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This study emphasized that plastic could be a eco-
friendly material if the circular economy framework
is appropriately implemented for a sustainable plas-
tic value chain. This review highlights technologies
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ABSTRACT

Plastics are widely used across various sectors, with poly-
olefins such as polypropylene (PP) and polyethylene (PE)
making up a significant portion of global consumption.
These materials are produced through olefin polymeriza-
tion using diverse technologies, and their properties are
tailored to meet the needs of different industries. Despite

1 These authors contributed equally.
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their benefits, plastics are often criticized for their envi-
ronmental impact due to improper waste management,
leading to littering on land and in oceans. Therefore, an
intelligent and sustainable waste management system is
essential to transform plastic waste into valuable resources
and prevent pollution.This review article focuses on the pro-
duction of value-added products through various recycling
techniques, particularly the chemical recycling of polyole-
fins. Current technologies lack the integration of advanced

tools such as artificial intelligence (Al) and machine learning
(ML), which are necessary for modernizing these processes.
Implementing Al and ML into existing technologies presents
a significant challenge but is crucial for advancing recycling
methods. The objective of this review is to highlight current
polyolefin production technologies, address environmental
concerns from plastic waste, and explore recycling tech-
niques and novel processes to ensure a circular economy
framework for a sustainable plastic value chain.

Introduction

Polyolefins are a class of thermoplastics mainly represented by
polyethylene and polypropylene. The global demand for poly-
olefins is highest among thermoplastics due to the wide range
of rigid and flexible applications in addition to excellent proper-
ties, including high strength, chemical resistance, and low cost.
The market size of polyolefin was valued at USD 256 billion in
2023 and is expected to grow to USD 385 billion by 2031 with
a CAGR of 5.2% for various industrial applications [1]. A number
of polyolefin technologies are presently employed for the pro-
duction of high-performance products for different end-use
applications. The polyolefins are “one of the greatest innova-
tions of the millennium” and have certainly proved their repu-
tation to be true. Various applications of polyolefins in different
sectors like infrastructure, health, transportation, energy tran-
sition, defense, and agriculture are depicted in »Figure 1a
[2, 3]. Further advancements in science and technology are
pursued for recycling plastic waste into monomers to make
polyolefin materials and various other reusable products for all
applications beneficial to modern society. This article empha-
sizes that plastics can be eco-friendly if the circular economy
framework is appropriately followed (refuse, redesign/reduce,
reuse, repair, refurbish, remanufacture, repurpose) to create a
sustainable plastic value chain. The present review covers the
current status of polyolefin technology including mechanical
and chemical recycling technology with future directions. This
article also suggests that current technologies do not incorpo-
rate Al and ML, and they need to be updated with advanced
tools and methodologies. No article presents a review of the
combination of polyolefin technologies and recycling tech-
niques together and its circular economy aspects. This review
article aligns with 12 UN’s Sustainable Development Goals,
thatis, 1,2,3,6,7,8,9,11,12,13,15,and 17.

Polyolefin technology and products

Various polyolefin technologies are used for the production
of high-performance products. The technologies are based on
slurry, solution, and gas phase processes. The polymerization
process involves the addition reaction of olefin in the presence
of a transition metal-based catalyst to produce polyolefins. The
presence of a comonomer with a monomer results in the pro-
duction of copolymers. The polyolefin process is illustrated in
» Figure 1b [3].
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The current trend for the advancement of technology
includes the development of a high-throughput polymerization
process as well as product grades with enhanced properties.
Novel proprietary catalyst technologies are also developed to
produce polypropylene and polyethylene grades by polymeriz-
ing olefin with and without comonomers. Different processing
techniques such as injection and blow molding are used to
convert resins into end products. Further, the design of high-
performance products is achieved by tailoring molecular struc-
tures at the production level and incorporating fillers and
additives at the processing stage [3].

Polyethylene

Polyethylene grades are the world’s largest synthetic polymers
produced commercially by a different class of catalyst systems.
The innovation in catalyst technologies opened up a realm for
new energy-efficient polymerization processes [3]. Polyethylene
synthesis and various process technologies are shown in
»Figure 1c. Slurry and gas phase processes have evolved as
better polymerization processes for ethylene. They become
economically attractive as the slurry process is operated at low
temperature and pressure, whereas the solvent recovery step is
eliminated in the gas phase polymerization process. The solu-
tion polymerization process acquired new importance because
of shorter residence times and the ability to use advanced
homogenous metallocene catalysts for specialty polyethylene-
based grades [3]. Polyethylene grades are typically classified
by their characteristics such as density and melt flow index as
low-density polyethylene (LDPE), linear low-density polyethyl-
ene (LLDPE), and high-density polyethylene (HDPE). LDPE is
produced by autoclave or tubular reactor technology having
applications in high-clarity film, flexible food packaging, etc.
LLDPE is typically made in a gas phase process and its applica-
tion includes industrial packaging, storage boxes, etc. HDPE
can be produced by slurry and gas phase processes for applica-
tions such as detergent and milk bottles, thin-walled con-
tainers, etc [2-5]. The representative grades of PE are given
in »Table 1.

