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Abstract 
Polyethylene terephthalate (PET) is widely used in textiles, 

packaging, and consumer goods; however, its extensive 

consumption has led to significant environmental 

challenges due to post-consumer waste accumulation. 

This review explores recent advancements in PET 

recycling, focusing on chemical and enzymatic methods as 

sustainable alternatives to traditional mechanical 

recycling. Chemical recycling processes, including 

glycolysis, methanolysis, and hydrolysis, break PET into 

monomers, enabling the production of high-quality 

recycled materials. Enzymatic recycling, utilizing PET-

degrading enzymes, offers an eco-friendly approach with 

mild reaction conditions and high specificity. The review 

compares these methods in terms of efficiency, scalability, 

energy requirements, and life cycle assessments (LCAs), 

highlighting enzymatic recycling’s lower environmental 

impact. Additionally, economic feasibility and large-scale 

implementation challenges, including contamination and 

cost-effectiveness, are discussed. Despite technological 

advancements, further innovation and policy support are  

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

essential to optimize these recycling strategies, foster a 

circular economy, and mitigate PET-related environmental 

pollution. 

Keywords: waste polyethylene terephthalate, sustainable recycling 

techniques, high-quality products, reducing carbon dioxide (CO2) 

emission. 

 
1. Introduction 

Polyethylene terephthalate (PET) is a commonly recognized and 
essential material in industries such as containers, packaging 
materials, and textiles owing to its valuable properties of low cost, 
mechanical robustness, high stain resistance, and low permeability. 
According to Statista, the global PET production volume reached 
25.47 million metric tons in 2022 and is expected to grow at a 
compound annual growth rate of 4.1% by 2030, resulting in a total 
market volume of 35.70 million metric tons by 2030 (Statista 
Research Department, 2024, Uekert et al., 2019). Although PET's 
widespread use has driven industrial growth shown in Figure 1 and 
it has also resulted in a significant increase in post-consumer waste 
PET creates substantial environmental challenges. To address this, 
effective management of waste PET is vital for reducing pollution, 
conserving resources, and promoting sustainability, alongside the 
goals of a circular economy that focuses on material reuse and waste 
reduction. Additionally, traditional recycling methods, such as 
landfilling and incineration, are unsustainable, leading to resource 
depletion, pollution, and greenhouse gas emissions (Hajam et al., 
2023,  Salvador  et  al.,  2019).   Consequently,   an   urgent  need  for  
  
 
 
 
 
 
 
 
 
 

Significance | Innovative PET recycling methods enhance 

sustainability by reducing waste, conserving resources, and promoting 
circular economy goals through mechanical, chemical, and bio-recycling 
advancements. 
 
 

*Correspondence.  Shaharia Ahmed, College of Intelligent Textile 
and Fabric Electronics, Zhongyuan University of 
Technology, Zhengzhou 451191, China 
Email: engr.shaharia@gmail.com 
Telephone: +8618697324575 
 

 
 
 
 
Editor Mohammad Asraful Alam, Ph.D., And accepted by the Editorial 
Board March 13, 2025 (received for review January 01, 2025) 
 

Author Affiliation.  
1 College of Intelligent Textile and Fabric Electronics, Zhongyuan University of 
Technology, Zhengzhou-451191, China. 
2 Research Institute of Textiles and Clothing Industries, Zhongyuan University of 
Technology, Zhengzhou-451191, China. 
 
Please Cite This: 
Ahmed, S., Shan, D., Zhou, W. (2025). "Advances in Recycling and Resource Recovery of 
Post-Consumer Polyethylene Terephthalate (PET) Waste for Sustainable Waste Management 
and Circular Economy", Energy Environment & Economy, 3(1),1-18,10048 
 
 

  
 

© 2025 ENERGY ENVIRONMENT & ECONOMY a publication of Eman Research, USA. 
This is an open access article under the CC BY-NC-ND license. 

(http.//creativecommons.org/licenses/by-nc-nd/4.0/). 
(https./publishing.emanresearch.org). 

 



 ENERGY ENVIRONMENT & ECONOMY                                                                  REVIEW 
 

https://doi.org/10.25163/energy.3110048                                                                 1–18 | ENERGY ENVIRONMENT & ECONOMY| Published online March 13, 2025 
 

innovative recycling methods to process post-consumer waste PET 
efficiently, recover resources, and reduce environmental damage is 
now a drastic topic. 

Several waste PET recycling techniques have been developed 
in recent years to capitalize on waste resources. Ongoing research 
focuses on improving these traditional methods efficiency and 
sustainability. Mechanical recycling is the most widely used method 
due to its cost-effectiveness for reprocessing post-consumer waste 
PET into secondary high-value products. This recycling technique 
is a well-established method that involves collecting, sorting, and 
processing waste PET to produce recycled products such as fibers, 
films, and packaging materials (Geyer et al., 2017). However, cost-
effective mechanical recycling faces challenges due to the 
degradation of polymer chains during processing, which reduces 
the quality of the recycled material purity. Though innovations in 
sorting technologies such as near-infrared spectroscopy and AI-
driven systems as well as in extrusion processes are accelerated to 
enhance the purity and mechanical properties of recycled PET 
assembly it is suitable for a wide range of applications. Unlike 
mechanical recycling, chemical recycling breaks waste PET down 
into its monomeric components such as terephthalic acid (TPA) 
and ethylene glycol (EG) which can then be reused to produce high-
quality PET or other products. In this process for the recovery of 
high-purity, which can be re-polymerized in contrast to virgin-
quality PET polymers. These monomers can be either reused in 
further depolymerization reactions or transformed into other 
valuable products (Zhou et al., 2021). Chemical PET recycling is 
categorized including methanolysis (Genta et al., 2005), glycolysis 
(Laldinpuii et al., 2021), hydrolysis (Kang et al., 2020), ammonolysis 
(L. N. Zhang et al., 2014), aminolysis (Shukla & Harad, 2006), and 
acetolysis (Peng et al., 2023), to obtain high pure monomers of 
recycled products. However, chemical recycling is energy-intensive, 
requires complex reaction conditions, and demands sophisticated 
infrastructures. It is imperative to improve depolymerization 
efficiency, reduce energy consumption, and enhance the purity of 
recovered monomers. For chemical recycling to become 
economically viable at a large scale, further technological 
advancements and cost reductions are necessary. 

