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Polyethylene terephthalate (PET) is used in packaging and textile industries such
as in productions of water bottles and packaging of soft drinks. As the PET products have
short lifetimes, they turn into waste rapidly. Since the market for PET products has been
constantly expanding, the rate of PET waste has been increased. This may negatively affect
the environment and living species. In addition, PET is produced from fossil fuels, a limited
resource that should be reserved to decrease the adverse effects of its applications on the

environment. Therefore, recycling has been proposed as a resolution to PET waste.

Chemical recycling can decompose PET to the associated oligomers and
monomers. This may provide an alternative resource for reproduction of PET and
subsequently PET products. In this dissertation, hydrolysis was studied- a technique for
chemically recycling of PET waste. In chemical recycling, the factors affecting the rate of

PET decomposition are PET shape, PET size, reaction temperature, reaction pressure,



catalyst type, catalyst concentration, and surface wetting. Few studies are reported on
surface wetting. So, the main interest of this dissertation was to explore the effect of surface

wetting on the rate of PET decomposition in hydrolysis reactions.

In this dissertation, series of catalysts were introduced that could increase the rate
of PET decomposition due to the better surface wetting of PET particles occurring with the
solutions of these catalysts during the hydrolysis of PET. This effect was explored by
applying a shrinking core model to interpret the kinetics data of TPA yield for calculations
of reaction rate constants. These constants were correlated to the partition coefficient and
distribution coefficient values of catalysts for the octanol/water system to indirectly study
the PET/water system in hydrolysis. This revealed the role of functional group in catalyst
structure as a determining factor for the hydrophobicity of catalyst solution, which may
result in better surface wetting of PET. Moreover, the contact angle measurements were
conducted to illustrate the effect of surface wetting. This work can be used to determine
catalysts with higher surface affinity that may increase the rate of decomposition in

chemically recycling of PET waste.
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Preface

Plastics are consumed as packaging materials, textile fibers, automotive parts, and
household utensils. This broad range of applications and the increase of market demand
have caused an inevitable growth in the rate of plastic productions for the past four decades,
which has estimated to be maintained for the next coming years. Recycling has been
proposed as a strategic resolution to encounter with the generation of the plastic wastes.
The main four types of recycling are classified as primary, mechanical, incineration, and

chemical.

The primary recycling is a restrained method that is solely used in plastic
production plants to recycle the plastic wastes, generated within the plants, and they have
high-purity and near-to-zero contaminants. Comparatively, mechanical recycling can be
applied to a larger spectrum of plastic wastes but may not be applicable to the mixture of
different types of plastic wastes or the plastic wastes that are highly contaminated with
other chemicals. Moreover, mechanical recycling may not be tried repeatedly for recycling
of the same plastic waste, as the recycling sample, because it degrades the physical and
chemical characteristics of the recycled plastic products for every recycling round.
Incineration is usually applied when there’s no way to separate the mixture of plastic
wastes that are highly contaminated. It releases toxic gases of COx and NOx with the
residuals of ash. These gases are perceived as the main cause of the global warming and

air pollution. Residual ashes are landfilled that may penetrate soil and water, threatening

XXXVii



the lives of species in these areas. Thus, chemical recycling is the only type of recycling

that introduces more sustainable techniques.

Various techniques are proposed to chemically recycle plastic wastes. The three
main techniques are glycolysis, methanolysis, and hydrolysis. Hydrolysis is the mere
technique where an environmentally friendly solvent, i.e., water, is used to degrade plastic
wastes. This dissertation focuses on hydrolysis of one major type of plastic wastes,
polyethylene terephthalate (PET). PET is the main constituent of soft drink bottles, and it
is also broadly used in packaging and textile industries. The factors that affect hydrolysis
of PET are reaction conditions including reaction temperature and pressure, PET shape,

PET size, catalyst type, catalyst concentration, and catalyst activity.

Hydrolysis suffers from harsh reaction conditions including high reaction
temperature or high catalyst concentration and low rates of PET degradation. It is a
heterogenous reaction that occurs on the surface of PET. The reaction products are
terephthalic acid (TPA), the PET monomer, and ethylene glycol (EG). There are three types
of hydrolysis, depending on the pH of catalyst-water solution, neutral, alkaline, and acid.
This dissertation focuses on alkaline and acid hydrolysis since these two types of hydrolysis
can provide milder reaction conditions for PET hydrolysis. Moreover, the focus is to study
the wetting of the surface as one of the major effects on the rate of hydrolysis, explored
and reported few in recycling literature. For this purpose, this study introduces the series
of catalysts that can enhance the wetting of the surface of PET particles within the aqueous

medium, causing an increase in the local concentration of hydroxyls (OH") and protons
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(H*) for alkaline and acid hydrolysis, respectively. These catalysts can decompose PET at

milder reaction conditions and higher degradation rates.

The catalyst concentration and the reaction temperature of hydrolysis of PET are
explored in the aqueous solutions. The kinetics data of PET conversion (%) and TPA yield
(%) are gathered and depicted to illustrate the progress of hydrolysis for PET particles. The
reaction rate constants are determined by applying a shrinking core model to compare the
activity of the tested catalysts quantitatively. The contact angle measurements are
conducted to observe the catalyst concentration effect on the wetting of the surface with

the aqueous solutions of the tested catalysts.

The dissertation is divided into four major parts. In the first part, a comprehensive
review is conducted on PET recycling techniques with the focus on hydrolysis. In the
second part, the synthesized poly (4-styrenesulfonic acid) is introduced as a recoverable
and reusable catalyst for PET hydrolysis that can also increase the wetting of the surface
of the PET particles in the aqueous reaction medium. The experimental kinetics data for
PET conversion (%) and TPA yield (%) are compared with the ones obtained with sulfuric
acid, the conventional catalyst used for acid hydrolysis of PET. For the third part of the
dissertation, a series of aryl sulfonic catalysts are studied, which can increase the wetting
of the surface and can propose milder reaction conditions for hydrolysis of PET. The last
part focuses on the introduction of the 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU) as a
super-basic catalyst that can degrade PET faster than the reported catalysts in literature for
hydrolysis of PET. The DBU can wet the surface of PET particles completely, which is

one of the factors of the DBU super activity. This trait of DBU is used to synthesize DBU-
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acid ionic liquids with the weak acids to transform them to basic acids that can decompose
PET considerably faster than their corresponding acids. Moreover, these ionic liquids are
more thermally stable than DBU. This study features the enhancement of wetting of the
surface of PET particles as a significant driving force to increase the rate of PET

decomposition in hydrolysis reactions.
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Chapter 1

Introduction

1.1 Overview

Polyethylene terephthalate (PET) recycling is a primary strategy to deal with the
abundant plastic wastes that result from wide use of PET packaging. While various
recycling techniques have been proposed to decrease the rate of PET waste production,
recycling is far less than the PET waste production rate, and recycling has been slowly
adapted [1-3]. Recycling is an open field for scientists to explore techniques to improve
recycling process. There are three main recycling approaches: primary, secondary
(mechanical), and tertiary (chemical) [4, 5]. Incineration and pyrolysis are also categorized
as recycling approaches even though they will downcycle PET and may not be sustainable

methods for plastic recycling [6-10].

Primary recycling [11, 12] focuses on high purity plastic wastes, which result from
production of the plastic products. Recycling of this “in-plant” wastes is simply done by
adding to the virgin material in the plastic production process. This approach is not
applicable for plastic products which are used or contaminated with other wastes.
Mechanical recycling (MR) [13, 14] is conducted by separating the used plastic products
from the other types of wastes. MR includes sorting of the mixed waste into individual
plastics, size reduction, and reprocessing via melt extrusion to produce plastic products

[15]. The main drawback of this technique is that the recycled plastic degrades and loses



quality and mechanical properties with each subsequent mechanical recycling round [16,

17].

Tertiary (chemical) recycling has been studied as an approach to overcome the
challenges of mechanical recycling [18]. The five major techniques in chemical recycling
are: glycolysis, alcoholysis, aminolysis, ammonolysis, and hydrolysis [19-23]. Glycolysis
is commonly used to depolymerize PET into bis (2-hydroxyethyl terephthalate), which can
be repolymerized into pure PET. Glycolysis does not allow facile recovery of valuable
comonomers. Hydrolysis can directly produce terephthalic acid (TPA) and ethylene glycol
(EG) to recycle and polymerize into pure PET. There are three types of hydrolysis based
upon catalyst used for reaction: acid, neutral, and alkaline [24, 25]. Neutral hydrolysis is
usually conducted at very high reaction temperatures and pressures [26, 27]. Alkaline
hydrolysis produces more wastes than acid hydrolysis due to the indirect production of the
TPA [28, 29]. Acid hydrolysis directly produces TPA which can be recovered from
unreacted polymers but has slower kinetics than alkaline hydrolysis. This slower kinetics
require use of higher acid concentration or elevated temperatures to achieve reasonable
conversions [30, 31]. This work develops catalysts with higher activity than the

conventional catalysts used for hydrolysis of PET.

1.2 Hypothesis

PET hydrolysis occurs by the protons attacking the PET surface in a layer-by-layer
process because of low water solubility of PET [32, 33]. So, the PET surface wetting can
have an effective role in improving the reaction rate in hydrolysis of PET. The effect of

catalyst hydrophobicity on the wetting and the reaction kinetics have been reported for
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acid-catalyzed reactions, such as cellulose hydrolysis [34] or acetalization reactions [35],
and for the enzymatic hydrolysis of esters [36]. The hypothesis of this work is that catalysts
with hydrophobic regions will be more active than the conventional mineral acids due to
the hydrophobic interactions with the PET particles in the aqueous reaction medium-
results in higher local concentrations at the vicinity of the PET particles and consequently

faster PET hydrolysis.

1.3 Research Objectives

PET hydrolysis occurs at the PET surface and therefore requires good surface
wetting by the reaction media. The overall goal of this dissertation was to develop and
characterize catalysts for acid or base hydrolysis of PET while targeting: (i) higher surface
affinity to enhance the PET surface wetting by reaction media, (ii) increased catalytic
activity, and (iii) recoverable catalysts. In acid hydrolysis, PET depolymerizes to TPA and
EG in the presence of an acid catalyst. In the case of complete conversion of PET, the TPA
is recovered by a filtration process [37, 38]. In alkaline hydrolysis, PET depolymerizes to
the salted form of TPA and EG in the presence of a basic catalyst. In the case of complete
conversion of PET, the TPA may be recovered through an acidification process where a
strong acid is used to precipitate out the produced TPA. This will permit the recovery of
TPA and can be readily extended to co-polyester waste streams [39, 40]. Following are the

main objectives of this dissertation to investigate the PET hydrolysis:



1. Poly (4-styrene sulfonic acid) (PSSA): a recoverable and reusable acid catalyst for

PET hydrolysis

Catalyst recovery and reusability are of considerable interest for PET
depolymerization to reduce costs and improve sustainability of recycling processes [41,
42]. As the first part of this study, the aim was to introduce a recoverable and reusable
catalyst for PET hydrolysis as alternative to mineral acid, H2SOa. In this regard, poly (4-
styrene sulfonic acid) (PSSA) provided an opportunity to improve the surface activity
combined with potential for facile recovery and recycling of the catalyst. The PET
hydrolysis reactions were carried out at 130°C, 140°C, and 150°C in the ace pressure
reactors where the reaction pressure didn’t exceed 5 atm. The effect of PSSA concentration
on PET hydrolysis was studied at active site concentrations from 1 to 4 molar [43]. These
reaction conditions are comparatively lower than most of the reaction conditions applied
for the PET degradation, reported in the literature. The reaction temperature and pressure
could have a range of 100°C to 450°C and 1 atm to 26.5 atm, depending on the applied

technique for hydrolysis [26, 44-46].

The results of PET conversion and TPA yield from PET hydrolysis with PSSA were
compared with the results of PET hydrolysis with sulfuric acid, the conventional acid
catalyst for PET hydrolysis. Ethyl acetate hydrolysis and surface wetting of the PSSA
solutions on PET were explored to determine the effect of homogenous-heterogenous
reaction system and the effect of hydrophobic moieties of catalyst on PET hydrolysis,

respectively.



2. Aryl sulfonic acids: potentially higher catalyst activity than mineral acids for PET

hydrolysis

Application of aryl and alkyl sulfonic acid molecules to hydrolyze cellulose
indicate that catalysts with affinity for hydrophobic surfaces can exhibit sharp increases in
activity relative to mineral acids (i.e., sulfuric acid and nitric acid) [34, 47, 48]. As the
second part of this study, a series of acid catalysts with hydrophobic groups that target
improved surface wetting of the PET were tested for PET hydrolysis. For this purpose, the
selected catalysts were p-toluenesulfonic acid monohydrate (PTSA), 2-
naphthalenesulfonic acid (2-NSA), and 1,5-naphthalenedisulfonic acid tetrahydrate (1,5-

NDSA) [49].

The reactions were tested at 130°C, 140°C, and 150°C in the ace pressure reactors
where the reaction pressure was not higher than 5 atm. Again, the effect of the reaction
temperature and catalyst concentration on PET hydrolysis were explored. The kinetic
results were compared with the kinetic results of PET hydrolysis with sulfuric acid. Also,
the ethyl acetate hydrolysis and wetting studies of the catalyst solutions used for PET

hydrolysis were explored [49].

3. 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU)-acid ionic liquids for PET hydrolysis

DBU has been reported as a super-basic and recyclable organo-catalyst for the
efficient recycling of the polycarbonates [50]. It’s also been used as a strong catalyst to
depolymerize PET in a glycolysis technique [51, 52]. Weak acids are reported as catalysts
for the hydrolysis of cellulose [53, 54], polyamide [55], starch [56], rice straw [57] and

PET [58]. As the third part of the study, the focus was to synthesize ionic liquids (ILs) of
5



DBU with weak acids to increase the catalyst activity. This will also increase the thermal
stability of weak acid catalysts when they are in the form of an ionic liquid (IL), meaning

they may be applied at higher reaction temperatures for PET hydrolysis [59-62].

The selected acids for the third part of study were lactic acid, sulfuric acid, oxalic
acid, and citric acid. First, the activity of these weak acids for PET hydrolysis was
examined. Then, the ILs were prepared with DBU to explore the activity of the ILs for PET
hydrolysis. The effect of solvent type, water or methanol, on the IL activity as a catalyst
for hydrolysis of PET was studied. The reaction temperature and pressure for PET
hydrolysis are the same as the ones described for the first two parts of the dissertation. The
reaction temperature and catalyst concentration effects on PET hydrolysis along with

wetting studies on prepared solutions for PET hydrolysis were explored.

1.4 Organization of the dissertation

Chapter 2 describes the current literature for PET recycling with a focus on
hydrolysis as a potentially sustainable approach for PET recycling. Chapter 3 discusses
the materials used for the experiments of PET hydrolysis. It also describes the synthesis
methods for catalyst preparation and the experimental methods to conduct the tests for PET
hydrolysis, ethyl acetate hydrolysis, product characterizations, and wetting studies.
Chapter 4 discusses poly (4-styrene sulfonic acid) (PSSA) as a recoverable and reusable
catalyst for PET hydrolysis. Chapter 5 explores the effect of the hydrophobic group of
aryl sulfonic acids on the activity of these catalysts for PET hydrolysis. Chapter 6 studies
the DBU-acid ionic liquids as the hydrolysis catalysts for PET depolymerization. Chapter

7 includes the conclusions and the future work on PET depolymerization with hydrolysis.
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Chapter 2

A review on recycling techniques of polyethylene terephthalate with the

focus on hydrolysis

2.1 Abstract

Polyethylene terephthalate (PET) is among the most widely used polymers with
two major areas of applications, textile and packaging industries. The main resource for
PET production is fossil fuels with limited capacity. Additionally, many applications of
PET are single use that transform into waste and have caused major ecosystem problems
because of high volumes of plastic waste in environment. Recycling has been selected as
an approach to address this challenge. The four major PET recycling techniques are
mechanical, chemical, pyrolysis, and enzymatic. The mechanical, pyrolysis, and enzymatic

recycling techniques have some capabilities to manage PET waste.

Chemical recycling is of interest for this work because it can expand options for
recycling PET waste with potential for upcycling and addressing dirty waste streams.
Several methods have been introduced and discussed in the literature to depolymerize PET
into the monomers or associated oligomers. The five major chemical recycling techniques
are glycolysis, alcoholysis, aminolysis, ammonolysis, and hydrolysis. This review
describes PET depolymerization via each of these techniques and with an emphasis on

hydrolysis as a method that avoids organic solvents.



Hydrolysis tolerates PET mixed wastes streams including copolymers. It avoids
challenges attributed with using organic solvents in reaction systems. In addition,
hydrolysis directly produces terephthalic acid (TPA) and ethylene glycol (EG), which are
monomers used for commercial PET production. The chapter focuses on three forms of
hydrolysis- alkaline, neutral, and acid by presenting background studies, issued patents,

and recent trends on application of hydrolysis for PET depolymerization.

2.2 Introduction: Polyethylene terephthalate (PET) and the

importance of recycling

Polyethylene terephthalate (PET) is a high-volume polyester that is widely used in
the packaging and textile industries. This broad commercial use is due to the attractive
physical and chemical properties of PET including high transparency, crystallization rate,
high thermal stability, mechanical properties, and high oxygen barrier [30, 63, 64]. It is
estimated that the PET market will have a global annual growth of 4.2% over the five-year
period from 2019 to 2024, increasing to 11 billion dollars in a period time of 2019 to 2024

[65].

Figure 2-1 shows the two most used commercial processes for PET synthesis: (i)
esterification of terephthalic acid (TPA) with ethylene glycol (EG) followed by
polycondensation and (ii) transesterification of dimethyl terephthalate (DMT) with EG
followed by polycondensation. The esterification reaction of TPA and EG is conducted at
the average reaction temperature of 250°C and pressure of 400 kPa. For the trans-
esterification reaction, DMT reacts with EG in the presence of a catalyst at an average

reaction temperature of 180°C and pressure of 100 kPa. For both paths, the product for the
8



pre-polymerization step is bis (2-hydroxyethyl) terephthalate (BHET), which is
polymerized further to the degree of polymerization (DP) of 30 [66, 67]. For the
polymerization process, a polycondensation reaction occurs at the average reaction
temperature of 280°C and pressure of 75 Pa to produce PET for fiber and sheet applications.
While both processes produce high molecular weight PET, the esterification of TPA to
BHET is the most used route as it does not require a catalyst and there are fewer side
reactions. For higher MW of PET production, applicable for packaging productions, solid

state polymerization of the product is used [68-70].
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Path 2: —0 O
y e \ / oH
I'rans-esterification reaction v d ok /\/
Reaction temperature: 180°C // \\ HO
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and polymerization reactions \C C/
o /
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n (monomer unit): 130-150

Figure 2-1: The two paths for the synthesis of PET.

Many PET products, such as water bottles, have short use lives, and become plastic
wastes in the environment- causing threats to the environment [71-73]. Incineration and
landfilling are two approaches that have been applied to address the volume of PET waste

[38, 74]. Incineration is the direct combustion of PET waste to use the PET latent energy,

10



22.95 MJ kg, to produce energy [9, 75]. This process produces toxic gases including SOx
and NOx and leaves ash as residual that is detrimental to the soil and water. However,
incineration is inevitable when the PET waste is either too hazardous to be handled or too

costly to be collected and separated from other wastes [76, 77].

Landfilling is a static method to collect the PET waste along with other wastes in a
space on or under the soil [78]. This collected waste will gradually be displaced by
penetrating within the soil and reaching to water resources. In this case, the waste can
damage the ecosystem including the soil and water [79-81]. In addition, the feedstock to
produce PET is typically from limited fossil fuel resources [82-85]. Due to the continual
environmental legislations specially the reduction of carbon footprint and the protection of
environment, there is a growing interest to reduce the use of these methods to address PET

waste [86-88].

Therefore, two strategies have been proposed to address challenges of large
volumes of PET waste: direct and indirect. In the direct strategy, recycling techniques are
used to manage PET waste [89-91]. In the indirect strategy, biodegradable materials are
used as a PET alternative to facilitate product degradability [92-94]. While replacing PET
with biodegradable polymers is of interest, there are currently no polymers that can
compete with PET in required thermal, mechanical and barrier properties needed for
stringent packaging requirements [95, 96]. The direct strategy has been developed because
of the need to handle current PET production volumes and subsequent produced PET waste

[97, 98].

11



2.3 Direct strategy for PET waste management

The direct strategy encompasses a variety of techniques including primary
recycling, mechanical recycling, and chemical recycling [99]. In primary recycling, the
PET waste generated during the production process are recycled. This waste has a high
purity and no contamination so it can readily go through the re-extrusion process for PET
production [100-102]. This technique is applicable to a small portion of the PET waste and
cannot be implemented for PET products which are used or contaminated with other wastes

[103].

Mechanical recycling (MR) is the most used commercial method for recycling of
PET from mixed plastic waste. MR requires sorting into individual plastics, washing,
drying, size reduction, and melting to reproduce polymer pellets for further processing
[104-106]. As PET waste has contaminants and other materials such as polymers and
metals, the sorting facilities separate the PET from metal and other polymers using a variety
of methods including by the density and the waste size. The PET waste is washed and dried
to remove the contaminants and prepared for the size reduction process. In this phase, the
waste is crushed with counter comb shredders to achieve uniformly small PET flakes that
are appropriate for melting in the last step. The PET flake is reprocessed into pellets to

produce recycled PET (RPET) for commercial use [13, 15, 107].

RPET pellets from mechanical recycling contain acetaldehyde and limonene, which
are formed during reprocessing and can make RPET unsuitable for food and drink
packaging [14, 17, 108]. Gas chromatography analysis of the RPET showed that the

maximum level of acetaldehyde and limonene in these products can reach 86 mg.kg™ and

12



20 mg.kg™, respectively. However, if the mechanical recycling steps are implemented
correctly, then it is estimated the level of the hazardous chemicals is less than 50 nanogram,
making the recycled PET products safely applicable for food and water packaging [109,
110]. The main drawback of mechanical recycling is that the recycled plastic degrades,
loses molecular weight and has decreased mechanical properties following reprocessing at
elevated temperatures [11]. Solid state polymerization of the RPET pellets can be used to
recover some molecular weight and improve properties [111-113]. Additionally,
mechanical recycling does not allow recovery of high value co-monomers that are used to

moderate PET properties.

2.4  Chemical recycling of PET

Chemical recycling of PET has been extensively studied as an alternative to
traditional mechanical recycling [114-119]. In chemical recycling, the PET waste is
converted, either by transformation to the monomer unit by solvolysis or by randomly
scission of the chains by pyrolysis [120, 121]. In pyrolysis, the PET waste will go through
extreme heating process under vacuum condition to produce a variety of hydrocarbons. In
solvolysis, the PET waste is depolymerized in a solvent in the presence of a catalyst to
produce monomers (i.e. TPA and EG), bis (2-Hydroxyethyl) terephthalate (BHET) or

oligomers that can be used to synthesize PET or other polymers [122-125].

Pyrolysis is applied when the PET waste has high impurities including
contaminants and other polymeric wastes and cannot be recycled using other methods.
During pyrolysis, the PET waste is exposed to high reaction temperatures, from 370°C up

to 700°C, in an oxygen free environment [126-128]. Pyrolysis occurs in an autoclave
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reactor where the products are approximately 77% weight gas and 23% weight liquid oil.
Half of the obtained liquid oil contains benzoic acid, which will not be a high-quality fuel
due to its corrosive nature [129-132]. The applied catalysts for the pyrolysis process are
reported to be FeOOH, ZSM-5, and metal oxides such as ZnO, MgO, TiOz, etc. [8, 133].
The ZnO catalyst has been reported to particularly lead the pyrolysis reaction to
decarboxylate benzoic acid and terephthalic acid (TPA), main pyrolysis products, to
increase the amount of benzene in the liquid oil up to approximately 90% weight. This will
increase the quality of the obtained fuel for subsequent processing for potential fuel
applications [134-138]. Although pyrolysis is categorized as a method of chemical
recycling of PET waste, it is downcycling the polymer PET value due to the thermal

degradation that occurs during pyrolysis [139, 140].

Solvolysis can reintroduce PET without quality loss by depolymerizing PET waste
into oligomers and monomers that can be used in direct polymerization of PET [141-144].
Solvolysis processes are designated based upon reactants/solvents used including

glycolysis, alcoholysis, aminolysis, ammonolysis, and hydrolysis, as shown in Figure 2-2

[145-147].
| PET Chemical Recycling I
I
! | | |
Glycolysis Methanolysis | | Hydrolysis Other Processes

BHET and Oligomers| |DMT and EG| |TPA and EG| | Aminolysis and Ammonolysis

Figure 2-2: Schematic diagram of PET chemical recycling techniques.
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PET glycolysis is the most widely studied process and has found commercial
application [148-153]. Glycolysis was first patented in 1965, and the patenting for this
technique was continued until 2020 [154-158] with commercial facilities in Europe and
Japan [159]. Glycolysis depolymerizes the PET at temperatures from 110°C to 270°C and
pressure range of 1 atm to 25 atm. The reaction medium can be ethylene glycol (EG),
diethylene glycol, propylene glycol, or di-propylene glycol- with EG as the most widely
used compound. As shown in Figure 2-3, the final product is bis(2-Hydroxyethyl)
terephthalate (BHET) [31, 160]. PET glycolysis without a catalyst is a sluggish process

where PET cannot completely depolymerize to BHET.

