester 3.89 4.34
7.68 2H-Pyran-2-methanol tetrahydro- 3.78 4.22
8.37 Phenol 4-ethyl-2-methoxy- 6.68 7.46
9.17 Phenol 2-methoxy-4-propyl- 11.18 12.48
11.02 Cyclohexaneethanol acetate 4.36 4.87
11.43 3-Hexyne-2 5-dioil 2 5-dimethyl 6.29 7.02
11.69 Heptadecane 5.82 6.50
11.97 Terephthalic acid diisopropyl ester 9.69 10.82
15.08 i-Propyl pentadecanoate 5.27 5.88
SUM 89.56 100

A.2 GC-MS of MSW Deconstruction in Isopropanol

Following the method outlined earlier, this section presents tables containing

the identified product values from GC-MS analysis and their corresponding spectra for

MSW deconstruction. The specific values for deconstruction at 250 °C and 275 °C for

20 h and 300 °C for 1 h and 20 h can be found in Table A3, A4, A5, and A6,

respectively. The accompanying chromatograms for these conditions, except those

already presented in Chapter 2 for 250 °C, are provided in Figures A2, A3, and A4,

respectively. The key products of interest have been color-coded throughout the tables

to facilitate clarity.
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Table A.3: Normalized GC-MS areas for MSW deconstruction at 250 °C for 20 h.
The values for furanmethanol are color-coded in green, phenolics in
orange, and alkanes in dark blue.

Ret. Time Normalized
(min) Name GC-MS Area%
4.36 2-Furanmethanol tetrahydro- 6.13
4.87 1,2-Pentanediol 4.32
5.49 4-Heptanol2,6-dimethyl 6.43
6.72 2-Furanmethanol tetrahydro- 9.29
7.3 Cyclohexanecarboxvylic acid isopropyl ester 10.23
7.527 n-Octanoic acid isopropyl ester 4.34
7.68 2H-Pyran-2-methanol tetrahydro- 4.22
8.37 Phenol 4-ethyl-2-methoxy- 7.46
9.17 Phenol 2-methoxy-4-propyl- 12.48
11.02 Cyclohexaneethanol acetate 4.87
11.43 3-Hexyne-2 5-dioil 2 5-dimethyl 7.02
1169 Heptadecane 65 |
11.97 Terephthalic acid diisopropyl ester 10.82
15.08 1-Propyl pentadecanoate 5.88
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Table A.4: Normalized GC-MS areas for MSW deconstruction at 275 °C for 20 h.

The values for furanmethanol are color-coded in green, phenolics in
orange, and alkanes in dark blue.

Ret. Time Normalized
(min) Name GC-MS Area %
6.07 Cyclopentane-1,2-diol 7.89
6.53 1,2.4-Triazol-5-acetic acid, 3-amino- 5.39
6.72 2-Furanmethanol, tetrahydro- 15.88
7.27 Cyclohexanecarboxvylic acid isopropyl ester 8.65
7.50 Ethyl 2-formylbutyrate 5.07
8.37 Phenol, 4-ethyl-2-methoxy- 7.26
9.16 Phenol, 2-methoxy-4-propyl- 9.52
Hexadecane
11.17 Cyclohexane, 1,1'-(1,3-propanediyl)bis- 5.37
11.43 4-Isopropyl-5-methylhex-2-yne-1,4-diol 8.49

14.36

Heptadecane
Oxacycloheptadec-8-en-2-one, (87)-

4.71

—275°C
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Figure A.2: GC-MS chromatogram for MSW deconstruction at 275 °C for 20 h.
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Table A.5: Normalized GC-MS areas for MSW deconstruction at 300 °C for 1 h.
The values for furanmethanol are color-coded in green, phenolics in
orange, and alkanes in dark blue.

Ret. Time Normalized

(min) Name GC-MS Area %
6.72 2-Furanmethanol tetrahydro- 9.09

6.83 Cyclohexanecarboxylic acid 5.97

7.25 (3E5E)-35-Octadien-2-one 5.69

7.56 Creosol 6.32

8.37 Phenol 4-ethyl-2-methoxy- 10.29
8.489 Propanoic acid 2-methyl- 1-methylbutyl ester 12.36

9.17 Phenol 2-methoxy-4-propyl- 13.36

10.16

Hexadecane

5.38

11.54 Mono(2-ethylhexyl) phthalate

11.70 Tridecane 12.81
11.96 Terephthalic acid diisopropyl ester 5.37
13.53 Terephthalic acid diisopropyl ester 6.63
—300C,1h
1.2

-
(-]

0.6

Normalized Relative Intensity

T T T T T T T
10 11 12 13 14 15 16 17 18

Retention time (min)

Figure A.3: GC-MS chromatogram for MSW deconstruction at 300 °C for 1 h. The
spectrum is shown in red to differentiate it from other runs at 20 h.
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Table A.6: Normalized GC-MS areas for MSW deconstruction at 300 °C for 20 h.
The values for furanmethanol are color-coded in green, phenolics in
orange, and alkanes in dark blue.

