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ABSTRACT

This article aims to give an updated summary of polyethylene terephthalate (PET) recycling methods and
their impact on environmental concerns. Various recycling methods included primary, secondary, tertiary
and quaternary recycling. However, the advantages and disadvantages of all recycling methods have been
considered. The PET is a widely used plastic in our daily life. After PET usage, waste PET is incinerated or
directly thrown into the ground causing environmental contamination. Therefore, to save the environment,
recycling PET has gained great interest. For this purpose, different methods of recycling have been
proposed by different recyclers to overcome environmental pollution. This review aims to give a broad
spectrum of PET recycling, covering each significant strategy used and future perspective. A detailed study
of these recycling approaches suggests insights into optimizing processes for improved environmental
remediation as well as the production of value-added materials.
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INTRODUCTION

Plastics are used in packaging, sports equipment and clothes, as well as biomedical gadgets, electronic
components and other uses. However, the majority of high-market sharing plastics are the result of
nonrenewable and environmentally damaging petrochemical or natural gas feedstocks and processing
techniques’. Over the last decades because of extensive production and use of plastic, it has produced
a vast quantity of not properly disposed plastic waste material. Other natural polymers like lignin, can be
used for energy purposes®, or valuable material production. Synthetic polymers have applications in
various fields like biomedical field*”. Similarly, plastic transformation is the need of society to use it in a
better way. Thus, worldwide plastic recycling is becoming important to finish the hazardous waste that
is dumped in the ground®. The 2 mainly used plastics are categorized as thermoplastics and
thermosets. Thermoplastics become soft on heating and when cooled it becomes hard, which
means that can be remolded. While thermosets are plastic once get harder cannot be melted on heating.
Thermoplastics represent a wide variety of plastic materials that are divided into 3 following types:
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Fig. 1: Evolution and development of PET recycling technologies from year to year

The first one is crystalline thermoplastic which has a regular arrangement of molecular chains and in
comparison, to other polymers has larger mechanical impact resistance. For example, polypropylene (PP),
high-density polyethylene (HDPE) and low-density polyethylene (LDPE). The second is partially crystalline
polymers having an amorphous portion as well. For example, polyester poly-butylene terephthalate (PBT)
and polyamide (PAI). The third one is amorphous thermoplastic in which molecules arrange in a random
pattern. For example, polyvinyl chloride (PVC), polycarbonate (PC), polystyrene (PS), poly-methyl-
methacrylate (PMMA) and acrylonitrile butadiene styrene (ABS).

Thermoplastics are cost-effective, lightweight and stable plastic, which makes it appropriate to be molded
into different products. The most significant and commercial thermoplastic is polyethylene terephthalate
(PET). After PP, polyethylene (PE) and polystyrene (PS); PET is the fourth mainly generated polymer in the
modern world. The PET is one of the low-cost polymers having excellent mechanical and thermal
strength®’®. Afterward recycling years, a minor ratio of plastics in the USA is recycled i.e., less than 10%,
in comparison to non-plastic recycling (25 to 65%), in 2017°"". The evolutional as well as the
developmental history of PET recycling is shown in Fig. 1.

Due to excellent mechanical as well as thermal properties, PET has numerous domestic and industrial
applications'. The PET is produced by polymerization of T (DMT) and ethylene glycol (EG) as
shown in Fig. 2. Though PET is extensively used in bottles, clothing and packaging materials for the food
industry, not do any direct damage to the environment'"'®. The problem is its non-biodegradability and
it contributes more than 8 percent by weight as well as 12% by volume to global solid waste’.

For the last six decades, plastic production has risen drastically that caused a huge problem for the
surrounding', because the full degradation of plastic needs several years'. Till 2015 almost 6300 million
metric tons of unwanted plastic have been produced also unluckily 79% of it is thrown directly into the
land, 12% burned and only 9% have been recycled. Which is growing day by day. In the ocean, there are
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Fig. 3: Significance of PET recycling showing environmental benefits as well as applications

currently 5.25 trillion bits of plastic and microplastic fragments weighing up to 290,000 ton as well as
46,000 pieces per square mile. Throwing plastics into the surroundings or burning them causes
environmental pollution™.

In most, African and third world countries dumping of solid waste like PET bottles creates severe
environmental contamination'®. Therefore, the research community is looking for waste recycling to save
our environment'®. Because of everyday use, PET recycling is considered a successful example of polymer
recycling'". Moreover, PET recycling can build a great business®™. Over the last decades because of
extensive production and use of PET plastic, it has produced a vast quantity of not properly disposed
plastic waste material”’. As a result, large PET utilization produces a large amount of solid waste yearly.
The PET recycling is not only a solution to environmental pollution that is caused by solid waste but also
supplies raw materials to many industries and achieves relatively expensive petrochemical products and
energy that are of huge significance these days'™.

Therefore, managing the waste PET by recycling has gained significant interest and has become an
important topic as different uses are shown in Fig. 3. Presently, the recycling percentage in the USA for
PET is 31% whereas the rate is 52% in Europe™.

In most, African and third-world countries dumping of solid waste like PET bottles is recycled by two
methods: Physical and chemical recycling. This review aims to cover all significant PET recycling methods
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with advantages and disadvantages for economic use, environment remediation and value-added material
production. Moreover, it highlights the advantages and disadvantages of each method to improve future
recycling routes by which we can use them in different environmental applications and valuable products.

PET recycling procedures: The PET recycling is generally divided into primary, secondary, tertiary and
quaternary recycling. To explore all the types of recycling methods, the advantages and disadvantages
of all types of recycling methods are given to understand what type of changes are needed to utilize these
methods more efficiently at an industrial scale. All these recycling methods are discussed below:

Primary recycling: The primary recycling is also recognized as closed-loop recycling®; includes
re-extrusion of pre-consumer polymer?'. The older technique for PET recycling is primary recycling and
it is mostly used method in recycling centers®. Primary recycling is one of the popular methods because
itis simplest and less costly; particularly when done’ implant®, recycling of the scrap material™. But it deals
with only cleaned, singly used material without contamination of single kind waste*, making it an
unwanted option for recyclers®. The recycled pieces are merged with virgin materials'®, for product quality
guarantee™. Preferably, closed-loop recycling takes improved material and is utilized in its earliest
function. By primary recycling, the improved plastic is utilized in products that are the same as new plastic.
For example, recycled PET from post-consumer bottles is utilized for manufacturing new bottles®.

Advantages:

« ltis simple, less costly and uses a product having the same quality as the original
+ It produces products that are new PET bottles®

Disadvantages:

« It deals with only cleaned, singly used and separated material without contamination of single type
waste®*

Secondary recycling: Mechanical recycling (secondary recycling) is explained as the elimination of
contaminants by polymer sorting, washing, drying and melting®"*’. For example, mechanical recycling
works well for specific forms, resins from bottles as well as containers are compatible with the creation of
plastics for unique, long-lasting applications such as pipe, pallets and railroad ties. Despite this, some
polymers are difficult to sort and process mechanically. Recycling plastics for food contact packaging and
applications is more difficult mechanically. Moreover, the results show that mechanical recycling is the
most well-developed recycling method for industrial viability?®. Mechanical recycling involves the removal
of contaminants in different sequential stages like collection, handling, sorting, densification, shredding,
melting and granulation as shown below (Fig. 4). In the sorting method separation of PET by PVC,
polyethylene, as well as further plastic containers take place®. To be properly reprocessed later in sorting,
post-consumer PET is ground into granules. Further, the granules or flakes are rinsed. There are two
methods of washing granules.

» Aqueous rinsing involves two stages; a heated wash at 80°C accompanied by a cold wash with liquid
containing 2% sodium hydroxide and a detergent

+ Second way is solvent washing, tetra-chloroethane (TEC) is suggested as an appropriate solvent for
rinsing PET granules

In post-consumer PET recycling, drying is regarded as an important stage. Reducing the humidity content
of post-consumer PET granules lessens hydrolytic degeneration®. As thermoplastic polymers are being
re-melted and reproduced into end products, they can be practiced in recycling. In mechanical recycling
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Fig. 4: Sequential stages of mechanical recycling for PET

operations, polymer alteration is not involved™. Mechanical or physical recycling (secondary recycling) of
PET is less costly, simple and uses traditional equipment, compared to chemical recycling®'. It is the
processing of PET waste into secondary products. In the mechanical recycling of PET, the elimination of
toxins from post-consumer PET is the main step. In this way, recycled plastic can be utilized in lower
performance standards than original applications?®.

Polymer sorting, grounding, cleaning and extrusion are examples of primary as well as mechanical
recycling. Polymer degradation occurs as a result of this. Since reprocessing causes different degrees of
depolymerization, mechanical recycling methods are inadequate because of the number of recycling
cycles that a specified polymer can withstand.

However, it recycles only a small percentage of plastics. As a result, mechanically recycled PET has
limitations in the value addition of products and has restrictions in repossession sequences™.

