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Fundamental, Technical and Environmental Overviews of Plastic
Chemical Recycling

Hui Luo,*2 Helen Tyrrell,® Jingyang Bai,? Rukayya Ibrahim Muazu® and Xiangyi Long*®

The accumulation of plastic waste is a severe environmental challenge worldwide. Although mechanical recycling methods
are in place for plastics such as polyethylene terephthalate (PET), the physical and chemical properties are significantly
compromised after a number of cycles, and eventually reach end-of-life and end up in landfill. Chemical recycling is a
collection of emerging innovative technologies that transform plastic waste into base chemicals, monomers and feedstocks.
This approach complements mechanical recycling, bridging the gap between waste management and the petrochemical
industry. However, regards to the seven types of recyclable plastics, there is currently no clear overview of the suitable
techniques. Therefore, we aim to provide a critical perspective of the suitability of different chemical processes towards
recycling different types of plastics, by combining fundamental knowledge and research advancements in recent years, with
an emphasis on assessing their environmental and economic impacts. Finally, based on the development status, we will
highlight the current challenges and future opportunities on implementing chemical recycling technologies to meet the

sustainability requirement of a climate neutral circular economy.

Introduction

As of 2021, the global production of plastic amounted to nearly 391
million metric tons, with over 90% derived from virgin fossil-based
resources, making the plastic industry heavily reliant on fossil fuels.3
However, a mere 10 % of the total plastic volume collected is
recycled, with just 2 % processed through closed-loop recycling,
while the majority (79 %) is left to accumulate in landfills or other
natural environments.> The rapid growth of plastics production and
the accumulated plastic waste exacerbate the triple planetary crisis
of habitat loss, plastic pollution and greenhouse gas emissions.” Thus,
the effective management of plastic waste and their end-of-life
treatment stands as a major challenge. Specifically, there is a growing
interest in transitioning to a circular economy in which plastics will
be efficiently and sustainably recycled back into the economy. Yet
according to the Circularity Gap Report 2023 by the Circle Economy
think tank, the current global circularity rate stands at only 7.2%.8 It
means that we are still primarily operating within a linear economy,
resulting in the loss of valuable raw materials. This urges us to work
on global solutions, from preventing waste, to extracting more value
out of this inevitable waste.

Recent attempts to mitigate plastic waste, such as plastic
prohibitions and the Extended Producer Responsibility (EPR)
programme, have made substantial progress. Although reducing
demand is a valuable strategy to decrease waste, completely
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eschewing plastics remains unfeasible due to their ubiquity and
essentiality.? On this note, the Circular Plastics Alliance aims to boost
the EU market for recycled plastics, which covers the full plastics
value chains and includes over 330 organisations representing
industry, academia and public authorities.

Today, mechanical recycling is the most widely used process to
recycle plastics. The mechanical recycling industry has the potential
to reach 250 million tonnes by 2060, presenting a revenue
opportunity of $300-400 billion in today's terms.? Via mechanical
recycling, plastics waste is grinded, washed, extruded and pelletised
to make recycled plastics. This process allows recycling plastics waste
several times, however, with a progressive loss of properties. In
addition, mechanical recyclability is restrained by their types and
impurities introduced during usage and post-consumer phase.
According to a 2015 report from the Environment Protection
Authority (EPA), the plastics with the highest recovery rates are
polyethylene terephthalate (PET, SPI code 1, 19.5%), high-density
polyethylene (HDPE, SPI code 2, 10%) and low-density polyethylene
(LDPE, SPI code 4, 5%). All other plastics, including polypropylene (PP,
SPI code 5) and polystyrene (PS, SPI code 6), were recovered in less
than 1%. The recovery rate for polyvinyl chloride (PVC, SPI code 3)
and other plastics (SPI code 7) were effectively zero.1® However,
more recent data shows the recycling rate has grown significantly in
the past few years. For example, VinylPlus reported 813,266 tonnes
of PVC waste were recycled within their framework in 2022,
representing around 27% of the total PVC waste generated in the EU-
27, Norway, Switzerland and the UK.
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Table 1 A summary of the main types of recyclable plastics, their Society of the Plastics Industry (SPI) code, applications and recovery rate by