Ret. Time Normalized
(min) Name GC-MS Area%
7.23 Benzenemethanol .alpha.-methyl- 6.96

9.33 Undecane 6.57
10.16 Hexadecane 7.25
10.95 Hexadecane 5.35
11.70 Heptadecane 21.36
11.76 Benzenell'-(1-methyl-13-propanediyl)bis- 5.52
16.05 Decanell'-oxybis- 8.88
16.25 Benzenell'-(1-methyl-13-propanediyl)bis- 7.67
16.43 Pyridine 4-(3-phenylpropyl)- 4.5
16.50 Benzenepropanoic acid 10-undecenyl ester 5.33
— 300 °C, 20h
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Figure A.4: GC-MS chromatogram for MSW deconstruction at 300 °C for 20 h.
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A.3 GC-MS of MSW Deconstruction in Cyclohexane and Methanol

Figure A5 displays the spectrum for MSW deconstruction in cyclohexane,
depicting no product of interest. Conversely, Figure A6, which represents
deconstruction in methanol, highlights the presence of phenolics as the key products of

interest (with carboxylic acid esters as by-products). The x-axis is retention time (ret.

time) (min).
R T e SE T R So O Teai e
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Figure A.5: GC-MS chromatogram of MSW deconstruction in cyclohexane.
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Figure A.6: GC-MS chromatogram of products of MSW deconstruction in methanol.
Phenolics are a minor product distribution.

A.4 GC-MS of Model MSW Deconstruction

Subsequently, the spectra and corresponding tables of values for the
deconstruction of low-density polyethylene (LDPE), poplar wood, and the mixed
stream (50:50) in isopropanol for 6 h are presented in Tables A7, A8, and A9,
respectively. The corresponding chromatograms for these conditions can be found in

Figures A7, A8, and A9, respectively.
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Table A.7: Products of stripped LDPE deconstruction in isopropanol.

Ret. Time Normalized
(min) Name GC-MS Area %
5.50 4-Heptanol 2 6-dimethyl 4.07
7.67 4-Nonanone 2,6, 8-trimethyl 18.99
7.83 Nonanol trimethyl- 3.90
7.92 Nonanol trimethyl- 391
8.46 Hexadecane 3.51
9.34 Hexadecane 6.21
9.69 Heptyl isobutyl ketone 3.15
9.78 Heptyl isobutyl ketone 7.47
10.17 Hexadecane 6.12
10.29 Oxopentadec - en - one 2.86
10.95 Hexadecane 6.57
11.70 Hexadecane 6.85
12.41 Octadecane 6.30
13.08 Octadecane 6.00
13.73 Pentadecane 5.48
14.35 Octadecane 5.05
14.94 Octadecane 3.57
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Figure A.7: GC-MS chromatogram of products of stripped LDPE deconstruction in
isopropanol in 6 h. Alkanes, the significant product, are highlighted in
green.
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Table A.8:

Products of poplar wood deconstruction in isopropanol.

Ret. Time Normalized
(min) Name GC-MS Area %
6.17 4-Fthylcyclohexanol 6.10
6.71 2-Furanmethanol, tetrahydro- 13.15
7.15 4-Propylcyclohexanol 5.95
7.23 2-Ethyl-phenol 5.24
7.93 9.10-Anthracenediol, 1.4.-decahydro- 10.14
8.11 Phenol, 4-propyl- 9.49
8.37 Phenol, 4-ethyl-2-methoxy- 4,52
8.83 Cyclononanone 4.40
8.99 Cyclohexene, 1-(3-ethoxy-1-propenvyl)-, (Z)- 10.45
9.16 Phenol, 2-methoxy-4-propyl- 31.27
9.60 2.6-Octadiene, 4-methyl- 451
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GC-MS chromatogram showing poplar wood deconstruction in

isopropanol.
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Table A.9: Products of mixed poplar wood and LDPE deconstruction in isopropanol.

Ret. Time Normalized
(min) Name GC-MS Area %
6.21 4-Ethylcyclohexanol 30.05
7.18 4-Propylcyclohexanol 12.13
7.45 Cyclohexanol, 1-(2-nitropropyl)- 5.40
7.51 2-Nonyl methylphosphonofluoridate 7.64
7.66 4-Nonanone, 2.,6,8-trimethyl- 7.34
7.94 21,41-dihydroxyeicosane 13.70
8.13 Oxirane, 3-butenyl- 7.64
8.84 1,3-Benzodioxole, 2-ethenylhexahydro- 391
9.25 Cyclohexanecarboxvlic acid, 4-(acetyloxy)- 4.99
9.34 Undecane 2.59
10.16 Hexadecane 2.63
11.69 Tridecane 1.97
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Figure A.9: GC-MS chromatogram showing poplar wood deconstruction in
isopropanol.
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Appendix B

SUPPLEMENTARY INFORMATION FOR CHAPTER 3

This section shows the full FTIR spectrum (Figure B.1) confirming the
deprotection of poly(vinyl syringol) (PVS) and the thermal properties (glass transition
temperatures (T4s) (Figure B.2) and thermogravimetric analysis (TGA) curves (Figure
B.3)) of protected polymer. The protected copolymers are labeled as (PSxm%-co-
TESVSym%), where X is the number of moles of styrene, y represents the number of
mols of silylated vinyl syringol, and the molar percentage is abbreviated as m%. PS is

polystyrene, while TESVS is triethyl silyl vinyl syringol.
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Figure B.1: Full FTIR spectra confirming deprotection of PVS showing absorbance
at different wavenumbers.
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Figure B.2: Second DSC trace on heating (10 °C/min, N2 flow) for protected
polymers. They are shifted vertically for comparison. Arrows guide the
eye to the Tgs.
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Figure B.3: TGA curves of protected polymers. (N2 atmosphere, ramp rate of 5 °C
min). Sample weight percentage vs. temperature on the top and the
corresponding first derivative for each polymer on the bottom.
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