Bio-recycling emerges as a promising alternative to 
conventional PET recycling by utilizing microorganisms or 
enzymes to decompose polyethylene terephthalate into its 
monomers or high-value byproducts (Hiraga et al., 2019). This 
process operates under milder conditions, requiring less energy and 
generating very few toxic byproducts compared to traditional 
chemical recycling methods (Muringayil Joseph et al., 2024). For 
example, Sevilla et al (2023) have made promising developments, in 
Ideonella sakaiensis, a bacterium capable of PET degradation, which 
has spurred interest in bio-recycling (Sevilla et al., 2023). However, 
challenges remain, including low degradation rates, limited enzyme 

specificity, and the scalability of microbial and enzymatic processes. 
These factors present considerable obstacles to the large-scale 
adoption of bio-recycling. Current research efforts are focused on 
addressing these limitations by optimizing the designs of efficient 
bioreactors and improving enzyme efficiency. To gain a deeper 
understanding of microbial degradation mechanisms, enzyme 
kinetics is essential for advancing bio-recycling and ensuring it can 
effectively complement traditional recycling techniques. 

To convert energy from waste PET such as incineration, 
pyrolysis and gasification, pay attention to the significant potential 
for waste PET management. In these processes, PET converts into 
fuels, gases, and other high-energy byproducts, considering 
efficient energy recovery while reducing waste as well as resources. 
However, the efficiency and scalability of these methods are 
hindered by consuming high energy challenges in controlling 
emissions, and the composition of byproducts from mixed waste 
streams. Further development is needed to optimize these processes 
for large-scale, sustainable energy recovery. Explored PET recycling 
faces challenges, particularly in developing hybrid systems that 
combine mechanical, chemical, and bio-recycle methods to 
enhance efficiency. Challenges also involve scaling these methods 
and confirming their economic viability for large-scale use, as 
laboratory results require optimization for industrial application. 

This review provides a comprehensive study of waste PET 
recycling focusing on mechanical, chemical, and bio-recycling 
techniques and evolving as well as energy recovery technologies. 
With the growing global demand for PET and the increasing 
accumulation of waste PET, there is a pressing need for more 
sustainable recycling approaches. Although, current developments 
in PET recycling technologies show promise, addressing vital 
challenges, such as integrating hybrid systems, improving 
scalability, reducing costs, and evaluating environmental impacts, 
is essential for making PET recycling more efficient and feasible for 
profits. Consequently, overcoming these impediments will assist in 
reducing dependence on virgin plastic materials, help resource 
utilization, and contribute to a more sustainable, circular approach 
to converting waste to trash. 
2. PET production and applications 
2.1 Physical structure of PET 

PET possesses excellent optical characteristics, and 
amorphous PET exhibits high optical transparency (Cecchini et al., 
2008). PET bottles are widely used for their strength, transparency, 
non-toxic nature, resistance to penetration, lightweight properties, 
and high production efficiency (Dhaka et al., 2022). Additionally, 
the molecular chain structures of polybutylene terephthalate (PBT) 
and polyethylene terephthalate (PET) are analogous, with most 
attributes being comparable. The primary chain of PBT consists of 
four methylene groups instead of two, resulting in increased 
flexibility and enhanced processing performance (Ślusarczyk et al., 
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2020). Moreover, PET is a translucent white or pale yellow highly 
crystalline polymer characterized by a smooth and lustrous surface 
(Demirel et al., 2011). It possesses excellent creep resistance, fatigue 
resistance, friction resistance, little wear, and high hardness, 
exhibiting the highest toughness among thermoplastics that also 
demonstrates commendable electrical insulating capabilities and is 
slightly influenced by temperature (Olam, 2023). PET exhibits a 
high glass transition temperature (Tg), a slow crystallization rate, a 
prolonged molding cycle, significant shrinkage, poor dimensional 
stability, a brittle crystallized structure, and limited thermal 
resistance (Pollock & Kratz, 1980). With the use of nucleating 
agents, crystallizing agents, and glass fiber reinforcement, PET 
outperforms PBT by providing superior heat distortion resistance 
and the highest long-term usage temperature among engineering 
thermoplastics. 
 The superior heat resistance of reinforced PET inhibits 
deformation or discoloration, even when submerged in a solder 
bath at 250 °C for 10 seconds, rendering it suitable for soldered 
electronic and electrical components (Worku & Wubieneh, 2021). 
 With a bending strength of 200 MPa and an elastic 
modulus of 4000 MPa, reinforced PET exhibits outstanding creep 
and fatigue resistance. Its high surface hardness and mechanical 
properties are closely comparable to those of thermosetting plastics 
(Worku & Wubieneh, 2021). 
 Ethylene glycol, a key raw material in PET production, is 
nearly half the cost of butylene glycol used for PBT, making PET 
and reinforced PET the most cost-effective engineering plastics 
with a superior cost-performance ratio. 
 Bonding PET resin is accomplished using SILI-1706, a 
one-component room-temperature vulcanizate (Lee et al., 2024). 
Curing creates an elastomer with excellent waterproofing, shock 
resistance, and temperature tolerance, designed to bond 
engineering plastics through the resin's molecular structure. 
2.2 PET production 

Production of PET is increasing daily due to its wide range of 
applications, cost-effectiveness, and superior properties. Currently, 
global PET production is about 61 million tons annually, with the 
majority used in synthetic fibers. The demand for PET in the 
bottling and packaging industries is rising significantly, accounting 
for approximately 30% of total PET production. The production of 
PET bottles is expected to continue to grow, there will be an 
estimated sale of 650 billion bottles (Muringayil Joseph et al., 2024). 
PET bottles have become the second-largest category of plastic 
packaging. However, despite the significant growth in their use, 
many disposable PET bottles are discarded as waste, contributing to 
serious environmental pollution, especially in marine ecosystems. 
An earlier study indicates that over 8 million tons of plastic enter 
the oceans each year, exacerbating the global plastic debris problem. 
Tackling this issue requires a comprehensive approach that 

includes improving recycling systems, implementing a circular 
economy to close the production loop, and addressing the plastic 
pollution currently impacting marine environments. 
2.3 PET applications 

Due to high tensile strength and dimensional stability of PET, 
make it an ideal packaging material, ensuring durability during 
transportation and storage (Sarda et al., 2022). The chemical 
resistance of PET limits its effectiveness as a packaging material for 
products that require protection against corrosive substances. 
However, PET fibers are commonly used in the production of 
clothing, carpets, and various textiles. They can also be combined 
with other fibers to create materials with customized properties 
(Muringayil Joseph et al., 2024). In the electronics industry, PET 
manufactures insulating films, printed circuit boards, and various 
components. The construction sector uses PET to produce 
insulation materials, roofing membranes, and sound barriers. 
Additionally, the automotive industry utilizes PET in various 
applications, including interior components, seat fabrics, 
headliners, and exterior parts such as grilles and bumpers (W. 
Zhang & Xu, 2022). Furthermore, its chemical resistance and 
transparency make it highly applicable in the medical field, where 
visibility and protection against corrosion are essential. With 
ongoing advancements in technology and applications, the demand 
for PET is expected to increase shortly, as documented in Table 1. 
 