To resolve this challenge, various catalysts have been proposed including metal
derivatives, zeolites, and ionic liquids where zinc acetate and magnesium acetate are the
most significant ones [20, 161-164]. An advantage of glycolysis is its simplicity to produce
high yields of BHET, which can be added to fresh BHET after a purification process, for
synthesis of PET without the esterification step [165-167]. However, the drawbacks of the
technique include the harmful effects of the reaction solvent to the environment and the
need to separate the monomer from catalyst and EG [18, 168]. Glycolysis cannot tolerate

low quality PET waste and may be limited in recovery of valuable comonomers [169-171].
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Polyethylene terephthalate (PET) Ethylene glycol (EG)

Reaction temperature: 110°C-270°C
Reaction pressure: latm-25atm

Catalyst: metal derivatives, zeolites, and ionic liquids
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: \ /
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Bis (2-hydroxyethyl) terephthalate (BHET)

Figure 2-3: Glycolysis of PET.

Alcoholysis was firstly proposed in 1991 by Wang et. al. [172]. The reaction
medium is an alcohol such as methanol, pentaerythrytol (PENTE), 1-butanol, 1-pentanol
where the PET degradation occurs to produce corresponding esters of terephthalic acid and
EG as the main products, as shown in Figure 2-4 [173-176]. Among the reported reaction
medium, methanol is of specific importance due to it abundance and low cost. In this case,
dimethyl terephthalate (DMT) and EG are the products, as shown in Figure 2-5 [23].
Heisenberg et al. introduced methanolysis for PET depolymerization in 1962 [177].
Methanol has been used in three phases for PET depolymerization- liquid, vapor, and

supercritical [2, 178].
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Figure 2-4: Alcoholysis of PET.

Polyethylene terephthalate Methanol Dimethyl terephthalate Ethylene glycol
(PET) (DMT) (EG)

Figure 2-5: Methanolysis of PET.

Liquid phase methanolysis is conducted in the reaction temperature range of 160°C
to 350°C. To increase the DMT vyield to an average of 82% weight and to maintain the
liquid state of the methanol, the reaction pressure increases to the range of 20 atm to 40
atm [179-181]. The applied catalysts are the metal acetates used for the transesterification.
The produced DMT can be separated by crystallization and be further purified to reach an
acceptable quality for PET production. However, these steps cause PET liquid
methanolysis to be accounted as an expensive process [182, 183]. Additionally, it does not

produce a direct replacement for TPA in commercial PET production.

Superheated vapor methanol and supercritical methanol are also reported in
literature for PET methanolysis processes [19, 184]. In a comparative study, it was
confirmed that PET depolymerizes faster in supercritical methanolysis. It has been reported

that supercritical methanolysis can depolymerize PET in 30 minutes at 300°C temperature
17



and above 80 atm pressure [185-188]. However, the high pressure and temperature required
increase the operating costs, making it unfavorable as a direct technique of PET
depolymerization. The reaction products for supercritical methanolysis and vapor
methanolysis are a mixture of BHET, DMT, and methyl-2-hydroxy ethylene terephthalate
(MHET) where the DMT has a yield of 80% [189, 190]. Again, the separation of the DMT
from the product mixture increases the associated costs for PET methanolysis.
Nevertheless, methanolysis has been scaled up in the USA and Canada for PET

decomposition due to the easy installation at PET production plants. [29, 191].

PET aminolysis [192-194] is conducted in primary amine solutions such as
methylamine, ethylamine (EA), and allylamine, at a reaction temperature in the range of
20°C to 100°C and moderate pressures up to 20 atm. Catalysts such as metal acetates,
glacial acetic acid, potassium sulfate, and 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) are
used to increase the reaction rate [195-198]. The reaction products are the diamide of TPA
and EG, as shown in Figure 2-6. Ethylamine has been used as the agent for PET aminolysis
to produce the bi-functional monomer bis (2-hydroxyl-ethylene) terephthalamide
(BHETPA). The BHETPA yield can reach as high as 91% and can be further processed to

be used as a curing agent for epoxy resins [198-203].
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Figure 2-6: Aminolysis of PET.

PET ammonolysis [204-206] has been less studied in comparison to other PET
chemical recycling techniques. In PET ammonolysis, ammonia (NHs) is used as the
reaction medium at a reaction temperature between 70°C to 180°C. As ammonolysis is
notably slower than aminolysis, both a catalyst and high reaction pressures are required to
increase the reaction rate [207, 208]. The applied catalysts are metal acetates to produce
monomeric terephthalamide and EG, as shown in Figure 2-7. These products can be
furtherly processed to produce value-added products such as p-lylenediamine or 1, 4-bis

(amino-methyl) cyclohexane [209, 210].

A HZN\ /O OH
4
4 @— +2n (H—NH) ——n ,,CO—C\ - "(HO/\/ )
uhl_\ﬂ 0 NH;

Polyethylene terephthalate Ammonia Terephthalamide Ethylene glycol
(PET) (EG)

Figure 2-7: Ammonolysis of PET.

Both aminolysis and ammonolysis were explored to increase the PET
depolymerization reaction rate because the amine group has higher activity than the

hydroxyl groups in glycols and alcohols, which are applied in glycolysis and alcoholysis,
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respectively. In addition, aminolysis and ammonolysis can depolymerize PET in less
severe reaction conditions than methanolysis [211, 212]. However, both techniques have
not been scaled up. This is due to the additional processes needed to be implemented on
the PET aminolysis/ammonolysis products to produce value-added materials- applicable
as plasticizers, curing agents for epoxy resins, and components for polyurethane production

[213-216].

Each of the PET chemical recycling techniques discussed thus far has
environmental concerns including the use of organic solvents and metal catalysts [18, 217-
220]. Studies have been developed to recycle the catalysts for reuse or to apply eco-friendly
(green) catalysts while the organic solvent application has remained as an issue [221-230].
PET hydrolysis, which is the depolymerization of PET in water, could be an answer to
resolve the issue of application of organic solvents [231-235]. Despite that, current
catalysts that are used for PET hydrolysis may damage the environment due to the toxicity
and corrosiveness [236-239]. So, there is interest in catalysts that are recoverable and

nontoxic for PET hydrolysis.

2.5 PET Hydrolysis

PET hydrolysis is divided into three categories, alkaline, neutral, and acid,
depending on the pH of the applied catalyst in the aqueous rection medium. As illustrated
in Figure 2-8 for acid hydrolysis, protons (H™) attack PET surface and initiates the
esterification reaction in hydrolysis. Hydrolysis is a heterogenous reaction occurring at the

surface of PET. Factors that affect the reaction rate are temperature, pressure, proton or
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hydroxyl concentration, PET particle size, and the extent of surface wetting with the

reaction medium [240-242].
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Figure 2-8: Schematic of PET particles distributed in a hydrolysis reaction medium.

2.5.1 Neutral hydrolysis

In neutral hydrolysis, PET depolymerizes in an excess of water or steam at a
reaction temperature between 115°C to 420°C and pressures between 10 atm to 420 atm
[243-245]. As shown in Figure 2-9, the products are TPA and EG. The TPA may be
recovered from unreacted PET by acidification and filtration after hydrolysis. It was

reported that when PET is in the molten state at temperatures higher 245°C, the reaction
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proceeds faster [246, 247]. Campanelli et al. [248] found that when the weight ratio of
water to PET was 5 to 1, complete PET depolymerization could be achieved in 2 hours at
reaction temperature of 265°C. The kinetic and thermodynamic studies for PET neutral
hydrolysis are given in the literature [26, 249]. For instance, Zope and Mishra [26]
determined the activation energy and the frequency factor to be 9.58 kJ.mol™ and 2.9 x

108 min%, respectively.

e} 0 A HO, - OH
,,C@'C\ +2n H0 " C—@—C' Y
0 0 115°C-420°C & oH
n

10atm-420atm

Y

Polyethylene terephthalate  Water or steam Ferephthalic acid (TPA) Ethylene glycol
(PET) (EG)

Figure 2-9: Neutral hydrolysis of PET to TPA and EG.

Neutral hydrolysis does not require organic solvents and catalysts, so this is a
greener route for PET hydrolysis. However, neutral hydrolysis does not account for the
mechanical impurities in PET waste, causing the produced TPA to have higher impurities
than the produced TPA from alkaline hydrolysis. Therefore, a more intensive purification
process is needed to purify the TPA [250, 251]. In addition, the operational costs are high
in neutral hydrolysis due to the high reaction temperature and pressure required to achieve
depolymerization in shorter times [19]. These are the two main reasons that no method
under neutral hydrolysis technique has ever been patented or scaled up for PET recycling
in high tonnages. However, some recent studies on PET neutral hydrolysis are reported,

which are described in subsequent paragraphs.
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Sato et al. [252] studied PET hydrolysis in liquid water at 300°C and under
autogenous pressure. It was found only 10 minutes was needed for 1 gram of PET to
convert completely to TPA in an excess amount of water (5 grams). In addition, a
continuous hydrolysis process was simulated to depolymerize one ton of PET per day. It
was concluded that by decreasing the water to PET molar ratio at the feed stream, the total
energy needed to operate the PET hydrolysis in a continuous condition would decrease.
The best condition was for the molar ratio of 16.7 (water to PET) with the total operation

energy of 5,366 kKWh.

Liu et al. [253] introduced zinc acetate as a catalyst for PET neutral hydrolysis. In
the study, the PET with industrial grade was hydrolyzed in hot compressed water in an
autoclave reactor within the reaction temperature and pressure range of 220°C to 280°C
and 21 atm to 61 atm, respectively. The optimum reaction conditions occurred when the
weight ratio of the catalyst to PET, reaction temperature, and pressure were 1.5%, 240°C,
and 32 atm, respectively. In this case, the required reaction time for complete conversion
of PET was 30 minutes. In addition, a fused silica capillary reactor was used to enable the
study of the phase behavior of PET hydrolysis in the hot compressed water. The phase
change data indicated the temperature of PET dissolution in the water to create a

homogenous solution decreased with an increase in the zinc acetate amount in the solution.

Mancini et al. [254] proposed a two-stage method to increase the reaction rate of
PET neutral hydrolysis. In the first stage, the PET flakes were treated by plasma at various
conditions. Operating parameters including plasma composition (oxygen and air), power,

pressure, and treatment time were investigated. This stage enhances the wettability of PET
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surface by the reaction medium. The contact angle measurements indicated a value of 9.4
degree when the PET flakes were treated by plasma at optimum conditions. The optimum
conditions were found when the PET flakes were treated by air plasma at power of 130 W,
pressure of 6.67 Pa for 5 minutes. In the second stage, the PET flakes were ground to obtain
the PET particles with an average diameter of 5 mm. The particles were hydrolyzed at the
reaction temperature and pressure of 205°C and 16 atm, respectively. Complete PET
conversion was obtained after 4 hours for treated samples and 60% of PET conversion was
obtained in hydrolysis of base PET samples. This work shows a plasma treatment on PET

surface facilitates the PET hydrolysis by increasing the PET surface wettability.

2.5.2 Alkaline hydrolysis

25.2.1 Background

In standard alkaline hydrolysis, PET waste reacts with a base catalyst in an aqueous
medium. Alkaline hydrolysis is generally conducted using a metal oxide catalyst, such as
sodium hydroxide and potassium hydroxide, with a concentration between 4% w/w to 20%
w/w at an average reaction temperature of 225°C and a pressure of 17 atm [255-258].
Sodium hydroxide is a commonly used catalyst for alkaline hydrolysis of PET where the
products are the sodium salt of TPA (TPA-Na2") and EG [259-261]. The TPA is
precipitated when a strong acid such as sulfuric acid and hydrochloric acid is applied to
bring the solution pH to 2. The base catalyst is consumed during alkaline hydrolysis and
the subsequent acidification process to recover the TPA [262]. The PET depolymerization

steps for hydrolysis of PET with sodium hydroxide is shown in Figure 2-10.
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Figure 2-10: Alkaline hydrolysis of PET with NaOH, TPA recovery with H2SO4[263].

The proposed mechanism for alkaline hydrolysis at the surface of the PET is
illustrated in Figure 2-11 [264-266]. In the dissociation step (Figure 2-11. a), the hydroxyl
groups (OH") are released from the catalyst in the aqueous solution. In the next step
(nucleophilic addition), the hydroxyl anion attacks the carbon atom of the ester carbonyl
group, forming a tetrahedral intermediate (Figure 2-11. b). Then, in the hydrolysis step,
the attached ester to the tetrahedral intermediate (-OR’) separates from the tetrahedral
intermediate (Figure 2-11. c). Afterwards, the negative (-OR”) group attacks the hydrogen
bond of the hydroxyl group and separates the hydrogen to form the hydroxyl group (OH)
(Figure 2-11. d). This step is called the deprotonation of the carboxylic acid, which will
eventuate in formation of the hydrolysis products, terephthalic acid and ethylene glycol

(Figure 2-11. e).

25



o
oH OH OH

OH e OH
a oH %I 1
HO _ = " ' e
S S OH
OH OH OH aqueous

| =
N\
Q
-0
1

/
-

o o// O—R
e"‘
0 | O
ol gl
74 No—r' _O'
o HO/ o/ | B
o=
o

HO (@]
e OH S
> \C C// ‘(HO/\/ ) + OH
Y, \
OH

Terephthalic acid (TPA) Ethylene glyeol (EG)

Figure 2-11: Mechanism for PET acid hydrolysis, a: dissociation step, b: nucleophilic

addition, c: hydrolysis step, d: deprotonation step, e: formation step [264-266].

26



2.5.2.2 Issued patents for PET alkaline hydrolysis

Pitat et al. [267] patented a PET alkaline hydrolysis method by applying 18%
weight of sodium hydroxide in water. The most important finding was determining the
maximum salting-out (precipitation of alkali sodium TPA) condition when the reaction

temperature and time were 100°C and 2 hours, respectively.

In a later patent, Lazarus et. al [268] applied a 3.38% w/w NaOH to hydrolyze a
blend of 70:30 w/w Nylon-6: PET at 230°C and 17 atm with a TPA yield of 97.4%. The
latest patent is for Jlakees et. al [269] who reported the application of sodium hydroxide
to produce TPA from PET. The reaction temperature range and pressure were 130°C to
150°C and 1 atm, respectively. They introduced Flotoreagent-oxal T-92, a mixture of
polyhydric alcohols, as flotation reagent medium used during the alkaline process to
dissolve the produced TPA accompanied by the addition of water. Then, the TPA was
recovered using the acidification process described by Lazarus et. al [268]. Mishra et al.
[270] and Karayannidis et al. [271] reported PET alkaline hydrolysis with the complete
degradation of PET and high-yield production of TPA. They also studied the reaction

kinetics of the PET hydrolysis.

2.5.2.3 Phase transfer agents as catalysts for PET alkaline
hydrolysis

Kosmidis et al. [272] used trioctylmethylammonium bromide as a phase transfer
agent in alkaline hydrolysis. The phase transfer agent (PTA) enhances the interactions

between the basic catalyst and the PET surface in the reaction medium. Two features are

specified for the PTA to function, possessing sufficient organic part to be lipophilic and
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being small enough to avoid steric hinderance [272, 273]. A typical PTA structure consists
of two cationic and anionic parts. It’s found the cationic part can carry the scattered
hydroxide anions to the PET surface, resulting in hydroxyl anions can more readily attack

PET for depolymerization [274, 275].

This increased interaction allowed PET alkaline hydrolysis at milder reaction
conditions with temperatures between 70°C to 95°C and atmospheric pressure. The
produced TPA had high purity with a trace of 2% wi/w isophthalic acid. Subsequently, other
phase transfer agents including quaternary phosphonium, ammonium salts and tetra butyl
ammonium iodide (TBAI) were reported for PET alkaline hydrolysis [273, 276-278]. For
instance, tributylhexadecylphosphonium bromide (3Bu6DPB) was found to increase the
reaction activity for PET alkaline hydrolysis, reducing the needed reaction time from 10
hours to 1.5 hours to achieve more than 90% PET conversion at 80°C in a Parr pressure

reactor [276].

2.5.2.4 Alternative heating methods: microwave and ultrasound

The PET alkaline hydrolysis described in the previous sections used traditional
heating methods. Microwave and ultrasound irradiation have been reported as alternative
heating sources for PET alkaline hydrolysis [279]. Siddiqui et al. [280] reported complete
degradation of PET in 30 minutes with 1.25M NaOH assisted with a phase transfer agent,
at the reaction temperature of 180°C under the microwave irradiation. Paliwal and Mungray
[281] conducted PET hydrolysis in 10% w/w sodium hydroxide assisted by tetrabutyl
ammonium iodide (TBAI) as a phase transfer agent under the ultrasound irradiation.

Complete PET depolymerization was achieved in 45 minutes at 90°C and 1 atm. Without
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ultrasound irradiation, the required reaction time was 65 minutes at these reaction
conditions. Microwave and ultrasound irradiation enhance the diffusion of water into the
PET matrix by causing PET structural relaxation, resulting in higher reaction rates than

those exhibited for traditional heating process alone [46].

2.5.2.5 PET alkaline hydrolysis: recent studies

Recent studies on PET alkaline hydrolysis have focused on the introduction of
methods that can achieve more than 90% PET conversion in short reaction times, to recover
and reuse the basic catalyst, or to depolymerize PET with higher impurities. Chen et al.
[282] introduced a two-step process for PET alkaline hydrolysis. It was found the biomass-
derived y-valerolactone (GVL) can completely swell the PET flakes at 120°C for 1 hour.
In addition, it was observed when the temperature was increased to 170°C, the PET
dissolved completely in GVL in 2 minutes. So, for PET alkaline hydrolysis, the PET flakes
were dissolved in the excess GVL as the first step. Then, the alkaline hydrolysis was
conducted in a batch reactor. The hydrolysis performed at 90°C in the excess amount of
sodium hydroxide (15 wt.%). The PET hydrolyzed completely in 8 minutes, and the
produced sodium TPA was treated with the acidification process and subsequent recovery
steps to determine the TPA yield. Afterward, the GVL, EG, water, and sodium chloride

were separated by a distillation process.

Wang et al. [283] proposed a method with a pH-responsive catalyst to better the
PET alkaline hydrolysis with sodium hydroxide. The catalyst is [C16H33N(CH3)3]3PW12040
(known as (CTA)sPW), which is also a phase transfer agent, and could be recycled and

reused for PET hydrolysis up to 5 times. In the optimized reaction condition, PET
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hydrolyzed completely within 5 hours in 4 wt.% of sodium hydroxide and 0.5 wt.% of
(CTA)PW at 110°C. Without the catalyst, the PET conversion was only around 20%. So,
the phase transfer catalyst in small amounts could increase the hydrolysis rate. The catalyst
separated with the acidification process in a pH of 5 while the produced TPA could be

precipitated out with further acidification in a pH of 2.

Ugduler et al. [284] proposed the addition of ethanol (EtOH) to the sodium
hydroxide solution to improve PET alkaline hydrolysis. The hydrolysis was done on PET
flakes within the range size of 0.5 millimeter to 4 centimeters. The optimum reaction
condition was found when the ratio of ethanol to water is 60:40 vol.% with 5 wt.% of
sodium hydroxides in the solution. Then, the PET hydrolyzed completely in less than 20
minutes at 80°C. The study did not clarify why the addition of ethanol as a co-solvent could
increase the alkaline hydrolysis rate significantly. However, it suggested the ethanol-water

could be separated from the EG with a flashing process and be reused for PET hydrolysis.

Kumagai et al. [285] tried to hydrolyze PET fibers that were coated with polyvinyl
chloride (PVC) in 1M sodium hydroxide aqueous solution. The coated PVC contained di(2-
ethylhexyl) phthalate (DEHP) as a plasticizer and other additives such as titanium dioxide
pigment. It was found the PET part of the fibers could be hydrolyzed completely in 2 hours
at 180°C. At this condition, the PVC part was dechlorinated up to 22% while the leaching
of the DEHP with the average of 61% was unavoidable. However, these simultaneous
reactions did not affect the PET hydrolysis and the produced TPA. After the TPA was

recovered with the acidification process, it was suggested that water, EG, and the partially
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leached DHEP could be separated by distillation. The method shows the alkaline hydrolysis

could be used to treat PET with higher impurities.

In conclusion, alkaline hydrolysis can be applied to treat PET waste with higher
impurities. It was also reported the technique is more economical than methanolysis
because the capital and operation costs are cheaper [19]. However, the needed acidification
process to separate the TPA and the separation of the catalyst solution from the reaction
medium are barriers that may limit the implementation of the technique for scaleup in

chemically recycling PET waste [120, 278].

2.5.3 Acid hydrolysis

25.3.1 Background

Acid catalysts including mineral acids have been reported for PET hydrolysis where
sulfuric acid is the most widely applied [120, 234, 286]. To avoid high reaction temperature
and pressure, PET has been hydrolyzed in concentrated acid solutions with more than 90
wt.% of the acid [19]. As seen for neutral hydrolysis, the products are TPA solid and EG.
The produced TPA is recovered with a crystallization process after a complete hydrolysis
[31, 38, 287]. In the case of complete PET conversion, acid hydrolysis does not require the
acidification process, which is an additional step for alkaline hydrolysis in TPA recovery.
Note that the corrosiveness of the high concentration acidic solutions may cause earlier

maintenance of the reaction systems.

Yoshioka et al. studied sulfuric acid and nitric acid for PET hydrolysis. Complete
hydrolysis occurred in 5 hours in 7 M sulfuric acid at 150°C and atmospheric pressure
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[288]. For nitric acid, complete hydrolysis was observed in 16 hours in 13 M nitric acid at
100°C [289]. In addition, kinetic studies confirmed the reaction temperature played a key
role in the progress of PET hydrolysis. The reported activation energies for sulfuric acid

and nitric acid were 88.7 ki.mol™ and 101.3 kJ.mol™?, respectively [288, 289].

The reaction parameters that are important in PET hydrolysis using mineral acids
include acid concentration, reaction temperature, pressure, PET shape, and PET size [290-
294]. An increase in acid concentration and reaction temperature result in an increase in
the rate of PET conversion. It was observed that a decrease in particle size will increase
the rate of PET conversion due to the increase of surface area per volume and easier access
to protons to react with the PET surface. Santos and Mendes [295] tried three different
reaction media for PET acid hydrolysis- concentrated sulfuric acid, concentrated sulfuric
acid along with iodine as a co-catalyst, and fumigant sulfuric acid. For all cases, the
hydrolysis reaction occurred at 87.5°C for 2 hours. There were no side reactions, and

complete PET conversion was achieved only with the concentrated sulfuric acid.

2.5.3.2 Issued patents for PET acid hydrolysis

Bryan Jr. et al. [296] published the first patent on PET acid hydrolysis using sulfuric
acid with at least 87 wt.% concentration at temperatures from 60°C to 93°C and ambient
pressure. Complete PET conversion was observed in about 4 minutes when the acid
concentration was 95 wt.% at an average temperature of 75°C. In addition, the mechanism
shown in Figure 2-12 was proposed for acid hydrolysis. In the first step, sulfuric acid reacts
with the double bond oxygen of the ester linkage within the PET chain. In the second step,

water addition reproduces sulfuric acid in the reaction medium and substitutes hydroxyl

32



groups within the chain. In the last step, the carbon bonds with two hydroxyl groups are

chemically unstable and are swiftly split into TPA and EG.
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O\ /,O HO\ /O
C C + H>S0 | —— CH HC
o \ o / \
(®) O 0 O
n ‘ n
SO4 H

Polyethylene terephthalate  Sulfuric acid
(PET)

Second step:

DM OH
| OH ]
HO (0] | o
:CHA@HC'\' + 20 HyO —— > HCOHC’
(0] O 0/ \o
| : | [
SOs H H OH
Third step: unstable condition / 0O /O
2n \C C/
OH o// "
OH I
| o)
HC—Q*HC/ - < Terephthalic acid (TPA)
/ \
O (o]
| by i
OH OH > /\/OH
HO

\

Ethylene glycol (EG)

Figure 2-12: Mechanism for PET hydrolysis with H2SO4, proposed by Bryan Jr. et al.

[296].
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The mechanism proposed by Bryan Jr. et al. [296] may not be extended to other
acid catalysts. So, a comprehensive mechanism for acid hydrolysis, shown in Figure 2-13,
was recently proposed by Li et al. [297]. First, the hydrogen protons dissociate from the
catalyst into the aqueous phase (Figure 2-13. a). Second, the proton randomly strikes the
carbon atom of the ester carbonyl group (Figure 2-13. b). Here, the oxygen atom of the
carbonyl group changes into a secondary hydroxyl group. Third, the oxygen atom of water
attacks the protonated carbon atom of the ester carbonyl group (Figure 2-13. c). At the
same time, the hydrogen proton of water integrates with the oxygen atom of the ester bond,
making it protonated as the result of the effect of hydrogen bond (Figure 2-13. d). The
ester bond is unstable and is swiftly broken to form terminal carboxyl group and hydroxyl
group (Figure 2-13. e). Simultaneously, the hydrogen proton separates from the carbonyl

oxygen and returns to the water environment for the next strike.
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proposed by Li et al. [297], reproduced from [58].

Pusztaszeri [298] patented a method that could economically and industrially

hydrolyze PET waste in concentrated sulfuric acid solution at room temperature and
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atmospheric pressure. Complete PET hydrolysis was achieved in 30 minutes with volume
ratio of acid to water of at least 6 to 1. Four types of PET waste were considered as the
feed for hydrolysis including silver-bearing films, regular films, textiles, and bottles. The
invention revolves around a technique to produce the TPA of 99% purity. After hydrolysis,
the solid material in the solution was filtered and mixed in an alkali solution to dissolve the
produced TPA. The second filtration separated the TPA from the remaining impurities.
Finally, the TPA was precipitated by bringing the pH solution within the range of 0 to 3.

The filtrates from the first and second filtrations were neutralized and disposed.

