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Introduction

Plastics have brought a lot of conveniences to our lives, which are widely used in
packaging, electronics, agricultural equipment, industrial production, daily neces-
sities, and other fields.!™ In recent years, the overall production of plastics in the
world has reached over 400 million tons per year (Mt year—") and the total plastic
production in human history may exceed 30,000 Mt after approximately 25 years.*
Unfortunately, due to improper disposal of discarded plastics, a large amount of
plastic wastes has already entered the natural environment, causing serious nega-
tive impacts on both ecosystems and human health.>® And in the worst-case sce-
nario, the cumulative plastic waste in the environment by 2060 could exceed 260 Mt
year™ 1% Therefore, it is extremely urgent to find rational methods to deal with plas-
tic waste. Notably, as shown in Figure 1.1a, polyethylene terephthalate (PET) is
an important type of plastics possessing versatile applicability, and it accounts for
8% of the world’s plastic production.’® And its wide application will lead to a large
amount of waste PET. Besides, according to the life cycle assessment of producing
plastics numbered 1-6 presented in Figure 1.1b, products made from PET plastic
have the highest carbon footprint. And over half of greenhouse gas (GHG) emission
comes from the use of processing fuel, which could be decreased through using
feedstocks from waste PET. As a result, it’s necessary to properly handle waste PET
products not only for reducing the impact of PET waste on the environment but also
to make full use of the carbon resources hidden in discarded PET.

At present, the most used methods for dealing with waste PET are organized land-
fill and incineration (INC).'!"'2 As shown in Figure 1.1c, approximately 75% of PET
ends up in landfill (LF) and INC. Although LF and INC are the straightforward ways
to deal with waste PET and the impact on the environment can be minimized as far
as possible through proper planning and design, soil pollution caused by LF and
carbon dioxide released by INC are unavoidable.!® Moreover, the residue 25% of dis-
carded PET can be reprocessed into renewable PET (rPET) for further recycling and
using. Notably, the vast majority of recovered PET is realized through mechanical
recycling.!* Mechanical recycling can achieve “polymer-to-polymer” transforma-
tion, a process that typically involves sorting, cleaning, shredding, melting, and pel-
letizing.!> '® Unfortunately, rPET generated from mechanical recycling often faces
issues such as reduced thermal stability and loss of mechanical properties.'” '8
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Figure 1.1 (a) The production share of different types of plastics worldwide and the share

of PET in various application fields. Adapted from [10]. (b) Greenhouse gas (GHG) emission
of producing different plastics. [4]/Royal Society of Chemistry/CC BY 3.0. (c) Life cycle of

PET. [11]/MDPI/CC BY 4.0.
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Figure 1.2 Methods for dealing with waste PET.

Notably, as shown in Figure 1.2, compared with landfill and INC unavoidably lead-
ing to pollutions as well as mechanical recycling producing rPET with lower value
than the original, chemical reforming holds promise not only for producing rPET
without depreciation, but also for upcycling waste PET into a variety of high-value
products. In detail, in the recycling path, chemical reforming can convert waste PET
into monomers, which are then polymerized to generate rPET, thereby preserving
the original properties of PET as much as possible.!” Thermal catalytic reforming,
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as a method of chemical reforming, can achieve this goal and depending on the dif-
ferent nucleophiles used, it can be further divided into processes such as glycolysis,
methanolysis, and hydrolysis.?® As shown in Figure 2.1, these processes can reform
PET into monomers such as bis(2-hydroxyethyl) terephthalate (BHET), dimethyl
terephthalate (DMT), and terephthalic acid (TPA). On the other hand, in the upcy-
cling path, chemical reforming can reform PET into various valuable chemicals. For
example, electrocatalytic reforming and photocatalytic reforming have been used to
upcycle PET and PET-derived products into different chemicals.?! Besides, ammon-
olysis, aminolysis and hydrogenolysis as thermal catalytic reforming strategies
can also reform PET into a variety of products.”? In addition to chemical reform-
ing methods based on thermal catalysis, electrocatalysis, and photocatalysis, pho-
tothermal reforming and photo-electrocatalytic reforming, as emerging chemical
reforming strategies, can also be used to convert PET into monomers or value-added
chemicals.?* >* This book will provide a detailed introduction to the above chemical
reforming methods and the application of different catalysts in them.