Polypropylene

PP grades are the world’s second-largest synthetic polymer pro-
duced mainly by Ziegler-Natta catalyst systems. Polypropylene
resins are produced in large, continuous reactor systems operat-
ing in slurry, bulk, or gas phase. Generally, PP resin is pelletized
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»Figure 1 (a) Polyolefin application in different sections. (b) Polyolefin technology and products. (c) Polyethylene technology.

Gupta Virendrakumar Sus. Circ. Now 2025; 2: a25547254 | © 2025. The Author(s).



Sustainability & Circularity NOW | & Thieme

»Table 1 Grades and applications of polypropylene and polyethylene [2].

Grades MFI range (g/10min) Applications

Homo PP grades

Woven sacks and monofilament 2.6-3.4
Films 8-10
Extrusion coating 38
Fiber and film 20-38
Extrusion and blow molding 2.0
Injection molding 5-25
Impact copolymer PP grades

Extrusion and blow molding 1.5
Extrusion coating 25
Injection molding 3-65
LLDPE grades

Film grades 1-4.5
Roto molding 4.5
Drip lateral 1.0

Raffia tapes used in making woven fabrics and high-tenacity tapes
Textile overwraps, general purpose packaging, High-tenacity tapes
Extrusion coating, lamination

Staple fiber and multifilament, fiber yarn, and nonwoven

Sheet, strappings, tubing, blow molded container

Rigid packaging, furniture, and houseware, thin-wall container, multicavity
molding, syringe

Sheet blow molded container
Extrusion coating

Furniture industrial products, houseware, general purpose molding, batteries and
automotive, appliances automotive, compounding

Mono- and multilayer films for liner bags, industrial consumer packaging, shrink
film, shipping sacks, agricultural film, blown films for co-extrusion, stretch wrap,
cling film for food or hygiene packaging, bubble wrap

Overhead water tank, storage tank for agriculture, loft tank, litter bin, toy items

Drip irrigation tubing for online laterals/flat and round emitting pipes

on compounding extruders where additives such as antioxi-
dants and processing aids are incorporated. PP is categorized
as homo, random, and impact depending on their molecular
structures and properties. Polypropylene (PP) synthesis and
different processes are shown in » Figure 2 [4, 6, 7]. Different
grades of polypropylene with respect to melt flow index (MFI)
and its applications are given in » Table 1 [2-4].

Polyolefin linkages with sustainable
development goals (2030)

Polyolefins are an important class of material essential for
accomplishing different aspects of the UN 17 Sustainable Goals
2030 as shown in » Figure 3. Polyolefins are important for low-
cost housing development and cheaper household appliances,
which can play a very crucial role in reducing world poverty.
Polyolefins are being used in sustainable and cheaper food
packaging to support the zero hunger goal. These materials
are being used extensively in the medical and health sectors
for human well-being. The use of PP-based masks saved human
lives in the recent COVID-19 pandemic. Polyolefins are being
used to make also IV bottles, syringes, gowns, shoe covers,
and many others. Polyolefins are also used in various products
like water filters and other sanitary products connected with
clean water and sanitation goals. PE and PP grades are used
in battery cases and separators for energy production. The
composites of polyolefins enhance performance characteristics
and are lightweight materials used in electric vehicles
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contributing to economic growth. PP and PE materials are
also used in building and infrastructure sectors. Polyolefins are
used in agriculture domains for mulch film, greenhouses, pipes,
drip lateral tubes, sprinklers, etc. impacting life on land [3, 8].
Plastics are not inherently bad. Proper plastic waste manage-
ment and recycling are key to reducing plastic pollution from
the environment. Plastic waste can generate valuable chemi-
cals and other new low-cost products using various technology
contributing to sustainability and circularity domain.

Plastic waste recycling methodology and

applicability conditions

The methodology for plastic waste recycling offers a process

to estimate the additional amount of plastic waste recycled

through both chemical and mechanical recycling activities,

which includes the following [9]:

= Installation of new recycling facilities.

= (Capacity additions or technology improvement of existing
recycling facilities.

= Incentivizing or facilitating an increase in recycling through
the collection of plastic waste.

Recycling activities may include collection, sorting, washing,
drying, crushing, melting, pelletization, and making of new
products and/or recycling of plastic waste that otherwise would
have been managed in a way that would not allow for a second
life of the material.
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»Figure 2 Polypropylene technology.

The key components of the methodology include:
= Scope and applicability

= Baseline scenario

= Activities

= Quantification of emission reductions

= Monitoring and reporting

= Co-benefits

Applicability conditions

Plastic waste recycling methodology is applicable when the fol-

lowing conditions are fulfilled [9].

= Demonstrate additional recycling: Show a measurable
increase in plastic waste recycling compared to a baseline.
Project activities should involve mechanical and/or chemical
recycling processes.

= Meet quality standards: Ensure that waste plastic is free
from hazardous materials and that the recycled plastic
meets specific quality standards suitable for high-value
applications.
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= Address environmental and social impacts: Identify,
assess, and mitigate potential environmental and social
impacts associated with recycling activities.