3. Waste PET recycling 

Polyethylene terephthalate (PET) overuse has increased 
dramatically owing to its unique properties, such as flexibility, 
durability, and affordability for various applications, such as textile 
industries, agriculture business, transportation engineering, and 
packaging, in both urban and rural areas, which has led to waste 
volume and contamination (Choudhury et al., 2022; Sulyman et al., 
2016; Usman & Kunlin, 2024). However, recycling PET has an 
opportunity to create a new product that can assist in balancing 
waste disposal and making it a more cost-effective approach. 
Although there are strategies in place to manage waste disposal, 
such as recycling (mechanical, chemical, and bio-recycling 
processes), incineration, and landfilling, as shown in Figure 2 each 
has advantages and disadvantages. Therefore, finding a reliable and 
high-value product approach for the reclamation of PET waste into 
a valuable product is a demanding need. 
3.1 Mechanical recycling 
Mechanical recycling of PET is an effective and widely used method 
for reducing PET waste without altering its chemical structure. 
However, improving sorting technologies, contamination control, 
and polymer quality retention is essential for enhancing its 
efficiency and sustainability. Besides, repeated recycling degrades 
PET's molecular structure, diminishing its mechanical properties  
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Table 1. Trends and developments in PET applications (2013-2023) 
Applications Typical-Uses Progress Ref. 

Packaging Bottles, food containers, films The usage of recycled PET (rPET) in packaging, lightweight PET 
bottles, and biodegradable PET compositions is growing. 

(Telli & Özdil, 2015) 

Textile Fabric, carpets, clothing Development of sustainable fabrics from recycled PET, smart 
textiles using rPET fibers, and high-performance rPET fabrics. 

(Sarıoğlu, 2019; Telli & 
Özdil, 2015) 

Automobiles Interior panels, seat covers, 
insulations 

PET-based composites for lightweight, increased use of rPET in 
vehicle parts. 

(Saricam & Okur, 
2018) 

Electronic and 
electrical 

Cables, insulations, connectors 
& housing 

Advances in high-durability rPET coatings for electronics, rPET-
based 3D printing filaments. 

(Perera et al., 2023) 

Medical Medical device, drug delivery PET for biodegradable medical implants development of rPET in 
wound healing and drug delivery systems. 

(Trucillo, 2024) 

Construction Insulation materials, 
membranes, films 

Enhanced PET for building insulation; use of rPET in roofing and 
flooring. 

(Ingrao et al., 2014) 

Renewable Energy Solar panel back sheet wind 
turbine blades 

Better rPET composites for renewable energy and energy-efficient 
products. 

(Trzepieciński et al., 
2023) 

Food and beverage Bottles, trays, cups and food 
packaging 

Shift towards fully recyclable PET bottles and compostable PET 
food packaging. 

(Ghasemlou et al., 
2024) 

Agriculture Mulch films, greenhouse 
covers, nets 

Development of biodegradable rPET for agricultural uses, and PET 
films for crop protection. 

(Kasirajan & Ngouajio, 
2012) 

Consumer goods Sports equipment, toys, home 
goods 

PET in sustainable consumer goods; use of bio-based rPET for eco-
friendly products. 

(Scherer et al., 2017) 
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Figure 1. Global PET production (Statista Research Department, 2024, Uekert et al., 2019). 
 

 
 

Figure 2. Schematic diagram of the waste PET for recycling 
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like tensile strength and flexibility. The contest of chain 
extenders, enhances the molecular integrity of recycled PET, 
allowing its use in high-quality applications, such as food-grade 
products, as demonstrated by pure cycle technologies (Kassab et al., 
2023). However, material degradation is a major challenge for 
sustainable, long-term recycling, whereas contamination poses a 
significant challenge in mechanical recycling. Herein, non-PET 
plastics and contaminants decrease the purity of recycled PET, 
leading to reduced yields and increased processing costs. Therefore, 
automated sorting systems illustrated in Figure 3 like optical sorters 
and NIR sensors have advanced, thus far high-quality separation 
continues to be a challenge (Ragaert et al., 2017). As technological 
advancements have enhanced recycling efficiency, however, 
infrastructure to handle increasing waste volumes remains 
insufficient. Facilities like those developed by Carbon Lite 
Industries are crucial for addressing global recycling needs and 
enhancing waste management. Innovations in filtration and 
cleaning methods have broadened the applications of recycled PET, 
including in food-contact products. For instance, Nestlé and Coca-
Cola have integrated recycled PET into their packaging, showing 
that high-quality recycled PET meets the standards for industry 
requirements. This progress supports the objectives of a circular 
economy by reducing environmental influence through the reuse of 
PET. 

Life cycle assessments (LCAs) show that recycling PET 
consumes 60-80% less energy compared to producing virgin PET, 
leading to a substantial decrease in carbon emissions. With the 
increasing focus on global sustainability goals, recycled PET is 
essential for reducing the environmental impact of plastic 
production (Jeswani et al., 2021). Technological advancements will 
shape the future of mechanical recycling, focusing on 
enhancements in chain-extending technologies, sorting efficiency, 
and consumer participation (Tumu et al., 2023). However, the 
development of mechanical recycling technologies offers a path 
toward sustainability, aiming to reduce plastic waste and achieve 
global sustainability targets. 

 
3.2 Chemical recycling process 
Chemical recycling of waste polyethylene terephthalate (PET) 
bottles is a sophisticated process that breaks down the polymer 
chains of PET plastic into its chemical building blocks. These 
building blocks can then be reused to produce new PET products. 
This method serves as an alternative to traditional recycling, which 
usually involves melting and remolding the plastic. Such processes 
may limit the quality and potential applications of recycled PET. 
Currently, several main methods exist for the chemical recycling of 
waste PET. 
3.2.1 Hydrolysis 

Hydrolysis is a relatively early depolymerization method, 
which refers to the depolymerization of PET into terephthalic acid 
(TPA) and ethylene glycol (EG) in different acid-base media. The 
technique can be divided into three categories according to the 
difference of pH, namely neutral hydrolysis method, acid hydrolysis 
method, and alkaline hydrolysis method (Yang et al., 2021). 
Acid hydrolysis 
The acid depolymerization of polyester usually uses sulfuric acid as 
a catalyst to obtain monomer. The downside of this method is that 
the reaction consumes too much sulfuric acid, causing great 
damage to the environment, and the produced ethylene glycol is 
difficult to recycle (Al-Sabagh et al., 2016). Acidic hydrolysis 
consumes a lot of sulfuric acid, and it is easy to corrode the 
equipment, which has certain limitations. 
Alkaline hydrolysis 
The alkaline hydrolysis of PET is usually conducted in an aqueous 
NaOH solution at temperatures ranging from 200°C to 250°C. The 
NaOH concentration typically varies between 5% and 20%, and the 
pressure during the reaction is maintained at levels between 1.4 
MPa and 2.0 MPa. The reaction generally keeps on for about 4 
hours (Cao et al., 2022). However, this method is relatively slow, 
and the purity of the resulting product, terephthalic acid (TPA), is 
often near to the ground. 
Neutral hydrolysis 