mechanical recycling in 2015.10.12 13

Plastic Recovery rate
SPI Structure Applications v .
type (by mechanical)
o}
0/\4"/ Di ble bottles for drink dici d th
PET 1 +0 isposable bottles for drinks, medicines and many other 19.5%
consumer products
o}
HDPE 2 /Nn/ Durable containers, such as milk jugs or detergent bottles 10%
Cl
PVC 3 N Piping, cables, garden furnitur.e, carpet, clinical IV bags and ~ 0%
n tubing
LDPE 4 /[/\/]n/ Manufacturing various ?ontainers, computer components, 5%
plastic bags or wraps
bp s /N/ Plastic furniture, vehiFIe pa.rts, reusable food containers or <1%
n first-aid products
PS 6 [ ] Packaging materials, CD/DVD cases or insulation foam <1%
n
H Nylon-6 o
Others /{N\/\A)Hn\
(e.g. Nylon: fabrics, carpet, fisher net ~ 0%
Nylon, /”H(O# PLA PLA: barriers films, food containers, 3D printing filaments ’
PLA) o

Chemical recycling, on the other hand, is a process that, through the
application of heat, chemicals, or catalytic agents, converts the
plastic polymer chains into oligomers, monomers or other basic
chemicals (such as carbon monoxide, carbon dioxide, methane, and
hydrogen) prior to further reprocessing into monomers/polymers.14
Unlike mechanical recycling which requires highly segregated
feedstocks through intensive sorting and reprocessing, some of the
chemical recycling technologies are largely nonselective and have
higher tolerance to feedstock contaminates, hereby saving time and
additional costs associated with plastic pre-treatment.!> 16

Complementary to mechanical recycling, this process offers the
possibility to transform hard-to-recycle or end-of-life plastics waste
into petrochemical equivalent feedstocks for virgin plastic
production. This prevents this type of waste from being sent to
incineration or landfill, which requires extensive downstream gas
cleaning due to the production of toxic dioxins during operations,®
bridging the gap between waste management and the petrochemical
industry. It is generally understood that chemical recycling of plastics
like PET may be less environmentally favourable than mechanical
recycling. However, recent studies suggest that directly comparing

Please do not adjust margins
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chemical recycling methods to mechanical recycling is now
considered obsolete.'” Hence, the combined utilisation of multiple
end-of-life (EoL) management of specific plastic waste stream is
currently being employed across various plastic waste management
systems. 1819

However, compared to mechanical recycling, the chemical recycling
development is still at early stages. According to Plastics Europe-
Circularity, out of 29.5 Mt post-consumer waste collected in the
EU27+3, <0.1Mt was chemically recycled, compared to 9.1 Mt sent
to mechanical recycling plants.? This is mainly due to the more
complex chemical reaction process and sizable energy input. Despite
this, according to a graph from Holland Circular Hotspot, based on
data from Nexant/Technip Energies (NexantECA, 2021),%° chemical
recycling is projected to grow significantly in the next few decades
(Figure 1). Therefore, research and innovation efforts in both
academia and industry are looking to develop sustainable and
energy-efficient chemical recycling processes.

2020
10% 15% 75%
2040
20% 15% 45%
2060
Mechanical Energy
recycling Recovery
35% 19%

Figure 1 Plastic recycling outlook based on data from Nexant and
Technip Energies. The percentage of plastics fall out of mechanical
recycling, chemical recycling and energy recovery is sent for landfill
(with leakage to nature). Reproduced from ref!* with permission from
Holland Circular Hotspot, copyright 2023.

Chemical recycling can be broadly categorised into three main
technologies including depolymerisation (solvolysis), pyrolysis and
gasification. Solvolysis turns waste plastic into monomers that can be
re-polymerised to produce virgin plastics, while pyrolysis and
gasification create recycled intermediate substances such as
pyrolysis oil or syngas to be used as precursor feedstock for
monomer chemical synthesis. Depending on the chemical structure
of the plastic polymer chain and the desired reaction products,
different chemical recycling techniques, reaction conditions,
catalysts and reagents are being developed to maximize the resource
efficiency and minimize energy consumption. Therefore, in this
tutorial review, we aim to provide a recommendation of the
suitability of chemical processes towards recycling different types of
plastics, with an emphasis on assessing their economic and
environmental impact. Finally, based on the development status, we
will highlight the current challenges and future opportunities in
implementing chemical recycling technologies.