These two patents were from 1970s and 1980s, and no patent has been issued since
then for PET acid hydrolysis. There are possibly two major reasons for that. First, PET acid
hydrolysis requires a highly concentrated mineral acid solution to convert PET completely
in a short time with ambient conditions. This high acid concentration is corrosive which
limits the selection of the reactor for hydrolysis. Second, substantial volumes of acid and
EG in water are produced during the reaction, which require a costly distillation process to
separate acid from EG [107, 120, 278]. However, studies on methods to improve PET acid
hydrolysis technique have been pursued due to the promising features including use of

aqueous solvent and the direct production of TPA.

2.5.3.3 Enzymes as catalysts for PET acid hydrolysis

The application of enzymes as acid catalysts to depolymerize PET has been studied
to introduce greener methods for acid hydrolysis of PET [299, 300]. These enzymes are
classified as carboxylic acid hydrolases including cutinases [301, 302], lipases [303, 304],

serine esterases [305, 306] and carboxylesterases [307, 308]. With enzymatic catalysts,
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PET hydrolysis is performed at the average reaction temperature of 45°C and atmospheric
pressure, producing TPA and EG. Complete PET conversion generally takes days or
weeks, depending on the enzyme activity [309, 310]. Thus, this approach may not be
suitable for PET degradation in recycling plants. However, enzyme application for PET
hydrolysis might be applied for degradation of the PET wastes that are piled up on static

stations such as landfills [227, 311-313].

2.5.34 PET acid hydrolysis: recent studies

Ohmura et al. [314] introduced modified silica gels with phosphoric acid as solid
catalysts for PET hydrolysis in water. The catalyst was prepared by mixing silica gels and
phosphoric acid at a molar ratio of 1 to 3 for 24 hours at room temperature and pressure.
The mixture was dried for 12 hours in an oven at 100°C to obtain the solid catalyst. In this
study, the reaction heating source was microwave irradiation where the effect of
microwave power on hydrolysis rate was explored. It was observed that an increase in
power will increase the hydrolysis rate. The optimum reaction condition was with the
power of 200W and the weight ratio of 6:2:1 for the catalyst: PET: water. Approximately
5 minutes was required to achieve more than 90% TPA yield under these conditions. The
study did not discuss recovery and reuse of the solid catalyst after hydrolysis. However, it
was suggested that an increase in the catalyst amount and use of the microwave heating

can increase the PET conversion rate and save energy, respectively.

In another study, ZSM-5-based zeolites were investigated as solid acid catalysts for
PET hydrolysis [315]. The catalyst structure has both Brgnsted and Lewis acidic sites that

contribute to PET hydrolysis. ZSM-5-based catalysts were prepared by changing the ratio
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of Al to Si of the zeolite framework to explore the effect of the acidic type on PET
hydrolysis. It was found that Brgnsted acidic site had a greater contribution to PET
hydrolysis. So, the best catalyst was determined to be H*f@ZSM-5-25, which had the
highest acidic concentration (1.25 mmol.g™) where the Brgnsted acidic site amount was
dominant. The PET hydrolysis tests were conducted with 0.1 g PET granules and 0.05 g
catalyst in an excess amount of 12 g water inside a 30 mL glass reactor. More than 90%
TPA yield was achieved within 40 minutes with the microwave irradiation as the heating
source and reaction temperature of 121°C. In addition, the H+@ZSM-5-25 was readily
separated after PET hydrolysis with filtration. After drying, the catalyst exhibited retention
of the acidic active sites, and it was reused for PET hydrolysis up to 6 times, without losing
activity. Under microwave heating, the kinetic reaction study indicated the H+@ZSM-5-
25 has an activation energy of 1.2 kJ.mol*, which is about 19-fold smaller than the
activation energy of PET hydrolysis in the catalyst-free condition (19.46 kJ.moll). As
observed, the recoverability and reusability of the catalyst could improve sustainable

methods for acid hydrolysis of PET.

Another recently introduced method to improve acid hydrolysis was to examine the
ability of TPA, the PET monomer, to act as a solid catalyst for PET hydrolysis [58]. This
study found that 0.1 g.mL™* of TPA in water (0.6M TPA) with a weight ratio of 1:8 for
PET: water is the optimum reaction condition to achieve more than 90% TPA in 3 hours at
reaction temperature of 220°C and in a pressure-tight reactor. After hydrolysis, the
produced TPA was recovered and reused as the catalyst up to eight reaction cycles,

determined that the TPA yield had an average value of 94.5%. In addition, the produced
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TPA had a high purity of 99%, like commercial TPA. The method was claimed to be a

green and low-cost technology for PET acid hydrolysis.

2.6. Conclusions

A broad array of methods and techniques have been introduced for recycling of
PET. The general challenges of PET chemical recycling include method scaleup, method
cost, organic solvent handling, and recoverability/reusability of the catalysts. Chemical
recycling is regarded as the key approach to recycle PET without downcycling the polymer.
Solvolysis methods, including glycolysis, methanolysis, and hydrolysis, depolymerize PET

into compounds that can be used in synthesis of PET.

Aqueous hydrolysis avoids the use of organic solvents as the reaction medium for
PET depolymerization. Aqueous hydrolysis could have three forms of alkaline, neutral,
and acid, depending on the applied catalyst and the pH of the aqueous reaction medium.
Alkaline hydrolysis consumes the catalyst in PET hydrolysis, and the TPA recovery
process will not permit to recover the basic catalyst. So, the technique is not categorized as
a catalytic reaction. Neutral hydrolysis is proposed as a green path for PET
depolymerization as the reaction occurs simply in water or steam. Despite that, the severe
reaction conditions including high temperature, pressure, and highly resistant reactor, have
caused the technique to be considered too costly as a commercialized method for recycling

of PET.

Aqueous acid hydrolysis has recently been of interest to academia and industry due
to the feasibility of running PET hydrolysis at milder reaction conditions. In addition, the

recent studies have focus on applying the catalysts with higher functionalities including
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better PET surface wetting within the aqueous form, catalyst recoverability, and catalyst
reusability. Aqueous acid hydrolysis may provide greener methods for sustainable
depolymerization of PET. However, it’s needed to do the method scaleup and relevant cost

estimates to propose a potential green path for PET depolymerization in marketing scale.

This dissertation focused on an increase of wetting of PET particles within the
aqueous reaction medium with different catalysts. The increase in wetting was expected to
cause the increase of the local concentration of the catalyst within the vicinity of PET
particles in the reaction medium, resulting in higher rate of the hydrolysis. For this purpose,
these catalysts are either selected or synthesized by accounting for having structural affinity

to the PET particles.
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Chapter 3
Materials and Methods

3.1 Materials

Poly (sodium 4-styrenesulfonate) (PSSS) with an average molecular weight of 70
kDa, p-toluene sulfonic acid monohydrate, 1, 5- Naphthalenedisulfonic acid tetrahydrate,
2- Naphthalenesulfonic acid, terephthalic acid (TPA), ammonium hydroxide solution (30-
33% NH3 in H20), ether, ethyl acetate, acetonitrile, [1,8-diazabicyclo (5.4.0) undec-7-ene]
(DBU), oxalic acid (OA), lactic acid (LA), citric acid (CA), methanol, methyl sulfoxide-
d6, chloroform, and deuterium oxide were all purchased from Sigma-Aldrich. Sulfuric acid
(Certified ACS plus) was purchased from Fisher Scientific. Amberlyst®-15 was purchased
from Alfa Aesar and was ground to a fine powder for the ion-exchange of PSSS to the
protonated form (PSSA). PET pellets were provided by Alpek Company. They were

ground and sieved into a powder with the diameter size range of 250pm to 354um.

3.2 Experimental Methods

3.2.1 Synthesis of poly (4-styrene sulfonic acid) (PSSA) catalyst

As shown in Figure 3-1, the sodium form of the polystyrene sulfonate, [poly
(sodium 4-styrenesulfonate)] (PSSS), was converted to the protonated form, [poly (4-
styrene sulfonic acid)] (PSSA), using a well-established ion exchange-reaction method

[316]. Briefly, 10 mL of PSSA (25 wt%) solution was added to 12 g of grounded
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Amberlyst®-15 and 50 mL deionized water, under stirring condition. The reaction
completed after 12 h at room temperature and 1 atmosphere pressure. Then, the mixture
was filtered to separate the PSSA/water solution from the Amberlyst®-15. The solution
was dried for 24 h at 60°C to recover the PSSA films. These films were crushed into smaller
pieces and were furtherly dried at 60°C to obtain PSSA in powder form with minimum

water amount [2].

Room temperature

P= 1 atmosphere

Figure 3-1: The ion-exchange reaction, converting PSSS (left) to PSSA (right).

For a complete ion-exchange, there would be 5.4 mmol protons per gram of PSSA.
The titration results, after conducting the ion-exchange reaction, indicated that the
recovered PSSA has 4.7 mmol protons per gram of PSSA, 87 percent ion-exchange
completion. The white powder of the sodium form of polymer before ion-exchange

reaction is illustrated in Figure 3-2 (Left). The brown powder of the PSSA after the ion-
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exchange reaction is illustrated in Figure 3-2 (Right). This color change is another

indication that the ion-exchange reaction was successful [43, 316].

Figure 3-2: Poly (sodium 4-styrenesulfonate) (PSSS) (Left) and the synthesized PSSA

(Right).

3.2.2 Aryl sulfonic acids as catalysts for PET hydrolysis

P-toluene sulfonic acid (PTSA), 1, 5- Naphthalenedisulfonic acid (NDSA), and 2-
Naphthalenesulfonic acid (NSA) were selected as catalysts to investigate the impact of
surface affinity and wetting on PET hydrolysis reaction. The moisture content of each
catalyst was determined by thermal gravimetric analysis (TGA), which was used to
determine required mass of catalyst to prepare an aqueous catalyst solution with
concentrations of 1 M, 2 M, and 4 M. These solutions were used for PET hydrolysis. The

structures of the stated aryl sulfonic acids are shown in Figure 3-3.

43



a b | C
O—=S—=0 0
\\S/OH
\\O
O=—=§=—=0 O=—=S—=0
OH OH

Figure 3-3: Structures of aryl sulfonic acids, used for PET hydrolysis: a) P-toluene
sulfonic acid (PTSA), b) 1, 5- Naphthalenedisulfonic acid (NDSA), and c) 2-

Naphthalenesulfonic acid (NSA).

3.2.3 Synthesis of DBU-LA catalyst

The DBU-LA catalysts were synthesized using a method reported in the literature
[317]. [1,8-diazabicyclo (5.4.0) undec-7-ene] (DBU) (40.00 mmol, 6.09 g, 5.97 mL) was
charged into a 100 mL round-bottom flask, equipped with a magnetic stirrer, and
surrounded with water-ice to maintain a temperature between 0-5°C at the reaction pressure
of 1 atmosphere. Then, an equimolar amount of lactic acid (LA) (40.00 mmol, 3.60 g, 2.98
mL) was added dropwise to the flask. Afterwards, the flask was left under stirring
conditions for 4 hours at room temperature to ensure that the neutralization reaction was
completed. The mixture was placed into an oven under vacuum with the temperature of
60°C overnight [317]. This helped in removal of any excess water. The obtained compound
is the DBU-LA ionic liquid with the yellow-pale color. Figure 3-4 illustrates the synthesis

process of DBU-LA.
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Figure 3-4: Synthesis reaction path for production of DBU-LA: a) DBU, b) LA, and c)

DBU-LA.

3.2.4 Synthesis of DBU sulfate (DBU-SQ.) catalyst

3.24.1 Synthesis in acetonitrile as the solvent

The DBU-SO4 was synthesized in acetonitrile as a solvent using method described
in the literature [318]. [1,8-diazabicyclo (5.4.0) undec-7-ene] (DBU) (40.00 mmol, 6.09 g,
5.97 mL) was charged into a 100 mL round-bottom flask, equipped with a magnetic stirrer,
and surrounded with water-ice to maintain a temperature between 0-5°C. Since H2SOa4 is a
strong acid, acetonitrile (12 mL) was added to the flask to reduce the reaction rate of the
neutralization process between DBU and H2SO4. Afterwards, an equimolar of H2SO4 (40
mmol, 3.92 g, 2.14 mL) was added dropwise under the stirring condition. After adding
H2S0q4, the stirring condition was maintained for 4 hours at room temperature. Then, the
mixture was washed repeatedly with ether (3 x 10 mL) to remove non-ionic and oily
residues. After that, the mixture was placed in an oven for 12 hours under vacuum condition
at 60°C to remove ether residues [318]. The obtained compound was DBU-SO4 ionic liquid

with the yellow-pale color.
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3.24.2 Synthesis in water as the solvent

A method was developed to synthesize DBU-SOa in water as the reaction solvent
to avoid use of organic solvents. In this case, DBU (40.00 mmol, 6.09 g, 5.97 mL) was
charged into a 100 mL round-bottom flask, with the same reaction conditions stated for
synthesis of DBU-SOu in acetonitrile as the solvent. Then, an equimolar amount of H2SO4
(40.00 mmol, 2.14 mL) which was diluted with water with the volume ratio of 1 (H2SOa)
to 5 (water), was added dropwise to the flask under stirring condition. The stirring
condition was maintained for 4 hours. Afterwards, the solution was placed in an oven under
the vacuum condition for 12 hours at the temperature of 60°C. This process removed all
the excess water of the solution, and the recovered compound was the DBU-SQO4, a yellow-

pale color liquid [317, 318].

N Q Iy = 0-5% o
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Figure 3-5: Reaction path for production of DBU-SOa4: a) DBU, b) H2SQO4, and c) DBU-

X

SOs.

3.2.5 Syntheses of DBU-OA and DBU-CA catalysts

3.25.1 Synthesis in water as the solvent

Two synthesis methods were tried to prepare DBU-OA and DBU-CA ionic liquids

in water as the reaction solvent. In the first method, equimolar amounts of the DBU and
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OA or CA were reacted in water. In the second method, the acid-base titration results were
considered to determine the concentration of released hydroxyls (OH") of DBU and the
concentration of released protons (H") of OA or CA. The number of hydroxyls (OH") and
protons (H") must be equal. So, the needed amounts of DBU and OA or CA to neutralize
in the water medium were calculated and used for preparation of DBU-OA and DBU-CA

ionic liquids.

For the equimolar synthesis method, [1,8-diazabicyclo (5.4.0) undec-7-ene] (DBU)
(40.00 mmol, 6.09 g, 5.97 mL) was added into a 100 mL round-bottom flask, equipped
with a magnetic stirrer. Then, OA (40.00 mmol, 3.60 g, 1.90 mL) (for preparation of DBU-
OA) or CA (40.00 mmol, 7.68 g, 4.63 mL) (for preparation of DBU-CA) was dissolved in
excess amount of water in a 60 mL beaker. Then, the agueous OA or CA solution was
added dropwise to the DBU flask, and the mixing was maintained for 4 h. To remove the
excess water, the mixture was placed in an oven under vacuum condition at temperature of

60°C overnight. The recovered compound is DBU-OA or DBU-CA as the ionic liquid.

For the titration synthesis method, the synthesis process was the same as the
equimolar synthesis method except the amounts of OA or CA were different, determined
by the titration results. So, the applied amount of DBU was (40.00 mmol, 6.09 g, 5.97 mL).
The applied amounts of OA (for preparation of DBU-OA) and CA (for preparation of
DBU-CA) were (22.22 mmol, 2.00 g, 1.06 mL) and (12.90 mmol, 2.48 g, 1.49 mL),

respectively.
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3.25.2 Synthesis in methanol as the solvent

Figure 3-6 shows the structures of oxalic acid (OA) and citric acid (CA). The
number of carboxylic acid functional group are two and three for OA and CA, respectively.
It was assumed the protons are released from all the carboxylic acid groups and they react
with the amine groups of DBU in methanol. This assumption was confirmed by FTIR and
NMR analyses on the synthesized DBU-OA and DBU-CA. So, molar ratios of 1 (DBU) to
2 (OA) and 1 (DBU) to 3 (CA) were used to prepare DBU-OA and DBU-CA, respectively,

in methanol as the solvent [317, 319, 320].

a b

O O OH
O O
HO
OH
HO OH
0 OH

Figure 3-6: Structures of a) oxalic acid (OA) and b) citric acid (CA).

The synthesis process to prepare DBU-OA and DBU-CA in methanol is the same
as the synthesis process to prepare DBU-OA and DBU-CA in water, except the methanol
was used as the solvent and the amounts of OA and CA were determined by considering
the number of carboxylic acid functional groups. The applied amount of DBU was (40.00
mmol, 6.09 g, 5.97 mL). The applied amounts of OA (for preparation of DBU-OA) and

CA (for preparation of DBU-CA) were (20.00 mmol, 3.05 g, 2.99 mL) and (13.33 mmol,
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2.03 g, 1.99 mL), respectively. Figure 3-7 and Figure 3-8 illustrate the reaction paths for

preparation of DBU-OA and DBU-CA, respectively.

a b :
Q
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Figure 3-7: Reaction path for production of DBU-OA: a) DBU, b) OA, and ¢) DBU-OA.
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Figure 3-8: Reaction path for production of DBU-CA: a) DBU, b) CA, and ¢) DBU-CA.

3.2.6 Titration measurements

Acid-base titration [321] was conducted to determine the proton concentration and
hydroxyl concentration of the catalysts, used to do the kinetic studies on PET hydrolysis.
In titration tests, 5 mL solutions of the catalysts were prepared in deionized water with the

catalyst concentration range of 0.125 M to 4 M. The solution was titrated against a 0.01 N
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NaOH solution, which is standardized with potassium acid phthalate. Phenolphthalein was
used as the indicator to specify the endpoint. Every titration was done three times to assure

the reproducibility and validity of the results.

3.2.7 pH tape strips

The pH tape strips were used to estimate the acidity of synthesized DBU-acid ionic
liquids [322, 323]. This is an alternative technique to the titration measurement method
since the synthesized DBU-acid ionic liquids have too low concentrations of proton (H")
and hydroxyl (OH) to use phenolphthalein as an indicator to determine the endpoint. The
DBU-acid catalyst solutions were prepared within the range of 0.125 M to 4M. Then, the
pH strips were used to estimate the concentrations of proton (H*) and hydroxyl (OH") of

the DBU-acid catalyst solutions.

3.2.8 Contact angle measurements

The contact angle measurements were conducted for the aqueous solutions of the
catalysts used for PET hydrolysis [43, 49]. The tested catalyst concentrations were within
the range of 0.125M to 4M. The testes were done at room temperature and pressure. For a
typical test, a droplet of the catalyst solution was placed on a PET film, affixed to a flat
glass substrate. The PET films used for these tests had an average thickness of 0.35 mm
and were prepared in a HAAKE Rheomex Brabender single screw extruder. The droplet
contact angle was measured by using a Keyence VHX-600 digital microscope. The
microscope was equipped with a camera in reflection mode along with full coaxial light on
the stage. For each catalyst solution with certain concentration, the test was repeated at

least six times by positioning new droplets on new PET films.
50



3.2.9 Ethyl acetate hydrolysis reactions

The hydrolysis of ethyl acetate was examined to understand the homogeneity effect
on the catalyst activity. For this purpose, 5 mL of 5 wt.% ethyl acetate was added to 5 mL
of 0.5M catalyst aqueous solution in a 15-mL ace pressure reactor, equipped with a
magnetic stirrer. Then, the reactor was immersed into a stirring bath oil and the hydrolysis
was conducted for 1-hour reaction time. The tested reaction temperatures were within the
range of 40°C to 70°C. The extent of the reaction was determined by titration. To determine
the amount of product (i.e., acetic acid), 2 mL of the reaction solution was titrated against
0.1 N sodium hydroxide (NaOH), standardized with potassium hydrogen phthalate. The
calculated proton (H*) amount is the total amount, which was subtracted from the proton
(H*) amount of catalyst to determine the amount of produced acetic acid. This was used
then to do calculations to determine the reaction rate constants and the activation energy

values [43, 49].

3.2.10 PET hydrolysis reactions

The PET resins were ground and sieved to collect the PET powders in the diameter
size range of 250 um to 354 um. In a hydrolysis reaction, 0.2 grams of the PET powder
was placed in a 15-mL Ace pressure reactor, equipped with a magnetic stirrer, where 10
mL aqueous catalyst solutions were prepared with 1, 2, and 4 molarities. The reactor was
immersed completely in a preheated oil bath with the temperatures of 130°C, 140°C, and
150°C, equipped with a magnetic stirrer. The hydrolysis reactions were repeated three

times to find the average and the standard deviation for the reaction kinetic data. After a
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hydrolysis reaction, the reactor was immersed in a cold-water vessel while rinsing with a

cold water to quench the reaction process.

For acid hydrolysis, the unreacted PET along with any produced TPA was separated
by passing the reaction mixture through a Whatman-5 filter paper with a pore size of 55
mm. The catalyst could be recovered by evaporating the filtrate solution. In the next step,
the TPA and the unreacted PET were mixed with 20 mL of the 5M ammonium hydroxide
solution to form a soluble sodium salt of the TPA [290]. The unreacted PET was separated
by filtration from the ammonium hydroxide solution. To recover the TPA, a 2M H2S0O4
solution was added to the filtrate to reduce the pH of the filtrate to 2. Finally, a third
filtration process was conducted to collect the precipitated TPA powder. The described

process for acid hydrolysis is illustrated in Figure 3-9.
f T:130 - 150°C

' | -

10 mL PSSA solution Acid Hydrolysis  Produced TPA + Unreacted PET PSSA + Water + EG
1- 4 M [Acid catalyst] Reaction
+
0.2 gr ground PET

1 Precipitation
B A by
oy adding acld
(pH=2)

Dissolving TPA in
5 M NH,(OH)

e

Filtration Filtration

Produced TPA + Unreacted PET TPA + 5M NH,{OH) TPA

Figure 3-9: The acid hydrolysis process conducted in the lab, illustrated for PSSA.
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For alkaline hydrolysis, the produced TPA was dissolved in the hydrolysis solution.
The unreacted PET was separated by filtration from the solution, using a Whatman-5 filter
paper with a pore size of 55 mm. Then, a 2M H2SO4 solution was added to the filtrate to
reduce the pH of the filtrate to 2. This will result in precipitation of the produced TPA from
the hydrolysis solution. Afterward, a second filtration was done to collect the precipitated
TPA powder [276, 284, 324]. The described process for alkaline hydrolysis is illustrated

in Figure 3-10.

10 mL PSSA solution Alkaline Hydrolysis Unreacted PET Produced TPA + (DBU-LA)
1- 4 M [Basic catalyst] Reaction + Water + EG
+*
0.2 gr ground PET

Precipitation
of TPA by
adding acid
(pPH=2)

Flltration

Figure 3-10: The alkaline hydrolysis process conducted in the lab, illustrated for DBU-

LA.

In both cases (i.e., acid hydrolysis and alkaline hydrolysis), the recovered unreacted
PET and the produced TPA powder were dried in a vacuum oven at 70°C for 4 hours for
subsequent analyses. The PET conversion (%) and the TPA vyield were determined as

reported in the literature [21, 288, 290].
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3.3 Thermal Characterization

TA instruments’ Q50 Thermogravimetric analyzer was applied to determine the
water content of the catalysts. This information was used for preparation of catalyst
solutions with different molarities. In a typical TGA test, 20-30 mg of the sample was
heated from room temperature to 800°C at a heating rate of 2°C.min" under nitrogen
environment, helping to avoid oxidative degradation [43, 316, 325]. Each TGA test was

repeated at least three times on each catalyst for accurate measurements.

3.4 Structural Characterization

3.4.1 Fourier Transform-Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to confirm the structure
of the synthesized catalysts, produced TPA, and commercial TPA. The samples were
mixed with KBr to form pellets to be analyzed in the transmission mode in the range of
400 cm* to 4000 cm™* with the bench setup. The system (FTS-4000) was set to average the
IR spectra with 128 scans. Characteristic peaks that correspond to the vibrations and

functional groups of the material structure were specified using the literature [326, 327].

3.4.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

The proton nuclear magnetic resonance spectroscopy (*H-NMR) and carbon
nuclear magnetic resonance spectroscopy (**C-NMR) were used to study the structure of
the synthesized catalysts, produced TPA, and recovered TPA [328, 329]. The NMR spectra

were recorded in a Bruker Avance Il spectrometer at 600 MHz. The produced TPA
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samples were dissolved in methyl sulfoxide-d6. The samples of PSSA and the DBU-acid

ionic liquids were dissolved in deuterium dioxide (D20).

3.4.3 Scanning Electron Microscopy (SEM)

A Hitachi S-4800 high resolution scanning electron microscope (SEM) was used to
study the surface morphology of the unreacted PET samples [330-332]. These unreacted

PET samples were recovered following PET hydrolysis with catalyst solutions.
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Chapter 4
Poly (4-Styrenesulfonic Acid): A Recoverable and Reusable Catalyst for

Acid Hydrolysis of Polyethylene Terephthalate

This chapter is reproduced from an article published in Polymer Journal, Elsevier *.

Hossein Abedsoltan* 2, Ibeh S. Omodolor*, Ana C. Alba-Rubio* 2, and Maria R.
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“Poly (4-Styrenesulfonic Acid): A Recoverable and Reusable Catalyst for Acid
Hydrolysis of Polyethylene Terephthalate”, Polymer 2021, 222, 123620.

* Department of Chemical Engineering, The University of Toledo, Toledo, OH 43606,
United States.

! Reprinted with the permission of Polymer Journal, Elsevier.
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4.1

4.2

Highlights

A recoverable, reusable catalyst, poly (styrene sulfonic acid) (PSSA) was
investigated as a catalysis of acid hydrolysis of poly (ethylene terephthalate) (PET).
The PSSA exhibited lower slightly higher activity for hydrolysis of PET than the
homogeneous H2S0O4, but less active for hydrolysis of ethyl acetate.

The increase in activity of the PSSA relative to H2SO4 was attributed to the
adsorption affinity for hydrophobic PET surfaces which would increase local
concentration.