= Comply with regulations: Adhere to all relevant local,
national, and international laws and regulations. Recycling
projects can generate waste recycling credits (WRC), which
can be traded or sold, offering financial incentives to
support waste reduction initiatives.

Circularity through plastic waste recycling

The amount of plastic that is produced in the world every
year has increased explosively since 1950, that is, 2 MMT to
400 MMT in 2023 [10-13]. Global plastics use is projected to
continue rising over the coming decades to reach more than
1.2 bn metric tons by 2060 [11, 14-16]. Global plastic waste
generation has more than doubled from 2000 to 2022 to
approximately 400 MMT. Plastic waste is projected to increase
substantially in the coming decades, rising from 353 MMT in
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» Figure 3 Correlation of polyolefins with UN sustainable development goals.

2019 to 1074 MMT in 2060 [11]. Approximately 57 MMT/an-
num of plastic waste is being generated globally. India has
emerged as the largest contributor and produces approxi-
mately 10.2 MMT of plastic waste each year, which is nearly
18% of the global total. Nigeria ranks as the second-largest
producer of plastic pollution, generating 3.9 MMT annually
whereas the USA produces approximately 0.05% of the global
total [14]. Very few parts of globally produced plastics are
being recycled after their use, which is currently 9%. The rest
of 19% is incinerated, 50% goes to landfills, and 22% of the
waste goes into uncontrolled dumpsites or aquatic environ-
ments [11, 13]. The share of recycling as a waste-management
practice is projected to rise to 17% in 2060, which is up from 9%
in 2019 [11]. Recycling polymers is the way to minimize envi-
ronmental issues caused by polymeric waste accumulation
produced after its complete end-use applications from various
sectors. Recycling polymeric waste materials helps conserve feed-
stocks because most of the polymer materials are made from
fossil-based resources. Recycling of polymers is mainly catego-
rized into two parts: mechanical and chemical recycling [17].

Mechanical recycling

Mechanical recycling refers to the re-extrusion of plastic waste
to convert it into pellets or products, without significantly
changing the chemical structure of the original material. In
other words, the polymer chains are not chemically disrupted
in the recycling process. Mechanical recycling is also known as
physical recycling [12, 17]. Mechanical recycling of polymer
contains several steps as explained in » Figure 4a that involves
shorting, washing/drying, shredding, and extrusion to make
granulates, fakes, or pellets of the right size and quality, which
may then be utilized in the right industrial processes [18-20].
To create a newer product, the pellets are further heated and
extruded [21]. Re-extruded material can also be used with
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fresh material for superior properties. Since thermoplastic
polymers may be re-melted, processed, and molded into final
products, only such materials are kept in this procedure [22].
The properties like elongation at break and impact strength
of mechanically recycled thermoplastic polymers may change
and do not remain the same because of thermal degradation
from heat, mechanical stress/friction, etc [18]. Recycled poly-
mer properties are subject to a number of extrusion cycles or
thermal passes of polymers like polypropylene/polyethylene
in the extrusion technique. The MFl increases as the number of
extrusion cycles increases for polypropylene due to a reduction
in molecular weight as shown in »Figure 4b. The change in
molecular weight has a strong influence on the rheological
and mechanical behavior of thermoplastic polymers. Molecular
weight and mechanical properties like tensile strength and
elongation at break decrease as the extrusion cycle increases
[18, 23].

Chemical recycling—catalytic pyrolysis

Chemical recycling is a process in which polymeric waste can be
converted into monomers, oligomers, and other raw materials
by changing its chemical structure that can be used as raw
materials for the manufacturing of plastics or other products.
There are various chemical recycling technologies, such as
pyrolysis, gasification, hydro-cracking, and depolymerization,
as depicted in »Figure 4c [18]. Chemical recycling is mainly
for films, laminates (single layer/multilayer), or single-use plas-
tic articles. It can also be used for plastic waste, which would
otherwise result in incineration or landfill. The chemical recy-
cling route can be categorized into three: pyrolysis/gasification,
depolymerization, and dissolution. In chemical recycling, pyrol-
ysis is an interesting technology to convert plastic waste into
useful feedstock using thermal catalytic and noncatalytic steps.
Depolymerization is an outstanding strategy for recycling
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> Figure 4 (a) Steps in mechanical recycling of polymer. (b) MFI of polypropylene reprocessed multiple times. (c) Chemical recycling routes.

waste plastic into constituent monomers in the presence or
absence of a catalyst. Dissolution/precipitation is a unique
step for single-use plastic (monolayer/multilayer) to remove
additives, colors, or other impurities to make the polymer
waste similar to virgin polymer [18].

Gupta Virendrakumar Sus. Circ. Now 2025; 2: a25547254 | © 2025. The Author(s).

Transition metal catalysts are used for the catalytic pyrolysis
of plastic waste into hydrocarbon oil and other products.
Advantages of transition or bimetallic catalysts are large sur-
face area, higher thermal stability, and synergy effect between
the metals. Transition metal or bimetallic catalyst enhances



Sustainability & Circularity NOW | & Thieme

»Table 2 Bimetallic catalysts and zeolite used for polyolefin pyrolysis.