This journal is © The Royal Society of Chemistry 20xx
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Poly(ethylene terephthalate) — SPI code 1. arice onine
DOI: 10.1039/D4GC03127J
Polyethylene terephthalate (PET) low cost, light-weight

thermoplastic polyester that displays good durability towards heat
and chemicals, high moisture and gas barrier properties and has
excellent optical clarity.?! It’s ubiquitous use in consumer food and
drinks packaging, in the form of bottles, trays and films, as well as
fibres for textiles results in vast amounts of plastic waste globally.
Whilst 60% of PET bottles are currently collected for recycling in
Europe, a standardised method for collecting other streams of PET
waste has not been established. This contributes to the disposal of
5781 kt of PET waste to landfill and the environment in Europe
alone.?2 The durable, non-biodegradable nature of PET plastic means
that recycling is necessary to tackle the mass accumulation of waste
generated.

The production of PET is a multi-step process involving
anesterification reaction between terephthalic acid and ethylene

is a

glycol to form bis(hydroxyethyl terephthalate) (BHET), followed by
polyconsendation of BHET in the presence of antimony-base
catalysts such as Sb,03; and Sb(OAc)s. Until terephthalic acid became
areadily available starting material, dimethyl terephthalate was used
in a transesterification reaction with ethylene glycol.?! Typically, the
starting molecules used to make PET are obtained from
petrochemical sources. Companies such as Coca Cola are increasing
their efforts to incorporate bio-derived materials into the production
of PET drinks bottles. In 2009, Coca Cola released the 30% bio-based
PlantBottle™ where petrochemical-derived ethylene glycol was
substituted by sugarcane-derived ethylene glycol.?> 2 Coca Cola
have since produced a 100% bio-based prototype and aims to replace
all oil-derived PET with recycled and renewable PET by 2030 in
Western Europe and Japan. Whilst the switch to biomass-derived
monomers offers a pathway to more sustainable packaging and
fibres, it will not solve the problem of tackling the masses of non-
biodegradable PET waste accumulated globally. Therefore, it is
important that research efforts continue to focus on both
sustainable production and recycling of PET.

Mechanical recycling is a common industrial method to convert PET
waste into new products due to its simplicity and low-cost.
Unfortunately, the desirable properties of virgin-PET are not retained
during mechanical recycling. Consequently, only limited amounts of
recycled PET can be re-introduced into the plastic bottle production
process.?> This results in the majority of PET being downcycled to
lower value products, such as carpet fibres, which cannot enter the
recycling loop again.2®

Alternatively, a chemical recycling approach could address the
limitations of current mechanical methods. Using solvolysis,
polyester C=0 bond can undergo nucleophilic attack to enable the
complete breakdown of the polymer chain to reform the initial
monomers, oligomers or other useful small molecules. In a closed-
loop recycling scenario, the monomers or oligomers would be re-
introduced into the production process of virgin-grade PET. Various
chemical recycling reactions can be applied depending on the desired
products Figure 2. Various solvolysis approaches including
hydrolysis, glycolysis and methanolysis will enable the recovery of

J. Name., 2013, 00, 1-3 | 3
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feedstock molecules that are suitable for direct addition into the PET
production process.

PET Chemical
Recycling
Routes
|
[ I I I 1
Methanalysis Glycolysis Aminolysis Ammanolysis
o el s Hydrolysis Sl il
T cemdCH fE e e
o ik T amr - I o R e
|
[ | ]
Neutral

Alkaline

Figure 2 Common PET chemical recycling routes and the associated
main products.