Neutral hydrolysis is a depolymerization process in which 
polyethylene terephthalate is treated with water under neutral 
conditions, typically at elevated temperatures or in the presence of 
specific catalysts. The hydrolysis of PET under acid or base-
catalyzed conditions is generally conducted within a temperature 
range of 245°C to 300°C, with the reaction pressure typically 
maintained between 1 MPa and 4 MPa to ensure efficient 
depolymerization (Abedsoltan, 2023). In neutral hydrolysis, the 
reaction temperature is generally increased to make the PET react 
in a heated state, so the neutral hydrolysis method requires a higher 
temperature for hydrolyzing PET. Since the solvent used in the 
neutral hydrolysis method is neutral water, it will not corrode the 
reactor, which is beneficial to protect the reaction vessel (Acar et al., 
2012; Siddiqui et al., 2012). Neutral water hydrolysis of PET 
requires higher pressure and temperature, which increases the 
demands on reactor materials. 
3.2.2 Alcoholysis 

Alcoholysis is a recycling method that converts waste PET into 
dimethyl terephthalate (DMT). In this process, ethylene glycol (EG) 
is used at a weight ratio of 0.5 to 20 times that of the waste PET. The 
mixture is alcoholized at a temperature of 175°C to 190°C. The 
resulting product undergoes distillation and concentration, 
achieving a weight ratio of 0.5 to 2. Following this, the concentrated 
alcoholysis product is trans-esterified with methanol to produce 
DMT, which is then purified through rectification to yield pure 
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DMT (Huayu Fang, 2021). The approach utilizes a solid-liquid 
heterogeneous reaction that takes a long time to complete, but the 
energy and equipment needed for the alcoholysis process are 
increased due to the enormous amount of EG required. 
Methanol alcoholysis 
Methanol alcoholysis is a process in which polyethylene 
terephthalate undergoes degradation in a methanol solution to 
produce ethylene glycol (EG) and dimethyl terephthalate (DMT). 
The DMT generated can be further converted into terephthalic acid 
or directly used as a raw material for PET polymerization (Sanghavi 
et al., 2024). Although the degradation reaction is relatively simple, 
the reaction rate is typically slow. To enhance the alcoholysis rate, 
transesterification catalysts, such as zinc acetate or hydroxide, are 
commonly added. While the alcoholysis process itself is 
straightforward, the purification of the products is more complex 
and requires additional separation techniques to isolate and purify 
the components. 
Ethylene glycol alcoholysis 
The ethylene glycol (EG) alcoholysis technique is a combination of 
PET with liquid EG and catalyst according to a certain ratio and 
controls the temperature within a certain range to carry out the 
catalytic alcoholysis reaction of PET. The main component of the 
alcoholysis product is the monomer ethylene terephthalate. 
Compared with the monohydric alcohol depolymerization PET, the 
ethylene glycol depolymerization PET generally can be 
depolymerized under the reaction conditions that the reaction 
pressure is not too high. Therefore, the ethylene glycol alcoholysis 
method has many advantages such as high safety and large-scale 
production (Bohre et al., 2023). 
3.2.3 Aminolysis 

Aminolysis of PET waste is an effective depolymerization 
method for producing diamides of terephthalic acid (TPA) and 
ethylene glycol (EG). This process involves treating PET with 
aqueous solutions of primary amines, such as methylamine, 
ethylamine, and ethanolamine, within a temperature range of 
25°C to 100°C. Significant components, including glacial acetic 
acid, sodium acetate, and potassium sulfate, aid in the reaction 
(Sinha et al., 2010). Catalysts play a crucial role in enhancing 
reaction efficiency and facilitating the formation of bis (2-hydroxy 
ethylene) terephthalamide (BHETA) and other TPA-EG 
diamides. The interaction between amines and PET under 
controlled conditions ensures optimal yield and purity of BHETA, 
demonstrating the importance of catalyst selection (Shukla & 
Harad, 2006). 
3.2.4 Ammonolysis 

Ammonolysis is a crucial method for recycling PET waste, 
wherein ammonia reacts with PET to produce 
terephthaldiamide, an important intermediate used in the 
synthesis of chemicals such as terephthalonitrile. This process is 

conducted under high pressure (approximately 2 MPa) and at 
temperatures ranging from 120°C to 180°C, with reaction 
durations varying between 1 to 7 hours (Ghosal & Nayak, 2022). 
During ammonolysis, PET waste is exposed to ammonia under 
controlled conditions, yielding terephthaldiamide as the primary 
product. The resulting amide is then filtered to remove residual 
solids, followed by purification through washing with distilled 
water to eliminate impurities. To enhance product purity and 
stability, the terephthaldiamide is dried at 80°C, ensuring the 
removal of residual moisture. This method achieves a remarkably 
high purity level of at least 99%, highlighting ammonolysis as an 
efficient and effective PET recycling technique (“Recycling of 
Polyethylene Terephthalate Bottles,” 2019). 
3.2.5 Acetolysis 

Acetolysis is a crucial process in PET recycling, enabling the 
breakdown of PET into its constituent monomers, ethylene glycol, 
and terephthalic acid, for the production of new materials. Acetic 
acid serves as both a solvent and catalyst in this process, facilitating 
the depolymerization of PET. The chemical mechanism of 
acetolysis involves several steps, starting with acetic acid acting as a 
nucleophile, targeting the carbonyl carbon of ester bonds in PET 
polymer chains (Peng et al., 2023). This results in the formation of 
an acetyl intermediate, which is hydrolyzed to yield ethylene glycol 
and terephthalic acid. Researchers use kinetic investigations and 
computational modeling to understand the specific reaction 
pathways, kinetics, and energetics involved in PET 
depolymerization. Acetolysis has broader implications in synthetic 
chemistry, as demonstrated in the study (Asressu & Wang, 2019), 
which shows its versatility in synthesizing sialic acid-containing 
glycans. Therefore, comprehending the chemical process of 
acetolysis is crucial to creating effective recycling strategies and 
reducing the environmental impact of PET waste. 
3.2.6 Glycolysis 