An investigation reported an extra step in the mechanical recycling of PET (grinding, washing,
drying, as well as reprocessing) that is chemical processing after the traditional one. Gas chromatography,
thermogravimetry and elemental analysis tests were used to classify the flakes after they had been rinsed
as well as dried. As a result, pure TPA was produced by chemical cleaning residues with a purity of 99.6%.
Regardless of both the findings because they still contain few contaminants; therefore, chemically cleaned
PET and TPA collected are not suggested for food contact®.

Karl et al** studied the mechanical processing of PET is a significant industrial practice that affects the
environment. Conversely, at each recycling process, recycled PET degrades, resulting in substantial losses
in mechanical, thermal, as well as melting power. Chain extenders were used to effectively enhance the
molecular mass of recycled PET, enhancing the material’s thermal stability and manufacturing process®.

Advantages:

» In comparison to chemical recycling pathways, mechanical recycling is less expensive compared to
chemical recycling, simply produces flexible feedstock volume and has a minor effect on the
environment. This lower cost also adds value to products that otherwise would be a waste material

e Mechanical methods help to convert PET waste from landfills as well as incineration, which reduces
the overall environmental burden

»  Mechanical recycling also has the lowest carbon footprint as it reuses existing material. This method
uses less energy as well as reduces the requirement for raw material extraction which contributes to
the conservation of natural sources and reduces greenhouse gas emissions

« Another benefit of mechanical recycling is that it recycles PET by melt reprocessing, which is simple,
environmentally friendly and uses well-known apparatus that also produces a less undesirable
environmental effect®**

» Recycled PET is mostly reutilized in different products like fiber clothes, carpet and other applications.
However, these products are less in quality in comparison to the original but still contribute to the
value addition of products®®
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Disadvantages:

e Products formed from mechanical recycling exhibit low-grade properties of polymer over sequential
cycles®* and also require considerable beginning investment®’. This lowers their usage in non-food
contact applications as well as reduction of value addition potential

« The main issue that occurs in the melting of PET is the reduction in melt viscosity®, because of
hydrolytic and thermal degrading. Melting can produce cyclic or linear oligomers that can change the
product properties like dye-ability or printability

« In manufacturing bottles, polymer yellowing is the main problem in PET recycling. This color appears
because of intramolecular cross-linkage and oxidation reactions®

Tertiary recycling (chemical recycling) feedstock: Chemical or tertiary recycling is described as a
method of conversion of polymers into monomers by chemical reaction. Solvolysis and pyrolysis are two
methods of chemical recycling. Solvolysis uses solvents to break down PET, whereas pyrolysis uses heat
to break down PET without the use of oxygen or air. For example, PET glycolysis into dimethyl
terephthalate (DMT) and diols, moreover, it can be utilized further to synthesize virgin PET. Pyrolysis can
transform PET into valuable feedstock like terephthalic acid (TPA) as well as ethylene glycol (EG).
Improvement of this method and reduction of waste can help in environmental cleaning. It can also be
utilized for the production of benzene as well as hydrocarbons that might be utilized for the synthesis of
fuels or chemicals®.

Chemical recycling is one of the best recycling techniques® as shown in Fig. 5. It shows the production
of polymeric materials by chemical recycling which converts raw material to monomers to produce new
polymeric materials, like metal-organic frameworks (MOFs), valuable materials used in various fields of
research®**, The synthesized monomers TPA, DMT, Bis 2-Hydroxyethyl Terephthalate (BHET) and EG are
produced or incomplete depolymerization into oligomers and further chemical materials™. These

monomers can, later on, be converted into parent polymer, or primary polymer products®**. Majorly
[14546
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Fig. 5: Production of polymeric materials by chemical recycling including conversion of raw material to
monomers to produce new polymeric materials
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The PET with higher carbon content, is an excellent source for the production of different carbon-based
materials including porous carbon material as well as carbon dots. Furthermore, when PET can be
depolymerized to yield TPA which is produced by different chemical recycling methods. Then it is widely
used as an organic ligand in the synthesis of metal-organic frameworks. Thus, little-cost waste PET is an
ideal starting material for the significant production of MOFs. This approach of converting waste PET into
MOFs represents an innovative approach to chemical recycling®.

Recently, there has been growing interest among researchers in development of innovative chemical
recycling approaches for the transformation of PET into valuable practical materials. These materials are
aerogels, hydrogels as well as MOFs. The MOFs are used in different applications like energy storage,
conversion as well as environmental pollution control. From these materials, carbon-based materials and
MOFs have seen broader usages in comparison to hydrogels, aerogels and carbon dots as it is still an
emerging field®.

Given PET's higher carbon content, it serves as an excellent precursor for the production of porous carbon
material. Thus, designing and developing useful material from PET through efficient recycling as well as
preparation methods is crucial. Because these methods aid in environmental challenges as well as higher-
value recycling. Furthermore, less-cost PET is particularly well suited for the huge-scale production of
MOFs. This transformation of PET to higher-valued MOFs shows a groundbreaking approach to upcycled
chemical recycling. As a result, the usage of waste PET to create useful materials such as porous carbon
and MOFs offers significant practical benefits for energy storage, transformation as well as environmental
remediation™.

Advantages:

* It produces monomers (TPA, DMT, BHET) and oligomers as well as other chemicals in comparison to
mechanical recycling'®4’“

»  Waste PET is utilized to produce valuable chemicals and fuels. It reduces the dependence on landfills
as well as incineration which is ecologically harmful. Also, it can help in the restoration of the physical
properties of recycled material, whichs is often impossible with mechanical recycling. Thus, justifying
the ecological effect connected with waste removal

+ Itmaintains the recycled PET wastes’ molecular weight (intrinsic viscosity) also polymer-yellowing does
not take place which makes it suitable for use in higher performance applications and enhances the
capability of recycling an extensive variety of PET waste

« Complex, colored or contaminated PET waste can be recycled by chemical recycling which is difficult
by mechanical recycling

» The PET waste can be graded and product properties can be preserved during PET chemical recycling
and need no further step for PET production

« The PET production does not necessitate additional funding, as well as it promotes a circular economy
by allowing the continuous reuse of PET waste without substantial degradation in quality

Disadvantages:

« This technique requires great financial support and professional employees that's why only a small
number of companies are working on this method. Therefore, evolution of chemical recycling is slow

+ It attracts higher costs than mechanical recycling™

« If tertiary is compared with secondary recycling the quality of recycled materials attained at the end
of tertiary recycling is similar to the original plastic materials but not in secondary recycling
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Fig. 6: Different types of chemical recycling methods of PET including glycolysis, alcoholysis, hydrolysis,
methanolysis, aminolysis, amonolysis and their products
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Fig. 7: PET alcoholysis focusing on depolymerization reaction to break PET into DMT and EG

The PET waste chemical recycling includes depolymerization by several procedures', chemical recycling
is usually divided into different methods like alcoholysis, glycolysis, hydrolysis, aminolysis and
ammonolysis given in (Fig. 6).

Alcoholysis: The alcoholysis is a well-known technique that is a trans-esterification reaction of PET
involving alcohols. Alcoholysis occurs at elevated temperatures and pressures that are 180-280°C and 2-4
MN/m? respectively, to produce DMT and EG as a monomer*. The PET alcoholysis focusing on
depolymerization reaction to break PET into DMT and EG (Fig. 7). In Table 1 reagents, temperature range
and products of alcoholysis are mentioned. Methanol, EG, diethylene glycol (DEG), propylene glycol (PG),
neopentyl glycol (NG), also further oligomer diols are commonly utilized in industries to depolymerize
PET*. In alcoholysis most widely utilized, alcohol is methanol; however, ethanol, as well as others, can also
be used as a dissolution medium. The alcoholysis in which methanol is used is called methanolysis. The
Methanolysis is the chemical path for the depolymerization of PET into monomeric material at elevated
temperature as well as pressure in the presence of catalysts; generally, zinc acetate*®*.
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Table 1: Overview of alcoholysis conditions: Reagents, temperature ranges and product yields in polymer chemistry

Reagents Temperature (°C) Catalyst Products References
Organic acids and 180-220 Zinc acetate Oligoesters, Vollmer et al.*®
1,4-butanediol (Zn(0OAC),.2H,0) polyesters

DMT and EG 180-280 MeOH TPA Smith et al.*°
Dimethylsulfoxide (DMSO-d6) Room temperature Super sub-critical TPA and 2-EH Muszynski et al”
and chloroform (CDCl,) isooctyl alcohol (2-EH)

Supercritical methanol 220-320 No catalyst DMT (99.79%) Liu et al.*®
Methanol, dichloromethane, 20-35 Potassium carbonate, DMT (93.1%) Hossain et al*
chlorobenzene, acetone, alkali and alkaline

tetrahydrofuran and acetonitrile earth metal salts

2-Ethyl-1-hexanol (2-EH) 155-185 ChCl based DESs DOPT (100 and 84.7%)  Liu et al*®

To prevent DMT efficiency from being reduced due to the transesterification reaction with EG, the catalyst
must be removed after the reaction. In this reaction, terephthalate will be refined and used as a raw
material in PET manufacturing®. This monomeric material can be used as an initial element and behave
as an original monomer*'. The major reaction products are EG and DMT utilized to synthesize PET again
by the trans-esterification reaction. Hoechst, Eastman and Dow Chemicals are the industries that have
utilized the methanolysis method*'.