Catalysts Polyolefin Outcomes Reference
Mo-MgO and Fe Low-density polyethylene (LDPE) High-quality carbon nanostructure materials [25]
La;05 and Ni-Cu Polypropylene (PP) Carbon nanotubes and carbon nanofibers [26]
MgO and Ni/Mo Polypropylene (PP) Carbon nanotubes [27]
Niand Al Polypropylene (PP) Multiwalled carbon nanotubes [28]
Ni-Al and Zn, Mg, Ca, Ce, Mn Polypropylene (PP) Carbon nanotubes [29]
Ni and Ce Polyethylene (PE) H, gas [30]
Ni and Fe Low-density polyethylene (LDPE) Carbon nanotubes [34]
MgO and Co/Mo Low-density polyethylene (LDPE) Multiwalled carbon nanotubes and H, gas [31]
Ni and Fe Polypropylene (PP) Carbon nanotubes (CNT) [32]
Ni and Mn-Al High-density polyethylene (HDPE) Carbon nanotubes and H, gas [33]
Y-zeolite Polystyrene (PS) and mixed polyolefins 90% aromatics [35]
USY-zeolite Polypropylene (PP), polyethylene (PE) 80% C5-C7 along with gaseous fraction C3-C4 [36]
Co-Y-zeolite High-density polyethylene (HDPE) 40% of gaseous fraction [38]

Mixed Plastic (HDPE/PP/PS/polyethylene [39]
Regenerated ZSM-5 terephthalate (PET)/polyvinyl chloride 60% liquids fraction

(PVQ))

Mixed plastic (PE/PP/PS/polyethylene [40]

ZSM-5 terephthalate (PET)/polyvinyl chloride

58.4% conversion to gases phase

(PVQC))

hydrogen (H,) fraction many fold compared to the process
without a catalyst. Major products formed during cracking/
pyrolysis using bimetallic catalysts are carbon nanotubes/nano-
fibers and H, gas as shown in > Table 2 [24].

Zeolite catalysts are very unique and efficient for the pyrol-
ysis of polyolefins and mixed plastics. Catalytic pyrolysis of
polypropylene, polyethylene, and mixed plastic in the presence
of various zeolites produces liquid fractions as well as gaseous
fractions [36-40]. The biomass feedstock consists of extractive
(0-14%), lignin (16%), hemicellulose (20%), and cellulose
(>40%). Co-feeding of biomass feedstock in the pyrolysis pro-
cess of polyolefins can be used to improve the quantity and
quality of the product [24]. The catalytic pyrolysis process for
the conversion of polypropylene (PP) resin and polypropylene

resin/sugarcane bagasse biomass is studied as a possible route
to produce hydrocarbon oil and carbon nanotube in quartz
reactor separately. The unique transition metal-based catalyst
[Ni/Mo/Mg(OR),] was used to produce desired products
through a pyrolysis process. The catalyst used for the process
was prepared by the sol-gel method. Catalytic pyrolysis of
polypropylene (PP) and polypropylene/biomass produced
hydrocarbon oil in a temperature range of 350-500 °C and
multiwall carbon nanotube obtained at 800 °C in a quartz reac-
tor. GC-MS, SEM, and Raman spectra confirm the formation of
C6-C24 hydrocarbon oil and multiwall carbon nanotube [41,
42]. A lot of studies have been carried out in the past on
co-feeding of biomass and polyolefins pyrolysis and outcomes
are mentioned in » Table 3.

»Table 3 Plastic/biomass feed using zeolite-based catalysts and their products.

Catalyst Biomass/polyolefin

Pt/mesoporous MFI, Mesoporous MFI, Laminaria japonica|PP

HZSM-5, Al-SBA-16 (silica mesoporous)
ZSM-5 Cornstalk/HDPE
Ni-CaO-C Pine sawdust/LDPE

Al-SBA 15 (Silica mesoporous), ZSM-5 L. japonica|PP,

cornstalk/polystyrene

Ni/-Al,03 Rice husk/PE

Gupta Virendrakumar Sus. Circ. Now 2025; 2: a25547254 | © 2025. The Author(s).

Outcomes Reference
60% conversion, 20-40% of monoaromatic [43]
hydrocarbons, 5-20% of polyaromatic hydrocarbons

90% conversion, 20-30% of aromatic hydrocarbon [44]

90% conversion, 86.74% H, gas [45]

30% conversion, 35% oxygenated hydrocarbons. 79% [46, 47]
of monoaromatic hydrocarbon

80% conversion, 45% H, gas [48]
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Chemical recycling—hydrothermal liquefaction (HTL)
Hydrothermal liquefaction (HTL) is also one of the important
processes in the chemical recycling domain. The hydrothermal
liquefaction (HTL) process comprises the shredding/washing
and plastic waste dissolution in aqueous solvent in the presence
of high temperature and pressure. The obtained mixed gases
go to the gasifier section and then enter into the separator via
the condenser to get the oil and gaseous parts separately as ex-
plained in »Figure 5a. HTL is one of the best available tech-
niques for recycling from various types of plastic residues and
biomass [49].