Glycolysis is an effective prominent chemical recycling 
method for waste PET, involving depolymerization through 
transesterification with glycols, such as ethylene glycol, under 
controlled conditions to produce valuable intermediates like bis (2-
hydroxyethyl) terephthalate (BHET) (Wang et al., 2009). This 
process offers significant potential due to its ability to generate 
high-purity products, support diverse industrial applications, and 
promote a circular economy by reducing reliance on virgin PET 
production. However, it faces challenges such as dependence on 
efficient and cost-effective catalysts, high energy requirements, 
contamination from waste impurities, and the economic 
competitiveness with virgin PET production. Additionally, 
repeated recycling may lead to quality degradation of recovered 
materials. Due to the energy-intensive nature of glycolysis, 
optimizing reaction parameters is necessary for catalysts, which 
include organic compounds, heavy metal salts, and oxides, and 



 ENERGY ENVIRONMENT & ECONOMY                                                                  REVIEW 
 

https://doi.org/10.25163/energy.3110048                                                                 1–18 | ENERGY ENVIRONMENT & ECONOMY| Published online March 13, 2025 
 

enhancing efficiency and sustainability (Muszyński et al., 2023). 
Interestingly, microwave-assisted glycolysis has progressed notably, 
yielding accelerated reaction rates and reduced reaction times. 
Microwaves facilitate rapid and uniform heating through ion and 
dipole rotation, thereby improving energy efficiency and enhancing 
the degradation of PET (Qu et al., 2020). Microwave-assisted 
glycolysis offers better product yields and faster processing than 
traditional methods (Achilias et al., 2010). To further comprehend 
the reaction pathways involved in microwave-assisted glycolysis 
and to optimize catalysts, ongoing research is essential. This 
method has the potential to create a circular economy with efficient 
and environmentally friendly ways to recycle PET. Figure 4 
illustrates schematic chemolytic methods for recycling waste PET, 
along with the resulting byproducts, aimed at optimization. 
3.3 Bio-recycling 

Bio-recycling of waste polyethylene terephthalate is an 
emerging alternative to traditional chemical recycling processes. It 
involves the use of biological systems, such as enzymes or 
microorganisms, to break down PET into its constituent 
monomers, primarily terephthalic acid and ethylene glycol. This 
method offers a potentially more sustainable and eco-friendly 
approach to PET recycling, as it can operate under milder 
conditions compared to chemical processes, reducing energy 
consumption and the need for harsh chemicals. Enzymatic 
hydrolysis is the most commonly explored bio-recycling method, 
where enzymes such as PET hydrolases catalyze the breakdown of 
PET polymer chains into its monomers. These enzymes have shown 
high selectivity and efficiency in depolymerizing PET, even at low 
temperatures, which contributes to the environmental advantages 
of bio-recycling. The key benefits of bio-recycling include the 
potential for closed-loop recycling, the ability to process complex 
or contaminated PET waste, and a lower environmental footprint 
due to reduced energy usage. Additionally, this method could 
significantly reduce plastic pollution by enabling the recycling of 
PET products that are difficult to process through traditional 
methods (Zhao et al., 2023). 

However, the bio-recycling process is still in the 
developmental stage and faces challenges related to the scalability 
of enzyme production, the efficiency of the depolymerization 
process, and the economic feasibility of large-scale implementation. 
Aside from these advantages, bio-rPET encounters obstacles in the 
conversion of monomers and in sustaining material effectiveness 
across a range of applications. Ethylene glycol an essential 
component of PET, has garnered significant attention in research 
aimed at identifying bio-based alternatives as shown in Figure5, 
yielding encouraging outcomes. Furthermore, tartaric acid (TA), 
obtained from the fermentation of fruits and grapes, has been 
examined as a viable and economical monomer source for bio-
based rPET copolyesters (Cui et al., 2023). For instance, Japu et al. 

(2014) investigated copolyesters that integrate 2,3-O-methylene-L-
threitol and dimethyl 2,3-O-methylene-L-tartrate, which are 
derived from TA, revealing thermal stability and glass transition 
temperatures (Tg) that are on par with those of conventional PET. 
Nonetheless, the incorporation of furan units within the polymer 
framework may lead to a reduction in Tg and crystallization rates, 
thereby presenting difficulties in preserving the material's 
properties. Confronting these limitations is essential for the 
progression of bio-PET as a credible and sustainable alternative 
across various applications. 

Despite these advancements, challenges persist in optimizing 
the bio-based production of PET. The advancement of bio-based 
monomers, including bio-recycled EG and FDCA, remains in its 
nascent phase, characterized by the production of numerous 
materials primarily at limited scales. The efficiency of bio-based 
PET regarding cost, performance, and environmental impact 
requires a thorough assessment. Ensuring the scalability of these 
processes, maintaining high product quality, and addressing the 
limitations of current production techniques are critical challenges 
for the widespread adoption of bio-recycled PET. 
3.4 Energy recovery process 

The energy recovery process via PET recycling is an important 
component of the circular economy and sustainable waste 
management practices. It focuses on extracting useful energy from 
PET materials that are no longer suitable for direct reuse or 
recycling into new products. Waste PET can be effectively 
transformed into energy through various thermal methods, such as 
incineration, pyrolysis, and gasification. 
3.4.1 Incineration 
Incineration technologies differ in energy recovery and flue gas 
treatment, with prevalent methods including moving grate, 
stationary grate, rotary kiln, and fluidized bed incineration. Each 
method functions via a distinct mechanism for waste incineration 
and energy recovery. Although incineration significantly 
diminishes waste volume, it poses considerable environmental 
issues, especially concerning detrimental emissions and the 
likelihood of heightened dependence on landfills, as illustrated in 
Figure 6. Conversely, sophisticated thermal treatment methods like 
pyrolysis and gasification provide enhanced efficiency in waste-to-
energy conversion, while complying with rigorous emission 
standards. These processes transpire in hypoxic conditions, 
generally at temperatures between 200°C and 1100°C (Pahnila et al., 
2023), leading to the degradation of waste materials. As compared 
to pyrolysis and gasification, it offers sustainable energy recovery 
methods by converting waste into valuable fuels, gases, and 
chemicals. 
3.4.2 Pyrolysis 

Pyrolysis serves as an efficient and sustainable approach for the 
management of waste PET transforming it into valuable products 
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Figure 3. Steps involved in mechanical waste recycling (Adelodun, 2021). 