Methanolysis has the advantage of being able to be implemented in a polymer manufacturing line and
generating DMT of the same value as pure DMT and depolymerized PET*?. Additionally, EG and methanol
can simply be improved as well as recycled®. Afterward, all contaminations are detached when DMT is
purified by distillation. Then the purified DMT is utilized in making PET**. Additionally, produced DMT can
be hydrolyzed into monomers like EG and pure TPA. Later on, these are polymerized again into PET bottles
to make further products i.e,, jet fuel and gasoline which is a significant improvement®. The PET bottles
made of TPA as well as other products (resins) made of BHET rather than DMT are recent industry trends®.
Further operations need additional chemical implementations, utilities, as well as operating units, that
improve the methanolysis process’s financial and environmental effects®. Under standard conditions,
methanolysis can be implemented at relatively moderate temperature and pressure®. The product formed
from this reaction is a mixture of DMT (main product), phthalate derivatives, glycol as well as alcohol*’.
After separation from the product mixture, DMT is cleansed by vacuum distillation or cooling as well as
precipitation centrifugation and crystallization. This method stands for a huge variety of contamination
except for water, which disturbs it and poisons the catalyst to make diverse azeotrope.

Developed a new chemical acid alcoholysis process for processing PET. This is a sustainable method for
producing oligoesters from PET wastes that are utilized for example a basic element for modern
re-useable polyesters. As solvents, organic acids also 1,4-butanediol have been utilized. To achieve higher
molecular weight polyesters, the solvolysis products then interacted with diglyceryl ethers containing
various diols. The reagents in acido-alcoholysis were found to be completely merged in the reaction
product, producing carboxyl as well as hydroxyl end sections in oligoesters. While recycling, oligo and
polyesters lost a considerable amount of mass and fragmented®.

The alcoholysis of PET by the utilization of super and sub-critical isooctyl alcohol (2-EH) to create dioctyl
terephthalate (DOPT). The PET melts about at 513 K after breaking down rapidly to dissolve in 2-EH,
according to results. However, as time passes as well as the temperature rises, a new crystal solid emerges,
one that is stable up to 643 K. The DOPT is the major liquid product of alcoholysis, which is an essential
intermediate that decomposes into TPA®".

Degraded PET into monomer DMT when exposed to supercritical methanol. The important terms,
interaction effects and the model’s validity were all evaluated by using time, temperature, as well as the
mass ratio of MeOH to PET, which were determined for being optimal at 298°C, 112 min and 6, collectively
for methanolysis. On this basis, a DMT yield of 99.79 was produced.
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A new methanolysis created catalytic reaction method that transforms PET into DMT. The reaction method
utilized potassium carbonate as a catalyst, to attain decomposition of PET in less than 24 hrs under
environmental conditions. On the other hand, by the control of the initial moisture level, up to 98.5% DMT
is produced. This research showed how to transform PET into re-useable monomeric products as well as
use a modern catalytic methanolysis path which is reliable and cost-effective®.

Degraded PET into DMT and EG by vapor methanolysis. Following separation using distillation joint by
crystallization eliminates dangerous impurities. Then non-PET components make co-polymers, giving
monomers of good quality required for re-polymerization purposes. Methanol functions as a
depolymerizing agent and a carrier gas to separate the oligomers in a liquid from the monomer elements
in the vapour phase, which is the main advantage of vapors metanalysis. This plan would lead to
significant savings in terms of both operational and capital costs, maintaining the chemical recycling of
PET's long-term feasibility>°.

A DOPT was produced using 2-ethyl-1-hexanol (2-EH) as the solvent and choline chloride-based deep
eutectic solvents (ChCl-based DESs) as a catalyst because it is cheap, non-toxic and can easily be prepared.
The DOPT is a new, non-toxic as well as environmentally sustainable plasticizer. Due to the conventional
way of preparing DOPT which is an inefficient method and time-consuming, therefore, it is essential to
find a more cost-effective and environmentally sustainable method®. In Table 1 overview of alcoholysis
conditions: Reagents, temperature ranges and product yields were given.

Advantages:

« It can manufacture polymer lines and generate DMT>*

«  Methanol, as well as EG, can simply be improved and recycled*’

«  MT can be purified and utilized in making PET and monomers like EG and TPA*? as well as jet fuel and
gasoline®

Disadvantages:

It utilizes high temperature and pressure, is costly and produces corrosiveness™

« Products, also contain glycol, alcohols and phthalate derivatives along with DMT and EG’'. This
complex product mixture makes the separation and improvement very expensive. Because of this
reason, hydrolysis and glycolysis discussed later are more favorable®. That is why consideration of this
method is decreasing

« The purification step of DMT contains contamination®

Glycolysis: The glycolysis is solvolysis degeneration of PET that separates easter bonds and is replaced
by hydroxyl functionalities®*®®®" (Fig. 8). It is one of the furthermost generally utilized and commercialized
chemical recycling methods®. In 1965 glycolysis of PET in chemical recycling was first developed™.
Glycolysis is the earliest method to break down PET, has been worked by renowned global establishments
that include DuPont, Shell Polyester, Zimmer, Eastman Kodak and Goodyear, etc®. It is the process of
inserting EG into the PET chain that produces BHET that is used to synthesize PET and other oligomers.
It is possible to utilize accomplished oligomers to make polymers through additional practice. These
polymers are epoxy resins, polyurethanes, polymeric concrete, vinyl esters and unsaturated polyesters. To
achieve complete depolymerization at reliable velocity in a suitable time response over a
transesterification catalyst, zinc acetate is usually used*?. It was identified main glycolysis products were
oligomers and BHET®,
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Fig. 8: PET glycolysis showing depolymerization to produce BHET and EG

Glycolysis occurs at temperature ranges from 180-240°C*>*

then catalytic effects might be present in PET glycolysis®. This process attains high quality and efficiency

. If zinc compound is utilized below 245°C

as catalysts are added to this process®. Under various temperatures and pressures, different catalysts can
be utilized for PET glycolysis. Such as titanium phosphate, lead acetate, sodium carbonate, sodium
bicarbonate, acetic acid, magnesium oxide on silica nanoparticle lithium hydroxide, potassium
sulfate, sodium sulfate, B-zeolite, y-zeolite, zinc chloride, lithium chloride, didymium chloride, magnesium
chloride, ferric chloride, zinc oxide on silica nanoparticle, different lonic liquids and [bmim]OH®.
All these catalysts under different states of temperatures and pressures have different properties®.
For the identification of glycolysis products by using zinc acetate, the catalytic glycolysis of PET wastes
by several weight ratios of PG/PET at 200°C was observed. It has been established that the dimer and
trimer products mainly consist of depolymerization products of hydroxyl propy! terephthalate except for
the monomers. Also, the dimer/trimer ratio was raised whenever the PG ratio was enhanced from 40 to
60%%. Diethylene glycol (DEG), ethylene glycol (EG) and propylene glycol (PG) are most often used to
degrade PET®. From different methods of PET recycling, glycolysis is the method that has gained
significant attraction in recent years®.

The PET glycolysis in flake forms by EG was performed with cobalt acetate as a catalyst. The weight ratio
of EG/PET was 2:1. There has been an effort to optimize significant parameters, such as time and catalytic
quantity. If time and temperature, have been 190, 1.5 hrs, a total depolymerization transformation of 100%
was achieved. The glycolysis exchange rate was directly in proportion to these 3 parameters. Glycolysis
is an easier way of PET depolymerization and requires less time compared to further chemical approaches.
There has been increasing attention to producing unsaturated polyester resin (UPR), which uses PET waste.
In a few patents, products of PET glycolysis are subjected to a reaction with maleic anhydride also
consequently the reaction with dicyclopentadiene. A produced polyester has widespread implementations,
for example, casting marble gel coats, etc. Great results were obtained by synthesizing UPR acquired by
PET poly-condensation®’.

The molecular weight (MW) of UPR is being noticed to increase by increasing PET content in the
reaction mechanism, as well as with the implementation of di-propylene glycol (DPG) rather than
propylene glycol (PG) under the same glycolytic condition®®. There has been a lot of focus paid
to glycolysis by EG. The impact of reaction conditions, related to pressure (0.1-0.6 MPa),
temperature (190-240°C) and PET to EG ratio has been analyzed for the reaction rate®*°. It was reported
that the rate of reaction is in proportion to the square of EG to the square of concentration at
constant pressure, temperature and PET concentrations to produce UPR, foams of a poly iso-
cyanurate and polyurethane®®’®”". Four different types of glycolysis are solvent assisted glycolysis,

catalyzed glycolysis, supercritical glycolysis, and microwave-assisted glycolysis.
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An investigation showed the physiochemical characteristics of around a hundred polyester diols. These
polyester diols were acquired by PET glycolysis, to associate the properties of polyols as well as their
chemical production™. A study reported catalytic glycolysis of waste PET with EG and a sequence of
reduced cost and less toxic chemicals as catalysts. For example, sodium sulfate, glacial acetic acid, lithium
hydroxide, rather than the standard heavy metal-based sulfate and potassium sulfate and zinc acetate as
a catalyst. To generate BHET, these environmentally friendly catalysts were recognized to be successful”.