The hydrolysis of PET can be performed under neutral, acidic or
alkaline conditions. Generally, neutral hydrolysis occurs in water
between temperatures of 200-300 °C and 1-4 MPa to yield TPA and
EG with small amounts of the TPA and EG monoester. A large excess
of water is required for the hydrolysis; often mass ratios of
PET/water up to 1:12 are used. Conducting hydrolysis at
temperatures above 245 °C, where PET is in the molten state, has
been found to accelerate the depolymerisation.?’ This is done in the
presence of metal salt catalysts based on Zn, Sb and Mn. Whilst the
poor solubility of TPA in water facilitates precipitation and easier
separation, impurities from the process also precipitate alongside it.
As a result, additional costly purification steps are required to ensure
high purities of the monomers.?6

Acid hydrolysis is commonly performed in concentrated H,SO,4 (> 87
%) at lower temperatures compared to neutral hydrolysis (< 150 °C)
and yields EG and TPA.28 Whilst this system doesn’t require a catalyst,
it is highly corrosive and the recovery of high purity EG from the
reaction mixture is challenging. Additionally, the use of highly
concentrated acid poses safety concerns and a high cost of
recovering the acid.?? On the other hand, alkaline hydrolysis requires
less-concentrated NaOH or KOH (< 20 %) to give yields of up to 100%
EG and disodium or dipotassium terephthalate. This route is often
associated with longer reaction times (3-5 hr) and higher reaction
temperatures (> 200 °C ).%° After the depolymerisation, acidification
of the reaction mixture enables precipitation and separation of
TPA.26

Alternatively, methanolysis involves the depolymerisation in the
presence of methanol to form EG and dimethyl terephthalate (DMT),
an alternative to TPA for PET production. Common reaction
conditions require 180-280 °C with pressures of 2-4 MPa in the
presence of Zn(OAc),.26 This method is being used industrially by
Eastman, where production began at their first operational plant in
Tennessee, US earlier this year and is estimated to reach 110,000
tonnes/year processing capacity. Additionally, Loop Industries
recently announced that €35 million of funding will go towards the
global rollout of their Infinite Loop™ technology based on
methanolysis depolymerisation.?8 30,31

Glycolysis has gained popularity for chemical PET recycling due to the
ease of recovering BHET using milder reaction conditions than
hydrolysis processes. Obtaining BHET is advantageous as it can be re-

4| J. Name., 2012, 00, 1-3

introduced into the PET production process at the secandisteppthis
enables the first esterification reaction betWéen TPA IS EGOEd e
bypassed.?® 32 The glycolysis process involves combining PET with an
excess of a glycol. In ethylene glycol, the depolymerisation proceeds
around the boiling point (~200 °C) and atmospheric pressure. Despite
the requirement of an additional distillation step to separate the
excess glycol, the separation of the glycol-based reaction mixture is
much easier compared to the separation of acidic or basic reagents
used in hydrolysis.33 Glycolysis can occur without the presence of a
catalyst but at the detriment of longer reaction times (< 5 h) with
lower BHET vyields.3* Therefore, great research efforts are being
made to develop efficient catalysts to increase the efficiency of this
process on an industrial scale. Earlier studies identified that metal
salt catalysts, such as Zn(OAc),3> 3¢ facilitate the glycolysis to BHET,
with more recent studies demonstrating BHET yields up to 80% after
a reduced time of 1h on a lab scale.?” Concerns over the separation
and environmental impacts of metal salt catalysts has led
researchers to explore more “green” catalysts consisting of ionic
liquids or deep eutectic solvents. These systems offer benefits such
as low volatility, high stability, tunable properties and easier
separation but are required in larger amounts and are more costly in
comparison.3®

Whilst most chemical recycling methods focus on the recovery of
monomers or oligomers for re-processing into PET, other methods
such as ammonolysis or aminolysis have been explored for the
production of TPA and EG fine chemical derivatives. Ammonolysis
and aminolysis involve depolymerisation of PET using liquid
ammonia and primary amines respectively. Ammonolysis results in
the formation of terephthalamide and EG, whereas aminolysis forms
di-amines of TPA and EG. These reactions occur in milder conditions
(< 100 °C) due to the increased nucleophilicity of amines compared
to alcohol reagents in alcoholysis. However, ammonolysis and
aminolysis methods use expensive, toxic reagents and has only been
demonstrated at lab-scale so far.?> Alternatively, high-temperature
hydrolysis using steam pyrolysis can also allow the recovery of TPA.
EG cannot be recovered via this route as it decomposes into gases
such as CO and CH,. As a result, this process is not commonly used
on an industrial scale due to the variety of products formed and the
associated separation costs. However, this option could be
particularly suitable for chemical recycling of highly contaminated
PET waste streams.?® 3°