Before introducing the chemical reforming of PET in detail, a preliminary under-
standing of its development in recent years can provide a basic framework, therefore
facilitating a better understanding of the subsequent content. A development timeline
of chemical reforming PET could be seen in Figure 1.3. Firstly, in 2013, Zhang et al.?
developed [(CH;);N(C,4H;;)]5[PW,,04] as a phase transfer catalyst for promoting
neutral hydrolysis of PET through improving the reaction interface. Moreover, in
recent years, phase transfer catalysts have still played a significant role in the hydroly-
sis of PET, and many studies are still exploring the application of phase transfer cata-
lysts in hydrolysis in recent years.?® 2’ In 2014, Li et al.*® utilized sulfated TiO, as the
solid acid catalyst in hydrolysis of PET and introduced super critical CO, (SCCO,) as
the assistant. SCCO, serves like a cosolvent to roughen the surface of PET and realize
depolymerization simultaneously happening in surface and bulk phase. SCCO, has
been used in many studies and other cosolvents also have similar properties.?® ** In
2018, Reisner and coworkers®! successfully realized simultaneously photoreforming
alkali-pretreated PET and producing green hydrogen from water. Unfortunately, in
this study, PET was mainly reformed into CO, as a low-value product. To solve this
problem, many photocatalysts and photoreforming strategies have been put forward in
recent years.*? In 2020, Jing et al.** developed Ru/Nb,O; catalyst to selectively reform
PET into aromatic products through hydrogenolysis. Although similar strategies are
still far from practical application, they have attracted a great deal of attention from
researchers in recent years.34 In 2021, Chen et al.*® utilized Pd/NF electrocatalyst as
the anode and Ni foam (NF) as the cathode for simultaneously electro-reforming PET
and generating hydrogen. Unfortunately, a large amount of organic products are over-
oxidized into carbonates. In recent years, many studies have successfully achieved
the selective electrocatalytic reforming of PET into various value-added products.*® In
2022, Ma and coworkers*’ realized co-reforming CO, and PET through Cu,Fe,Cr, as
a multifunctional catalyst. The proposal of this multi-waste management system has
injected new vitality into the thermal catalytic reforming of PET. In the same year, Liu
et al.3® put forward a novel strategy for thermal catalytic reforming PET. They intro-
duced light absorber to achieve photothermal conversion. This study accomplished
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Figure 1.3 Development timeline of chemical reforming PET. [25]/with permission of
John Wiley & Sons. [28]/with permission of John Wiley & Sons.[31]/with permission of the
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thermal catalytic reforming of PET using the heat provided by sunlight. And as a
green and environmentally friendly process, similar strategy has been a hot topic in
the recent recycling of PET.* In 2023, Zhang et al.*’ constructed a catalyst to mimic
the function of an enzyme to achieve alkaline hydrolysis of PET under mild condi-
tions. This strategy enables the hydrolysis process of PET at low temperature and with
low alkali content. In the same year, Reisner and coworkers* constructed a photo-
electrocatalytic reforming system that could simultaneously reform PET and CO, into
valuable chemicals under the illumination of light and without extra bias. This system
combines the advantages of photocatalytic reforming and electrocatalytic reforming.
In 2024, Kang et al.** proposed a brand-new strategy for electrocatalytic reforming
of PET. They introduced heteroatom during the oxidation of PET hydrolysate and
obtained products containing C—S bond. Compared with the traditional electrocata-
lytic reforming process that generates C1 (formic acid) and C2 (glycolic acid) prod-
ucts, this study broadens the product range and shows entirely new possibilities.

In recent years, many outstanding reviews about recovering PET have been
reported. On the one hand, many scholars have introduced the chemical reforming
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process of PET focusing on one of the processes in thermal catalysis, electrocataly-
sis, or photocatalysis. Firstly, toward the thermal reforming process, Kim et al.*?
and Umdagas et al.** separately provided a detailed introduction of the glycolysis
process and hydrolysis process of PET and the application of related catalysts. In
addition to separately introducing a certain process in thermal catalytic reform-
ing, Mittal et al.** provided a detailed introduction of different processes in thermal
catalytic reforming and also introduced the applications of products obtained from
different processes. Besides, Perli et al.*® elaborated on the application of heteroge-
neous catalysts in the thermal catalytic reforming process of plastics such as PET.
Toward other chemical reforming processes, Li et al.*’ introduced electro-reforming
of PET while Kang et al.*® introduced photoreforming and photoelectrochemical
reforming of PET. On the other hand, to provide readers with a more comprehen-
sive understanding of the current development of PET recycling/upcycling, many
scholars have chosen to briefly introduce different reforming methods. For instance,
Yang et al.* introduced bio-reforming and chemical reforming, and in the context of
chemical reforming, they also covered multiple aspects including thermal catalysis,
photocatalysis, electrocatalysis, and photoelectrochemical catalysis. What’s more,
Bharadwaj et al.>® primarily introduced recovering PET from several aspects includ-
ing mechanical reforming, chemical reforming, and bio-reforming, and the thermal
catalysis process was mainly focused on in chemical reforming part. Compared to
the performance and application limitations of products in mechanical reforming
and the high cost of enzymes, chemical reforming is a promising PET reforming
process. Therefore, this chapter chooses to introduce the chemical reforming of PET.
To help readers quickly grasp the progress of PET chemical reforming, this book
will provide an introduction from multiple perspectives, including thermal catalytic
reforming, electrocatalytic reforming, and photocatalytic reforming. Notably, the
thermal catalytic reforming section in the above reviews do not provide a compre-
hensive introduction to current research directions. In this book, we further intro-
duce acidolysis and hydrogenolysis as emerging methods proposed in recent years.
Moreover, unlike the above reviews, considering that current electrocatalytic and
photocatalytic reforming processes are mostly based on hydrolysis pretreated PET,
this book provides a detailed introduction to the thermal catalytic processes of PET
such as hydrolysis, along with catalysts and cosolvents that can facilitate these pro-
cesses. This is presented before discussing the electrocatalytic and photocatalytic
processes, aiming to help readers understand the pretreatment steps and inspire
them to design more efficient and milder pretreatment process. Furthermore, after
introducing the PET chemical reforming based on thermal, electrical, and solar
energy sources, we also summarize the advanced photo-driven/assisted reforming
systems proposed in recent years. In this section, the reforming processes based
on the above three energy sources may play a dominant role, an auxiliary role, or
work synergistically. Besides, to help readers to fully understand the advantages of
photo-driven/assisted reforming systems, we compare them with traditional ther-
mal catalytic, electrocatalytic, and photocatalytic processes, which is rarely covered
in reviews about PET recycling.
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