Another investigation showed an analysis to utilize methacrylate oligoesters that were obtained from
reclamation of PET. Therefore, observing the depolymerization of PET with DEG, the hydroxyl end-groups
of the PET glycolysis products were converted to methacrylate groups by metharcylation that produced
di methacrylate oligoesters. These oligoesters could be utilized for the manufacture of UV curable acrylic
coatings’. Post-consumer PET was designed by glycolysis by a large amount of EG having various
catalysts i.e., sodium carbonate, zinc acetate, potassium sulfate, sodium bicarbonate and sodium sulfate.
An effort was made to improve the main working parameters associated with glycolysis, which include
temperature, time, PET/EG molar ratio and nature of the catalyst for obtaining refined BHET. It was
established that 4 different potassium and sodium salts were utilized as a green catalyst. Only Na,CO, and
NaHCO, worked as zinc catalysts but at the cost of higher consumption. Based on outcomes attained from
catalyzed depolymerization of PET waste, it showed that achieving the approximate same yield of clear
PET was feasible. On the other hand, to reduce the BHET impurities that exist in the reaction mixture, an
additional purifying method was preferred that uses the acquired products and a study regarding PET
degradation has been organized”. Also depolymerized PET through glycolysis using a large quantity of
glycol in the existence of catalyst. The acquired product reacts with maleic anhydride as well as the
developed unsaturated polyester resins (UPR) mixed with a styrene monomer. Methyl ethyl ketone
peroxide (MEKPO) as an indicator and cobalt as an accelerator were utilized to preserve these resins. The
mechanical and physical characteristics of preserved samples have been examined. The kind of glycol
utilized in glycolysis was proved to have a greater impact on the morphology of reacted and unreacted
unsaturated polyester (UPE) resins’®.

The temperature study showed ranges between 210-220°C that also good for improved DEG dispersion
of PET, enabling easy solid-phase reactivity. The early morphology of PET waste did not influence the rate
of reaction a lot; in comparison to temperature distribution, having significant importance. At 220°C PET
dissociation time was significantly smaller by heating PET and DEG individually at 220°C before blending,
than by heating a cool blend of two substances to 220°C. In the case of metal acetate, a transesterification
catalyst, PET fiber waste from an industrial producer was depolymerized utilizing large amounts of EG. The
glycolytic pathway processes were done for 10 hrs, at the BP of EG in the nitrogen atmosphere. The effects
of EG volume, reaction rate, catalyst and their concentration on glycolytic pathway products were
analyzed”.

The PET glycolysis was performed and observed that it was thermal depolymerization in the presence of
1-butyl-3-methyl imidazolium bromide (1-BMIB) in microwave conditions. As a result, a BHET monomer
was produced. The conversion of the PET was 100%, as well as yield of BHET extended to 64% (wt %)
which increases with increasing reaction temperature and time. The best results were attained by the
utilization of 1-butyl-3-methyl imidazolium bromide as a catalyst rather than metal, microwave irradiation
temperature of about 170-175°C as well as the reaction time of 1.75-2 hrs. As a result, this approach
provides an environmentally friendly substitute to the traditional PET depolymerization, with less cost and
energy”. Gycolytic depolymerization of PET was performed to find more satisfactory catalysts for
depolymerizing PET. This glycolysis produced the main products BHET as well as its oligomers based on
glycols involvement that synthesized unsymmetrically substituted terephthalates. Cyclic amidine was the
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main efficient catalyst for glycolytic depolymerization of PET within EG, while guanidine-based catalysts
performed PET glycolysis among the long-chain diols. For glycolysis of PET with EG-isosorbide mixtures,
excellent catalytic activity for 1,8 diazabicyclo [5.4.0] undec-7-ene (DBU) and 1,5,7-triazabicyclo
[4.4.0] dec-5-ene (TBD) was discovered™.

Moncada and Dadmun® reported PET degradation by gamma radiation as well as the effects on glycolysis
by using a large amount of EG. Analysis of MW exhibited that the degree of PET depolymerization was
dependent on dose, which was 30, 50, 70, and 100 kg followed by a decrease of MW by nearly 15, 25, 30
and 40% independently. Moreover, radiated PET was glycolyzed utilizing EG by the standard as well as
microwave process which developed more yields of monomeric product, the BHET for preparation of the
new environment-friendly polyester polyols. On the whole, every system of polyurethane coating showed
excellent performing properties. The BHET and PET glycolysis products, were demonstrated as particular
potential raw material for polyester combination to make improved products for coating applications®.

The PET glycolysis was reported with the use of MP-diol (2-methyl-1,3-propanediol) and the catalyst was
zinc acetate. The condition of reactions was improved by the use of the microwave method that produced
50 to 60% of the oligomeric product. For the synthesis of UV curing oligomers using methacrylate
reactions, recycled oligomer products were used. By the use of different concentrations of UV oligomers
as well as standard epoxy acrylate resins, the UV curing coating was produced. It was observed that for
PET depolymerization MP-diol could be successfully applied to produce oligomeric products appropriate
for UV curable wood coating®'.

A dissolution-degradation method for PET glycolysis was progressed by the addition of solvents that were
aniline, 1-methyl-2-pyrrolidinone (NMP), nitrobenzene, or dimethyl sulfoxide (DMSO) in the conventional
PET glycolysis. This showed that the m-Tt associated PET aromatic solvent helps in the discovery of more
effective solvents for PET dissociation. The findings indicated that by using zinc acetate as a catalyst in
DMSO at 463 k, PET transformation achieved 100% and BHET yield reached 82% in one min. This method
decreased the reaction time by half as well as reduced activation energy by 49.40 kJ/mol in comparison
to general PET glycolysis. This technique can considerably be applied to further polymer dissociation
methods and can increase the effectiveness of PET considerably®.

The PET glycolysis in the existence of deep eutectic solvents (DES) as catalysts by using a variety of
hydrogen bond donors and acceptors, produced five dissimilar DES. From all produced DES; those which
were formed by potassium carbonate and EG were preferred for investigation because they were a more
effective catalyst. Glycolysis was carried out between EG and PET. At various temperatures and
concentrations of DES and EG the effect of reaction conditions on PET glycolysis was studied. At 180°C,
EG/DES solvent ratio of 15 and DES/PET ratio of 6, the highest yield for monomer product BHET was 8%.
In the chemical recycling method glycolysis was established to be an efficient process as well as DES was
discovered as a catalytically active catalyst for PET degradation®.

An oxidative etching technique was used for synthesizing ultra-thin MnO,/graphene oxide nanosheets.
The resulting ultra-thin and in-plane pore structure had a great specified surface area of about 247 m?/g
with nano-pores smaller than 20 nm in size. In comparison to MnO,/GO the use of MnO,/HGO in PET
glycolysis exhibited considerably improved catalyst performance. In glycolysis, a 100% yield of BHET was
achieved. Further, the produced MnO,/HGO can be utilized for different electrochemical and chemical
reactions®.

The sequence of Lewis acidic ionic liquids (LAILs) catalysts for PET deterioration was manufactured
i.e., 1-hexyl-3-methylimidazolium (Hmim) halometallates, with [Hmim]ZnCl;, [Hmim]CoCl,, [Hmim]FeCl,
and [Hmim]CucCl,. Original PET wastes catalyzed by equimolar [Hmim]ZnCl, and [Hmim]CoCl, mixture yield
87.1% BHET, which is higher than any specific IL halometallate. The higher reactivity of [Hmim] ZnCl,
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increased glycolysis reactions by producing a greater product yield. Less the catalytic performance of
[CoCl;] will most likely create chain scission additionally selective. Glycolysis of PET could be controlled
among good specificity [Hmim] CoCl; reducing by-product as well as [Hmim] ZnCl; high reactivity for
producing BHET product®.

Another novel ampbhiphilic ionic liquid (IL) was synthesized and based on the glycolysis yield of PET.
Glycolysis of PET produced BHET which was transformed into bis (2-chloroethyl) terephthalate (BCET). The
glycidyl 4-nonylphenol ether (GNE) has interacted with alcohol amine (AA) to create subsequent amine,
1-((2-hydroxyethyl) amino)-3-(4-nonyl phenoxy) propane-2-ol, (HANP) as well as produced amine which
was ethoxylated by the use of TEG to make ethoxylated amine (EHANP). This EHANP was quaternized
through BCET to make subsequent ionic liquid (EHANP-IL). The characteristics of dynamic light scattering
(DLS) and surface activity were studied. Furthermore, demulsification productivities of generated EHANP
and IL differentiated and found that EHANP-IL was most efficient as compared to respective EHANP®.