The PSSA was recoverable and exhibited no loss in activity following five repeat

cycles for PET hydrolysis.

Abstract

Poly (4-styrenesulfonic acid) (PSSA) was used as a recoverable acid catalyst for

the hydrolysis of polyethylene terephthalate (PET) to terephthalic acid (TPA) and ethylene

glycol (EG). The effect of catalyst concentration, time, and temperature on the

depolymerization of PET and yield of TPA were determined with PSSA and H2SOa. The

PSSA system exhibited faster hydrolysis kinetics than H2SO4 with a shorter induction

period than those often observed for acid hydrolysis of PET. The activation energies for

the hydrolysis of PET were 24.6 kJ-mol™ and 29.1 kJ-mol~ for 2 M PSSA and 2 M H2SOs,

respectively. The hydrophobic backbone of PSSA improves surface wetting of the catalyst

solution at the PET interface, resulting in a higher localized concentration of protons.

Contact angle measurements indicated better surface wetting of PET films by the aqueous

solutions of PSSA than H2SO4 at equal concentrations. Additionally, the reutilization and
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titration results indicated that PSSA maintained the activity after reuse for five reaction

cycles.

4.3  Graphical abstract

QO

SO,H SO;H

4.4 Keywords

Recycling, Hydrolysis, Sustainability, Polyesters, PET, TPA, Acid catalysis, PSSA
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45 Introduction

Polyethylene terephthalate (PET) is a semi-crystalline, colorless polyester with
excellent thermal and mechanical properties that is readily processed into films, fibers, and
bottles [333]. Because of these unique properties, PET has found broad applications,
including food and beverage packaging and in textiles. The annual growth rate for the
global PET market is estimated to be around 4.2% over the five-year period from 2019 to
2024, increasing from 40 billion US dollars in 2019 to 51 billion US dollars in 2024 [334].
While PET is the most recycled polymer by volume, the recycle rate for PET in the US is
less than 30% [335]. The broad use of PET combined with a low recycle rate results in

accumulation of high volumes of waste PET in landfills and the environment [336-341].

While most of the commercial recycling of PET is through mechanical recycling,
this method requires clean polymer streams and can lead to degradation in properties, thus,
limiting the volume of recycled PET incorporated into the process streams [342, 343].
Chemical recycling can be used to depolymerize the polymer and produce monomers or
upgraded molecules for broad industrial applications [344-346]. A variety of processes
have been explored for chemical recycling of PET including glycolysis, methanolysis, and
hydrolysis [347-356]. Hydrolysis produces terephthalic acid (TPA) and ethylene glycol
(EG) that can be directly polymerized to virgin PET. Alkaline hydrolysis has been reported
in presence of base catalysts, such as sodium hydroxide and potassium hydroxide in
aqueous solutions [357, 358] and non-aqueous systems [359-361]. In contrast, neutral
hydrolysis typically takes place in water or steam under pressure and at high temperatures,

in the range of 200°C to 450°C [362-364].
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Acid hydrolysis is a well-established process in which the reactions occur at
moderate temperatures but require high acid concentrations and long reaction times [365-
369]. The important factors that determine the extent of PET conversion and TPA yield are
PET particle size, catalyst type and concentration, reaction temperature, and reaction time.
For example, Yoshioka et al. [370] converted more than 90% of PET using a 7 M sulfuric
acid (H2S0a4) aqueous solution at 150°C for 5 h. A modified shrinking-core model was
developed to describe the kinetics of the reaction [371]. Nitric acid [372] and hydrochloric
acid [373, 374] have also been reported as other acid catalysts for PET recycling. The main
drawback of acid hydrolysis is the use of high molarity acid solutions that require costly

equipment to avoid corrosion and a subsequent neutralization step after reaction.

Since hydrolysis occurs at the PET surface, wetting by the catalyst solution and
adsorption of the catalyst may be important in determining the reaction kinetics [370-372].
For example, Amarasekara et al. demonstrated that the reaction kinetics for acid hydrolysis
at the surface of cellulose increased for alkyl sulfonic acid. The reaction rate constant
correlated well with the distribution coefficients of these alkyl sulfonic acid catalyst
between octanol and water [375]. Poly (4-styrenesulfonic acid) (PSSA) is a soluble
catalyst that combines the rapid kinetics of H2SO4 with ease of recovery and reuse. PSSA
has been used in different reactions for biomass conversion, including biodiesel synthesis,
xylose dehydration to furfural, hydroxymethylfurfural production from fructose, and the
selective oxidation of furfural with H202 to Cs diacids [376-379]. In addition, PSSA in
aqueous medium has been shown to adsorb on hydrophobic surfaces (e.g., alumina) [380-

383].
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Here, we report the use of PSSA as a recoverable acid catalyst for the hydrolysis of
PET along with a comparison with H2SO4. Specifically, we have studied the impact of the
reaction temperature, catalyst concentration, and reaction time on PET conversion and TPA
yield. PSSA exhibited increased hydrolysis kinetics relative to H2SO4 over the full range
of conditions investigated. This improvement was attributed to increased surface wetting
by the PSSA solutions combined with the adsorption of PSSA on the PET surface, which

would increase the local concentration of Bragnsted acid sites (H*) for hydrolysis.

4.6 Experimental

4.6.1 Materials

Poly (sodium 4-styrenesulfonate) (PSSS) with an average molecular weight of 70
kDa, terephthalic acid (TPA), ammonium hydroxide solution (30-33% NHs in H20),
methyl sulfoxide-d6, and deuterium oxide were all purchased from Sigma-Aldrich.
Sulfuric acid (Certified ACS plus) was purchased from Fisher Scientific. Amberlyst®-15
was purchased from Alfa Aesar and was ground to a fine powder for the ion-exchange of
PSSS to PSSA. PET pellets were generously donated by Alpek and were grounded and

sieved to a powder in the diameter size range of 250 um to 354 um.

4.6.2 PSSA catalyst synthesis

PSSS was converted into the protonated form by ion exchange using a sulfonic
resin, as reported elsewhere [376]. Briefly, 100 mL of PSSA (25 wt%) solution was added
to the mixture of 120 g of grounded Amberlyst®-15 and 500 mL of DI water. Then, it was
stirred at room temperature overnight. After ion exchange, the mixture was filtered to
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separate the resin from the solution, and the PSSA solution was dried at 60°C to recover
the PSSA. The recovered PSSA films were cut into small pieces and dried for another 6 h
at 60°C to minimize the water content. Thermogravimetric analysis (TGA) of the recovered
PSSA indicated that the synthesized PSSA had 4.2% water (Figure 4-S1 in the
Supplementary Material). A complete ion exchange would generate a PSSA containing
5.4 mmol H*/g. As the titration results showed an acidity of 4.7 mmol H*/g, this indicated

87% completion of the ion exchange.

4.6.3 Titration measurements

Acid-base titration was performed to determine the proton concentration on PSSA.
In a typical titration test, around 20 mg of PSSA was dissolved in 10 mL DI water. The
solution was titrated against a 0.01 N NaOH solution standardized with potassium acid
phthalate. To determine the end point, phenolphthalein was used as the indicator. Each

titration was repeated three times.

4.6.4 PET hydrolysis reactions

For the PET hydrolysis reactions, 0.2 g of PET powder was placed in a 15-mL Ace
pressure reactor equipped with a magnetic stirrer and 10 mL of 1, 2 or 4 M PSSA aqueous
solutions. The solutions were prepared by dissolving PSSA in DI water at temperatures up
to 50°C. The reactor was immersed in a preheated oil bath at 130, 140, and 150°C. The
same reaction conditions were used for 1, 2, and 4 M H2SOa solutions in order to maintain
constant concentrations of catalyst. Every reaction time was an independent measurement

and was repeated three times.

62



After a predefined time, the reaction was quenched by submerging the reactor in a
cold-water bath, and the unreacted PET and TPA powders were recovered by filtration.
The TPA product was separated from unreacted PET by dissolving the mixture ina5 M
NH4OH solution [365]. The recovered TPA was compared with commercial TPA by
Fourier-transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance
(*H NMR) analyses (Figure 4-S2 and Figure 4-S3 in the Supplementary Material).
After that, PSSA was recovered for further uses by evaporating the filtrate solution. The
recovered PSSA was washed several times with an excess of water to ensure the removal

of EG and dried to remove water that would affect the mass of catalyst.

The PET conversion (%) was determined by Equation 4-1:

PET Conversion (%) = (M) -100 (4-1)

MPET,i

where mpgr; is the initial mass of PET (0.2 g), and mpgr £ is the final mass of dried PET.

The molar yield of TPA (TPA yield (%)) was determined by Equation 4-2:

TPA Yield (%) = (mTPA> (MWPET) -100 (4-2)

mpgr,i) \MWTps
where myp 4, MWpgr, and MW;p 4 represent the mass of recovered TPA, molecular weight

of PET (192.2 g-mol™), and molecular weight of TPA (166.1 g-mol™), respectively.

4.6.5 Characterization of recovered PSSA and TPA

FTIR and *H NMR were used to compare the structure of the recovered TPA with

that of commercial TPA. Also, the as-synthesized PSSA and the recovered PSSA were
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analyzed by FTIR, 'H NMR, and *C NMR for structural comparison. For FTIR, the
samples were mixed with KBr, pressed into thin pellets and analyzed in a VVarian Excalibur
Series FTIR spectrometer with microscope transmission mode in the range of 400 to 4000
cm™. *H NMR spectra were recorded in a Bruker Avance Il spectrometer at 600 MHz. To
do so, the TPA samples were dissolved in methyl sulfoxide-d6 and the PSSA samples were

dissolved in deuterium oxide.

4.6.6 Contact angle measurements

Contact angle measurements [384] were used to determine the relative wetting of
the surface of PET films by PSSA and H2SO04 aqueous solutions with concentrations from
0.125to 2 M at room temperature. PET films of 0.35 mm average thickness were processed
in a HAAKE Rheomex Brabender single screw extruder for this study. The contact angle
was measured using a Keyence VHX-600 digital microscope equipped with a camera in
the reflection mode with a full-coaxial light stage. For a typical test, a droplet of PSSA or
H2SO4 solution was placed on a PET film affixed to a flat glass substrate. An image of the
droplet on the PET surface was captured to determine the contact angle. Each test was

repeated at least six times by placing new droplets on a new film.

4.6.7 Ethyl acetate hydrolysis (Model System)

Briefly, 5 mL of a 5 wt% ethyl acetate solution was transferred to a 15-mL Ace
pressure reactor followed by the addition of 5 mL of a 0.5 M H2SOa4 solution. Then, the
reactor was immersed in a silicon oil bath stirred at 600 rpm. Because of how fast the
hydrolysis process occurs, the reaction was carried out for 1 h at temperatures ranging from

40 °C to 70 °C. Upon completion, the reactor was immersed in crushed ice to stop the
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reaction. To determine the extent of the reaction (production of acetic acid) and the
activation energy, 2 mL of the reaction sample was titrated against a 0.1 N NaOH solution
standardized with potassium hydrogen phthalate, and the H* content of the catalyst was
subtracted from the total. For the sake of comparison, similar reactions were conducted
using 5 mL of PSSA solutions with the same H* content as the H2SO4 solutions. To do so,
it was taken into account that a 0.5 M H2SOs4 solution dissociates mostly as H* and HSO4
(instead of 2H* and SO4%) [385]. Finally, the activation energies of the hydrolysis of ethyl

acetate with PSSA and H2SO4 were determined and compared.

4.7 Results and Discussion

4.7.1 Temperature effect on the reaction kinetics

As PSSA has been shown to be thermally stable at temperatures equal to or lower
than 150°C, this work focused on studying the hydrolysis kinetics of PET at temperatures
between 130°C and 150°C [379, 386-388]. Figure 4-1 and Figure 4-2 show the effect of
the temperature on the reaction kinetics in terms of PET conversion and TPA yield obtained
with 2 M solutions of PSSA and H2SOus, respectively. Note that each point was an
independent PET hydrolysis experiment and was run in triplicate, with the error bars
indicating the standard deviation. The PET conversions and TPA vyields follow similar
trends for all systems studied. It should also be noted that the TPA yield was slighly lower
than the PET conversion, particularly at lower conversion, likely due to the loss of TPA
during the product recovery phase. Therefore, the TPA yield was used in fitting modeling

to provide a conservative value for the rate constant for these systems.
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As shown in Figure 4-1b, a significant induction period was observed for this
reaction when using H2SO4 as the catalyst for all temperatures studied. This induction time
has been attributed in the literature to the formation of cracks in the PET surface by the
acid catalyst that facilitates access to the interior of the PET particles [365, 370, 371]. The
induction time was much shorter for the 2 M PSSA solution and decreased with increasing
reaction temperature for both catalysts. As expected, there was a decrease in the reaction

rate with decreasing reaction temperature for both catalysts.

The shrinking-core model, reported by Mancini et al. [365], was applied to
determine the rate constants and activation energies with PSSA and H2SO4 catalysts. In
this model, it was assumed that the TPA produced during the hydrolysis reaction did not
deposit on the PET surface because of continuous stirring during the reaction [365, 370,
371]. The final equation for the TPA yield as a function of the reaction time (t), density of
spherical PET particles (prer), catalyst concentration ([H*]), and the rate constant per unit

surface area (k) is:

k-[H*]

PPET-Ti

1
3

(1 — [TPA Yield)mauerion)® — (1 — [TPA Yield] )& = (

)(t - tinduction) (4'3)

Where [TPA Yield];nquction aNd tinguction are the amount of recovered TPA at the

induction time and the required time to reach the linear part of the TPA vyield vs t plot,

+
respectively. ( i ]_) is the apparent reaction rate constant (time™ units), also denoted as

AL
PPET'T
K, with k as the specific reaction rate constant, [H*] as the catalyst concentration (H"), pret
as the density of PET, and ri indicating the initial size (radius) of the PET particles. The

induction time was used to allow for better comparison between systems with broad
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differences in onset of PET degradation. Equation 4-3 was used together with TPA yield
data in Figure 4-2 to calculate the apparent reaction rate constant (K) with PSSA and
H2SO4 catalysts at each reaction temperature. Then, the specific rate constants (k) were
calculated from the apparent rate constants using the density of PET (1.38 g/cm®) and an
average radius of 0.015 cm for the PET particles. Table 4-1 presents the k values obtained
from the hydrolysis reaction with 2 M solutions of PSSA and H2SOs. For all cases, the k
values obtained with PSSA were slightly higher than those with H2SQOs4, indicating the
higher activity of PSSA. The Arrhenius equation (Equation 4-4) was used to determine

the activation energies with PSSA and H2SO..

Ln (k) = Ln(k,) — 2% (4-4)

RT

Where k is the specific reaction rate constant, ko is the pre-exponential factor, Ea is
the activation energy, R is the universal gas constant, and T is the reaction temperature.
Figure 4-3 shows the fit of the model to the data from the hydrolysis reactions at 150°C
with 2 M solutions of PSSA and H2SOa. Figure 4-4 shows the Arrhenius plots obtained
with 2 M PSSA and 2 M Hz2SOs as catalysts. The activation energies obtained with PSSA
and H2S04 were 24.6 kJ-mol™ and 29.1 kJ-mol?, respectively. Activation energies for PET
acid hydrolysis have been reported in the range between 57 kJ-mol* with aqueous solutions
of phosphoric and sulfuric acid to 101 kJ-mol for aqueous solutions of hydrochloric acid
and nitric acid [366, 372, 389]. The lower activation energies here obtained may be due to
the continuous stirring of the reaction systems during the hydrolysis of PET. The slightly
lower activation energy obtained with PSSA is consistent with the increased activity
relative to H2SOa.
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Figure 4-3: Shrinking-core model fitting to the results obtained with 2 M solutions of (a)

PSSA (A), and (b) H2SOu4 ( A) at Treaction=150°C.
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Figure 4-4: Arrhenius plots obtained from the hydrolysis of PET with 2 M solutions of

(a) PSSA (A), and (b) H2SO4 (A ).

Table 4-1: Specific reaction rate constants (k) obtained with 2 M aqueous solutions of

PSSA and H2S0Os as a function of the reaction temperature.

2 M PSSA 2 M H2SO4

T(C)  k (kg rer-m-(mol H)T-sT)-(105) k (kg per-m-(mol H*)T-sT)-(107)
150 5.01 4.80
140 4.14 3.75
130 3.54 3.18
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4.7.2 Catalyst concentration effect on acid hydrolysis reaction

Figure 4-5 and Figure 4-6 show the PET conversions and TPA yields obtained
with different catalyst concentrations at 150°C. As seen in these figures, PET hydrolyzed
more rapidly when using PSSA solutions than with H2SO4 for all catalyst concentrations
studied. As expected, there was an increase in the reaction rate at higher catalyst
concentration along with a decrease in the induction time for PET depolymerization. When
using 1 M, 2 M, and 4 M solutions of PSSA, more than 90% PET conversion and TPA
yield were achieved in 30, 24, and 16 h, respectively, while it took 36, and 28, and 18 h
when using the same concentration of H2SO4. The difference in time required to achieve a
specific conversion was primarily due to the longer induction times when using H2SO04
particularly at lower concentrations. Table 4-2 shows the apparent rate constant obtained
by using the shrinking-core model at the reaction temperature of 150°C. As expected, the
apparent rate constants (K) were higher for higher catalyst concentrations, being these

similar for the two catalysts studied.
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Figure 4-5: PET conversions (%) obtained with (a) 1 M, (b) 2 M, and (c) 4 M solutions of

PSSA (A) and H2SO4 (A) at Treaction= 150°C.
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Table 4-2: Apparent reaction rate constants (K) vs catalyst concentration (H"), based on
the shrinking-core model and TPA recovery with PSSA and H2SO4 catalysts at

Treaction=150°C.

Treaction= 150°C PSSA H2SO4
Catalyst Concentration (M) K (hh)-(10%) K (hh)-(10%)
1 1.52 1.38
2 1.73 1.66
4 3.66 3.72

4.7.3 Hydrolysis of ethyl acetate (Model System)

Figure 4-7 shows the Arrhenius plot obtained for the hydrolysis of ethyl acetate
when using 0.5 M H2SO4 and 0.5 M PSSA as catalysts. As can be seen in Figure 4-7, the
activation energy obtained with H2SO4 (39.6 kJ-mol™?) was considerably lower than that
with PSSA (53.8 kJ-mol™?), which shows a faster hydrolysis rate in the presence of H2SOa.
These results are consistent with those in the literature, in which the activation energies for
the hydrolysis of ethyl acetate range between 30-70 kJ-mol* [390-392]. As H2SOs is a
mineral acid, all protons are readily available for the hydrolysis of ethyl acetate. In contrast,
due to the nature of PSSA, there might be some active sites not exposed to the reactants,
thereby reducing the catalytic activity. A similar performance was reported in the literature
for the acid-catalyzed methanolysis of tributyrin, in which the authors used H2SO4, PSSA,
and solid sulfonic resins, and concluded that the activity of PSSA was lower than that of a

pure homogeneous catalyst (H2SOa4) but higher than that of heterogeneous catalysts
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(sulfonic resins), being this attributed to the accessibility of the reactants to the Brgnsted
acid sites [376]. Even when H2SO4 showed to be more active than PSSA in the hydrolysis
of ethyl acetate, the opposite was observed in the case of the hydrolysis of PET (Figure 4-
4 and Figure 4-7), which might indicate the occurrence of an additional important
mechanism at the PET surface. Interestingly, while Figure 4-7 shows that the activity of
PSSA and H2SOs in the hydrolysis of ethyl acetate are closer at lower temperatures
(130°C), this behavior was reversed in the case of the hydrolysis of PET, with the activities
becoming closer at higher temperatures (150°C). It is hypothesized that as the temperature
increases, the solubility of PSSA in water decreases, thus increasing the interaction of
PSSA with the surface of PET and improving the hydrolysis rate.
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_715 T T T T T T
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Figure 4-7: Arrhenius plots obtained from the hydrolysis of ethyl acetate with (a) PSSA

(A), and (b) H2SO4 (A).
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4.7.4 Mechanism for the acid hydrolysis of PET

In the acid hydrolysis of PET, protons (Brgnsted acid sites) attack the polymer
chains on the surface of the PET particles, resulting in a layer-by-layer reaction with no
reaction occurring in the aqueous media. Since this reaction occurs at the polymer surface,
any hydrophobic interactions between the catalyst and the PET particles could affect the
reaction rate. The importance of hydrophobic interactions has been reported in the literature
for acid-catalyzed reactions, such as the hydrolysis of cellulose [375] or acetalization
reactions [393, 394], and for the enzymatic hydrolysis of esters [395, 396]. Specifically,
these studies found that increasing the interaction of the catalyst with the surface resulted

in an increased reaction rate.

To our knowledge, this is the first study that focuses on the hydrophobicity effect
on the hydrolysis of PET using a recoverable acid catalyst. As noted above, PSSA exhibited
a higher activity for the hydrolysis of PET than H2SOs, particularly at higher
concentrations. This difference can be attributed to a combination of improved surface
wetting of PET by PSSA and the adsorption of PSSA onto the PET surface. Contact angle
measurements with PSSA and H2SO4 aqueous solutions on the PET surface were used to
evaluate the interaction between PSSA and the hydrophobic surface [397]. Figure 4-8
shows images of droplets of 0.5 M, 1 M, and 2 M aqueous solutions of PSSA and H2S04

on the surface of PET films.

As seen in Figure 4-8, the droplets of PSSA solutions exhibited greater wetting of
the PET surface than the H2SO4 solutions, particularly at higher concentrations. This is

consistent with literature reports on PSSS wetting an alumina surface due to the
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hydrophobic nature of the polystyrene backbone and improvements in the configurational
entropy of PSSS that drives the surface adsorption [398]. This adsorption is dependent
upon the nature of the surface, the concentration of PSSA, and the configuration of PSSA
in solution. Additionally, this will lead into a higher effective local concentration of
Brensted acid sites in the vicinity of the PET surface relative to H2SO4 at a given solution
concentration. The increased wetting by PSSA solutions is reflected in a decrease in the
contact angle with increasing concentrations, as shown in Figure 4-9. While the contact
angle for H2SO4 solutions with different concentrations ranged between 78 and 86 degrees,
the contact angles with PSSA solutions were considerably lower, particularly at higher

molarities.

Figure 4-8: (a-c) 0.5 M, 1 M, and 2 M solutions of PSSA on the PET surface,

respectively, and (d-f) 0.5 M, 1 M, and 2 M solutions of H2SO4 on the PET surface,

respectively.

78



85
A A
4 4
-~ 80 | & 4
» A
g
a2 75t
=
oL
: 70 F A
%
'é 65 A
S
60 |
A
55
50 L L L 1
0 0.5 1 1.5 2 2.5

Catalyst Concentration (M)

Figure 4-9: Contact angle measurements obtained with different concentrations of PSSA

(A) and H2SOs4 ( A) aqueous solutions on the PET surface.

4.7.5 Reutilization experiments with PSSA catalyst

PSSA was recovered by evaporation from the filtrate after 14 h of reaction at 150°C
with a 2 M solution of PSSA to examine its reusability for acid hydrolysis of PET.
Interestingly, the structure of the PSSA catalyst showed to be constant after five catalytic
cycles (Figure 4-S4 to Figure 4-S6 in the Supplementary Material). Figure 4-10
presents the reutilization results obtained after five cycles with a 2 M solution of PSSA
catalyst at 150°C for 14 h, including PET conversions and the TPA yields. As can be seen

in Figure 4-10, the PSSA maintained its activity during five cycles without significant loss
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of activity. Figure 4-S7 shows the PSSA recovery yield (% of mass recovered) after every
reaction round, which was close to 100% in all cases. Additionally, the acidity of the
recovered PSSA was evaluated after every cycle by titration with a 0.01 N NaOH solution.
The titration results (Figure 4-11) confirmed that PSSA maintained the number of

Bransted acid sites after every reaction cycle.

T0
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e
=
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Figure 4-10: Reutilization results obtained with a 2 M solution of PSSA: PET conversion

(m) and TPA vyield (0). Every reaction was run at 150°C for 14 h.
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Figure 4-11: Titration results obtained from the recovered PSSA after every reaction

cycle.

4.8 Conclusions

Poly (4-styrenesulfonic acid) (PSSA) was investigated as a reusable and
recoverable catalyst for the acid hydrolysis of PET. The catalytic activity of PSSA was
compared with that of a conventional mineral acid catalyst (H2SO4) for the
depolymerization of PET. The PSSA systems exhibited much shorter induction times and

slightly higher activity than H2SO4 at similar reaction conditions.
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The shrinking-core model provided a good fit to the kinetics data and allowed the
determination of the specific reaction rate constants and the activation energies. While
hydrolysis studies of a small model molecule (ethyl acetate) showed a lower activation
energy with H2SO4 (39.6 vs 53.8 kJ-mol? with PSSA), PSSA was more active (24.6

kJ-mol™?) than H2S04 (29.1 kJ-mol™) in the hydrolysis of PET

The increased reaction rate and the reduction of the induction time with PSSA was
attributed to improved surface wetting combined with adsorption of PSSA on PET surface
because of the hydrophobic region of PSSA. This improved wetting was confirmed by
contact angle measurements of PSSA and H2SO4 aqueous solutions on PET surfaces. While
the contact angle of the H2SO4 solutions remained constant and near the value for water,
there was a decrease in the contact angle for PSSA solutions with increasing
concentrations. These lower contact angles with the PSSA solutions are consistent with
reports in the literature and are attributed to the hydrophobic nature of the polystyrene
backbone with improved interaction with PET particles. This should lead into a higher local
concentration of acid sites near the PET surface, and consequently, higher activity in the
hydrolysis reaction. Further, the reutilization and titration results confirmed that PSSA is a
reusable and recoverable catalyst, which is another advantage from an environmental point

of view with respect to H2SOa.
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4.10 Supplementary Material

4.10.1 Water content in the as-synthesized (Fresh) PSSA

Thermogravimetric analysis (Figure 4-S1) shows the amount of water in the fresh PSSA.