 

 
Figure 4. Schematic illustration of chemolytic waste PET and generated byproducts recycling. 
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including gaseous hydrocarbons, liquid oils, and solid char. The 
process entails the thermal degradation of PET in an anoxic 
environment at temperatures ranging from 300 to 700°C, resulting 
in the fragmentation of the polymer into smaller molecular units 
(Xayachak et al., 2022). Gaseous products function as fuels, liquid 
oils act as alternatives to fossil fuels or chemical feedstocks, and 
solid char is utilized in activated carbon production or as a fuel 
source (Vamvuka, 2011). Pyrolysis offers advantages over 
traditional recycling by effectively processing contaminated PET, 
minimizing landfill waste, and facilitating the recovery of energy 
and chemicals. Challenges including elevated energy requirements, 
intricate reactor design, and the possibility of harmful emissions 
must be addressed. Advancements in catalytic pyrolysis, renewable 
energy integration, and process scaling present potential solutions 
to existing limitations, positioning pyrolysis as a viable technology 
for sustainable PET waste management and enhancing the circular 
economy. 
3.4.3 Gasification 

Gasification is a thermal process that transforms waste into 
valuable goods, chiefly synthetic fuels, by generating syngas a 
combination of hydrogen and carbon monoxide for energy 
production or chemical synthesis (Santos et al., 2022). In 
comparison to conventional incineration, gasification is more 
efficient and environmentally sustainable, diminishing hazardous 
pollutants and greenhouse gases. Likewise, pyrolysis, functioning 
under low-oxygen conditions, provides a cleaner option by 
producing carbon-rich byproducts beneficial for pollution removal 
and gas purification. Pyrolysis and gasification both recover energy 
and provide valuable byproducts, in contrast to incineration, which 
frequently leads to detrimental emissions and more dependence on 
landfills. These sophisticated thermal processes yield enhanced 
energy recovery and reduced environmental impact, establishing 
them as sustainable alternatives for waste-to-energy systems. 
Further study is necessary to optimize reaction parameters and 
exhaust gas control for wider application in waste management. 

 
4 Greener routes for PET recycling 

Polyethylene terephthalate is one of the most widely used 
plastics globally, especially in textiles and packaging. However, the 
environmental challenges posed by PET waste have prompted 
significant research into more sustainable and energy-efficient 
recycling methods. While conventional mechanical recycling has 
been the standard approach, its limitations in handling 
contaminated or mixed PET and achieving high-quality recycled 
products have spurred interest in alternative, greener routes for 
PET recycling. This paper aims to explore these greener 
alternatives, highlighting recent progress in chemical, enzymatic, 
and bio-based recycling techniques. 
4.1. Chemical recycling: solvent-based approach  

Chemical recycling has emerged as a promising route for PET 
recycling due to its ability to break down PET into its constituent 
monomers, facilitating the production of high-quality recycled 
PET. Solvent-based recycling, where PET is dissolved in solvents 
such as dimethyl sulfoxide (DMSO) or N-methyl pyrrolidone 
(NMP), allows for the separation of PET from other materials and 
the recovery of monomers, such as terephthalic acid and ethylene 
glycol (Babaei et al., 2024). For example, Zhu et al. (2020) produced 
bio-based PET from plant sugars, which can replace conventional 
PET in textiles and packaging, thereby reducing the carbon 
footprint. 

Nanofibers produced from recycled PET have attracted a lot of 
attention because of their remarkable mechanical and antibacterial 
capabilities, as well as their small size and high surface area-to-
volume ratio. Their unique properties render them highly suitable 
for a range of uses, such as medication administration, tissue 
engineering, chemical sensing, and filtration. Because it is more 
energy-efficient and allows for exact control over fiber sizes, 
electrospinning is the main method for generating rPET nanofibers. 
This method works for procedures that require or do not require 
needles since it can fabricate fibers on a scale from the nanoscale to 
the microscale. For efficient oil-water separation, it is necessary to 
enhance rPET membranes with polydimethylsiloxane (PDMS) 
such that they confer super oleophilic and under-oil 
superhydrophobic characteristics (Grumezescu et al., 2019). When 
dealing with oil-water combinations in filtering settings, prewetted 
PDMS-coated rPET membranes show remarkable separation 
effectiveness as revealed in Figure 7. In particular, these 
developments in advanced separation and filtering technologies 
demonstrate the promise of rPET/PDMS membranes for long-term 
use in sustainable industrial applications. 

 
4.2. Enzymatic recycling: A bio-inspired approach 

Enzymatic recycling is gaining traction as a promising greener 
alternative to traditional chemical methods. The process uses 
specific enzymes, such as cutinases and lipases, to break down PET 
polymers into monomers under mild, environmentally friendly 
conditions (Carniel et al., 2021) For example, López-Merino et al. 
(2022) demonstrated that enzymes can simultaneously 
depolymerize mixed PET and polylactic acid (PLA) plastics, thus 
eliminating the need for sorting. The purified monomers were then 
utilized to produce new polyester materials. 

One of the most significant developments in enzymatic PET 
recycling is the optimization of bioreactor systems, which are 
designed to facilitate the large-scale application of enzymatic 
processes. Recycling waste PET exploitation bio-based processes is 
an eco-friendly way to cut down on emissions of greenhouse gases 
and make plastic waste recycling more economical. The breakdown 
of PET into its components terephthalic acid and ethylene glycol 
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can be achieved through the reuse of microbes, enzymes, or 
biocatalysts. These two byproducts can then be re-polymerized into 
even better PET. With bio-recycling, compared to traditional 
mechanical and chemical recycling methods, energy consumption 
and carbon emissions are significantly reduced. The ability to 
selectively degrade PET while recovering pure monomers is crucial 
for environmental minimization and aligning with concepts of the 
circular economy. However, issues such as slow degradation rates, 
insufficient scalability, and the need for better biocatalysts persist. 
Recent advances in bioreactor design have improved the conditions 
needed for the microbial degradation of PET. For example, Saito et 
al. (2021) demonstrated that using continuous flow bioreactors 
significantly enhances the efficiency of enzymatic degradation of 
PET by maintaining optimal conditions for both enzyme activity 
and microorganism growth. This design also facilitates the 
scalability of bio-recycling in industrial applications. The 
integration of bio-recycling with conventional PET recycling 
markedly decreases greenhouse gas (GHG) emissions by reducing 
energy-intensive processes and employing enzymatic or microbial 
methods for the breakdown of PET. This method reduces reliance 
on fossil fuels, minimizes energy usage, and utilizes current 
infrastructure, thereby lessening environmental impact (Qin et al., 
2021). Bio-recycling reduces the necessity for resource-intensive 
chemical treatments, thereby facilitating carbon-negative 
innovations, including integrating renewable energy and 
optimizing biocatalysts. The advancements create a sustainable, 
low-emission approach to PET waste management, aiding global 
initiatives to address climate change and promote a circular 
economy. 
4.3. Bio-based recycling: upcycling and biodegradable additives 