The PET glycolysis is used as an organo-catalyst thatis 1,3-dimethyl imidazolium-2-carboxylate. Complete
depolymerization of PET has been achieved in less than 1 hr at 180°C with more than 60% of BHET
recovered by reprecipitation by cooling of the reaction mixture. The simple ionic liquid, 1,3-dimethyl
imidazolium acetate, was substantially less efficient as a catalyst under similar conditions®”.

Various regenerated processes were used to prepare recycled PET. Also, the regenerated PET could be
made with BHET extracted from glycolysis products, when the quality of waste PET is low. On the other
hand, restored PET might be produced specifically from compound glycolysis if the purity of PET was large.
Since transformed PET derived by compound glycolysis products has a large DEG content, recovered
implementations on low melting point PET LMPET or simple cationic dye-able polyester ECDP must be
possible soon®®. In Table 2 reagents, temperature ranges and products of the glycolysis process are
given.

Advantages:

« This method is advantageous because it is simple, flexible, less costly and requires less time in
comparison to other chemical methods®™!

« Inmetal acetates zinc is the best catalyst but ionic liquids are the best choice as they are environment
friendly®

+ There has been increasing attention to the production of UPR, which uses PET waste®’

Disadvantages:

* Glycolysis is a slow process without a catalyst. Therefore, a trans-esterification catalyst is very
important

Hydrolysis: The Hydrolysis is the addition of water in alkaline, acidic and neutral conditions that involve
PET depolymerization into TPA and EG'"***, The products of hydrolysis are disodium terephthalate salt
and EG®. To generate virgin PET The substances that are obtained through hydrolysis may be used, or
these can be converted to abundant chemicals like oxalic®. This method is getting attention because it
is capable of producing PET directly by EG and TPA. But this method may involve elevated temperature
and pressure of more than 220-250°C and 1.4-2.0 MPa, correspondingly and more depolymerizing
reaction time'". Because of this condition, this method is not very good for applying commercially because
it can increase the production cost®. Regarding solvolysis depolymerization reaction, PET chains are
converted into products having additional benéefits, especially TPA and EG monomer which are produced
by hydrolysis as shown in Fig. 9.
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Reagents Temperature (°C)  Catalyst Products References
Ethylene glycol (EG) 190-230 Glacial acetic acid, lithium BHET Lietal”
hydroxide and Sodium sulfate
DEG, benzoyl peroxide 80 Manganese acetate UV curable Giiglu et al.™
acrylic coatings
EG 196 Sodium carbonate, zinc acetate, ~ BHET (70%), Karayannidis et al.”
potassium sulfate, sodium UV curable acrylic
bicarbonate and sodium sulfate  coatings
Glycols (EG, PG, DEG) 190 Zinc acetate UPE resins Lépez-Fonseca
etal’®
Glycol glycoside 160-220 Zinc acetate Polyurethane adhesive and Song et al.”’
Polyurethane coating
EG 170-175 1-butyl-3-methyl BHET (64%) Amundarainet al”®
imidazolium bromide(1-BMIB)
EG 190 Nitrogen based organic catalysts BHET (~ 91%) Alnagbi et al.”
Excess of EG, 80 Phenol/tetrachloroethane (TCE) Polyester polyol, Moncada and
Gamma irradiation polyurethane coatings Dadmun®
and polyisocyanate
curing agents
MP-diol (2-methyl- 80 Zinc acetate (OPETMPD) 50-60% Pensupa et al.*'
1,3-propanediol) epoxy acrylate resins,
UV curing oligomers
oligomeric product
Aniline, 1-methyl-2- Room Zinc acetate BHET (82%) Bartolome et al.®
pyrrolidinone (NMP), temperature
nitrobenzene/dimethyl
sulfoxide (DMSO)
PET and EG 180 DES BHET (88%) Liu et al®
EG 200 MnO,/HGO BHET (100%) Sert et al®
[Hmim]Cl and 50 [Hmim]ZnCl; and BHET (79%) Jinetal®
metal chlorides [Hmim]CoCl,
Glycidyl 4-nonylphenyl  70-140 No catalyst Ethoxylated amine (EHANP) Shuangjun et al.*®
PET and EG 180 1,3-dimethyl imidazolium BHET (60%) Abdullah and Al-
-2-carboxylate Lohedan®
PET and EG 196 Zinc acetate (Zn(Ac),) (BHET) (100 and 80%) Wang et al ®

Hydrolysis is divided into 3 types (Alkaline Hydrolysis, Acidic Hydrolysis and Neutral Hydrolysis) which are
given in Fig. 10.

For acidic hydrolysis generally concentrated sulphuric acid is used®, for alkaline hydrolysis caustic soda
is used”” and for neutral hydrolysis NaOH or H,0 is utilized. In contrast to glycolysis and methanolysis,
hydrolysis is ordinary. For depolymerization that is done with the 3 commonly used operators for example;
methanol, H,0 and EG, the weak nucleophile is H,O. Hydrolysis also utilizes high weight as well as
temperature®. Reagents, temperature ranges and products of the hydrolysis process were shown
in Table 3.

Alkaline hydrolysis: The alkaline hydrolysis is the reaction of PET with KOH and NaOH and produces EG
and disodium terephthalate (Fig. 11)®. Alkaline hydrolysis uses a 4 to 20 wt. percent concentration of
NaOH or KOH. When the weight percentage of PET to sodium hydroxide is 1 ratio 20 and the temperature
is around 100°C for 2 hrs, the best results are produced. The less reactive is an aqueous NaOH solution,
whereas the most reactive is sodium ethoxide. In an investigation, PET bottles were cut into small pieces
after that it was confined to alkaline hydrolysis. An autoclave was consequently used, with aqueous NaOH
solutions temperature varied from 120-200°C. For high purity separation of TPA, H,SO, was utilized.

It was mentioned that only a 2% isophthalic acid mixture along with 98% pure TPA was achieved and the
calculated activation energy was 99 kJ/mol®. Basic hydrolysis has revealed the chance of reusing PET and
PVC at the same time by PVC-covered cloths'"®.
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Fig. 9: Hydrolysis reaction of PET where PET broke to produce TPA, EG and water
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Fig. 10: Types of hydrolysis of PET including acidic hydrolysis, alkaline hydrolysis and neutral hydrolysis
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Fig. 11: Alkaline hydrolysis for PET recycling to produce disodium terephthalate salt and EG

The PET depolymerization was investigated to produce TPA and C,H,0, through basic hydrolysis and
oxygen oxidation, by utilizing concentrated NaOH'®. Achieved full PET depolymerization into its
monomers by alkaline hydrolysis as well as PET alteration rate of 92% at 90°C. The results showed that
complete conversion of PET into TPA is feasible, under mild conditions. This method can contribute to

environmental plastic waste problems™".

Alkaline hydrolysis was studied in which PET depolymerization was achieved through a reaction
temperature of 200°C as well as time of approximately half an hour and 92% yield. The formation of the
final product (TPA) by alkaline hydrolysis was confirmed by FT-IR and XRD. The TPA revealed a distinctive
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Fig. 12: Acidic hydrolysis to produce terephthalate salt and EG using an acid catalyst

peak at 240 nm in UV visible spectroscopy. This has become an effective process to produce TPA from PET
bottles in moderate conditions, suggesting it has the opportunity to assist with ecological plastic pollution
issues'®,

By the new alcohol alkaline hydrolysis, PET was depolymerized and output of TPA was carried out to find
optimum experimentation conditions, in terms of reaction rate, heating rate, dose of EG and NaHCO,
volume of purified water and stirring rate, a sequence of single-factor experiments on the
depolymerization rate of waste PET bottles. Over 98% of PET can be depolymerized into a product TPA
under ideal experimental situations, with TPA quality and output exceeding 97%, respectively. For the
long-term recycling of PET waste, the alcohol alkali-hydrolysis process is expected to provide an efficient
method for long-term recycling of waste PET'®.

It was demonstrated that even through black-colored PET, simple 3 monomers could be extracted because
of moderate degradation conditions. The basic polymer layers of multi-layer PET samples, like polyolefins,
could be obtained except for degradation under moderate degradation circumstances. Additionally, LCA
was utilized to determine ecological impact at various S/L ratios for hydrolysis scenarios with or without
excessive addition of water across monomer purifying. According to this study a rise in the total volume
of solution due to excessive H,O adding leads to higher energy usage in EG recovery, thus raising the
footprint of the system'®.

The PET was depolymerized to produce EG and TPA. By this chemical recycling full depolymerization of
PET to its monomers, was done the recycling process of PET in the reactor was obtained, with a PET
exchange rate of 92% at 900°C. It was demonstrated that PET can fully be converted into TPA from post-
consumer waste PET in mild conditions. It had to indicate the opportunity to control environmental plastic
pollution'®.