The hydrothermal liquefaction process can be utilized for
mixed plastic waste recycling for fuel, gas, and other raw mate-
rial production. Plastic or mixed plastic may be used in the HTL
process at subcritical or supercritical conditions [50]. Recycling

of polyolefin using the HTL process is studied in detail in the
literature. Su et al. (2004) studied the effects of various param-
eters like reaction time and temperature on the water-to-
polyethylene ratio. Hydrocarbon oil and gas are obtained as
products along with residue. Hydrocarbon oil yield decreased
with increasing reaction time and temperature, resulting in an
increase in the gas yield. The polyethylene/water ratio not only
affected the yield of the products but also altered their chemical
composition. Moriya et al. (1999) compared the hydrothermal
cracking of polyethylene with supercritical water to thermal
cracking without water. The formation of coke was suppressed,
resulting in a higher oil yield and a slower degradation of poly-
mers during the supercritical water cracking process [51-56].
Jin et al. (2021) [56] pursued their efforts and studied a new
low-pressure (~2 MPa) hydrothermal processing method to

(a)
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lymers
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Water
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»Figure 5 (a) Block flow diagram of HTL process. (b) Degradation Pathway of polyolefin in HTL process.
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»Table 4 HTL process for polyethylene and polypropylene.

Polymer Polymer|water Temperature (°C) Pressure
(g/9) (MPa)

HDPE 01:05 425 23

PE 01:06 460 23

PP - 425 23

PE 05:30 400 25

PP 05:30 400 25

PP 40:70 450 1.55

convert polyolefin waste, but in these cases, they added 50% or
more polypropylene to convert this combined feed into oils
with 87% yield at 450 °C and 45min as shown in > Table 4.

Mukundan et al. (2022) studied the recycling of polypropyl-
ene and biomass (Prosopis juliflora) to obtain hydrocarbon oil
and gases using the HTL process with and without catalyst in
the temperature range of 340-440 °C. The concentration of PP
was taken in the range of 25-75%. Nb-based catalysts depicted
high efficiency for the deoxygenation of liquid biomass com-
pounds, which resulted in high hydrocarbons with lower oxy-
gen content. Nb/Al,O3 catalyst was the most stable up to
10 cycles among all catalysts used for this study [57].
Feuerbach et al. (2024) studied the HTL process of mixed plas-
tics like low-density polyethylene, polypropylene, polystyrene,
polyethylene terephthalate, and restaurant food waste. Mixed
plastic feedstocks were used in the fraction of 0-50% and the
temperature range of 290-370 °C for 30-60min. Authors re-
ported negative synergistic interactions however literature
suggests positive synergistic interactions in hydrothermal
co-liquefaction of biomass and plastics [58]. The supercritical
water degradation of low-density polyethylene (LDPE) was
investigated in a batch reactor at 380-450 °C, 220-420 bar,
and a reaction time of 15-240min. Hydrocarbon oil, gas, and
solids are obtained as a product. Alkanes, alkenes, cycloalk-
anes, aromatics, and alcohols were present in the hydrocarbon
oil phase, while the gas phase mainly contained light hydrocar-
bons (C1-C6). Further high temperatures (425-450 °C) and
reaction times from 30 to 240min, the concentrations of long-
chain hydrocarbons (>C20) and diesel (C9-C20) fraction in
the oil phase decreased, while the concentration of gasoline
(C6-C8) increased [59-61].

The depolymerization of PE/PP quickly starts at a short
reaction time at a higher temperature (2425 °C) with free radi-
cal dissociation, where C-C bonds break. At the same time,
long-chain alkanes are converted first into a-alkenes with
B-scission reaction and second into shorter-chain alkanes via
hydrogen abstraction. During this period, a small amount of
1-alkenes undergoes hydration to form alcohols. Specifically,
1-alkenes, such as 1-pentadecene, are converted into alcohols
like n-pentadecanol through a hydration reaction, where water
molecules replace the mbond on the alkene. Further increase in
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Conversion (%) Product (%) Reference
0il Gas Residue
96.7 90.2 6.5 3.3 [51]
96.9 91.4 5.5 1 [52]
96 88 8 2 [53]
- 87.4 9 [54]
100 86.4 = [55]
100 87 13 - [56]

reaction time and temperature the 1-alkenes are converted to
alicyclic hydrocarbons via cyclization reaction. Small propor-
tion of alkenes could convert to alkanes with the hydrogenation
process. With increased reaction time alicyclic unsaturated
hydrocarbons are dehydrogenated to aromatic compounds
(»Figure 5b). Further, the yield of gas products obtained in
the gasification process increased via the cracking of alkanes
and alkenes. Generally, n-alkanes are dominant in the oils and
gases converted from PE, whereas alkenes are dominant in the
oils and gases converted from PP [59-61]. Supercritical water
plays an important role in the HTL process that causes partial
dissolution of the molten polymer phase. The partial dilution
of the polymer phase promotes polymer dissociation and unim-
olecular reactions like B-scission. In the HTL process polyolefins
produced maximum hydrocarbon oil yield at supercritical tem-
peratures. HDPE and LDPE produced oil from 425 and 400 °C
onwards, respectively, while PP gives the best yield at 400 °C
and higher [62]. Abubakar et al., 2024 studied the catalytic
hydrothermal process of polypropylene. Base and acid catalysts
K>CO3 and HZSM-5 were used for this study. Propene monomer
was the main product along with 9% butene when the K;CO5
catalyst was used but 22% butene and a lower fraction of
propene were obtained after the use of the HZSM-5 acid
catalyst [63].