Overall, the costs of the various chemical recycling reactions are
estimated to be much higher compared to mechanical recycling. This
is because chemical recycling processes require significant energy
and/or chemical inputs plus any additional PET waste processing and
purification steps to achieve high yields. The knowledge surrounding
the tolerance of these processes towards coloured PET and
contamination found in waste streams is still fairly limited. Studies by
Aguado et al. demonstrated that alkaline hydrolysis is more tolerant
towards industrial PET waste compared to glycolysis treatment.*°
Alkaline hydrolysis and glycolysis methods were applied to both
virgin-PET samples and PET-rich (>90%) industrial waste samples
containing highly coloured PET and small quantities of other plastics,
such as polyolefins. Whilst the yields of depolymerisation products
decreased when applying real PET waste in both processes, the
alkaline hydrolysis enabled the recovery of TPA with > 90 % yields in
all cases, compared to > 77 % BHET yields for glycolysis. Similar

This journal is © The Royal Society of Chemistry 20xx
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studies by Barredo and Lépez-Fonseca on industrial PET waste
recycling via alkaline hydrolysis and glycolysis respectively yielded
similar findings.3% 4! Importantly, Barredo et al. demonstrated that
TPA recovered from alkaline hydrolysis does not retain the
colourants and pigments found in coloured PET waste streams.*!
Despite requirements for highly pure PET waste streams, glycolysis is
the preferred commercial route for PET chemical recycling. A number
of global chemical companies, such as Dupont and Eastman Kodak,
currently operate glycolysis of PET on an industrial scale.*?
Unfortunately, complex mixed plastic waste streams are not
compatible with the processes mentioned in this section as the
breakdown occurs at the C=0 polyester bonds that are absent in
other types of plastics. Therefore, pre-sorting of waste to create PET-
rich waste streams with minimal contamination is crucial for
widespread application of these chemical recycling approaches.?
Despite these uncertainties, it is estimated that chemical recycling
via depolymerisation could reach a capacity of 350kt per year by
2025.22

Polyolefins (HDPE, LDPE, PP and PS) — SPI code 2,
4,5,6

Polyolefins are a group of thermoplastic polymers comprised of long,
linear heat responsive hydrocarbon chains. They include HDPE, LDPE,
PP and PS, which are the most popular and widely used synthetic
plastics, representing about two- thirds of all post-consumer plastic
waste. The application of PE and PP comprises around 80% of all
synthetic plastic.!3 Due to their moldability, durability and low price,
they have been widely used in various applications (Table 1).
Polyolefins only consist of saturated C-C and C-H bonds, which are
highly resistance to chemical functionalisation or degradation due to
their strong bond strength. Although the aromatic rings in PS are
easily reacted electrophilically, its polymer backbone is identical to
that of polyolefins. Therefore, unlike the more reactive carbonyl-
containing linkages in polyesters, polyamides, and polyurethanes,
they are not easily degraded by chemical methods (such as solvolysis)
or enzymatic processes.*3 44

Pyrolysis is one of the main processes for chemically recycling
polyolefins, through thermal decomposition of the long polymer
chains with less or absence of oxygen at elevated temperatures
(300-900 °C) to produce smaller and less complex molecules in an
inert atmosphere.*>4¢ Figure 3 shows pyrolysis of polyolefins and the
main products, which includes alkanes, alkenes, aromatics such as
benzene, toluene and xylenes (collectively known as BTX) and
styrene. This has been discussed in more detail in the Section of
Liquid products. The liquid product can be used as fuel but can also
be the source of valuable chemicals. Styrene is in demand to make
new polystyrene. Alkanes and alkenes can be used to make benzene,
which is a key building block in many chemical syntheses.