Acidic hydrolysis: The Acidic hydrolysis is mostly used to produce terephthalate salt and EG using an acid
catalyst as shown in Fig. 12 and other mineral acids like phosphoric acid or nitric acid are also allowable®.
The hydrolysis takes place with an acid concentration of 6 M, the concentration of acid plays a significant
role because when the concentration of acid increases then hydrolysis also increases but above 8.5 M acid
concentration results in decreasing hydrolysis. Greater hydrolysis outcomes can be obtained by using
commercial H,SO, in comparison to pure H,SO,. The outcome of the reaction can also be improved by
raising the oil bath temperature’.
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A lot of work has been applied by using acids for PET hydrolysis. Hydrolysis of PET in H,SO, M<14.5 was
reported by Pusztaseri and also hydrolysis was investigated below concentration M<10 circumstances by
Sato and Yoshioka. Under these circumstances, hydrolysis yield is investigated up to 100%. But through
the described experimentation, this outcome is not true for all time'®.

Acidic hydrolysis of PET was studied in 7.5 M H,SO,. After 4 days the reaction yield came out 80% at
100°C, as reported by the experiment. But when the temperature was raised to 135°C, the 90%
transformation was accomplished in 5 hrs'”. The acidic hydrolysis of PET was developed by 7.8 M H,SO,
from waste battery acid to make TPA. In 5 hrs at 132°C, 90% transformation was obtained as the boiling
temperature of the battery acid solution'®. Al-Tamimi et al,,'® calculated the PET depolymerization by
sulphuric acid at 132°C to produce 97% of TPA.

Acidic hydrolysis of PET like acid concentration, temperature as well as reaction time in a stirred reactor
was explored. The best reaction conditions were determined whenever the acid to PET ratio was 4:1. The
reaction temperature was 90°C as well as the reaction time was 5 hrs. The findings indicated that a higher
reaction time from 1to 5 hrs improves TPA product efficiency substantially; however, raising reaction time

between 5 to 15 hrs has little effect on TPA output efficiency'®

. Acid quality as well as concentration,
reaction time, heating rate and PET particle size as system parameters that affect hydrolysis conversion
was analyzed by Tabekh'®. The acid concentration was important; hydrolysis occurs at 6 M and the
reaction transformation improves until 8.5, after which it begins to decrease'®. In 2013 it was reported that
to improve acidic hydrolysis of PET with H,SO,, different metal ions like Zn**, Ni** Pb** Fe’* and Fe** were
used. Single ions utilization raised the reaction change. Most excellent outcomes are obtained by Fe** and
Fe’*. Regarding the reaction time and with metal ions, the reaction conversion can be raised. In
comparison to ion-free acidic solution dual ion mixture reduced the hydrolysis transformation. Reaction

transformation cannot be enhanced by three ions combinations'.

The PET hydrolysis can be examined in the existence of solid acid catalysts in supercritical carbon dioxide.
The FTIR and titration analysis demonstrated, that method of PET chain scission throughout hydrolysis has
concerned both chain end and irregular scission'".

The use of phosphoric acid-modified silica gel only as a solid catalyst for PET recycling. Microwave
irradiation was used to promote the depolymerization of PET, which was favorable. Waste plastic bottles
were equipped with the process, over 90% conversion to TPA was attained. These findings support the
value of microwave power as a successful recycle instrument for PET bottles, leading to monomer
recycling and also significant energy savings'.

The transformation of PET into nano-spindle-shaped TPA was designed. Variations in reaction temperature
and time were also utilized for PET depolymerization, having higher production of 92% achieved at 200°C
with the 25 min reaction rate. The developed TPA nano-spindles were again analyzed, showing the higher

crystalline structure, durability and interesting thermal and surface properties'>'"™.

Neutral hydrolysis: The neutral hydrolysis occurs by steam or hot water. Hydrolysis: Reagents,
temperature ranges and products were shown in Table 3. It takes place at 200-300°C and 1-4 MPa. But
this technique has been mentioned as most efficient at a higher temperature of 245°C. Consequently, full
depolymerization takes place at 275°C and the yield of TPA is generally more than 95%. This technique
represents a significant drawback, notably that certain mechanical contaminants observed in PET are
leftward in the TPA. Therefore, the product achieved is regarded as less pure than the product of alkaline
or acidic hydrolysis.

http://doi.org/10.17311/ajerpk.2023.74.106 | Page 91



Asian J. Emerging Res., 6 (1): 74-106 2024

Table 3: Hydrolysis processes: Reagents, temperature ranges and product yields overview

Reagents Temperature (°C) Catalyst Products References
H,SO, and NaOH 120-200 KOH TPA (98%) Kang et al.®
NaOH 90 No catalyst TPA and oxalic acid Yoshioka et al.'”!
NaOH 200 NaOH TPA (92%) Cata et al.'®

EG and NaHCO;, 200 NaOH TPA (97%) Kumagai et al.*®
Ethanol, water and NaOH 50-80 EG and TPA (95%) Sun et al."®

EG, conc. H,SO, 900 NaOH and KOH EG and TPA (92%) van-Pham et al.”?
H,SO, 100-132 No catalyst TPA (90%) Mandni and Zanin'™
H,50, 100-135 H,S0, TPA (90%) Al-Tamimi et al'®
KOH and distilled water 90 H,SO, TPA (90%) Moghbeli et al."®
H,SO, and NaOH 50 H,SO, TPA Tabekh et al.'®
Various metal ions 50 H,SO, TPA Tabeikh et al."
(Fe?*, Fe**, Ni?*, Pb** and Zn?")

H,SO, and EG 100-160 Solid acid catalyst TPA and EG Lietal™
Sodium hydroxide, 100 Phosphoric TPA (90%) Ohmura et al.'*?
hydrochloric acid, acid-modified silica gel

phosphoric acid and boric acid

An efficient 5-step method of neutral hydrolysis with EG was invented. The PET hydrolysis occurs at a
temperature range from 200 to 280°C. The fine product of the phase is collected by filtration at a
temperature from 25-199°C after freezing the reaction mixture from 70-100°C of temperature. As a
consequence of double-distillation, EG is managed to recover from the filtrate. At temperature variations
of 310-370°C, the solid hydrolysis product was heated with liquid and TPA was obtained after freezing.
The pureness of collected EG and TPA enables their use for the manufacture of homopolymers and
copolymers as well as it does not prohibit their use for manufacturing the fiber and bottles®*%.

The method of a kinetic model at 100°C temperature was presented, while Campanelli et al.'> explained
the implementation of recycling of PET. It had been revealed that throughout the molten form, PET
hydrolysis continues considerably quicker than a solid. Thus, it was beneficial to perform recycling utilizing
this technique at high temperature than 245°C". The implementation of a general trans-esterification
catalyst is achievable but the suggested one was alkali-metal acetate. So other experiments found the
effects of catalysts in the production of commercial PET. In the first stage which is transesterification
calcium, manganese as well as zinc acetates were used. In the second stage (polycondensation) antimony
trioxide was used. Furthermore, they included phosphorus compounds that act as stabilizers against the
transesterification between the two stages. This showed the accelerating activity of trans-esterification
catalysts. No inhibitory activity of the stabilizer was recognized® ™.

Studies explored that adequate control of the process situation restricts the number of mono-ester
acquired to not over 2%. This hydrolysis technique is excluded due to limitations in quality for acidic or
basic hydrolysis. The problem associated with it is, that all contamination in the polymer is also present
in TPA. Thus, the purification of the product was significantly poorer than with an acid or alkaline
hydrolysis product. Resultantly, a far more developed purifying method is needed. Possible product
pollution is eliminated by disinfection of the TPA solution dissolved in caprolactam. From caprolactam,
the crystallinity of TPA enabled a product with the purification of at least 99%. A significant volume of
distilled EG had been produced throughout the PET hydrolysis, which can be obtained by separation or
filtration®'".

Advantages:
+ The PET chains are converted into products having additional benefits, specially TPA and EG

monomer. Then produce PET directly by EG and TPA"

«  Alkaline hydrolysis of PET lessens the reaction time as compared to standard heating methods'®
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« Greater hydrolysis outcomes can be obtained by using commercial sulphuric acid®
« In comparison to alkaline and acidic hydrolysis, neutral hydrolysis receives growing interest from all

other hydrolysis techniques as it is more environmentally acceptable>*®'"

Disadvantages:

» This method involves elevated temperature and pressure more than 220-250°C, 1.4- 2.0 MPa, time-
consuming and high weight'"*
great quantity of concentrated H,SO, is required™

« The recovery of monomer TPA and to get the necessary purities need different steps”

+ This method can contribute to environmental plastic waste problems because the complete
conversion of PET into TPA is possible under high-temperature conditions'' and high production
costs

and can increase the production cost because in acidic hydrolysis

Aminolysis: The aminolysis is a reaction in which ethanolamine in excess is used to give BHET and EG as
shown in Fig. 13. This procedure is conducted in an aqueous or gas condition at temperatures ranging
from 20-100°C. An aminolytic agent, anhydrous n-butylamine, was also utilized at a temperature of 21°C.
Aminolysis of PET can be implemented by the use of various amines, like allylamine, tri-ethanol amine,
polyamine, butylamine, ethanolamine (EA), ethanolamine hydrazine monohydrate, triethylenetetramine
and methyl amine, etc. Ethanolamine possessing hydroxyl and amine functionalities is a special type of
amine''®. These days, aminolysis is rising as a new method for PET depolymerization. For aminolytic
degeneration of PET waste commonly existing and inexpensive amines that is EA was utilized. After
purification, characterization of the degeneration product takes place by analytical technique and it was
utilized for succeeding improvement of asphalt’. The PET aminolysis gives rise to di-amides of TPA like
BHETA. The properties of PET are improved by fractional aminolysis to be used in the production of fibers
with a certain pre-established character'".