Lee et al. (2024) proposed a novel process for producing
monomers like propylene and ethylene from mixed polypro-
pylene and polyethylene using low-pressure hydrothermal lig-
uefaction and microwave steam pyrolysis from the chemical
recycling domain. A total of 53% olefinic materials (ethylene
and propylene) were obtained in this process. They have also
studied the cost calculation of ethylene in the proposed pro-
cess, i.e., 0.89 USD/kg, which is 72.86 % less as compared to
flash pyrolysis [64].

Chemical recycling—thermal oxidation and dissolution|
precipitation

Mechanical recycling of polyolefins is cheaper but provides
another degraded product as an output. Degradation of poly-
olefins using chemical recycling produces good feedstocks.
Chemical recycling roots are developed without disturbing the
properties of obtained raw materials. However, these recent
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»Figure 6 Oxidative conversion of polyethylene into dicarboxylic acids.

technologies are still far behind existing fossil-based technolo-
gies, leading to cheaper monomers. This problem could be
possibly avoided by other suitable thermal oxidation of polyole-
fins to oxidized functionalities such as dicarboxylic acids and
others. Polyethylene can be converted into high-value dicar-
boxylic acids, such as succinic and adipic acid, which have a
significantly higher value compared to mechanically recycled
Polyethylene [65, 66].

Polyethylene is converted into aliphatic oxidized products,
such as methyl ketone acid and alkyl acid, at 130 °C, for 16 h,
and at 30 bar, as shown in »Figure 6 [66, 67]. Chen et al.
(2024) also studied two novel strategies to recycle polyolefin
waste into surfactants, alcohols, and aldehydes [68]. Zefirov
et al. (2022) studied and reported the chemical recycling of
polypropylene through the thermal oxidative route. Polypropylene
decomposed at 150 °C and 14 bar, mainly into acetic acid.
Methanol, formic acid, and propionic acid were also detected
as products. They have also studied the effect of different reac-
tion media and supercritical CO; [69]. Orozco et al. (2022) stud-
ied the fast-oxidative pyrolysis of high-density polyethylene.

»Table 5 Solvents used for the dissolution process.

Polymer to be separated Solvent

LDPE Xylene

LDPE Biodiesel

PE Xylene

PE Toluene

HDPE Xylene

HDPE Xylene

PP Xylene

PET y-Valerolactone

Polyvinyl chloride (PVC) Dichloromethane
Polyethylene terephthalate glycol (PETG)

Ethylene vinyl alcohol copolymer (EVOH)
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Mixture of DMF/THF (60/40)%

Mixture of DMSO/Water (60/40)%

Oxidative pyrolysis is an important alternative to produce
hydrocarbon oil and gases from waste plastic. It is also a scal-
able process from an industrial-scale process point of view.
The use of FCC catalysts under oxidative conditions enhances
the conversion yield of oil and gaseous products. Conventional
catalytic pyrolysis produces mainly gasoline fractions, whereas
oxidative pyrolysis gives more light olefin fractions. Pyrolysis in
the presence of oxygen contributes to the reduction in heavy oil
fraction by approximately 50% [70]. Oxidative thermal degrada-
tion of PP was also studied at 250 °C under 16.7kPa oxygen
pressure in a fixed bed reactor system. PP converted into 90%
volatile which has a number-average chain length of 10 [71].

A new approach has been studied by Samori et al., 2017 for
the separation of polyethylene and aluminum from food pack-
aging. They used N, N-dimethylcyclohexylamine solvent, which
separated both metal and plastic from each other and allowed
>99% for aluminum and approx. 80% for polyethylene [72].
Multilayer film made of polyethylene (PE) and polyethylene
terephthalate (PET) was separated and precipitated by using
a mixed solvent of dimethylsulfoxide (DMSO) and toluene.

Antisolvent for precipitation Reference
Isopropanol [76, 77]
Ethanol [75]
n-Hexane [78]
Acetone [77,79]
n-Hexane [78]
Isopropanol [76]
n-Hexane [78]

- [74]
Methanol [78]
n-Propanol [80]
Cooling to lower temperature (35 °C) [80]
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Toluene helped to remove the PE layer along with EVA contam-
ination when heated to 110 °C for 4h. Separated polymers were
characterized to understand their identification using different
tools [73, 74]. PET separated when DMSO solvent was mixed in
PET and heated to 90 °C for 30min. Antisolvents used in this
process are acetone and water separately for precipitation pur-
poses [73]. Samori et al. (2023) also studied the recycling of
multilayer packaging waste separation. Multilayer packaging
waste containing aluminum and LDPE separated using various
solvents like biodiesel, 2-methyl tetrahydrofuran (2-MeTHF),
and cyclopentyl methyl ether (CPME) in the temperature range
of 70-150 °C and reaction time range 10-300min [75]. Various
solvents and antisolvents used for dissolution precipitation are
mentioned in » Table 5.