The amount of water was determined by the first loss of weight and showed to be of 4.2%.
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Figure 4-S1. TGA analysis of fresh PSSA.
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4.10.2 Confirmation of TPA structure

FTIR and *H NMR analyses of the recovered TPA were compared with the commercial
TPA to confirm the recovered TPA purity. As it can be seen in Figure 4-S2, the
characteristic bands in the FTIR spectra for recovered and commercial TPA are similar.
Aromatic ring, carbonyl group, and carboxylic group characteristic bands are observable
at 1574-1425, 1685, and 2500-3000 cm™, respectively. Figure 4-S3 shows the 'H NMR
spectra obtained with commercial TPA and TPA recovered from the PET hydrolysis with
PSSA as the catalyst. Both spectra look very similar. The 8-ppm peak relates to the
hydrogen in the aromatic ring, and the band close to 13 ppm is assigned to the hydroxyl
groups of the carboxylic acid in the TPA structure. The short peak at 2.5 ppm corresponds
to the reference solvent, methyl sulfoxide-d6. Therefore, the structure of the recovered
TPA was confirmed by FTIR and *H NMR and there is no evidence of PET or PET

oligomer in the TPA product.
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Figure 4-S2. FTIR spectra of (a) commercial TPA and (b) recovered TPA.
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Figure 4-S3. 'H-NMR spectra of (a) commercial TPA and (b) recovered TPA.

4.10.3 Confirmation of PSSA structure

Figure 4-S4 shows the FTIR spectra obtained with fresh PSSA and recovered
PSSA. The sharp band at 1001 cm! refers to the aromatic ring in-plane deformation. Other
major bands at 773, 1350, and 1597 cm™ are associated to the carbon-hydrogen single bond
wagging, oxygen-sulfur-oxygen double bond in -SOsH, and carbon-carbon single bond in
the aromatic ring, respectively [399-402]. Figure 4-S5 and Figure 4-S6 show the *H-NMR
and C-NMR spectra of recovered PSSA, respectively. For *H-NMR, the featured peaks
at 1.36 (signal A), 6.56 (signal B), 7.05 (signal C), and 7.47 (signal D) ppm were previously
reported in the literature for PSSA [376]. For *C-NMR, the featured peaks at 40 (signal
A), 130 (signal B), 140 (signal C) and 150 (signal D) ppm were also previously reported

in the literature for PSSA [376, 399]. Thus, both *H-NMR and *C-NMR spectra confirmed
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that there were not significant changes in the structure of PSSA during the hydrolysis of

PET.
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Figure 4-S4. FTIR spectra of (a) fresh PSSA and (b) recycled PSSA.
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Figure 4-S6. 3C-NMR spectra of recovered PSSA.
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4.10.4 PSSA recovery yield

After conducting the hydrolysis of PET with 2 M PSSA solution at 150 °C for 14 h, PSSA,
unreacted PET, and produced TPA were recovered as described in the main document.
Figure 4-S7 shows the high yield of PSSA recovered after five catalytic cycles, being this
always close to 100%. As small samples of PSSA were taken after every reaction to run
for titration, in order to keep the same reaction conditions, the mass of PET and DI water
were adjusted to accommaodate the slight drop of PSSA mass (due to handling + sample for

titration).
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Figure 4-S7. PSSA recovery yield (% of mass recovered) after every reaction round (2 M

solution of PSSA, 150 °C, and 14 h).
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Chapter 5

Aryl sulfonic acid catalysts: Effect of pendant group structure on

activity in hydrolysis of polyethylene terephthalate (PET)
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5.1 Abstract

A series of aryl sulfonic acids were tested as catalysts for acid hydrolysis occurring
at the surface of poly(ethylene) terephthalate (PET) particles. Specifically, p-
toluenesulfonic acid monohydrate (PTSA), 2-naphthalenesulfonic acid (2-NSA), and 1,5-
naphthalenedisulfonic acid tetrahydrate (1,5-NDSA) were chosen to provide sulfonic acid
active groups and varying hydrophobic functionality. The effect of catalyst concentration
and reaction temperature on PET hydrolysis rate were studied. The aryl sulfonic acid
catalysts exhibited much higher rates of PET hydrolysis than the mineral acid, H2SO4. At
150°C and 4M catalyst, the time required to achieve more than 90% TPA yield was 3, 3,
and 8 h, and 18 h for (PTSA), (2-NSA), (1,5-NDSA), and H2SOs, respectively. Ethyl
acetate hydrolysis was performed as a model reaction to probe the activity of the catalysts
in homogenous reactions to compare with the heterogenous hydrolysis reaction occurring
at the PET surface. The higher catalytic activities for PET hydrolysis of the PTSA,2-NSA
and 1,5-NDSA than H2SO4 was attributed to improved wetting by the reaction media and

affinity of the aryl sulfonic acid catalysts for the PET surface.
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5.2 Graphical abstract
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5.3  Study description

The wide use of poly (ethylene terephthalate) (PET) for single use packaging and
textiles has led to a need for broader recycling methods. Chemically depolymerizing waste
PET into base monomers is an attractive alternative to traditional mechanical recycling.
This paper focuses on the effect of catalyst structure on acid hydrolysis of the PET surface.
Catalysts with hydrophobic pendant groups exhibited an affinity for the PET flake surface

and improved depolymerization Kinetics.

54 Keywords

Catalysts, degradation, kinetics, polyesters, recycling, wetting
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5.5 Introduction

Polyethylene terephthalate (PET) is among the most widely used polymers due to
its unique thermal-physical properties [90, 403, 404]. High transparency, high barrier and
excellent mechanical-chemical properties make PET an important feedstock in the
packaging and textile industries [405-410]. PET is the main constituent of water bottles,
blister packs, and ready-meal packages [279, 411, 412]. Most PET products have short
lifetimes, which has resulted in fast accumulation of PET waste [413-416]. There are many
challenges to managing PET wastes, including a very slow bio-degradation rate in the
environment resulting in direct and indirect threats to species health and food chains [417-
420]. PET is primarily produced from fossil fuels which have been recently used with more
constraints due to the regulations implemented to battle global climate change [421-427].
The two primary reasons for the importance of PET recycling are reduction of PET waste

and need for fossil fuels [428-430].

Chemical recycling leads to the production of prepolymers, oligomers, and
monomers, which can be used as a feedstock for PET synthesis [19, 184, 212, 303, 431-
437]. Of particular interest to this study, PET hydrolysis produces the monomers,
terephthalic acid (TPA) and ethylene glycol (EG) [292, 438-443]. Alkaline hydrolysis
processes are implemented at relatively mild reaction conditions, reaction temperature and
reaction pressure range 200-250°C and 1-5 atm, respectively [271, 273, 324, 444]. The
applied catalysts are mineral bases, reported both in aqueous and non-aqueous reaction
mediums with maximum concentrations of 20 wt.% [257, 258, 280, 445]. Similarly, acid
hydrolysis processes are applied with mild reaction conditions, but with high catalyst

concentrations of the mineral acids, such as H2SO4 and HCI [58, 289, 291, 297, 446-448].

93



Hydrolysis is a heterogenous reaction occurring at the PET surface and is dependent
upon the concentration of water and catalyst at the surfaces [43]. The relatively low activity
of acid catalysts in these heterogenous reactions require long reaction times and high
catalytic concentrations to achieve desired PET conversion [19]. Recent work with alkaline
hydrolysis demonstrated that a sharp increase in alkaline hydrolysis rate was observed in
the presence of phase transfer catalysts that have high affinity for PET surface [273, 276,

281].

Acid catalysts with hydrophobic functionality have been shown to increase the rate
of hydrolysis at polymer surfaces relative to mineral acids [276, 281, 303, 449]. In a recent
paper, Abedsoltan et.al. demonstrated that surface wetting and hydrophobicity of the
catalyst can affect the rate of PET hydrolysis with poly(styrene sulfonic acid) (PSSA) and
H2SO4 [43]. Amarasekara et al. [34] demonstrated hydrophobicity effects to classify the
higher activities of the aryl sulfonic acids relative to H2SO4 for cellulose hydrolysis. Aryl
sulfonic acids are thermally stable and have high acidity due to the accessible protons

released in the reaction media, are efficient catalysts for cellulose hydrolysis [450-453].

In this work, aryl sulfonic acids with hydrophobic functionality were used as
catalysts for PET hydrolysis. The effect of reaction temperature and catalyst concentration
on PET hydrolysis was studied. The shrinking core model was applied to determine the
reaction rate constants and the activation energies for each catalyst [43, 290, 454]. PET
hydrolysis is a heterogenous reaction at the particle surface, therefore, the catalysts were
tested in model homogenous hydrolysis of ethyl acetate to determine catalyst activity. The
extent of PET surface wetting and the interactions between the catalyst and PET surface

were explored to explain the differences in the activities of the catalysts for PET hydrolysis.
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5.6 Experimental section

5.6.1. Materials

P-toluenesulfonic acid monohydrate (ACS reagent >98.5%) (PTSA), 2-
naphthalenesulfonic acid (technical grade:70%) (2-NSA), 1,5-naphthalenedisulfonic acid
tetrahydrate (97%) (1,5-NDSA), ethyl acetate (ACS reagent >99.5%), methyl sulfoxide-
d6, and ammonium hydroxide solution (30-33% NHs in water) were purchased from
Sigma-Aldrich. PET pellets were provided by Alpek Polyester. The pellets were ground
and sieved within the particle size range of 250-354um. The water content of the PTSA, 2-
NSA, and 1,5-NDSA were determined from the initial weight loss by thermal gravimetric
analysis (TGA) (Figure 5-1). The TGA analysis was performed on a TA instruments Q50
thermogravimetric analyzer under a nitrogen environment with a ramp rate of 2 °C.min,
Specifically, the water fraction was 15.4, 10.7, and 20.0 wt.% for PTSA, 2-NSA, and 1,5-
NDSA, respectively. These values were used to determine the mass of catalysts required

for the 1M, 2M and 4M catalyst solution preparations.
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Figure 5-1: TGA analysis to determine water content of the as-purchased PTSA (...), 2-

NSA (—), and 1,5-NDSA (---).

5.6.2 PET hydrolysis

PET hydrolysis was conducted in a 15-mL ACE pressure reactor equipped with a
magnetic stirrer [43]. For each reaction, 0.2 g of PET along with the 10 mL of 1M, 2M,
and 4M catalyst solutions were added to the reactor, heated and stirred. A series of aryl
sulfonic acid catalysts with hydrophobic functionality, as shown in Figure 5-2, were used
to moderate the interactions with the PET and the surface wetting by the reaction media.
The reactor was immersed in a hot-oil bath equipped with a magnetic stirrer to maintain a
fixed reaction temperature during PET hydrolysis. At the desired reaction time, the reactor
was immersed in a cold-water bath to quench the hydrolysis reaction. The produced TPA

and the unreacted PET powders were separated from the reaction solution by filtration.
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Figure 5-2: Structure of catalysts used for PET hydrolysis (a) PTSA, (b) 2-NSA, and (c)

1,5-NDSA.

The TPA was separated and recovered from the unreacted PET by dissolution in
5M ammonium hydroxide solution and precipitating with pH change, respectively, as
described in detail elsewhere [43, 290]. Ammonium hydroxide solution was added to the
solids filtered from reaction to dissolve the TPA. After filtration to recover unreacted PET,
the pH of the ammonium hydroxide solution was decreased to 2 by addition of 2M H2SO04
solution to precipitate the TPA. The precipitated TPA was filtered and washed with excess
water. The recovered unreacted PET and TPA were dried overnight at room temperature

and 6 h at 70°C.

The PET conversion (%) and the TPA yield (%) were calculated using Equations

5-1 and 5-2 [43, 290]:

PET conversion (%) = (%) * 100 (5-1)
PET,i
TPA Yield (%) = ZXPET  ITPAL , 19 (5-2)

MWTpa mMpgT,
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Where mpgr;, Mppre, Mrpas MWpgr, and MWrp, are the initial mass of PET,
mass of recovered PET after the reaction time t, mass of recovered TPA after the reaction

time t, PET molecular weight, and TPA molecular weight, respectively.

5.6.3 Ethyl acetate hydrolysis

For ethyl acetate hydrolysis, 5mL of a 0.5M catalyst solution was prepared and
mixed with 5mL of 5 wt.% ethyl acetate in a 15-mL ACE pressure reactor equipped with
a magnetic stirrer [43]. The reactor was immersed in a hot-bath oil equipped with a stirrer
to maintain a fixed reaction temperature. Since ethyl acetate hydrolysis is a rapid reaction,
the constant temperature hydrolysis tests were conducted for 1 h at temperatures in the
range of 40-70°C. After a defined time, the reactor was immersed in a cold water/crushed
ice-bath (0-5°C) to quench the hydrolysis process. The extent of ethyl acetate conversion
to acetic acid was determined by titration. A 5mL sample of the reaction solution was
titrated against 0.1N NaOH solutions, standardized with potassium hydrogen phthalate, to
determine the total H* content. The catalyst H* content was subtracted from the total H* to
determine the amount of acetic acid produced. Afterwards, the reaction rate constants and

the activation energies were calculated and compared [43, 455].

5.6.4 Contact angle measurements

Contact angle measurements [43, 456] were performed to determine the surface
wetting of the PET films with each catalyst solutions at concentrations from 0.25M to 4M.
The tests were performed at room temperature on the PET films with the average thickness
of 0.35 mm. The films were processed on a HAAKE Rheomex Brabender single screw

extruder. In a typical contact angle test, a droplet of the catalyst solution was positioned on
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the PET film that was attached to a flat-glass substrate. The image of the droplet on the
PET surface was captured by a Keyence VHX-600 digital microscope armed with a camera
in reflection mode with a full-coaxial light stage. The image was analyzed to determine the
contact angle value [43]. Each test was repeated at least 6 times with new droplets on the

PET film surface.

5.6.5 Recovered TPA characterization

FTIR and 'H NMR analyses were performed to confirm the structure of the TPA
recovered following PET hydrolysis. For the FTIR analysis, samples were prepared by
forming thin pellets of TPA mixed with KBr. The pellets were analyzed by a Varian
Excalibur Series FTIR spectrometer equipped with a microscope using transmission mode
in frequencies of 400-4000 cm L. For the *H NMR analysis, the samples were prepared by
dissolving the TPA in methyl sulfoxide-D6 and the spectra were obtained using a Bruker
Avance 11 spectrometer at 600 MHz. The TPA structure was confirmed with FTIR and ‘H
NMR analysis and compared to the commercial TPA as discussed in Figures 5-S1 and 5-

S2, Section 1, Supporting Information.

5.7. Results and Discussion

5.7.1 Shrinking core model for PET hydrolysis

The impact of structure of the aryl-sulfonic acid catalysts on the kinetics of PET
conversion and TPA vyield was investigated at 2M catalyst concentration and 150°C
(Figure 5-3). For all the studied catalysts, the TPA yields were slightly lower than the PET

conversions. This may be due to losses in TPA powder during the downstream processing

99



steps. It was noted that in all cases the TPA yield was within 10 % of the PET conversion

and followed similar trends.

The TPA vyield has been used in the literature to apply reaction kinetic models and
determine the reaction rate constants and activation energies [43, 290, 457]. Similarly,
results will be reported in terms of the TPA yields in this paper. PET conversion (%) for
all reaction conditions are given in the Figures 5-S3 and 5-S4, Sections 2 and 3,

Supporting Information.
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Figure 5-3: Impact of time on PET conversion (%) / TPA yield (%) for PET hydrolysis

with 2M solutions of PTSA (e/ ©), 2-NSA (A/ A), and 1,5-NDSA (m/ 1) at 150°C.
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A shrinking core model applicability to the description of the reaction kinetic data
for PET hydrolysis has been described in the literature [43, 290, 454]. The shrinking-core
model describes the surface reaction at the liquid-solid interface with the solid reactant
shrinking as the reaction progresses. A key assumption for the model, as applied to PET
hydrolysis, is that the solid products do not deposit on the solid surface [454]. The shrinking
core model was applied to calculate apparent (K, ) and specific (k) reaction rate constants
of the PET hydrolysis with H2SO4 solutions [43, 290, 454]. The expression relating the

TPA yield to the specific reaction rate constant is given in Equation 5-3 [43, 290, 454].

1—(1—[TPAYield],])©3® = 25 (1) = Kt (5-3)

PPETTi

Where the [TPAYield],, C, ppgr, and ri are the TPA yield at a reaction time t,

catalyst concentration, PET density, and the average initial radius of PET particles,

k€ with units of

respectively. The apparent reaction rate constant (Ka) is defined as P
PET-I'i

inverse time. As shown in Figure 5-4, the shrinking core model provided a good fit (R?=
0.99) to the kinetic data for the 2M catalyst solutions and will be used to process Kinetic
data throughout this paper. Moreover, the model fitting and the level of fit for 1M and 4M
catalyst solutions are respectively given in Figures 5-S5 and 5-S6, Section 4, Supporting

Information.
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Figure 5-4: Fit of shrinking core model to the kinetic data at 150°C for 2M catalyst

solutions of PTSA (o, ...), 2-NSA (A, —) and 1,5-NDSA (o, ---).

5.7.3 Effect of catalyst concentration the TPA vyield

The effect of catalyst structure on the hydrolysis kinetics was monitored at 150°C
and 1M, 2M, and 4M catalyst. TPA yield dependance on the reaction time for each catalyst
is shown in Figure 5-5. The standard deviation for three repeats of the tests for each point
is indicated by error bars. As expected, an increase in the catalyst concentration resulted in

decreases in the reaction time required to depolymerize PET.

For the 4M PTSA and 2-NSA solutions, the time required to achieve more than
90% TPA yield was 3 hours, while 8 hours was required for the 1,5-NDSA. These reaction
times are considerably lower than the 18 hours required for the 4M H2SOa solutions [43].
No induction time was seen in the Kinetic data as was previously reported in the literature
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for H2SO4 [43, 290, 458]. The PTSA and 2-NSA showed similar activity while the 1,5-
NDSA was a less active catalyst for PET hydrolysis. Similar outcomes were observed by

Amarasekara et. al. for hydrolysis of cellulose using aryl sulfonic acid catalysts [34].
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Figure 5-5: Effect of catalyst concentration on TPA yield at Treaction= 150°C with (a) 1M,
(b) 2M, and (c) 4M solutions of PTSA (o, ---), 2-NSA (A, ---) and 1,5-NDSA (o, —).

The lines represent the fit of the shrinking core model.

As discussed in detail in the previous section, the shrinking-core model was applied
to kinetic TPA yield data to determine the apparent rate constants. The Ka values for the
1M, 2M and 4M aryl sulfonic acid catalysts at 150°C are presented in Table 5-1. The

apparent rate constant for H2SO4 previously reported by Coleman and coworkers is
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provided for comparison [43]. The PTSA and 2-NSA have similar Ka values which were
higher than the Ka value for 1,5-NDSA. All the aryl sulfonic acid catalysts exhibited greater
activity and larger Ka than the sulfuric acid. The lines in Figure 5-5 were generated using
the shrinking-core model fit using the Ka to demonstrate the model fit to the experimental

data.

Table 5-1: Apparent reaction rate constants (Ka values) as a function of the catalyst

concentration for PET hydrolysis at Treaction= 150°C.

TReaction= PTSA 2-NSA 1,5-NDSA H2S04[43]

150°C

Catalyst  Ka(h)).(109) Ka(h)).(109) Ka(h)).(109) Ka(h?).(109

concentration

(M)
1 5.72 5.12 1.46 1.38
2 9.61 9.00 3.55 1.66
4 20.48 19.69 7.30 3.72

5.7.4 Effect of reaction temperature on the TPA vyield

The hydrolysis Kinetics for the 2M catalyst solution at temperatures of 130°C,
140°C, and 150°C is shown in Figure 5-6. As expected, the rate of hydrolysis increased
with temperature increase. At 150°C, more than 90% TPA yield was achieved in 6 h for

PTSA and 2-NSA and in 16 h for 1,5-NDSA. These reaction times are much shorter than
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the reported times for similar reaction systems and conditions for 2M H2SO4 solutions, 28
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Figure 5-6: Effect of Temperature on the TPA yield for 2M catalyst solutions with (a)
PTSA, (b) 2-NSA, and (c) 1,5-NDSA at 130°C (1, ...), 140°C (A, —) and 150°C (o, ---).

The lines represent the fit of the shrinking core model.

The shrinking-core model [43, 290, 454] was applied to determine the specific
reaction rates constants as a function of temperature. The rate constants for 2M catalyst
solutions at 130°C, 140°C, and 150°C are shown in Table 5-2. PTSA and 2-NSA have

similar activity and 1,5-NDSA is the least active catalyst studied. These aryl sulfonic acids
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exhibited considerably higher activities than reported mineral acid catalysts [43, 289, 290,
458]. For example, the Ka for PTSA is around 6 times greater than H2SO4 at 2M and
150°C. These Ka values from the shrinking-core model were used to estimate the TPA

yields and to fit to the experimental data in Figure 5-6.

Table 5-2: Apparent reaction rate constants (K) for the 2M catalyst solutions as function

of reaction temperature for PET hydrolysis.

Tr PTSA 2-NSA 1,5-NDSA H2S04[43]
(°C) Ka (h1).(10%)  Ka (h?).(10%) Ka (h1).(10%) Ka (h1).(10%)
130 4.10 4.08 1.74 1.10
140 5.91 5.94 2.51 1.30
150 9.61 9.00 3.55 1.66

The Arrhenius equation [43, 290] was used to determine the apparent activation
energies for the 2M catalyst solutions over the full temperature range studied. As shown in
Figure 5-7, the Arrhenius equation provided a good fit of the rate data and allowed
determination of the activation energy. The pre-exponential factor values are 0.08, 0.02,
and 0.002 [kg PET.m.(mol catalyst)™ s**] for PTSA, 2-NSA, and 1,5-NDSA, respectively.
The apparent activation energies are 60.3 kJ.mol*, 56.1 kJ.mol*, and 50.6 kJ.mol* for PET
hydrolysis with 2M aqueous catalyst solutions of PTSA, 2-NSA, and 1,5-NDSA,
respectively. These activation energy for aryl sulfonic acids are higher than the reported

values for 2M aqueous solutions of H2S04 (29.1 kJ.mol ™) [43].
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Figure 5-7: Application of Arrhenius equation to specific rate constants for the 2M

catalyst solutions of PTSA (O, ...), 2-NSA (A, —) and 1,5-NDSA (o, ---), PET

hydrolysis.

A similar result was obtained for the aqueous hydrolysis of cellulose with aryl
sulfonic acids and sulfuric acid as the catalysts [34]. This may be due to the positive heat
of sorption, which has an additive effect on the apparent activation energy values. This was
determined in the microscopic analysis of the adsorption of sulfur molecules on the calcite
surface [459]. As discussed in detail below, the impact of catalyst structure and
concentration on the interaction of the reaction media with the PET surface were studied
using contact angle measurements and analysis of catalyst dissociation between

octanol/water solutions [34, 43].
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5.7.5 Ethyl acetate hydrolysis, homogeneity effect on the reaction rate

and activation energy

PET hydrolysis is a heterogeneous reaction occurring at the PET surface and
requires wetting of the PET surface by the aqueous reaction media. Ethyl acetate hydrolysis
was studied using the aryl sulfonic acids from PET hydrolysis to eliminate the effect of
surface wetting. The hydrolysis tests were done with similar reaction system but at lower
catalyst concentrations, 0.5M, and reaction temperatures, 40-70°C, due to the rapid ethyl
acetate hydrolysis. The apparent reaction rate constants (K values) for the tested reaction

temperatures are presented in Table 5-3.

Table 5-3: Apparent reaction rate constants (K values) for the ethyl acetate hydrolysis

with 0.5M PTSA, 2-NSA, and 1,5-NDSA solutions [43].

Tr PTSA 2-NSA 1,5-NDSA H2S04 [43]
(°C) Ka (h).(10%) Ka (h™).(10%) Ka (h1).(10%) Ka (h1).(10%)
40 12.24 20.66 16.02 16.34

50 23.90 35.93 27.11 28.69

60 39.24 48.60 43.92 48.96

70 55.44 69.48 62.28 66.24

The calculated Ka values were fit to Arrhenius equation to determine the apparent
activation energies, as shown in Figures 5-8 [43]. The pre-exponential factor values are
1185, 45, and 296 [kg ethyl acetate.m.(mol catalyst).s] for PTSA, 2-NSA, and 1,5-

NDSA, respectively. The activation energies were 45.1 kJ.mol?, 35.2 kJ.mol, and 40.8
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kJ.mol™ for PTSA, 2-NSA, and 1,5-NDSA solutions, respectively. These values are within
the similar range of reported activation energies for ethyl acetate hydrolysis, 30-70 kJ.mol
1[43, 391, 455, 460]. Moreover, these values are within the range of the activation energy
values reported for ethyl acetate hydrolysis by H2SO4 aqueous solutions at the same
reaction system and reaction conditions, reported 39.6 kJ.mol™ [43]. So, the catalysts have
similar activities and activation energies as found for hydrolysis in a homogenous reaction

medium.
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Figure 5-8: Application of Arrhenius equation to reaction rate constants for the 0.5M
catalyst solutions of PTSA (o, ...), 2-NSA (A, —) and 1,5-NDSA (o, ---) for ethyl

acetate hydrolysis.
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5.7.6 Wetting studies of catalyst solutions on the PET surface

PET hydrolysis involves chain scission by the protons attacking ester groups at the
polymer surface, and formation of the smaller polymer chains. As hydrolysis progresses
terephthalic acid (TPA) and ethylene glycol (EG) are produced. Factors affecting rate of
hydrolysis include reaction temperature, PET particle shape and size, catalyst structure,
and catalyst concentration. These factors have been explored extensively for a variety of
hydrolysis reactions [43, 289, 290, 458]. Another factor that can impact PET hydrolysis,
which has not been extensively addressed in the literature [43, 316], is the extent of the
PET surface wetting by the reaction solution. In an earlier study by Coleman and
coworkers, the higher activity of polystyrene sulfonate catalyst relative to H2SO4 for PET
hydrolysis was attributed to greater surface wetting and adsorption of PSSA on the PET
surface [43]. Similarly, the enhanced activity of aryl sulfonic acid groups for cellulose

hydrolysis was attributed to affinity of the catalyst for the cellulose surface [34, 316].