The catalysts that are used in the aminolysis of PET have both advantages and disadvantages.

The catalyst can lessen the reaction time and make carbonyl carbon most electrophilic by enabling the
nitrogen atom to attack it. However, oxidation of EG takes place in the existence of catalysts through
which chemical characters of the reaction product may be altered, for example amides. This technique has
not been widely adopted yet''"®. Only a few papers have been discovered in this field, as itis
not utilized on a commercial scale. Considered PET-base polyamines undergo both deep aminolytic and

Q Q
H-OH,CH,C O—C—@—C—O—CHZCH H

n
PET

Amminolysis NH2CH,CH2NH;
Ethanolamine (excess)

o o]
] 1]
HOHZCHZC—N—C—@—C—I}I—CHZCHZOH + HOCH,CH,OH + Remaining PET
H H
Bis-2-hydroxyethyl-terephathalamine EG

Fig. 13: Amminolysis by using ethanolamine in excess to give BHET and EG
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amino-glycolytic breakdown. The temperature ranged from 200 to 21°C and the molar ratio of polymer
to amine was enhanced to 1:2. Polyamines, diethylenetriamine, triethylenetetramine and their mixtures,
as well as a combination of triethylenetetramine and p-phenylenediamine or triethanolamine, were utilised
for this purpose. The results of its research showed that the aminolysis process yield can be used as a
binder for liquid epoxy resins. However, the amino-glycolysis reaction can be used as an epoxy resin
binder for water-based paints and later as a polyol component for hard polyurethane polymers'.
Aminolysis was adopted by using an excess amount of ethanol and sodium acetate as a catalyst to
produce BHETA. The reaction of BHETA by several long-chain dibasic acids i.e., decanedioic acid,
tetradecanoic acid and octadecanoic acid in conjunction with maleic anhydride as a basis of unsaturation.
The H-NMR was used to test the structure of the prepared polyester''.

Another scenario was proposed by Shukla and Harad® for the BHETA production. Polyurethanes were then
fabricated using BHETA, 1,4-butanediol, polyol ether and distinct molars hexamethylene diisocyanate
Ratios (HDI). On the synthesized polyurethanes, a thermal, mechanical and chemical assessment was
administered. Therefore, the result of BHETA as a further chain extender on different characteristics of the
polyurethanes prepared was also studied®.

Acrylic aromatic amide oligomer was manufactured by the use of depolymerization end products of PET
with hydrazine monohydrate. The end products of aminolysed PET were prepared below ambient
conditions and were used in the preparation of novel acrylic oligomer by reacting acryloyl chloride
organized from acrylic acid®. Aminolysis of PET was observed without catalyst, the generation of
terephthalamide trimerbis (2-aminoethyl) (BAET) o,w-aminoligo (ethylene terephthalamide) oligomers
(AOET)'®,

Another study of Tawfik et al."** analyzed BHETA as a dye, in corrosion-protecting coatings. Aminolysis
of PET utilizing EA was conducted in the existence of suitable catalysts full of dibutyl oxide used, bromide
of etyltrimethyl ammonium and sodium acetate. Amusingly instead of the traditional heating method,
solar power was used. A fully-sealed round bottom flask was fulfilled with reaction mixtures composed
of small bits of waste PET. The amount of EA was 1:4 PET/EA w/w and the catalyst was 1.5 wt. % of PET.
It was immersed in the sand bath that was subjected to sunlight throughout the summer season and left
for three weeks so that PET deteriorated'®. Metallic substrates can be protected from deterioration by
organic coatings. Corrosion inhibitor pigments releasing substances are generally added to organic
coatings. Though, most of the corrosion inhibiting substances have harmful effects on human health as
well as on the environment because of their poisonous and hazardous natures.

An easy aminolysis process for aminating PET that was established by the use of regular concentrations
of dilute ethylene-diamine was developed. The hydrophilicity of PET fabric improved greatly as a result
of the study, as well as reactive NH, which was added into PET fiber. The aminolysis by gradually
increasing the concentration of dilute ethylenediamine was a successful approach for changing PET fibers

that is effective, fast and environment friendly'®.

The PET aminolysis was conducted without any excess reagent and a new reaction product was used
without any purification. For preparing amine cross-linking solution for epoxy resins, isophorone diamine
was used as the solvent. The presence of an aminolysis agent was found to substantially speed up the
curing reaction. The reaction was catalyzed by both EG as well a terephthalamide diamines'.

The aminolytic process for PET depolymerization was explored utilizing different amino alcohols and using
them to make poly ester-amides. The best conditions for making these monomers were found using a
model compound, ethanolamine (EA, 20 eq) at 180°C with TBD: MSA (0.1 eq.) as a catalyst. Diols with
secondary amine or ether functionalities were also investigated using a variety of amino alcohols.
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Eventually, these novel terephthalamide diols are explored as new synthons for the development of

polyester amides indicating that they would have the potential for “productive reuse” of plastic waste'’.

Aminolytic degradation of PET was studied with hydrazine monohydrate, the catalyzed operation of a low-
cost and non-toxic catalyst (caustic soda). Reactions were conducted with various catalyst concentrations,
PET-hydrazine monohydrate ratio, reaction time, including heating rate. When compared to a non-
catalytic PET-HMH aminolysis reaction, the process reported in this article produces significantly more
TDH (84%) in a short processing period of 3 hrs at even a low temperature of 65°C'%,

The aminolysis method with ethylene-diamine for PET depolymerization yielding a -oligo (ethylene
terephthalamide). Solar power, thermal decomposition, ultraviolet radiation, as well as ultrasound
radiation exposure were all used for the depolymerization process. Solar energy was observed as the most
environment-friendly of all the studied techniques investigated. As a result, FTIR, DSC and ;H-NMR
analyses were used to characterize the product'®.

Aminolytic PET depolymerization was carried out by diethanol amine as well as ethanol amine using
synthesized DES, choline chloride including choline chloride and ZnCl,. Variation in aminolysis time,
concentration, catalyst, as well as PET amine ratio, were used to enhance the reaction conditions. The clean
products N1, N1, N4, N4-tetrakis (2-hydroxyethyl)-terephthalamide (THETA) and TPA were produced in

130

a yield of 82, 83 and 95% correspondingly™".

Amino ethylene ethanol amine (AEEA) was reported, a compound with primary and secondary amine
groups, as well as hydroxyl groups, which has been studied extensively for the recycling process of PET.
Polyester amides were reported to synthesize and used as a combination of aminolyzed oligomeric
substance, sebacic acid and phthalic anhydride to slightly substitute neo-pentyl glycol. The polyester
amides were then added to mild steel panels after being cured with industrial poly-isocyanate curing
agents. The optical, mechanical, chemical thermal and anti-corrosive characteristics of the cured adhesives
were all analyzed™'.

Homogeneous carbonyl group distribution was produced on polymer materials PET by simple aminolysis.
It was possible to correlate the amount of water retained over the surface and study its act on protein
adhesion. The polymerization time was found to be a key factor in preventing protein adhesion to the PET
surface'. Reagents, temperature range and products of the aminolysis are given below (Table 4).