Limitations and challenges of polyolefin
materials and their recycling

Polyolefin materials are solution providers for the current need
for products for different growth sectors due to their low cost
and wide range of product properties. However, exponential
growth in the uses of polyolefin and its non-biodegradable
nature has resulted in poor management of end products
causing environmental concerns. This challenge of polyolefin
waste management is being addressed by developing different
recycling processes as well as an efficient management system
of collection and recycling. Furthermore, the non-biodegradable
nature of polyolefin for packaging applications is being ad-
dressed by developing alternate biodegradable and bio-
compostable materials for single-use applications [2]. Recycling
of plastic waste is a need of current time. However, mechanical
and chemical recycling also poses another challenge to micro-
plastic generation during the process. Further, the mixing of plas-
tic waste with other contaminants results in odor, etc. requiring
special treatment before waste is subjected to the recycling pro-
cess. This also requires redesigning or modifying the recycling
process and product through a reduction of the number of mate-
rials and grades used in the end product as well as simplification
of product formulation. New robust technologies like artificial
intelligence (Al) and watermarks need to be incorporated into
identification/sorting in recycling processes to improve the effi-
ciency and identification of various plastic components [17, 18].

Mechanical recycling has limitations related to its process
which weakens the plastic properties over time whereas
chemical recycling provides polymers without deterioration in
performance. Chemical recycling dominates over mechanical
recycling where mixed, contaminated, and other plastic waste
is recycled to get top-grade products (> Figure 7a). Various
technologies are now close to commercializing for recycling
of plastic into monomers or feedstock [81].

Multilayer flexible packaging is efficient and wonderful for
food packaging. It is made up of different layers of different
polymers. Used polymers in multilayer packaging film have dif-
ferent properties like melting points, thermal stability, and
glass transition temperature, due to that multilayer packaging
films face difficulty in recycling. Multilayer packaging films are
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» Figure 7 (a) Circularity of plastic waste. (b) 9R concept of
plastic waste management.

not sorted and mechanically recycled with the currently avail-
able infrastructure. To overcome these issues, flexible multi-
layer packaging needs to be designed with polyolefin materials
and another barrier layer also should be recyclable [82].

Plastic recycling has multiple challenges like sorting of plas-
tic, purification against various contaminants, and deodorizing
of plastics, which created a lot of issues and increased the cost
of the recycling process that need to be addressed. Various
washing procedures are already in use, but basic insights into
the deodorization efficiencies of different washing media/steps
are still to be improved. Roosen et al. (2022) reported various
methods for deodorizing plastic waste during recycling, which
is suitable for polyolefin and PET. The addition of detergent or
an organic solvent along with caustic soda and water increased
the deodorization efficiency of plastic waste [83]. Anouar et al.
(2015) studied the purification of postconsumer polyolefins via
the supercritical CO, extraction process. The supercritical CO,
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extraction process has great potential to reduce the amounts
of contaminants in postconsumer polyolefins without changing
their properties. This process is more efficient as compared to
the traditional liquid extraction process using methylene chlo-
ride [84]. The growing demand for plastic globally enhances the
problem of global plastic pollution in land and ocean. To over-
come or minimize this issue an increased and improved plastic
recycling process is needed. Micro- and nanoplastic generation
during the washing of plastic waste is a major challenge, which
is creating a lot of issues related to life on the land and in the
ocean. The current filtration system can remove efficiently mi-
croplastics >40 pm. Microplastics <5 pm were generally not
removed by filtration and subsequently discharged to the water
body during plastic recycling, which needs to be stopped.
Brown et al. (2023) studied and suggested microplastic pollu-
tion mitigation by recommending an additional filtration sys-
tem that removed the majority of microplastics <5 pm [85]. To
reduce plastic waste-related issues, we need to adopt the new
concept of waste prevention. The ban on single-use plastic
forced the scientific society to think about the best circularity
path based on the 9R framework, such as refuse, reduce, reuse,
repurpose, and recycle. We need to create public awareness of
the importance of the 9R concept for plastic waste manage-
ment as shown in »Figure 7b. 9R concept teaches that plastic

items that are not recycled in principle can be refused to use
and looked for alternatives. Plastic wastes accumulated in
our environment can be recovered, repaired, refurbished, and
recycled to reduce, reuse, and redesign to achieve a circular
economy and inhibit the environmental issues related to waste
plastic and microplastic [86, 87].