In this work, the contact angle of the catalyst solutions on a PET film were
measured to check the extent of wetting. The concentrations, ranged from 0.25M to 4M,
were used for the PET hydrolysis. The captured images of the catalyst solution droplets,
within the range of 0.5M to 4M positioned on the PET films, are presented in Figure 5-9.
For PTSA (Figure 5-9. a-d) and 2-NSA (Figure 5-9. e-h) solutions, as the catalyst
concentration increases the droplet spread on the PET surface increases. For 1,5-NDSA
solutions (Figure 5-9. i-1), same as reported for droplets of H2SO4 solutions on PET surface
[43], an increase in catalyst concentration had a negligible effect on the extent of wetting

of the PET surface.
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The contact angle values were determined to quantify the extent of wetting. The
contact angle for the catalyst solutions within the range of 0.25M to 4M are presented in
Figure 5-10. The contact angle values of the PTSA, and 2-NSA solutions decreased as the
concentration increased. For 1,5-NDSA, the contact angle values maintained an average
value of 80 degrees, which is close to the average value of 82 degrees, reported for H2SO4
solutions [43]. For both cases, the interactions of the catalyst solutions is not as extensive,

that is less effective PET surface wetting was observed [43].

(a) (b) (c) (d)

(e) (M (2) (h)

Figure 5-9: Droplet shape of catalyst solutions on the PET films for PTSA: (a) 0.5M, (b)
1M, (c) 2M, (d) 4M; 2-NSA: (e) 0.5M, (f), 1M, (g) 2M, (h) 4M; 1,5-NDSA: (i) 0.5M, (j),

1M, (K) 2M, (1) 4M.
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2-NSA (A), 1,5-NDSA (o), and H2SO4 (x) [43] on the PET surface.

5.7.7 Octanol/water distribution coefficients of the catalysts

Earlier reports indicate that catalysts with hydrophobic moieties exhibit higher
activity for acid hydrolysis of solid surfaces including PET hydrolysis with poly(styrene
sulfonic acid) (PSSA) [43], and cellulose hydrolysis using aryl sulfonic acids [34].
Hydrophobicity of the catalyst was proposed as an contributing factor in determining
effectiveness of catalysts for acid hydrolysis at the cellulose surface [34]. Similarly, the
importance of hydrophobicity of small molecules on PET hydrolysis with equal catalyst
concentrations is considered in this work. The method reported by Amarasekara et. al.,

which compared octanol/water distribution with the catalyst activity for cellulose

112



hydrolysis, was adopted in this work [34]. In this work, the logarithmic partition coefficient
(Log P) and logarithmic distribution coefficient (Log D) were determined for the catalysts

used for PET hydrolysis using method outlined in the literature [461].

The Log P describes the concentration ratio of un-ionized catalyst compound in
octanol and water solution while the Log D is the ratio of the sum of both ionized and un-
ionized catalyst compound in each phase [34]. ChemAxon™ software was used to
determine the Log P and Log D values for the tested catalysts in this work as well as H2SO4
reported for PET hydrolysis [34, 43, 335]. The first order apparent reaction rate constants
dependance on the Log P and the Log D values are shown in Figure 5-11 and Figure 5-
12, respectively. The catalysts with higher hydrophobicity (i.e., higher log P and log D)
exhibit higher activities for PET hydrolysis. As was reported for the cellulose system, the

Log D provided a better correlation with kinetics of the PET hydrolysis [34].
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hydrolysis with 2M catalyst concentrations of PTSA (e), 2-NSA (A), 1,5-NDSA (m),

and H2SO4 (#) at a reaction temperature of 150°C.
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The reaction conditions required to achieve more than 90% TPA vyield for PET
hydrolysis reported for several acid catalysts are presented in Table 5-4. The reaction
temperature, Tr, pressure, Pr, and reaction time, tr, are listed for each system. PTSA and
2-NSA are considerably more active catalysts than the mineral acid, H2SO4, at the same

reaction conditions [290, 458]. Note that the reaction conditions, specifically catalyst
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concentration, reaction pressure and reaction temperature, are considerably milder than

required for mineral acids [43, 289, 438, 462].

Table 5-4: Reported reaction conditions to achieve more than 90% TPA yield for PET

acid hydrolysis.

Catalyst Catalyst PETavg. TR Pr tr Ref.
type Concentration (M)  size (um) (°C) (atm) (h)
HNOs 13 90.5 100 1 18 [289]
H2S04 4 302 150 ~5 18 [43]
PSSA 4 302 150 ~5 16 [43]
H2S04 7.5 595 135 1 6 [290]
H2S04 7 200 150 N/R 5 [458]
PTSA 4 302 150 ~5 3 This Paper
2-NDS 4 302 150 ~5 3 This Paper
NDSA 4 302 150 ~5 8 This Paper

5.8 Conclusions

Aryl sulfonic acid catalysts for the PET hydrolysis with catalyst concentration
between 1M and 4M and temperatures between 130°C and 150°C were explored in this
work. The aryl sulfonic acid catalysts were more active catalysts for hydrolysis of PET
than mineral acid, H2SO4. At 4M and 150°C, the time required to achieve more than 90%

TPA yields were 6 h, 6 h, and 16 h for PTSA, 2-NSA, 1,5-NDSA, respectively, compared
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to 18 hours for H2SOa4 at similar conditions. The PTSA and 2-NSA were the most active

acid catalysts tested in this study.

The shrinking-core model was applied to determine the reaction rate constants for
PET hydrolysis. The apparent activation energy values were calculated to be 60.3 kJ.mol
1 56.1 kJ.mol?, and 50.6 kJ.mol* for PTSA, 2-NSA, and 1,5-NDSA. The homogeneity
effect was explored by testing the ethyl acetate hydrolysis with the same aryl sulfonic acids
used for PET hydrolysis. The determined activation energy values were 45.1 kJ.mol*, 35.2
kJ.mol, and 40.8 kJ.mol* for PTSA, 2-NSA, and 1,5-NDSA solutions, respectively. This
showed that in homogeneous reaction medium, these acids have similar activities, same as
reported for ethyl acetate hydrolysis for H2SO4 [43, 391, 455, 460]. While the enthalpy of
adsorption was not determined, the higher activity of these catalysts was evidenced by PET
surface wetting [43] and determination of octanol/water partition coefficients [34]. Contact
angle measurements revealed better wetting of the PET surface, which has a positive effect
on higher efficiency of these catalysts for PET hydrolysis. Graphs of reaction rate constants
dependance on the Log P and the Log D values confirmed the hydrophobicity effect as
another inducing factor, which improved the efficiency of these catalysts for PET

hydrolysis- similar to what’s reported for cellulose hydrolysis with aryl sulfonic acids [34].
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5.10 Supporting Information

5.10.1 Confirmation of the structure of recovered terephthalic acid
(TPA)

FTIR and 'H NMR analyses were done on the recovered TPA from the PET
hydrolyses with the tested catalyst solutions. Figure 5-S1 shows the spectra for commercial
TPA (Figure 5-S1.a) and the recovered TPA from PET hydrolysis with catalysts, PTSA
(Figure S1.b), 2-NSA (Figure 5-S1.c), and 1,5-NDSA (Figure 5-S1.d). The characteristic
bands for the recovered TPA are similar to commercial polymer. Characteristic bands at
2500-3000 cm™, 1685 cm™, and 1574-1425 cm™ which are attributed to the carboxylic
group, carbonyl group, and aromatic ring, respectively, are present in the spectra of the
recovered TPAs. Figure 5-S2 shows the *H NMR spectra for the commercial TPA (Figure
5-S2.a) and the recovered TPA from the PET hydrolysis within the reaction solutions of
PTSA (Figure 5-S2.b), 2-NSA (Figure 5-S2.c), and 1,5-NDSA (Figure 5-S2.d). The
spectra for the recovered TPAs are comparatively analogous to the commercial TPA
spectrum. The short band at 2.5 ppm and close to the 13 ppm relates to the reference solvent
(methyl sulfoxide-d6) and the hydroxyl groups of the carboxylic acid in the TPA structure.
The peak at 8 ppm corresponds to the hydrogen of the aromatic ring in the TPA structure.

Thus, the structures of the recovered TPA were the same as the commercial TPA structure.
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Figure 5-S1: FTIR spectra for (a) commercial TPA and the TPA recovered from PET

hydrolysis with catalyst solutions of (b) PTSA, (c) 2-NSA, and (d) 1,5-NDSA.
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Figure 5-S2: 'H NMR spectra for (a) commercial TPA and the TPA recovered from PET

hydrolysis with catalyst solutions of (b) PTSA, (c) 2-NSA, and (d) 1,5-NDSA.
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5.10.2 Effect of catalyst concentration on PET conversions (%)

Figure 5-S3 shows effect of concentration on PET conversion (%) results for PET
hydrolysis with catalyst solutions of PTSA, 2-NSA, and 1,5-NDSA. The catalyst
concentration was within the range of 1M to 4M with a reaction temperature of 150°C. The
PET conversion (%) results are consistent with the TPA yield (%) results discussed in the
manuscript. The PTSA and 2-NSA are the most active catalysts and 1,5-NDSA is the least

active catalyst for PET hydrolysis.
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Figure 5-S3: Effect of catalyst concentration on PET conversion (%) at 150°C with (a)

1M, (b) 2M, and (c) 4M solutions of PTSA (o), 2-NSA (A) and 1,5-NDSA (o).
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5.10.3 Reaction temperature effect on PET conversions (%), PET

hydrolysis

Figure 5-S4 shows the effect of reaction temperature on PET conversion (%) for
PET hydrolysis with 2M catalysts solutions of PTSA, 2-NSA, and 1,5-NDSA at 130°C,
140°C, and 150°C. The results are consistent with the TPA vyield (%) results, the PET

conversion (%) results reaffirm the reaction temperature increase will result in the faster

PET hydrolysis.
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Figure 5-S4: Effect on the TPA yields for 2M catalyst solutions with (a) PTSA, (b) 2-
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5.10.4

data

The shrinking core model was fitted to the TPA yields, obtained from PET
hydrolysis with 1M and 4M catalyst solutions at the reaction temperature of 150°C, are
presented in Figure 5-S5 and Figure 5-S6, respectively. As shown, the level of model fit

is good (R? = 0.99) for both cases of 1M and 4M catalysts solutions, used for PET

Fitting the shrinking core model to PET hydrolysis Kinetic

hydrolysis.
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Figure 5-S5: Fit of shrinking core model to the kinetic data at 150°C for 1M catalyst

solutions of PTSA (o, ...), 2-NSA (A, —) and 1,5-NDSA (o, ---).
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Chapter 6

DBU-acid ionic liquids: transformation of weak acids to basic ionic
liquids as more thermally stable and higher active catalysts for PET

hydrolysis

6.1. Abstract

Acids may apply as catalysts for polyethylene terephthalate (PET) hydrolysis.
However, the needed reaction time to achieve more than 90% TPA yield is generally longer
than basic catalysts, specifically for weak acids and mineral acids. The 1,8-diazabicyclo
[5.4.0] undec-7-ene (DBU) has been reported as a super basic catalyst for a fast hydrolysis
of polycarbonates. In this work, DBU was tested for hydrolysis of PET, but was found it
has a lower thermal stability than acid catalysts. So, the DBU-acid ionic liquids (ILs) were
synthesized to obtain catalysts with higher thermal stability (than DBU) and activity (than
their corresponding acids). The selected acids were sulfuric acid (H2SO4), Lactic acid
(LA), Oxalic acid (OA), and citric acid (CA). These ionic liquids were characterized with
the FTIR and NMR analyses to confirm the synthesized structure. The gathered kinetics
data for hydrolysis of PET confirmed the ILs are more active than their corresponding acids
and less active than DBU, but more thermally stable than DBU. This was furtherly

confirmed by calculations of the reaction rate constants by applying a shirking-core model.
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This study shows DBU can considerably better acid catalysts by transforming them to the

ILs.

6.2. Introduction

Polyethylene terephthalate (PET) is the main material used in bottles for packaging
soft drinks and drinking water [98, 463]. It’s also broadly used in textile and automotive
industries for productions of fibers and automotive parts, respectively [464-466]. As these
industry sectors have extended to fulfill the market needs, the production rate of PET has
increased [467, 468]. The resources for PET production, which are mainly fossil fuels, are
limited and may not support long term PET production [469, 470]. In addition, many PET
products have short lifetimes and are piled up as PET wastes rapidly [471, 472]. So,
managing these wastes is necessary to maintain a clean environment and may also provide
an alternative resource for reproduction of PET products [37, 473]. For this purpose,

recycling is proposed as an approach to manage PET wastes [116, 178, 474].

Among the reported recycling techniques, chemical recycling has recently received
considerable attention because it can address complex PET waste streams and provide
purified monomers for reuse in PET synthesis [115, 475-477]. The three major techniques
of chemical recycling are glycolysis, methanolysis, and hydrolysis where glycolysis is the
most studied one in literature [478-484]. Aside from the techniques, which are named based
on the solvent type used for recycling of PET, the role of catalyst type on the rate of
recycling is significant [485-487]. Extensive studies are reported for the catalysts that have
been used for recycling of PET [18, 89, 117, 488-491]. lonic liquids are a recent category
of the catalysts that have gained attention due to high thermal stability and recoverability,

especially for glycolysis of PET [161, 492-497].
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There are few studies exploring ionic liquids for hydrolysis of PET [242, 497, 498].
This study has focus on hydrolysis of PET powder with a group of ionic liquids that are
synthesized with 1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) as the coupling agent. The
DBU was selected as it has exhibited great results for decomposing of polycarbonate [499,
500]. This study explored the possibility of transforming weak acids to DBU-weak acid
ionic liquids that possess higher activity than weak acids as catalysts for hydrolysis of PET
and higher thermal stability than DBU. Lactic acid (LA), oxalic acid (OA), and citric acid
(CA) were chosen. In addition, the effects of catalyst concentration and reaction

temperature on the rate of hydrolysis were studied.

6.3. Results and Discussion

6.3.1 The acidity of the individual components for hydrolysis of PET

The acidity value (pKx) represents the capability of a component to release the
proton (H*) where x denotes the number and the order of the proton that releases in an
aqueous solution, illustrated in Table 6-1 for compounds used in this study [501, 502]. The
H2SO4 and DBU are the strongest acid and base, respectively. LA, OA, and CA can be
categorized as weak acids [503-505]. The selected acids were coupled with DBU, as a
strong base, to form DBU-acid ionic liquids. The catalyst activity of the synthesized ionic

liquids was compared with their corresponding acids.
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Table 6-1: The acidity (pKx) values of the tested components as catalysts for hydrolysis

of PET. The values are based on dissociation in water at 25°C [501, 502].

Component pK1 pK2 pPKs
DBU 135+15 — —
H2S0a4 -2.73 1.92 —_—
LA 3.86 —_— —_
OA 1.27 4.27 —
CA 3.13 4.76 6.40

6.3.2 TGA of the catalysts used for hydrolysis of PET

Thermogravimetric analysis (TGA) studies were conducted on the catalysts used
for hydrolysis of PET including individual components DBU, LA, OA, and CA; DBU-acid
ionic liquids synthesized in water; and DBU-acid ionic liquids synthesized in organic
solvents. The TGA curves were gathered to determine the water content of the catalysts.
This information was used in preparation of the solutions of catalysts with certain
concentrations. The TGA curves are illustrated in Figure 6-S1, Figure 6-S2, and Figure
6-S3 of Supporting Information. The amount of water in these catalysts at room
temperature, in weight percentage, are given in Table 6-2. W denotes the ionic liquids that

were synthesized in water, either with equimolar (E) or titration (T) ratio of the DBU and
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the acid. Moreover, the TGA curves showed the DBU-acid ionic liquids are thermally more
stable than the DBU, which has complete decomposition at temperature of 200°C (Figure

6-S1).

Table 6-2: The water content of the catalysts, determined by TGA curves.

Catalyst Water Content (wt.%0)
DBU 6.33
H2S04 4.65
LA 6.86
OA 3.44
CA 7.96
DBU-SOs-W 4.72
DBU-OA-E-W 5.20
DBU-OA-T-W 8.67
DBU-CA-E-W 4.21
DBU-CA-T-W 4.75
DBU-SO4 5.49
DBU-LA 3.01
DBU-OA 7.69
DBU-CA 3.34

6.3.3 Preliminary results for TPA yield (%) for 2M solutions of ionic
liquids
The synthesized DBU-acid ionic liquids were tested for hydrolysis of PET when

the catalyst solution, reaction temperature (Tr), and reaction time (tr) were 2M, 150°C, and
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10 hours, respectively. The TPA yield (%) for these reaction conditions are shown in Table

6-3. As observed, the DBU-acid ionic liquids that were synthesized in water didn’t have

sufficient activity to hydrolyze PET. So, the TPA yield (%) was zero. However, the DBU-

acid ionic liquids that were prepared in organic solvent (methanol), except for DBU-SO4

(acetonitrile as solvent), were comparatively more active and produced TPA in

considerable amounts. For the DBU-OA and DBU-CA, the hydrolysis was completed

within 10 hours.

Table 6-3: TPA yield (%) for 2M solutions of DBU-acid ionic liquids for hydrolysis of

PET at Tr= 150°C and tr= 10 hours.

Catalyst TPA yield (%)
DBU-SO4-W 0
DBU-OA-E-W 0
DBU-OA-T-W 0
DBU-CA-E-W 0
DBU-CA-T-W 0
DBU-SO4 0
DBU-LA 36
DBU-OA 90
DBU-CA 92

The titration graphs,

proton or hydroxyl

concentration versus catalyst

concentration, for individual components are shown in Figure 6-S4 and Figure 6-S5 of

the Supporting Information. The error bars indicate the three-time repetitions of the

titration tests to show the reproducibility. As noted in Figure 6-S4 and Figure 6-S5, the
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correlation between the proton or hydroxyl concentration and catalyst concentration is

linear for individual components.

Titration of the DBU-acid ionic liquids were conducted by using pH strip tapes.
The results are shown in Table 6-S1 through Table 6-S8 in Supporting Information. As
noted, the DBU-acid ionic liquids that were synthesized in water are weak acids with the
pH values within the range of 1 to 7. Conversely, the DBU-acid ionic liquids that were
synthesized in an organic solvent, except for DBU-SQOq4, are weak bases with the pH values
within the range of 7 to 10. The DBU-SOx4 is the same as the one prepared in water with
respect to the pH values and the catalyst activity for hydrolysis of PET. The DBU-acid
ionic liquids that were active for hydrolysis of PET are DBU-LA, DBU-OA, and DBU-CA
produced using organic solvent. Therefore, the rest of the work was focused on study of
these catalysts produced in organic solvent and comparison of activity of ionic liquids with

the corresponding acids for hydrolysis of PET.

6.3.4 Effect of catalyst concentration hydrolysis kinetics at 150°C

6.3.4.1 Shrinking core model to fit the kinetics data of TPA vyield
(%)

The shrinking core model was shown to fit the experimental data for acid hydrolysis
of PET in chapters 4 and 5. This model was applied to the kinetic data for PET hydrolysis
with catalyst solutions of 1M, 2M, and 4M at the series of different reaction times for the
reaction temperature of 150°C. For instance, the fitted lines for the kinetics data gathered
for PET hydrolysis in DBU solutions are illustrated in Figure 6-1. For the other tested

catalysts, the fitting of shrinking-core model to the kinetics data of TPA yield (%) are
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illustrated in Figure 6-S6 and Figure 6-S6 in Supporting Information. The model
provided a good fit for all catalysts studied and was used to determine the rate constants
reported in this chapter. Additionally, the shrinking core model was used to fit the data for

all kinetic studies described below and are included in each of the graphs.

(1' [TP‘A Yieldlindur‘tion )“"3, = (1 ‘[TP?’\ Yieldlt)(] 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(t-tygucrion) (hour)

Figure 6-1: Fit of shrinking core model to the TPA yield kinetics data at Tr= 150°C for

1M (o, —), 2M (o, ---), and 4M (A, ...) solutions of DBU.

6.3.4.2 Comparison of catalytic activity DBU and organic acids at
150°C
The individual components of the DBU based ionic liquids were tested as catalysts

for PET hydrolysis to set a baseline for comparison with the ionic liquids. The kinetics data

in terms of TPA yield (%) in DBU solutions of 1M, 2M, and 4M at reaction temperature
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of 150°C are given in Figure 6-2. The fitted lines to the kinetics data of TPA yield (%)
were produced using the constants from the shrinking core model. The reaction times
required to achieve more than 90% TPA vyield (%) are 60 minutes, 20 minutes, and 10
minutes, for 1M, 2M, and 4M solutions of DBU. DBU was a highly active catalyst for
hydrolysis of PET which is consistent with results from literature for hydrolysis of
polycarbonate [499]. The primary challenge with DBU is that it is not easily recovered and
limited thermal stability. The PET conversion (%) kinetics data are illustrated in Figure 6-

S8 of Supporting Information.
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Figure 6-2: TPA yield kinetics data at TR=150°C for 1M (o, —), 2M (o, ---), and 4M (A,

...) solutions of DBU. The lines illustrate the fit of shrinking core model.

The kinetics data of TPA yield (%) for 1M, 2M, and 4M solutions of LA, OA, and
CA are shown in Figure 6-3 (a), Figure 6-3 (b), and Figure 6-3 (c), respectively. The
fitted lines were obtained from applying the shrinking core model. As expected, an increase
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in catalyst concentration leads to a decrease in the reaction time needed to achieve more
than 90% TPA yield (%). For the case of 4M catalyst solutions, the needed reaction times
for more than 90% TPA recovery are 12 days, 5 days, and 3 days for LA, OA, and CA,
respectively. The CA solutions are more active than the LA and OA solutions since more
protons (H*) are released in CA solutions, causing more attacks occurring to the surface of
PET particles with protons (H*). This results in a higher activity of the catalyst for PET
hydrolysis. The same scenario is repeated regarding the higher activity of the OA solutions
than the LA solutions. Note that in all cases these weak acids are poor catalysts for PET
hydrolysis. The kinetics data of the PET conversion (%) graphs are illustrated in Figure 6-

S9 of Supporting Information.
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Figure 6-3: TPA yield kinetics data at Tr=150°C for (a) 1M, (b) 2M, and (c) 4M
solutions of LA (o, —), OA (o, ---), and CA (A, ...).

134



6.3.4.3 Catalytic activity of DBU-acid ionic liquids at 150°C

The kinetic data of TPA yield (%) for the solutions of DBU-acid ionic liquids are
shown in Figure 6-4. The kinetics data of TPA vyield (%) for 1M, 2M, and 4M aqueous
catalyst solutions are shown respectively in Figure 6-4 (a), Figure 6-4 (b), and Figure 6-
4 (c). Again, as expected, an increase of catalyst concentration would decrease the reaction

time needed to achieve more than 90% TPA vyield (%).

The DBU-CA was more active than the DBU-OA and the DBU-OA is more active
than the DBU-LA. For the case of 4M catalyst solutions, the required reaction times to
achieve more than 90% TPA yield are 12 hours, 4 hours, and 1 hour. Similar results were
seen for the lower catalyst concentrations. The DBU forms a complex with each of the
carboxylic acid groups present in the weak acid structure. The DBU-CA has three active
sites compared to two for the DBU-OA and one for the DBU-LA. Therefore, at a
concentration of 1 M catalyst, the concentration of active sites would be 3 M for DBU-CA,
2 M for DBU-OA and 1 M for DBU-LA. The time to achieve 90% TPA yield at 4 M
active site concentration for DBU-OA (2 M solution) and DBU-LA (4 M solution) were 7
and 12 hours, respectively. The 1 M DBU-CA system, which is equivalent to 3 M active
groups, took 8 hours to achieve more than 90% TPA yield. Therefore, the increased activity
of the DBU-OA cannot be solely attributed to the difference in concentration of active

groups.

Additionally, the increased activity may be attributed to the number of amidine-
benzene ring groups in the catalyst structure, which is 3, 2, and 1 for the DBU-CA, the
DBU-OA, and the DBU-LA, respectively. The amidine-benzene group may improve

affinity of the catalyst solution to the PET surface. This phenomenon was also observed

135



for PET hydrolysis [49] and cellulose hydrolysis [34] with aryl sulfonic acids as discussed

in Chapter 5. Better wetting of the PET surface results in higher local concentration of the

protons (H*) in the case of acid hydrolysis and higher local concentration of the hydroxyls

(OH") in the case of alkaline hydrolysis. Eventually, this higher localized number of protons

or hydroxyls will increase the probability of the attack to the surface of PET particles,

leading to higher activity of the catalyst solution [233, 242, 255, 506].
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6.3.4.4 Comparison of times to achieve 90% TPA at 150°C

The reaction times (tr) required to achieve more than 90% TPA vyield (%) for PET
hydrolysis at 150 °C are summarized in Table 6-4. The tested catalyst solutions had 1M,
2M, and 4M concentrations. This needed reaction time has the broad range, starting from
10 minutes for 4M DBU solution to 24 days for 1M LA solution. As presented, the weak
acids are considerably less active than their corresponding DBU-acid ionic liquids for PET
hydrolysis. This shows that the synthesis of DBU-acid ionic liquids will help the increase

of the catalyst activity enormously for PET hydrolysis.