There has been a lot of success with bio-PET recycling 
methods recently, especially with biodegradable additives that 
accelerate the material's breakdown. A rapidly expanding field of 
study is investigating the feasibility of adding these additives to PET 
during manufacturing to speed up its natural degradation into 
monomers and oligomers. For instance, Foster et al. (2019) 
performed bio-based upcycled into advanced materials like 
biodegradable polyesters or high-performance fibers. While 
preserving PET's mechanical properties during its first use, we aim 
to lessen its environmental persistence. Biodegradable additives 
improve the environmental impact of recycled materials by 
promoting biodegradation. Such as, Nagy et al. (2021) investigated 
the use of starch-based additives in PET to accelerate the 
biodegradation process. Additionally, Shah et al. (2019) found that 
bio-based additives like polybutylene succinate (PBS) enhance the 
biodegradability of recycled polymers by modifying their chemical 
structure. This modification makes the polymers more susceptible 
to microbial degradation without compromising their performance 
(Y. He et al., 2024). Also, a new sustainable solution that shows 

promise is upcycling PET waste into products with higher values 
and longer lifespans. Creating valuable products like biodegradable 
composites and sustainable textiles by integrating bio-based 
additives with upcycling techniques is an area of ongoing research. 
Reprocessing PET bottles into biofuels or bio-recycled plastics is 
another form of bio-based recycling; this could be one way to lessen 
our impact on the environment by cutting down on our use of fossil 
fuels (Mastrolia et al., 2022). 
5. Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA), as defined by ISO 14040, is a 
systematic method for quantifying the environmental impacts of a 
product throughout its life cycle (Levy, 2017). The process consists 
of four phases: (1) defining the goal and scope, (2) conducting a life 
cycle inventory (LCI) to collect data on inputs and outputs, (3) 
performing a life cycle impact assessment (LCIA) that links LCI 
results to environmental impact indicators, and (4) interpretation, 
which evaluates the completeness and accuracy of the findings. 
Recent LCA studies on PET waste management, particularly the 
European Commission's Circular Economy Action Plan of 2015, 
indicate an increasing interest in evaluating the environmental 
impacts of various waste management strategies, such as landfilling 
and incineration (Jiao et al., 2024). The midpoint impact categories 
typically examined in these studies include particulate matter 
formation, photochemical ozone formation, ionizing radiation, 
toxicity, and climate change, each addressing specific 
environmental concerns. In PET recycling, LCA findings reveal that 
recycling PET significantly reduces greenhouse gas emissions, 
energy consumption, and resource depletion compared to the 
production of virgin PET. documented in Table 2. However, 
challenges such as downcycling and the energy-intensive nature of 
recycling processes underscore the need for a sustainable energy 
mix in recycling facilities (Benavides et al., 2018). The research also 
highlights the potential of advanced recycling technologies, 
including chemical recycling and enhanced sorting methods, to 
improve the sustainability of PET recycling. By diverting plastic 
waste from landfills and decreasing reliance on non-renewable 
resources, these technologies contribute to the transition to a 
circular economy. Eventually, LCA is a vital tool for assessing and 
guiding sustainable plastic waste management practices, aligning 
with broader sustainability goals summarized in Table 2. 
 
6. Technological gaps in PET recycling and potential solutions 
PET is one of the most widely used thermoplastic polymers, found 
in applications ranging from packaging and textiles to 
manufacturing. Despite its widespread usage, PET recycling faces 
significant technological challenges that limit its effectiveness and 
potential for contributing to a circular economy. This paper 
examines the key technological barriers to PET recycling and 
proposes possible solutions to address these challenges. 
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Table 2. Life Cycle Assessment of PET recycling: comparison of environmental impacts and costs. 
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Energy demand 
(MJ/kg) 

82 15-20 40-50 30-45 20-25 Mechanical recycling is energy-efficient, while chemical recycling, 
especially polymerization, requires more energy. Microbiological or 
enzymatic recycling offers an alternative, and incineration recovers 
energy at high environmental costs (Davidson et al., 2021; Tiwari et al., 
2023). 

GHG Emission 
(kgCO2 eq/kg) 

2.5 4-.6 1.1-1.3 .2-.3 .8-1.5 Mechanical recycling reduces GHG emissions by 85% compared to 
new manufacturing, while incineration emits more carbon than bio-
recycling (Capellán-Pérez et al., 2014; J. He et al., 2022; Stegmann et 
al., 2023). 

Water use 
(m3/kg) 

3.5 1.8-2.2 2.5-3 2-3 .5-1 Simple mechanical recycling saves water. Chemical recycling needs 
cleaning. Biological recycling fermentation needs more water than 
incineration (Bui et al., 2022; CHRISPIM, 2021; Pierrat et al., 2023). 

Fossil fuel 
depletion kg oil 
eq/kg) 

2.8 .5-.8 1.2-1.6 .2-.4 1-1.5 Mechanical recycling minimizes fossil fuel use by reducing process 
intensity. Recycling chemicals needs fossil fuels. Biological recycling 
employs biomass, while incineration requires fossil fuels (Day & Day, 
2017; Hansen & Pollin, 2020; McDonnell & Gupta, 2024; Plantinga & 
Scholtens, 2021). 

Material 
recovery (%) 

100 85 95 85-90 N/A Mechanical recycling recovers 85% of PET, chemical recycling 95% 
with higher purity, biological recycling recovers less, and incineration 
generates energy instead of material (Beghetto et al., 2021; Dedieu et 
al., 2022; Gururani et al., 2023; Jones et al., 2021; Sarfraz et al., 2021; 
Schyns & Shaver, 2021). 

Process waste 
(kg/ton) 

N/A 50-80 30-60 10-15 100-120 Chemical recycling reduces fine ash and waste from incineration, 
while mechanical recycling increases waste because of contamination 
(Kullmann et al., 2022; Seidl et al., 2019; Trafczynski et al., 2024). 

Recycled PET  N/A Moderate 
to high 

High Low to 
Moderate 

N/A Mechanical recycling degrades materials, while chemical recycling 
restores them. Biological processes produce lower-quality rPET, and 
incineration is insufficient (Uekert et al., 2023). 

Process 
completion 
time 

1-3 
months 

1-2 days 1-3 
weeks 

2-4 
weeks 

Hours to 
one day 

Mechanical recycling is faster than chemical since depolymerization is 
harder. Burning returns energy faster than biological recycling, which 
takes weeks (Chen et al., 2021; Korley et al., 2021; Qin et al., 2021). 

Land use 
(m2/ton) 

30-50 10-20 15-25 5-10 10-15 Chemical recycling is more complicated and uses more land than 
mechanical recycling. Incineration demands massive facilities but less 
area than biological recycling (Han et al., 2023; Laub, 1999). 

Cost (USD/ton) 1200-
1500 

300-500 600-1000 500-700 50-100 Mechanical recycling is cost-effective and requires less energy and 
infrastructure. Chemical recycling is more expensive but yields better 
PET. Biological recycling is still being developed and may cost more, 
whereas incineration is the cheapest but unsustainable (Li et al., 2023; 
Radadiya et al., 2022). 