Circularity and sustainability aspect of
polyolefin

Polyolefins are the best example in the chemical recycling
domain, which convert used plastic into monomer and that
monomer is used as a raw material to produce again polypro-
pylene and polyethylene and their functional polymers using
various polymerization techniques as shown in »Figure 8.
Pyrolysis of low-density polyethylene (LDPE) in the presence of
B-zeolite and silica-encapsulated platinum nanoparticles re-
sulted in naphtha, which is the main feedstock for ethylene
production. Various other catalysts like zirconia nanoparticles
on silica pores (ZrO,-Si0;) and ZSM-5 zeolite, with an atomic
Si/Al ratio of 21 converted polyethylene and polypropylene
into light alkanes [88-90]. Pyrolysis oil obtained from pyrolysis
of polyolefin waste is a useful component of chemical recycling.

* Propylene
* Ethylene
* Butene

* Hexene

* Octene

* Polypropylene
* Polyethylene
+ Composites

* Functional
Polyolefins

» Figure 8 Circularity and sustainability of Polyolefin.
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Further conversion of pyrolysis oil into low-carbon olefin is a
necessary step toward circularity. Pyrolysis oil from polyolefin
waste can be used in steam crackers to produce ethylene, pro-
pylene, and other chemicals. These monomers as a feedstock
can be repolymerized into virgin polymers [90]. Wang et al.
(2022) reported depolymerization of polyethylene waste to its
constituent monomer ethylene, which is further converted into
propylene using tandem catalytic conversion via ethenolysis.
This propylene monomer from polyethylene can be repolymer-
ized into polypropylene using a conventional process [91].

Conclusion and future directions

Polyolefins are produced by catalytic polymerization of olefins in
slurry, solution, and gas phases. The advancements in technology
have resulted in high-throughput production of different grades of
polypropylene and polyethylene. These grades are used for various
end-use applications in different current and emerging growth sec-
tors like packaging, agriculture, transportation, defense, and energy
transition. This has resulted in a continuous increase in the demand
for polyolefin products touching market potential of USD ~ 385 bil-
lion by 2031. The factors such as high growth, wide range use, and
low cost of polyolefin material in the last few decades have led to a
significant accumulation of waste polyolefin. The prolific use and
non-biodegradable nature of polyolefin in the packaging sector
also added another dimension of environmental concerns due to
poor waste management systems of collection and microplastic
generation on land as well as in water bodies. These challenges are
currently being addressed in the framework of the circular economy.

Chemical recycling is currently getting more attention as an
approach to converting waste into useful products and chemi-
cals to minimize the use of current oil-based resources to meet
the growing demand for polyolefin. In chemical recycling tech-
nologies hydrothermal liquefaction (HTL), thermal oxidation
and dissolution/precipitation processes are being developed.
HTL process can play an essential role in the recycling of poly-
olefins in the future due to its lower energy consumption and
less complexity involvement. The dissolution/precipitation pro-
cess is very useful for single and multilayer recycling and can
play a pivotal role in the chemical recycling domain for giving
new life to plastic waste. The pyrolysis process is very popular
and plays an important role in chemical and other monomer
synthesis from plastic waste. These chemicals and monomers
are further used as raw materials to produce various polymers
such as polypropylene, polyethylene, and other functional poly-
olefins using different polymerization techniques. A combina-
tion of chemical and mechanical recycling is an example of
circularity that diverts plastic waste from being sent to landfills
or incineration and back into use. Reduce, refuse, reuse, refur-
bish, rethink, repair, remanufacture, repurpose, and recycle are
key steps for a robust plastic waste management system that
follows sustainability and circularity. These 9Rs are essential in
reducing and managing plastic waste generation, enhancing
resource efficiency, and minimizing the negative impact of
plastic waste on the environment.

Future advancements in polyolefin production and recy-
cling technologies will be based on digital tools like
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Al/machine learning (ML)/deep learning (DL) and flexible pro-
duction units. In the case of recycling, Al-powered tools can
monitor and neutralize odors during the recycling process,
which can reduce the risk of toxic diseases. Future directions
should also be more centric toward closed-loop recycling sys-
tems to create a circular economy by continuously recycling
waste plastics into premium quality products. While other
methods, such as mechanical and chemical recycling, offer
valuable benefits and complement the overall recycling ecosys-
tem, closed-loop recycling systems enhance sustainability, effi-
ciency, and economic savings, reduce pollution, and help to
meet regulatory standards.

Abbreviations

Al Artificial Inteligence

Al Aluminum

Al203 Aluminum oxide

Ca Calcium

Ccao Calcium oxide

Ce Cerium

Co Cobalt

DI Deep learning

EVA Ethylene vinyl acetate

EVOH Ethylene vinyl alcohol copolymer
Fe Iron

HTL Hydrothermal liquefaction
HDPE High-density polyethylene

HP Homopolymer

ICP Impact copolymer

La,05 Lanthanum (IIl) oxide

LDPE Low-density polyethylene
LLDPE Linear low-density polyethylene
MFI Melt flow index

MgO Magnesium oxide

ML Machine Learning

Mn Manganese

Mo Molybdenum

Nb Niobium

Ni Nickel

PP Polypropylene

PE Polyethylene

PET Polyethylene terephthalate
PETG Polyethylene terephthalate glycol
PVC Polyvinyl chloride

PS Polystyrene

RCP Random copolymer
SiO, Silicon dioxide

Zn Zinc

Zr0, Zirconium dioxide
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