Table 6-4: Reaction time needed to achieve more than 90% TPA vyield at Tr=150°C.

Catalyst type Concentration (M)
1M 2M 4M
Reaction time (tr)
DBU 60 minutes 20 minutes 10 minutes
LA 24 days 18 days 12 days
OA 12 days 8 days 5 days
CA 7 days 5 days 3 days
DBU-LA 40 hours 20 hours 12 hours
DBU-OA 16 hours 7 hours 4 hours
DBU-CA 8 hours 2 hours 1 hour
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6.3.4.5 Reaction rate constants for catalysts studied at 150°C

The shrinking core model was applied to determine the apparent reaction rate
constants (Ka values) for all tested catalysts (see Table 6-5). DBU solutions have the
highest Ka values consistent with the presented kinetics data for TPA yield (%) and PET
conversion (%). The acids of LA, OA, and CA were the least active catalysts, respectively.
The DBU-acid ionic liquids were in the middle t between DBU and the acids, but
considerably have higher Ka values than their corresponding acids. The specific reaction
rate constants (ksp values) were calculated from the Ka values versus the catalyst
concentration and are reported in Table 6-S9 of the Supporting information. The ksp
values indicate the DBU as the highest active catalyst and confirms the DBU-acid ionic

liquids as the considerably more active catalysts than their corresponding acids.

Table 6-5: Apparent reaction rate constants (Ka) as a function of the catalyst

concentration for PET hydrolysis at 150°C.

Cat. DBU LA OA CA DBU-LA DBU-OA DBU-CA

Con. (M) *Ka(h?) *Ka(h?) *Ka(h?) *Ka(h?) *Ka(h?) *Ka(h?) *Ki(h?)

1 61.21 0.10 0.20 0.32 1.21 3.19 6.69
2 181.75 0.12 0.26 0.42 3.07 7.97 27.53
4 345.47 0.22 0.44 0.73 4.9 14.47 57.54

*Ka values are multiplied by 100.
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6.3.5 Effect of reaction temperature on TPA yield (%), 2M catalyst

solutions

6.3.5.1 Shrinking core model to fit the kinetics data of TPA yield
(%)

The effect reaction temperatures were 130°C, 140°C, and 150°C. The shrinking core
model was used to fit the gathered kinetic data for TPA yield (%) in PET hydrolyses with
2M solutions of the catalysts. For DBU, the model fitted lines to the TPA yield (%) kinetics

data are illustrated in Figure 6-5. For the other tested catalysts, the model fitted lines are

brought in Figure 6-S10 and Figure 6-S11.
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Figure 6-5: Fit of shrinking core model to the TPA yield (%) kinetics data for 2M
solutions of DBU at Tr= 130°C (o, —), Tr= 140°C (o, ---), and Tr=150°C (A, ...).
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6.3.5.2. Reaction kinetics for 2 M DBU and acid solutions

The 2M solutions of the DBU, LA, OA, and CA were tested as catalysts for PET
hydrolysis at 130°C, 140°C, and 150°C were considered to observe the reaction temperature
effect on the rate of hydrolysis. The TPA yield (%) for PET hydrolysis in 2M solutions of
DBU are depicted in Figure 6-6. The lines were obtained by applying the shrinking core
model to the Kinetic data. As expected, the fastest hydrolysis to achieve more than 90%
TPA yield was occurred at reaction temperature of 150°C in 20 minutes. The kinetics data
of the TPA vyield (%) for PET hydrolysis in the 2M solutions of LA, OA, and CA are
illustrated in Figure 6-7. The kinetics data of PET conversion (%) for DBU and other
individual components are illustrated in Figure 6-S12 and Figure 6-S13 of Supporting

Information, respectively.
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Figure 6-6: TPA yield kinetics data for 2M solutions of DBU at Tr=130°C (o, —),
Tr=140°C (o, ---), and Tr=130°C (A, ...) solutions of DBU. The lines illustrate the fit of

shrinking core model.
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6.3.5.3. Reaction kinetics for 2 M DBU-acid ionic liquids

The TPA vyield (%) for the 2M solutions of the DBU-acid ionic liquids are
illustrated in Figure 6-8. The kinetics data of TPA yield for the reaction temperatures of
130°C, 140°C, and 150°C are shown in Figure 6-8 (a), Figure 6-8 (b), and Figure 6-8 (c),
respectively. As expected, an increase in the reaction temperature resulted in an increase
in the rate of hydrolysis for PET particles. While the rate of reaction increased with
increasing temperature for DBU-LA, there was still a significant incubation time prior to

onset of the reaction.
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Figure 6-8: Effect of reaction temperature on TPA yield at (a) Tr=130°C, (b) Tr=140°C,
and (c) Tr=150°C for 2M solutions of DBU-LA (o, —), DBU-OA (o, ---), and DBU-CA

(A, ...). The lines illustrate the fit of shrinking core model.

6.3.5.4. Time to achieve 90% TPA vyield for 2 M solutions of

catalysts

The reaction times required to achieve more than 90% TPA yield (%) for the 2M
solutions are summarized in Table 6-6. The reaction temperature of 150°C had the highest
effect on the increase of the rate for PET hydrolysis. The DBU is the most active catalyst
while the DBU-acid ionic liquids are considerably more active catalysts than their

corresponding acids.
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Table 6-6: Reaction time needed to achieve more than 90% TPA yield for 2M catalyst

solutions at reaction temperature of 130°C, 140°C and 150°C.

2M Catalyst Solutions Reaction temperature (°C)
130 140 150
Reaction time (tr)
DBU 35 minutes 25 minutes 20 minutes
LA 32 days 24 days 18 days
OA 12 days 10 days 8 days
CA 8 days 6 days 5 days
DBU-LA 28 hours 22 hours 20 hours
DBU-OA 14 hours 10 hours 7 hours
DBU-CA 4 hours 3 hours 2 hours
6.3.5.5 Reaction rate constants at 2 M catalyst solution

The shrinking core model was used to determine the apparent reaction rate
constants (Ka values) of the 2M catalysts solutions for PET hydrolysis, as shown in Table
6-7. The Ka values are consistent with the kinetics data for the TPA yield (%), illustrated
in Figure 6-6, Figure 6-7, and Figure 6-8. The DBU has the highest Ka values as the most
active catalyst while the LA has the least value of Ka as the least active catalyst. The DBU-
acid ionic liquids have Ka values considerably higher than their corresponding acid
catalysts. Same scenario is valid for the specific reaction rate constants (ksp values) that are

brought in Table 6-S10 of the Supporting Information.
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Table 6-7: Apparent reaction rate constant (Ka values) as a function of the reaction

temperature for 2M catalyst solutions for PET hydrolysis.

2M DBU LA OA CA DBU-LA DBU-OA DBU-CA

Catalyst *Ka(h?) *Ka(h?) *Ka(h?) *Ka(hd) *Ka(hl) *Ka(hl) *Ka(h?Y)

Solution
130 95.71 0.06 0.10 0.27 2.92 3.77 12.26
140 136.83 0.09 0.16 0.37 3.64 5.37 17.93
150 181.80 0.12 0.26 0.44 4.05 7.97 27.53

*Ka values are multiplied by 100.

6.3.5.6 Activation energy for 2M solutions of catalysts

The logarithmic form of the Arrhenius equation (Equation 6-1) was used to
calculate the values of apparent activation energy (Ea) for PET hydrolysis with 2M

solutions of the catalysts [285, 290].

Ln (k) =LnA— =2 (6-1)

Where the terms ksp, A, Ea, R, and T are specific reaction rate constant, pre-exponential
factor, activation energy, universal gas constant, and absolute reaction temperature. The
fitted lines to the ksp values as a function of the absolute reaction temperature for hydrolysis
of PET with 2M solutions of the catalysts are illustrated in Figure 6-9. The activation
energy shown in Table 6-8, are in the range of 23 KJ.mol* to 68 KJ.mol. The range
corresponds with some of the reported activation energy values of the catalysts used for

the degradation of PET [49, 238, 283, 315].
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Figure 6-9: Fitted lines of Arrhenius equation for 2M solutions of DBU (x, ---), LA (o, --

-), OA (o, ---), CA (A, ...), DBU-LA (o, —), DBU-OA (o, —), DBU-CA (A, —).

Table 6-8: activation energies for 2M solutions of the tested catalysts for PET hydrolysis.

Catalyst type Ea (KJ.mol?)
DBU 45.5
LA 49.2
OA 67.7
CA 34.7
DBU-LA 23.3
DBU-OA 53.1
DBU-CA 57.3
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6.3.6 Wetting studies of the tested catalysts for hydrolysis of PET

The wetting studies were conducted by measuring the contact angle value that is
formed by a droplet of the solution of catalyst on the surface of PET film. A range of
catalyst concentration were tested, as reported in literature, to explore the effect of catalyst
concentration on contact angle value, and subsequently on the extent of surface wetting

[507-509].

For DBU solutions, it was observed that the droplets wetted the surface completely.
For instance, the evolution of a droplet of 0.25 M DBU solution on the PET films is
illustrated in Figure 6-10. As shown, the droplet wetted the surface completely. After one
second that the droplet was placed on the surface, it rapidly formed an oval shape that
extended completely throughout the surface within next six second. Then, the droplet
moved forward and reached the surface edges. This could be one of the reasons that DBU
is super active catalyst in hydrolysis of PET, as witnessed by the presented kinetics data of

PET conversion (%) and TPA yield (%).

The droplets of solutions of LA, OA, and CA on PET surface are illustrated in
Figure 6-11. As shown, for solutions of the weak acids, the shape of the droplets didn’t
change tangibly with respect to the acid concentration. The droplets of solutions of DBU-
acid ionic liquids are illustrated in Figure 6-12. With an increase in catalyst concentration,
the droplet stretches further on the surface, indicating better wetting of the surface by
catalyst solution. This is consistent with surface wetting with the aryl sulfonic acids with

hydrophobic pendant groups as catalysts for hydrolysis of PET discussed in Chapter 5 [49].
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The contact angle values for these catalysts as a function of catalyst concentration
are shown in Figure 6-13. As observed, solutions of weak acids are quite independent of
the catalyst concentration and maintains a constantly average values between 76 and 78 °.
For DBU-acid ionic liquids, the contact angle values decrease with the increase of catalyst
concentration, consistent with what’s observed regarding the extension of droplet on the
surface. The contact angle values for DBU-acid ionic liquids were within the approximate

range of 50- 65 degrees, indicating the better wetting of surface compared to the acids.

(a) (b) (©) (d)

Figure 6-10: Evolution of the 0.25M solution of DBU droplet within the wetting process
of the surface on the PET filmsat (a)t=1s, (b)t=3s,(c)t=5s,(d)t=7s,(e)t=9s,
Ht=11s,(g)t=13s,(h)t=15s,())t=275s,(j)t=39s,(k)t=51s,()t=63s,(m)t

=75s,(N)t=87s,(0)t=99s, (p)t=111s.
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Figure 6-11: The droplet shape of solutions of weak acids on the PET films for LA: (a)
0.25M, (b) 0.5M, (c) 1M, (d) 1M, (e) 4M; OA: (f) 0.25M, (g) 0.5M, (h) 1M; CA: (i)

0.25M, (j) 0.5M, (k) 1M, (1) 2M.

(a) (b) (c) (d) (e)

Figure 6-12: The droplet shape of solutions of DBU-acid ionic liquids on the PET films
for DBU-LA: (a) 0.25M, (b) 0.5M, (c) 1M, (d) 1M, (e) 4M; DBU-OA: (f) 0.25M, (Q)

0.5M, (h) 1M, (i) 2M, (j) 4M; DBU-CA: (K) 0.25M, (I) 0.5M, (m) 1M, (n) 1M, (0) 4M.
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6.4 Comparison with ionic liquids reported as catalysts for hydrolysis
of PET

The DBU-acid catalysts that were introduced in this work are compared with the
reported ionic liquids that were used for hydrolysis of PET in Table 6-9. As noted, the
DBU-acid ionic liquids presented in this work may hydrolyze PET milder reaction

conditions than the ones reported in literature [242, 498, 510].
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Table 6-9: Comparison of this study with the reported ionic liquids as catalysts for hydrolysis of PET.

Catalyst Concentration ~ PET shape/ Tr!  Pgr? tr3 TPA Ref.
type (M) Sizeé@vg) (um) (°C) (atm) (hour) yield
(%)
[Hexanemim][HSO4] 2 Particle/ NR 185 N/R 3 79 [510]
1-(3-propylsulfonic)- 1 Powder/ NR 210 N/R 24 94 [242]
3-
methylimidazolium
chloride
[bmim]CI NR Pellets / NR 170 1 7 0 [498]
DBU 1 Powder/ 302 150 ~5 1 91 This
study
DBU-LA 4 Powder /302 150 ~5 20 90 This
study
DBU-OA 4 Powder /302 150 ~5 4 92 This
study
DBU-CA 2 Powder /302 150 ~5 2 91 This
study
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DBU-CA 4 Powder /302 150 ~5 1 91 This
study

! Tr: reaction temperature, 2 Pg: reaction pressure, 2 tr: reaction time

151



6.5 Conclusions

This study introduced DBU-acid ionic liquids as catalysts for hydrolysis of PET.
The solvent used during formation of the DBU-acid ionic liquids had an effect on the
acidity of the synthesized DBU-acid ionic liquids as shown by titration studies. Methanol
was the solvent where DBU-acid ionic liquids were synthesized as bases and were
considerably more active than the DBU-acid ionic liquids synthesized in water as the
solvent. In addition, the DBU-acid ionic liquids synthesized in methanol were thermally
more stable than DBU and were considerably more active than their corresponding acids

that were coupled with DBU in the synthesis of ionic liquids.

The shrinking core model could be used to fit the experimental kinetics data
gathered for TPA vyields (%) of hydrolysis tests. This is consistent with the reaction
occurring at the PET surface of the particles and the reports in literature [148, 511-514].
The reaction rate constants reflect the higher values for DBU-acid ionic liquids synthesized
in methanol in comparison with their corresponding acids, i.e., LA, OA, and CA. The
wetting studies of the tested catalysts revealed that DBU-acid ionic liquids wetted the
surface of PET films more than their corresponding acids, consistent with what was
obtained for the kinetics data. Moreover, the proposed DBU-acid ionic liquids in this work
were compared with the ionic liquids reported for hydrolysis of PET, indicating the higher

activity of these catalysts comparatively in milder reaction conditions.
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Chapter 7

Conclusions and Future Work

7.1. Conclusions

7.1.1 Overall outcomes for hydrolysis of PET with presented catalysts

Hydrolysis is one of the primary techniques for chemically recycling PET wastes
[42, 515, 516]. In hydrolysis, a catalyst is added to an aqueous solution to increase the rate
of PET decomposition [27, 240]. As a heterogenous reaction, the rate of hydrolysis can be
controlled by many factors including reaction conditions, sample shape and size, catalyst
type, and catalyst concentration. The impact of these factors has been explored extensively
in the literature [255, 462, 517-520]. However, the extent of wetting of the surface of PET
particles with catalyst solutions as an approach to increase the rate of hydrolysis has been
explored in less detail [43, 49, 233, 521]. This study introduced a series of catalysts that
were designed to increase the wetting of the surface by the reaction media for PET particles
and/or increase activity of catalyst. The goal was to allow operation at milder reaction
conditions or shorter time than reported for PET hydrolysis [49, 290, 291, 518]. The effect
of catalyst concentration (1M, 2M, and 4M) and the reaction temperature (130°C, 140°C,
and 150°C) for 2M catalyst solutions on the rate of hydrolysis reactions for recycling of

PET particles were explored.
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In the first part of the dissertation [43], hydrolysis kinetics studies revealed that
poly (4-styrenesulfonic acid) (PSSA) was a more active catalyst than sulfuric acid (H2SQOa4),
the conventional mineral acid catalyst applied for hydrolysis of PET. It was also observed
the induction times experienced in the kinetics data of PET hydrolysis with H2SO4 were
shorter for PET hydrolysis with PSSA. This was attributed to the better wetting of the

surface of the PET particles with PSSA solutions than H2SOa solutions.

PSSA has a hydrophobic aliphatic backbone that can interact with PET and
hydrophilic aryl sulfonic acid pendant groups. The PSSA can act as a surfactant in aqueous
solution to modify the surface wetting of the PET particles during hydrolysis [43, 316,
522]. This leads to higher local concentration of the acid sites near PET particles, which
can result in higher activity of the catalyst. Contact angle measurements confirmed better
wetting of the surface with the PSSA solutions, which was consistent with the improved
reaction kinetics for hydrolysis of PET with PSSA relative to H2SO4. The shrinking core
model was applied to fit kinetic data of TPA vyield (%) to determine the reaction rate
constants of the PSSA and H2SO4 [290, 292, 523]. It was noted that the model could be
applied to fit the experimental data, specifically for data after the induction time portion.
The apparent activation energies were 24.6 kJ.mol™ and 29.1 kJ.mol? for 2M catalyst

solutions of PSSA and H2SOs4, respectively [43].

To study the impact of catalyst on hydrolysis in homogenous solution, ethyl acetate
was hydrolyzed in water with PSSA and H2SO4 [524, 525]. The activation energies for
hydrolysis of ethyl acetate were 53.8 kJ.mol* and 39.6 kJ.mol for 0.5M solutions of PSSA
and H2SOs, respectively. This higher activation energy of PSSA may have been due to

lower accessibility to the exposed acid cites of PSSA in a homogenous reaction, which may
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come from its considerable bigger size than H2SOs [43]. Moreover, reutilization and
titration results proved PSSA was a recoverable and reusable catalyst for PET hydrolysis
(up to 5 cycles), consistent with literature report about the recoverability and reusability of
this polymer [316]. So, hydrolysis with PSSA as the catalyst may introduce a sustainable

method for PET recycling.

In the second part of the dissertation [49], a series of aryl sulfonic acids were
proposed as the higher activity catalysts than mineral acid for hydrolysis of PET. For this
purpose, p-toluenesulfonic acid monohydrate (PTSA), 2-naphthalenesulfonic acid(2-
NSA), and 1,5-naphthalenedisulfonic acid tetrahydrate (1,5-NDSA) were selected. The
selected catalysts were considered for hydrolysis of PET from the reported work on the
high effectiveness of these catalysts for hydrolysis of cellulose due to the hydrophobic
structure they possess [34, 526]. Catalyst concentration of 1M, 2M, and 4M at 150°C and
reaction Kinetics with 2 M catalyst at 130°C, 140°C and 150°C were explored for hydrolysis
of PET. As expected, an increase in catalyst concentration or reaction temperature resulted
in an increase in the rate of hydrolysis- consistent with the reports on hydrolysis of PET in
the literature [29, 235, 288, 289, 527, 528]. For 4M catalyst solutions at 150°C, the required
reaction time to achieve more than 90% TPA yield was 6 hours, 6 hours, and 16 hours for
PTSA, 2-NSA, and 1,5-NDSA, respectively, less than the acid catalysts reported for

hydrolysis of PET [120, 288-290, 517].

A higher activity of these catalysts relative to mineral acids was reported in
literature for the hydrolysis of cellulose [34]. This is due to the hydrophobic structure of
aryl sulfonic acids, which improves interaction of these catalysts with the surface of the

PET particles as similar hydrophobic regions existed in the structure of PET [49]. The
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contact angle measurements confirmed better wetting of the surface of PET with solutions
of these catalysts relative to the mineral acids such as H2SOa. In addition, the water/octanol
partition and distribution coefficients were estimated for these catalysts as indication of
relative affinity for the PET surface. The apparent reaction rate constant values, determined
for the case of 2M catalyst solutions at the reaction temperature of 150°C, had a first order
dependance on the logarithmic values of water/octanol partition and distribution
coefficients [49]. This is consistent with reports in literature for the cellulose system and is
an indication of the hydrophobicity effect on the increase of the rate of hydrolysis for PET

particles [34].

The Arrhenius equation was successfully applied to determine the apparent
activation energies for the tested catalysts. These values were 60.3 kJ.mol?, 56.1 kJ.mol?,
and 50.6 kJ.mol* for PTSA, 2-NSA, and 1,5-NDSA, respectively [49]. The hydrolysis of
ethyl acetate in 0.5M solutions of the catalysts used for hydrolysis of PET to compare
heterogenous and homogenous hydrolysis reactions [43]. The calculated values were 45.1
kJ.mol*?, 35.2 kd.mol, and 40.8 kJ.mol™ for PTSA, 2-NSA, and 1,5-NDSA, respectively
[49]. The activation energy values of hydrolysis of ethyl acetate were lower than the ones
for the hydrolysis of PET. This is consistent with literature reports for the activation
energies of homogenous and heterogenous reactions [529-532]. The reason is that the
hydrolysis of PET is a heterogenous reaction, occurring on the surface of the particles while
the hydrolysis of ethyl acetate is a homogenous reaction where the acid sites have easier
accessibility to react with the ethyl acetate molecules. This was also confirmed with the

reaction rate constants calculated for hydrolysis of PET and ethyl acetate. It was noted the
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values of reaction rate constant are considerably larger for hydrolysis of ethyl acetate than

the ones for hydrolysis of PET.

In the third part of the dissertation, the focus was to synthesize ionic liquids as
catalysts for hydrolysis of PET. The intension was not only to produce more thermally
stable catalysts, but also to enhance the activity of acids [61, 533-535]. The selected acids
for this study were sulfuric acid (H2SQa), lactic acid (LA), oxalic acid (OA), and citric acid
(CA). The coupling compound used to synthesize the ionic liquids was 1,8-Diazabicyclo
(5.4.0) undec-7-ene (DBU). DBU was previously applied as a super basic catalyst for
hydrolysis of polycarbonates [499]. To examine that for the case of hydrolysis of PET,
DBU was directly tested as a catalyst. The gathered kinetics data confirmed DBU is the
most active catalyst in this study for hydrolysis of PET. The reason that DBU was selected
as the coupling compound for the synthesis of ionic liquids is that it has very high activity
as a catalyst and hydrophobic regions that may form interactive attractions to the surface
of PET particles [499, 536-539]. In addition, the goal is to synthesize DBU-acid ionic

liquids that will possess higher thermal stability than DBU.

The synthesized ionic liquids were DBU-SO4, DBU-LA, DBU-OA, and DBU-CA.
The DBU-SO4 and DBU-LA were synthesized as stated in literature [540-542]. A new
synthesis method was proposed for synthesis of DBU-SO4 where no additional chemical
was applied and the DBU-SO4 could be synthesized in water. For both cases, the DBU-
SO4 was a weak acid with low catalyst activity for hydrolysis of PET. The pH tape strip
testing revealed that DBU-LA was a basic catalyst. For synthesis of DBU-OA and DBU-
CA, there was no synthesis path in literature. So, synthesis methods were explored with

two solvents considered for the syntheses: water and methanol.
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For water as the solvent, two scenarios were considered to determine relative
concentration of the DBU and acids, equimolar and titration. In the equimolar scenario, the
molar ratio of 1 to 1 of the DBU and OA (or CA) were used to synthesize DBU-OA or
DBU-CA. In the titration scenario, the concentration of hydroxyl (OH") for DBU and the
concentration of proton (H*) for OA or CA were determined by titration and considered
for the synthesis of DBU-OA or DBU-CA. For both scenarios, the synthesized DBU-OA
and DBU-CA were weak acids with low catalyst activity for hydrolysis of PET. For
methanol as the solvent, the number of carboxylic groups in the structures of OA and CA
were considered, which is 2 and 3, respectively. So, the DBU-OA and DBU-CA were
synthesized with the molar proportion of 2to 1 and 3 to 1 for DBU to OA and DBU to CA,
respectively. The pH tape strip testing revealed the DBU-OA and DBU-CA synthesized in
methanol were basic catalysts. This may be attributed to the solvent type and the relative

amounts of DBU and acid (OA or CA).

The synthesized basic ionic liquids, DBU-LA, DBU-OA (prepared in methanol),
and DBU-CA (prepared in methanol) were studied as catalysts for hydrolysis of PET. For
comparison, the corresponding acids of LA, OA, and CA were studied for hydrolysis of
PET. The effects of catalyst concentration (1M, 2M, and 4M) and temperature (130°C,
140°C, and 150°C) were explored for hydrolysis of PET. The DBU-acid ionic liquids were
significantly more active than their corresponding acids for hydrolysis of PET but less
active than DBU. For instance, for the case of 2M catalyst concentration and the reaction
temperature of 150°C, the times required to achieve more than 90% TPA vyield were 0.33,

20, 7, and 2 hours for DBU, DBU-LA, DBU-OA, and DBU-CA, respectively. However,
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for the same reaction conditions, the required reaction times to achieve more than 90%

TPA yield were 432, 192, and 120 hours for LA, OA, and CA, respectively.