 

 
Figure 5. Mechanism of bi-recycling of waste PET (Shi & Zhu, 2024) 
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Figure 6. Illustration of Input and output of waste PET incineration process (Vlasopoulos et al., 2023). 
 
 

 
 

Figure 7.  Fiber-functionalized electrospun membrane for oil/water separation (Doan et al., 2020)  
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Recycling complexity  
Recycling of PET is often challenged by the difficulty of sorting 

and separating it from other types of plastics found in waste 
streams. When PET is mixed with other polymers, contamination 
can occur, which reduces the quality of rPET and restricts its use in 
high-performance products. The absence of efficient sorting and 
separation systems further complicates the recycling process, often 
resulting in lower-quality recycled materials (Gerassimidou et al., 
2022). 

Suggestions: To tackle these challenges, there is an increasing 
demand for advanced sorting technologies. Automated sorting 
systems and chemical recycling methods show promise in 
enhancing the purity of PET during the recycling process. Chemical 
recycling can decompose PET into its monomers, which can then 
be re-polymerized into high-quality rPET. This approach has the 
potential to make recycling more efficient and scalable. 
Quality variability in recycling 

The quality of rPET can vary greatly depending on the source 
material and the recycling process used. Differences in the 
cleanliness of the collected material, as well as variations in 
processing methods, can lead to rPET that fails to meet the required 
performance standards for specific applications (Brouwer et al., 
2020), particularly those requiring high mechanical or barrier 
properties. 

Suggestions: Standardizing collection systems and refining 
the recycling process could help reduce variability in rPET. 
Additionally, improvements in chemical recycling and the 
development of new technologies to effectively remove 
contaminants from PET waste are essential for ensuring consistent, 
high-quality rPET. These advancements could expand the range of 
applications for recycled PET, including its use in food packaging 
and engineering applications. 
Optimizing physical properties 

PET is renowned for its outstanding mechanical properties, 
including strength, flexibility, and toughness. However, when PET 
is recycled, these properties may deteriorate, making it less suitable 
for specific applications. To achieve the right balance of strength, 
flexibility, and toughness in rPET, it is essential to thoroughly 
understand the molecular structure of PET and the conditions 
under which it is processed (Celik et al., 2022). 

Suggestions: To optimize the mechanical properties of rPET, 
researchers must gain a deeper understanding of the relationship 
between molecular structure and material properties. Advances in 
material science, including the use of reinforcing agents like 
nanomaterials, can enhance these properties. Furthermore, 
carefully adjusting processing conditions such as temperature and 
duration during the recycling process can help restore and even 
improve the mechanical characteristics of rPET. 
Enhancing properties 

One of the main challenges for PET, particularly in food and 
beverage packaging, is its gas barrier properties. Recycled PET often 
shows decreased barrier performance, especially against oxygen and 
carbon dioxide. This reduction can negatively impact the shelf life 
and freshness of food products. (Versino et al., 2023). 

Suggestions: To enhance the gas barrier properties of rPET 
improvements in material science are crucial. One approach is to 
develop multilayer systems that combine rPET with materials that 
possess superior barrier properties. Alternatively, incorporating 
additives could improve rPET's barrier capabilities, making it more 
suitable for demanding applications such as food packaging. 
Another option is to explore bio-based or biodegradable polymers 
that offer better barrier properties as viable alternatives. 
Infrastructure development 

In many regions, the lack of adequate infrastructure and 
resources for collecting and recycling PET waste worsens the global 
plastic waste crisis. Without proper recycling facilities, a large 
quantity of PET ends up in landfills or oceans, significantly 
contributing to environmental pollution. 

Suggestions: To address this issue, governments and 
industries must invest in expanding recycling infrastructure, 
particularly in areas with limited facilities. Strengthening waste 
management systems, improving collection efficiency, and 
enhancing consumer awareness and participation are crucial for 
increasing the amount of PET waste that is properly recycled. By 
building scalable and accessible recycling infrastructure, we can 
help mitigate the environmental impact of PET waste. 
Consumer awareness increasing 

A significant barrier to effective PET recycling is the lack of 
consumer awareness and engagement in recycling programs. Many 
consumers are unaware of the importance of recycling PET or may 
not have access to recycling facilities, leading to improper disposal 
of PET products. 

Suggestions: Increasing consumer education about the 
benefits of PET recycling and the environmental impacts of 
improper disposal is crucial. Additionally, improving access to 
recycling programs and providing incentives for consumer 
participation can significantly enhance recycling rates and reduce 
the amount of PET that ends up in landfills or the environment. 
Thermal stability with biodegradability 

The thermal stability of PET while processing is another 
concern. Degradation of the material and its properties can occur at 
high processing temperatures (Afgan et al., 2022). Also, the fact that 
PET is not biodegradable makes one wonder what effect it will have 
on the environment in the long run. 

Suggestions: One possible solution to this issue is the 
development of biodegradable or bio-based alternatives to PET. 
Research into bio-polymers, which can be produced sustainably 
and broken down through natural processes, may offer 
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environmentally friendly alternatives to conventional PET. 
Moreover, enhancing the thermal stability of PET during recycling 
could help maintain its material properties and improve recycling 
efficiency. 
Cost optimization 

Increasing the production of sustainable alternatives to PET 
recycling-enhancing processes can be very costly. The expenses 
related to the development and manufacturing of biodegradable or 
bio-based polymers, along with the necessity for new recycling 
infrastructure, pose significant economic challenges (Moshood et 
al., 2022). 

Suggestions: To address these challenges, substantial 
investment in research and development is essential to make 
sustainable alternatives more cost-effective. Furthermore, 
expanding recycling facilities and enhancing the efficiency of 
recycling processes can lower costs, making recycled PET and 
sustainable alternatives more practical for industrial use. 
7. Summary and Future Directions 

In conclusion, recycling post-consumer polyethylene 
terephthalate waste is essential for addressing plastic pollution. 
Advanced recycling techniques, particularly enzymatic methods, 
provide effective solutions that improve the quality and efficiency 
of PET reclamation not only reducing reliance on virgin materials 
but also controlling the emission of carbon. As, enzymatic recycling 
is favorable due to its eco-friendly processing conditions and higher 
selectivity, leading to better monomer recovery and higher product 
value. 

Nevertheless, challenges such as inefficiencies, contamination, 
and the need for cost-effective scalability remain. Ongoing research 
and innovation are critical to optimizing these processes and 
enabling larger-scale implementation. Life cycle assessments 
suggest that enzymatic recycling can significantly lower 
environmental impacts compared to traditional methods, aligning 
with sustainability goals. To fully harness the potential of PET 
recycling, collaboration among researchers, industry leaders, and 
policymakers is crucial. By overcoming these challenges, PET waste 
management can be improved, aiding in the fight against plastic 
pollution and enabling the conversion of waste into higher-value 
products. 
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