Advantages:

* Aminolysis of PET commonly existing and inexpensive amines that are EA was utilized, therefore,
aminolysis is rising as a new method for PET depolymerization’

« The PET aminolysis gives rise to di-amides of TPA like BHETA''®®

« The catalyst used in aminolysis lessens the reaction time'*

* Aminolysis of PET waste with EDA with the lack of a catalys

+ The corrosion inhibitor can be synthesized by aminolysis and can be a commercially feasible
procedure

«  Amminolysis is quicker as compared to ammonolysis

t27

Disadvantages:

« This technique has not been widely adopted yet'"®
+  Only afew papers have been discovered in this field. Still, this process is not described at an industrial

scale™
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Table 4: Summary of aminolysis process: Reagents, temperature range and products

Reagents Temperature (°C)  Catalysts Products Referenes
Ethanolamine 80-90 No catalyst BHETA and polyester Kandasamy et al.**
Ethanolamine 160 Zinc acetate BHETA (81%) Padhan and Sreeram'”
Polyamines or 200-210 Triethanolamine Polyurethane foams, Sheel and Pant'"®
Triethanolamine adhesives and coating
Ethanol amine 25-55 Sodium acetate BHETA Shan et al.™'
PET and hydrazine 260 No catalyst Acrylic aromatic Soni et al."?
monohydrate amide oligomer
(TPDAC)
PET and ethylene 70-80 No catalyst (BAET or trimer) and Hoang and Dang'®
diamine (EDA) a, w -aminoligo(ethylene
terephthalamide)
(AOET or oligomers)
Ethanolamine 200-210 Dibutyl tin oxide, BHETA Tawfik et al.'**
sodium acetate,
and cetyltrimethyl
ammonium bromide
Ethylenediamine 50-100 No catalyst Hydrophilic PET fabrics Zhou et al.'®
Isophoron-diamine 200 Zinc acetate Terephthal-amide Shamsi et al.*
-Diamine, EG
Amino-alcohols 180 TBD: MSA salt Poly(ester-amide)s. Demarteau et al.'”’
amines, specifically was used as catalyst
TBD : MSA.
Diamine 80 Sodium carbonate (Terephthalic dihydrazide ~George and Kurian'?®
(TDH) (84%)
PET and ethaline diamine 25 Zinc acetate Amino-oligo (ethylene More et al.'®
terephthalamide)
Diethanolamine and 80-90 DES N, N1, N4, N4 -tetrakis Musale and
ethanolamine THETA (82%), TPA (83%)  Shukla'®
and BHETA (95 %)
PET and 180 Zinc acetate Polyesteramides Jamdar et al."™'
aminoethylethanolamine(AEEA)
PET and ethylenediamine 55 No catalyst Zwitterionic polymer Lorusso et al.'

brushes

Ammonolysis: In an ammonolysis ammonia reacts with PET then terephthalamide is formed that can then
be transformed into TPA, nitrile and then to PEG or 1,4 bis (aminoethyl) cyclohexane. For post-consumer
PET waste bottles, ammonolysis can be used efficiently'”. This process is conducted at 2 MPa and
120-180°C, correspondingly'" to produce DMT and EG as shown in Fig. 14. Polyamides can be prepared
by ammonolysis, for example, poly p-phenylene TPD has profitable worth. Furthermore, polyurethane
binders, as well as paints and hardeners for epoxy resin, including different other polyamides, can be
synthesized by ammonolysis'®.

The reaction is improved by catalysts which are acetate of zinc, cobalt acetate, magnesium acetate and
lead dioxide. But zinc acetate is the most widely working catalyst'*.

The PET ammonolysis reduced pressure process is also recognized, in an EG environment where ammonia
is a deterioration agent. At 70°C and 1:6 ratio of-NH,, the method is catalyzed in a quantity of 0.05 wt
percent of zinc acetate. With a yield of nearly 87%, TPA amide was developed®.

Areduced-pressure process was published wherein ammonia induces PET ammonolysis in an EG condition
that uses 0.05% w/w zinc acetate. The reaction was conducted at 70°C and a PET: Ammonia ratio of 1:6.
The TPD was observed in 87% of the reaction™.

A process was demonstrated at room temperature and decreased pressure process using zinc
acetate as a catalyst to obtain 1,4-benzene dicarboxamide. The PET pellets were mixed in ten times w/w
ammonia solution in closed mixture beakers at ambient conditions, with and without the existence of 1%
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Fig. 14: Ammonolysis for the production of DMT and EG

Table 5: Ammonolysis process: Reagents, temperature range and products outcome

Reagents Temperature (°C) Catalysts Products References

Ethylene glycol (EG) 70 Zinc acetate Polyamide Babaei et al.'"™*

Ammonia Room temperature/ Zinc acetate Nitriles, Sun et al.'®
atm pressure Terephthalonitrile (TPN)

Ammonia 500 y-AlLO; catalysts Terephthalonitrile (TPN) Pu et al.”*®

w/w zinc acetate. After hours. of processing, the crystallites tend to appear and the process is repeated
at 3,7, 15, 21, 25, 30 and 45 day cycles. The existence of a catalyst enhanced the degradation and PET
flakes were still not apparent even after 15 days of continuous stirring of the reaction medium. While these
PET flakes were only visible after 45 days of stirring lacking the catalyst. Consequently, to lessen solid PET
waste at normal temperature and pressure environment-friendly PET recycling was established. It also

saves time and energy'*"".

Terephthalonitrile (TPN) from PET by using catalytic quick pyrolysis with ammonia was developed. Over
1 g c-Al,0,;-2 wt% catalyst at 500°C under carrier gas (50% NH; and 50% N,) produced 58.1 and 52.3%
nitriles and TPN, accordingly. For converting PET waste into TPN, catalytic pyrolysis with ammonia proved
to be a capable development. This research revealed a new way to make N-containing chemicals from
polyester plastics'®. Table 5 provides a detailed overview of the ammonolysis process, including the
reagent used, temperature and pressure ranges and resulting products. Reagents, temperature, pressure,
range and products of the ammonolysis process were explained.

Advantages:

« Ammonolysis has a lot of potential for producing commercially valuable polyamides such as
poly p-phenylene TPD

«  Aminolysis can also be used to make epoxy resin hardeners, polyurethane binders, paints and a variety
of polyamides

Disadvantages:

+ The method should be scientifically improved to make it environmentally sustainable, either in terms
of supplying high-quality alternative fresh materials at a lower cost or reducing the energy and time
wasted on the production method

«  Ammonolysis is slower than aminolysis. As it normally requires the use of a catalyst to speed up the
process. Without a catalyst, this is impossible™>
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Quaternary recycling: The Quaternary recycling (energy recovery) is represented as a recovery of the
energy content of plastic®?®. When the collection, sorting and separation of plastic waste are not feasible
financially or the waste is poisonous and dangerous, the greatest waste management choice is
incineration. It is the recovery of chemical energy stored in plastic waste in the form of thermal energy®.
At present, the most productive approach to minimizing the amount of organic material is incineration
to recover energy. Polymers generate significant energy because health risks from airborne toxic
substances like dioxins (regarding chlorine-containing polymers) are not acceptable ecologically. While
polymer waste is a high-power source, destruction is not a favorable recycling choice for the environment
because harmful substances such as antimony and phthalate esters are released into the air. The reuse
of PET bottles, which absorb toxins that may be released into the drink or food, is harmful to health. As
PET bottles are refilled with alcoholic beverages, the macromolecular chains are digested, resulting in
unexpected outcomes. Reprocessing (recycling) of plastic products is the only solution left*.

Except for the above methods, direct reuse of PET may be known as “zero-order” recycling®. It is a general
practice in many countries, to refill and reuse PET bottles. On the other hand, PET bottles absorb chemicals
more easily in comparison to glass. These chemicals could be delivered back to food when a bottle is
refilled, so it must be done with great care. Furthermore, the filling up of PET bottles with high alcohol
amounts causes degradation of macromolecular chains with an unpredictable outcome. However, the
main use of PET worldwide is approximately 70% for fiber processing and from 70 only 4% of PET is
recycled employing chemical methods.

For sustainable production, from all the above methods only chemical recycling is a single recycling
technique that is appropriate. Chemical recycling results in the manufacture of monomers (raw material)
by which polymer is produced.

Advantages:

*  When the waste is dangerous and difficult to handle the best option is incinerating waste
« It recovers the chemical energy contained in the waste plastic®

Disadvantages:

« Itis not environment-friendly, as it reduces waste but releases toxins and greenhouse gases, which
are harmful to environment
« Polymers generate energy, but because of health, it is not acceptable ecologically®

CONCLUSION AND FUTURE OUTLOOK

The PET is widely used because of its low cost and lightweight. Creating solid waste and environmental
contamination, making it necessary to be reduced. Therefore, the current study is focused on primary,
secondary, quaternary and chemical recycling of PET. Chemical recycling is the most sustainable approach,
producing valuable materials like TPA, DM, BHET and EG, unlike primary and secondary recycling, which
yields low-quality materials and quaternary recycling, which faces challenges in complexity and recovery
efficiency. Still, further research is needed to produce more effective catalysts and make this approach
more efficient.

SIGNIFICANCE STATEMENT

This review article provides a thorough analysis of several PET (polyethylene terephthalate) recycling
techniques, highlighting both their potential for value-added material production and environmental
benefits. Developing new catalysts and optimizing processes are crucial to increasing the viability and
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“sustainability of chemical recycling. Through an analysis of contemporary techniques and advancements
in PET recycling, this paper seeks to identify practical approaches for lowering plastic waste and improving
the environment. This study is noteworthy because it addresses the global problem of plastic pollution
and looks at workable solutions for sustainable material management. Chemical recycling is a promising
strategy for recycling PET of higher quality; however, additional research is needed to address current
issues and provide the most substantial and practical recycling solutions.
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