Wetting studies were conducted by measuring the contact angle for the aqueous
catalyst solutions at various concentrations on PET films. It was observed that the solutions
of DBU wetted the surface completely. It was also observed that the solutions of the DBU-
acid ionic liquids wetted the surface better than the solutions of their corresponding acids.
These observations are all consistent with the hydrolysis kinetics data and calculated
reaction rate constants for hydrolysis of PET with DBU, DBU-acid ionic liquids, and their
corresponding acids. The Arrhenius equation was successfully applied to calculate the
reaction rate constants and activation energies. For the case of 4M catalyst solution, DBU
was ranked as the highest active catalysts with Ka of 345.47 h'. Then, the DBU-acid ionic
liquids possess higher activity, with the Ka values of 57.54, 14.47, and 4.90 for DBU-CA,
DBU-OA, and DBU-LA, respectively. The weak acids were the last group of the catalysts
regarding the catalyst activity with Ka values of 0.73, 0.44, and 0.22 h'! for CA, OA, and
LA, respectively. The calculated activation energies were within the range of 34 to 68
KJ.mol* for the 2M solutions of DBU, LA, OA, CA, DBU-LA, DBU-OA, and DBU-CA,
within the rational range reported for activation energy values for catalysts used for

hydrolysis of PET [43, 49, 238, 315].
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7.1.2 Comparison of catalysts used for hydrolysis of PET

Three main criteria were selected for a comprehensive comparison of the catalysts

tested in this study. These criteria are explained as follow:
1. The required reaction time to achieve more than 90% TPA yield

As noted, an increase in catalyst concentration or reaction temperature will increase
the rate of hydrolysis of PET, consistent with the relevant reported studies on PET
degradation [284, 543, 544]. So, the highest values for catalyst concentration and reaction
temperature tested in this work were selected as the best reaction conditions, i.e., 4M
catalyst in water and 150°C. In addition, the reaction pressure was ~5 atmosphere and the
tested PET samples were in powder form with the average size of 302 um. The required
reaction time to achieve more than 90% TPA vyield for the catalysts studied are presented
in Table 7-1. Moreover, the catalysts are ranked based on the activity for hydrolysis of
PET in water. Among the tested catalysts, DBU and LA are the most and the least active

catalysts for hydrolysis of PET [43, 49].
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Table 7-1: The required reaction time to achieve more than 90% TPA vyield, 4M catalyst

concentration, Tr = 150°C (Hydrolysis of PET in water).

Rank Catalyst Reaction time Specific reaction rate References

(#) type (tr) (hour) constant (Ksp)*

1 DBU 0.17 5730 —

2 DBU-CA 1 970 —

3 PTSA 3 280 [49]

4 2-NSA 3 260 [49]

5 DBU-OA 4 210 —

6 1,5- NDSA 8 103 [49]

7 DBU-LA 12 69 —

8 H SO, 16 48 [43, 49]
9 PSSA 18 51 [43, 49]
10 CA 72 7.98 —
11 OA 120 4.7 —
12 LA 288 2.4 —

*[ksp] = [kg PET. m. (mol catalyst)?. s] * 10%
2. Octanol/water distribution coefficient values

The octanol/water system is reported as a medium to understand the distribution of
a compound within the two phases of water and octanol when the compound is comprised
of ionized and unionized parts [545-548]. This method was applied to elaborate the catalyst
activity by considering the hydrophobic effect of the catalyst structure on hydrolysis of
cellulose [34]. This is illustrated by the depiction of values of apparent reaction rate
constants as the function of Log D. D is the distribution coefficient, which is the ratio of
the summation of ionized and unionized parts in each phase [549-551]. The method was

adopted and used to determine the values of Log D for tested catalysts. An online software,
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ChemAxon™, was used for calculations [335]. The graph of apparent reaction rate
constants as the function of Log D is shown for 2M solutions of tested catalysts in Figure
7-1. The Log D values for H2SO4 and aryl sulfonic acids were taken from our reported
paper in literature [49]. The values of apparent reaction rate constant (Ka) are for a reaction

temperature of 150°C.

The tested catalysts can be divided into distinguishable categories that account for
the activity of functional groups and the hydrophobicity effect that exhibit based on
structure. These categories are illustrated with oval shapes to classify the catalysts. Weak
acids, aryl sulfonic acids, and DBU-acid ionic liquids are the main groups while HsSO4 and
PSSA may not be fitted in these groups due to the tangible difference in structure. In
addition, the Log D graph indicates that every catalyst group exhibits a first-order
dependency of the reaction rate constant to the Log D, illustrated with fitted lines in Figure
7-1. In addition, it’s observed as the value for Log D increases, the reaction rate constant
will increase, within every catalyst group, indicating the importance of catalyst tendency
to distribute on the surface (hydrophobicity) is a significant factor on effecting the reaction
rate. Same result was also reported for the correlation between the Log D values and the

apparent reaction rate constants of aryl sulfonic acids in hydrolysis of cellulose [34].
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Figure 7-1: Apparent reaction rate constants (K values) as the function of Log D for 2M
solutions of catalysts H2SO4 (X), PSSA (0), PTSA (©), 2-NSA (0), 1,5-NDSA (o), LA

(A), OA (A), CA (A), DBU-LA (m), DBU-OA (m), and DBU-CA (m),

Reaction temperature = 150°C (Hydrolysis of PET in water) [43, 49].

3. Observation of SEM images of the raw and unreacted PET particles

As the hydrolysis of PET is a reaction occurring on the surface of PET [27, 120],
SEM images were taken from the surface of PET to better understand the process and
impact on the surface structure. First, the SEM images were taken from the surface of raw
PET powder to observe the configuration of the surface before any changes. These images
are illustrated in Figure 7-2. As observed, there are agglomerated sites on the surface of

PET or may be surface roughness, as shown in Figure 7-2 a. Also, the PET surface is
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comprised of different micro-scale sizes of the layers that are integrated to form the surface

(Figure 7-2 b, Figure 7-2 ¢, and Figure 7-2 d).

Figure 7-2: The SEM images of the surface of raw PET powder, a) agglomeration of
smaller PET particles on the surface, b and c) the layer-by-layer structure of the PET

surface.

For the catalysts that had considerable induction times in the kinetics data of PET
conversion (%) and TPA vyield (%), the SEM images were captured from the surfaces of
unreacted PET powder for the reaction time that was within the induction time region.
These catalysts were H2SOa4, PSSA, and DBU-LA. As illustrated in Figure 7-3, no tangible
changes occur to the surface and the surface may maintain its uniform stability in the

structure.
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Figure 7-3: The surface of unreacted PET powder, recovered after 3 hours reaction time

for 2M catalyst solutions of a. H2SO4, b. PSSA, and ¢. DBU-LA.

Moreover, SEM images were taken of the surface of PET particles recovered from
the hydrolysis solutions for reactions with TPA yield (%) had an average of 20%. There
are reported studies that observed changes on the surface of PET during hydrolysis to
explain the induction times observed in Kkinetics data [288, 289, 458]. It’s reported that
there are cracks occurring on the surface of PET in hydrolysis which increase the surface
area for reactions and improve the reaction rate. As shown in Figure 7-4, SEM images

indicate that etching of the PET surface with the solutions of catalysts, reflected with
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scratches observed on the surface. More importantly, pores and cracks were formed on the

PET surface, which eventually resulted in the breakage of the PET particles.

Figure 7-4: The observed patterns of degradation on the surface for unreacted PET
poweder for 2M solutions of catalysts a. H2S04, b. PSSA, c. PTSA, and d. DBU-LA.

The average TPA yield (20%) and TR = 1500C.

In conclusion, this study presented catalysts in aqueous solutions that were targeted
to better the wetting of the surface of PET particles. The shrinking core model was fitted
well to the gathered kinetics data of TPA yield (%), specifically to the region where there’s
no induction time. Contact angle measurements of the catalysts solutions on PET films
revealed that better wetting of the surface with the catalysts improved activity for

hydrolysis of PET. The literature has few reports on addressing the extent of the wetting
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of the surface of PET as a significant factor that can enhance the rate of hydrolysis of PET.
This work extended this topic and paved the way for future studies to focus on the design
of the catalysts that not only possess high amounts of acid sites (number of protons) or
basic sites (number of hydroxyls), but more importantly can form interactive attractions
with the surface of PET in the reaction medium to better the wetting and increase the rate

of hydrolysis.

7.2. Future work

The following recommendations are provided to address the other aspects that were
not within the scope of this study, but they are important as future explorations to further

the understanding on the hydrolysis of PET.

1. Develop methods to calculate the energy share of the steps of hydrolysis of PET

As described, hydrolysis of PET is a surface reaction type where the catalysts
adsorb to the surface and after the reaction they desorb from the surface. Aside from the
apparent activation energy calculations, as a future work, it’s necessary to develop practical
methods to calculate the enthalpies of adsorption, reaction, and desorption to clarify the

energy share of the steps of hydrolysis of PET.

2. Study on the evolution of the surface of PET particles during hydrolysis

A study on the evolution on the surface of PET during hydrolysis at different
reaction times can provide insights on how the hydrolysis is performed in micro or nano
size scales. This study may be deepened by monitoring the etching occurs on surface and
how the scratches and cracks evolve as the reaction proceeds with time. Another
fascinating work could be to monitor how the pores are formed and augmented on the
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surface of PET with time and to find meaningful correlation between the catalyst activity

and this phenomenon.

3. Study on calculations of partition coefficient and distribution coefficient values

In this work, the octanol/water system was considered to mimic the PET/aqueous
catalyst solution system. Then, the reaction rate constants that were determined for
hydrolysis of PET in the tested catalyst solutions were correlated to the Log P and Log D
values determined for these catalysts in the octanol/water system. A more accurate
approach will be a study on how to determine the values of partition coefficients and

distribution coefficients of catalyst solutions directly for the PET/catalyst solution system.

4. Scaling up the application of proposed catalysts for hydrolysis of PET

This work was conducted in a laboratory and the hydrolysis testes were done in a
15-mL ace pressure reactor where the amount of PET sample was 0.2 grams and the
catalyst solution was 10 mL, tested at the concentrations of 1M, 2M, and 4M. So, a study
on the feasibility of scaling up the amounts may help to understand the value of these
catalysts for PET hydrolysis from the industrial aspect. As the first step, it’s needed to
simulate the process in Aspen Plus and estimate the costs for recycling of PET wastes in
tonnages with the proposed catalysts in aqueous solutions. Then, the cost results should be
compared with the costs of the current industrial catalysts used for chemically recycling of
PET to understand whether the proposed catalysts are competitive from the cost aspect.
Another step could be to analyze the sustainability of the recycling method with these

catalysts.
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Appendix A

Supporting Information for Chapter 6

6.6 Supporting Information for Chapter 6

6.6.1 TGA results for indivudual components
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Figure A-6-S1: TGA curves for DBU (—), H2SO4 (—), LA (---), OA(...), and CA

).
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6.6.2 TGA results for DBU-acid ionic liquids, synthesized in water
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Figure A-6-S2: TGA curves for DBU-SO4 (), DBU-OA-equimolar (—), DBU-OA-

titration (---), DBU-CA-equimolar (— *¢), and DBU-CA-titration (.. .), synthesized in

water.
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6.6.3 TGA results for DBU-acid ionic liquids, synthesized in organic

solvents
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Figure A-6-S3: TGA curves for DBU-SO4(. ..), DBU-LA (---), DBU-OA (—), and

DBU-CA (— *), synthesized in organic solvents.
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6.6.4 Titration results for individual components: DBU, LA, OA, and
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Figure A-6-S4: The hydroxyl (OH") concentration as a function of the concentration of

DBU ( ), the dashed line is linear fitting; [OH] = 0.85 * [DBU], R?= 0.9993.
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Figure A-6-S5: The proton (H*) concentration as a function of the concentrations of LA

(O, ---), OA (O, ---), and CA (O, ---), the dashed lines are linear fitting; [H"]La = 0.97

* [LA], R?%a = 0.9999; [H*]oa = 1.77 * [OA], R%a = 0.9994; [H*]ca = 3.07 * [CA], R%a

= 0.9996.
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6.6.5 Titration results for DBU-acid ionic liquids, synthesized in water

Table A-6-S1: Results of pH tape strips and estimated [H+] values for the synthesized

DBU-SO4 in water, equimolar ratio of DBU to H2SO4.

Concentration (M) pH tape result pH Estimated [H*] (M)
4 1 101
2 2 102
1 3 103
0.5 3 103
0.25 3 103
0.125 3 103
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Table A-6-S2: Results of pH tape strips and estimated [H*] values for the synthesized

DBU-OA in water, equimolar ratio of DBU to OA.

Concentration pH tape result pH Estimated [H*] (M)

(M)

4 2 10

2 2 1072

1 2 1072

0.5 3 103

0.25 3 103

0.125 3 103

Table A-6-S3: Results of pH tape strips and estimated [H*] values for the synthesized

DBU-OA in water, titration molar ratio of DBU (2.08) to OA (1).

Concentration (M)
4

Estimated [H*] (M)
2 107

2 3 103
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1 3 103
0.5 3 103
0.25 3 103
0.125 3 103

Table A-6-S4: Results of pH tape strips and estimated [H*] values for the synthesized

DBU-CA in water, equimolar ratio of DBU to CA.

Concentration (M) pH tape result Estimated [H*] (M)

4 5 10°

2 5 10°

1 5 10°
0.5 5 10°
0.25 5 10°
0.125 5 10°
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Table A-6-S5: Results of pH tape strips and estimated [H*] values for the synthesized

DBU-CA in water, titration molar ratio of DBU (3.61) to CA (1).

. www.microessontiallsb.com?

Concentration (M) pH tape result pH Estimated [H*] (M)
4 6 10°
2 6 10°
1 6 106
0.5 6 10°
0.25 7 107
0.125 7 107
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6.6.6 Titration results for DBU-acid ionic liquids, synthesized in
organic solvents

Table A-6-S6: Results of pH tape strips and estimated [H*] values for the synthesized

DBU-SO4 in organic solvent, equimolar ratio of DBU to H2SOa.

Concentration (M) pH tape result pH Estimated [H*] (M)
2 2 107
1 3 103
0.5 3 103
0.25 3 1073
0.125 3 103
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Table A-6-S7: Results of pH tape strips and estimated [OH"] values for the synthesized

DBU-LA, equimolar ratio of DBU to LA.

Concentration (M) pH tape result pH  Estimated [OH] (M)
4 10 10
2 10 10
1 9 10°
0.5 9 10°
0.25 8 10°®
0.125 8 10

Table A-6-S8: Results of pH tape strips and estimated [OH] values for the synthesized

DBU-OA in organic solvent, structural molar ratio of DBU (2) to H2SO4 (1).

Concentration (M) H tape result pH  Estimated [OH] (M)

4 10 10
2 9 10°
1 8 10°®
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0.5 8 10°
0.25 8 10°®
0.125 7 107

Table A-6-S8: Results of pH tape strips and estimated [OH"] values for the synthesized

DBU-CA in organic solvent, structural molar ratio of DBU (3) to CA (1).

Concentration pH tape result pH Estimated [OH]

(M) (M)

4 10 104

2 10 104

1 8 10¢

0.5 8 10¢

0.25 7 107
0.125 7 107
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6.6.7 Shrinking core model fitting to the TPA yield (%) Kinetics

data- Individual Components, Tr = 150°C
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Figure A-6-S6: Fit of shrinking core model to the TPA yield kinetic data at Tr= 150°C

for (a) 1M, (b) 2M, and (c) 4M solutions of LA (o, —), OA (o, ---), and CA (A, ...).
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Figure A-6-S7: Fit of shrinking core model to the TPA yield kinetic data at Tr= 150°C

for (@) 1M, (b) 2M, and (c) 4M solutions of DBU-LA (o, —), DBU-OA (o, ---), and

DBU-CA (A, ...). The lines illustrate the fit of shrinking core model.
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6.6.8 PET conversion (%) Kinetics data for solutions of individual

components, Tr=150°C
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Figure A-6-S8: PET conversion kinetics data at Tr=150°C for 1M (1), 2M (©), and 4M

(A) solutions of DBU.
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Figure A-6-S9: PET conversion kinetics data at Tr=150°C for (a) 1M, (b) 2M, and (c)

4M solutions of LA (1), OA (o), and CA (A).

6.6.9 Specific reaction rate constants for tested catalysts, Tr = 150°C

Table A-6-S9: Specific reaction rate constants (ksp values), PET hydrolysis at Tr =150°C.

Catalyst type ksp [kg PET. m. (mol catalyst)™. s1] * (101

DBU 5730

LA 2.40

OA 4.71

CA 7.98
DBU-LA 68.6
DBU-OA 213
DBU-CA 965
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Figure A-6-S10: Fit of shrinking core model to the TPA yield kinetic data, 2M solutions
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150°C.
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6.6.10 PET conversion (%) Kinetics data, 2M solutions of

individual components
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Figure A-6-S12: PET conversion kinetics data for 2M solutions of DBU at Tr=130°C (1),

Tr=140°C (©), and Tr=130°C (A) solutions of DBU.
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Figure A-6-S13: Effect of reaction temperature on PET conversion at (a) Tr=130°C, (b)

Tr=140°C, and (c) Tr=150°C for 2M solutions of LA (1), OA (©), and CA (A).
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6.6.11 Specific reaction rate constants, 2M solutions of the

catalysts

Table A-6-S10: Specific reaction rate constants (ksp values) as a function of the reaction

temperature for 2M catalyst solutions for PET hydrolysis.

2M DBU LA OA CA DBU-LA DBU-OA DBU-CA
Catalyst *Ksp *Ksp *Ksp *Ksp *Ksp *Ksp *Ksp
Solution

130 2770 1.74 2.89 7.81 84.5 109 355

140 3960 2.60 4.63 10.7 105 155 519

150 5260 3.47 7.52 12.7 117 231 797

*[ksp] = [kg PET. m. (mol catalyst)*. s1] * 10%
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Appendix B

The chemical structures of tested catalysts in Chapter 6

The chemical structures of catalysts including sulfuric acid, the weak acids, and the

synthesized DBU-acid ionic liquids are illustrated in Figure B.
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Figure B: The chemical structures of catalysts a. sulfuric acid (H2S0Oa), b. lactic acid
(LA), c. oxalic acid (OA), d. citric acid (CA), e. 1,8-Diazabicyclo (5.4.0) undec-7-ene

(bBL),

f. DBU-SO4, g. DBU-LA, h. DBU-OA, and i. DBU-CA.
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Appendix C

FTIR results for Chapter 6
0 W
b /\h\——\w

4000 3500 3000 2500 2000 1500 1000 500

Figure C-1: The FTIR spectra for a. commercial TPA (—) [49] and recovered TPA
samples from the hydrolysis of PET with 2M aqueous catalyst solutions of b. LA (—), c.

OA (—), and d. CA (), (Tr = 150°C).
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Figure C-2: The FTIR spectra for a. commercial TPA (—) [49] and recovered TPA

samples from the hydrolysis of PET with 2M aqueous catalyst solutions of b. DBU (—),

c. DBU-LA (), d. DBU-OA (—), and e. DBU-CA (), (Tr = 150°C).
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Figure C-3: The FTIR spectra for a. DBU (—), b. DBU-SO4 synthesized in water (—),

and c. DBU-SO4 synthesized in organic solvent (—).
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Figure C-4: The FTIR spectra for a. DBU (), b. lactic acid (LA) (—), and

c. synthesized DBU-LA (—).
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Figure C-5: The FTIR spectra for a. DBU (—), b. oxalic acid (OA) (—),
c. DBU-OA-equimolar synthesized in water (—),
d. DBU-OA-titration synthesized in water (—), and

e. DBU-OA synthesized in methanol ().
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Figure C-6: The FTIR spectra for a. DBU (—), b. DBU-CA-equimolar synthesized in
water (—), c. DBU-CA-titration synthesized in water (—), and d. DBU-CA synthesized

in methanol (—).
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Appendix D

'H NMR results for Chapter 6
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Figure D-1: The *H NMR spectra of a. commercial TPA (—) [43, 49] and recovered TPA
samples from the hydrolysis of PET with 2M aqueous catalyst solutions of b. LA (—), c.

OA (), and d. CA (), (Tr = 150°C).
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Figure D-2: The *H NMR spectra of the recovered TPA samples from the hydrolysis of
PET with 2M aqueous catalyst solutions of a. DBU (—) b. DBU-LA (—), c. DBU-OA

(—), and d. DBU-CA (—), (Tr = 150°C).
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Figure D-3: The *H NMR spectra of a. DBU-SO4 synthesized in organic solvent (—) and

b. DBU-SO4 synthesized in water (—).
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Figure D-4: The *H NMR spectra of a. lactic acid (LA) (—) and

b. synthesized DBU-LA (—).

279



a

18 16 14 12 10 8 6 4 2 0

b

L 1 1 1 I I I ||“ Ll )

18 16 14 12 10 8 6 4 2 0

280



C

| 1 1 1 1 1 1 I“.l'll ]
18 16 14 12 10 8 6 4 2 0

d

L 1 1 1 1 1 1 4[&_._

18 16 14 12 10 8 6 4 2 0

Figure D-5: The *H NMR spectra of a. oxalic acid (OA) (—),

b. DBU-OA-equimolar synthesized in water (—), c. DBU-OA-titration synthesized in

water (—), d. DBU-OA synthesized in methanol (—).
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Figure D-6: The *H NMR spectra of a. citric acid (CA) (—),

b. DBU-CA-equimolar synthesized in water (—), c. DBU-CA-titration synthesized in

water (—), d. DBU-CA synthesized in methanol (—).
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Appendix E

TGA results for DBU and DBU-acid ionic liquids

The TGA curves for DBU and DBU-acid ionic liquids that were synthesized in
methanol are illustrated in Figure E. As noted, the complete thermal degradation of DBU
occurred at 200°C. However, the complete thermal degradations for DBU-LA, DBU-OA,
and DBU-CA were at temperatures of 450°C, 260°C, and 500°C, respectively. The TGA

curves confirmed the DBU-acid ionic liquids have higher thermal stability than DBU.
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Figure E: The TGA curves for DBU (...) and DBU-acid ionic liquids synthesized in

methanol: DBU-LA (---), DBU-OA (—), and (DBU-CA (— °).
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Appendix F

Comparisons of tested catalysts for hydrolysis of PET

The concentration effect on achieving more than 90% TPA vyield for PET
hydrolysis, using the aqueous solutions of proposed catalysts, are illustrated in Figure F-1
(for LA, OA, and CA) and Figure F-2 (for the rest except DBU), respectively. The DBU
had super activity in hydrolysis of PET [43, 49]. For the reaction temperature of 150°C, the
required times to achieve more than 90% TPA yield were 60, 20, and 10 minutes for

aqueous solutions of DBU with 1, 2, and 4 M concentrations of DBU, respectively.

30

25 4

20 F

-

Reaction time (day)

10 F

b - - - -

LA OA CA
Catalyst type
Figure F-1: The required time to achieve more than 90% TPA vyield as a function of the
catalyst concentration, 1M (—), 2M (---), 4M (...), aqueous solutions of LA, OA, and

CA,

Reaction temperature = 150°C (Hydrolysis of PET in water) [43, 49].
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Figure F-2: The required time to achieve more than 90% TPA yield as a function of the

catalyst concentration, 1M (—), 2M (---), 4M (...), aqueous solutions of H2SO4, PSSA,

(1,5-NDSA), 2-NSA, DBU-LA, DBU-OA, and DBU-CA,

Reaction temperature = 150°C (Hydrolysis of PET in water) [43, 49].

The temperature effect on achieving more than 90% TPA yield for PET hydrolysis,

using 2M of proposed catalyst concentrations in water, are illustrated in Figure F-3 (for

LA, OA, and CA) and Figure F-4 (for the rest except DBU), respectively. The DBU had

super activity in hydrolysis of PET [43, 49]. For the 2M DBU concentration in water, the

required times to achieve more than 90% TPA vyield were 35, 25, and 20 minutes for the

reaction temperatures of 130°C, 140°C, and 150°C, respectively.

286



35

32

3o

9,
2% | ra

20 '

Reaction time (day)
B

15
12

10

LA OA CA

Catalyst type

Figure F-3: The required time to achieve more than 90% TPA yield as a function of the
reaction temperature, 130°C (—), 140°C (---), 150°C (...), 2M aqueous solutions of LA,

OA, and CA,

Catalyst concentration = 2M (Hydrolysis of PET in water) [43, 49].
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Figure F-4: The required time to achieve more than 90% TPA yield as a function of the
reaction temperature, 130°C (—), 140°C (---), 150°C (...), 2M aqueous solutions of

H2SO4, PSSA, (1,5-NDSA), 2-NSA, DBU-LA, DBU-OA, and DBU-CA,

Catalyst concentration = 2M (Hydrolysis of PET in water) [43, 49].
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Appendix G

Octanol/water partition coefficient (P) values

To indirectly study the system of PET hydrolysis, the system of octanol/water was
considered. This type of approach to study the hydrophobicity of a system by considering
a similar system was reported for the hydrolysis of cellulose [34]. The method was adopted
for the hydrolysis of PET [49]. The logarithmic partition coefficient (Log P) is the ratio of
the concentration of unionized part of the catalyst in octanol to water for octanol/water
system [34, 49]. The Log P values of tested catalysts for hydrolysis of PET were calculated
by using the online software, ChemAxon™ [335]. The apparent reaction rate constants (K

values) as the function of the Log P values are illustrated in Figure G.
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Figure G: Apparent reaction rate constants (K values) as the function of Log P for 2M
solutions of catalysts H2SO4 (X), PSSA (0), PTSA (©), 2-NSA (), 1,5-NDSA (o), LA

(A), OA (A), CA (A), DBU-LA (m), DBU-OA (m), and DBU-CA (m),

Reaction temperature = 150°C (Hydrolysis of PET in water) [43, 49].
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Appendix H

Apparent reaction rate constant as the function of the contact angle
value

The apparent reaction rate constants as the function of the contact angle values are
depicted in Figure H. As illustrated, there are linear correlations between the contact angle
value and the reaction rate constant. As the contact angle value decreases, due to the higher

catalyst concentration, the apparent reaction rate constant increases [43, 49].
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Figure H: The apparent reaction rate constants as the function of the contact angle values

for aqueous catalyst solutions of 2-NSA (e), PTSA (e), DBU-LA (e), and DBU-CA (e)

[43, 49].
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