Pyrolysis has been extensively studied in a variety of reactor
geometries and experimental setups, ranging from micro-
pyrolysers*’” and thermogravimetric analysers (TGA)*® for kinetics
studies, to laboratory-scale batch reactors,*® semi-batch reactors®®
51 and fixed bed reactors.>> >3 Additionally, medium and large-scale
equipment, especially fluidised bed reactor,> have been used
primarily for industrial applications. Batch and semi-batch reactors

This journal is © The Royal Society of Chemistry 20xx
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are often employed in laboratory settings because oftheir.simple
design and operation. Moreover, these typeésiGfOF@detorsOoftér
flexibility in the amount of plastic and particle sizes making them
more comparable to industrial conditions.! Semi-batch reactors,
with a carrier gas, typically utilise zeolites to study catalytic pyrolysis
of PP> 56 and PE,>® as well as the thermal cracking of PS.>” 58 Batch
reactors have been used to investigate the impact of different
atmospheres (N, vs. H) on the pyrolysis of various plastics, including
PE and PP,% ® and the conversion of PS.%V 62 Analysing these
different studies indicates that the configuration of the reactor
greatly affects the pyrolysis of plastics.

Depending on whether a catalyst has been involved in the process,
pyrolysis can be divided into thermal pyrolysis and catalytic pyrolysis.

. sl

benzene

<

foluene

&b O

o-xylene

SANG

ethylbenzene

PP

s

m-xylene p-xylene

styrene

PS

NN TN

hexene

3

hexane

Figure 3 Common products from polyolefin pyrolysis.

Thermal pyrolysis

Thermal pyrolysis is a cost-effective and simple technique for
processing polyolefins.*” 48 Apart from the reactor configuration
which has been discussed above, temperature is one of the most
crucial parameters in pyrolysis and is also one of the most extensively
studied operational variables.*® This parameter has the greatest
impact on the thermal cracking of plastics, thus significantly
influencing the distribution of pyrolysis products. A common
observation in studies on plastic pyrolysis is the advantageous oil
yield at lower temperatures.®®>3 Conversely, with rising
temperatures, gas production increases, predominantly arising from
the further breakdown of liquid products at elevated temperatures.
However, it has been noted that at sufficiently low temperatures, the
liquid yield increases as the temperature rises (from 250 °C to 300 °C
for pyrolysis of PE and PP), thus restraining the cracking liquid
products.> This is due to that the decomposition reactions of plastics
are not thermodynamically favourable, resulting in lower conversion
rates at lower temperatures. Hence, when energy efficiency is a
priority, low temperatures with reasonable liquid yields are
preferable in order to reduce energy costs.

Catalytic pyrolysis

J. Name., 2013, 00, 1-3 | 5
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Table 2 Summary of plastic pyrolysis catalysts in this review.

|
Catalyst Examples General characteristics
type
HZSM-5, HY, . . .
and MCM-41 & geny
Negligible cost
FCC / Producing gasoline range
hydrocarbons and light olefins
Some are effective, cheap, and
sustainable
YA
Mgtal no, Mgo, a0, Promoting the cleavage of C-C
oxides and Fe,03 .
bonds and suppressing
undesirable side reactions
Metal- itable loadi i
modfied  Metal loaded 2 O O e
Al,O;and ZSM-5 ¥ ¥ pyroly
catalysts process
Other Carbon Low cost, and special structure
novel materials, and Having excellent potentials to get
catalysts clays different target products

In the catalytic pyrolysis of plastics, a variety of catalysts have been
employed to enhance the target reactions, reduce the reaction
temperature and time, improve the product quality, and increase the
process efficiency.>> Figure 4 shows the -catalytic pyrolysis
mechanism over a typical zeolite catalyst, HZSM-5. Apart from the
random scission mechanism of C—C bonds in the thermal pyrolysis,
the chain scission also initiates on the acidic sites of the zeolite, which
involves random and end-chain scission and carbocation reaction.
The carbonium ion is created in the long-chain radical because the
hydrogen is extracted by the HZSM-5 catalyst. The secondary
reactions happen afterwards, including cyclization and
aromatization, Diels-Alder reaction, and isomerization, and are
promoted because of the HZSM-5 existence. The choice of catalysts
is influenced by factors such as the type of plastic feedstock, desired
product distribution, and economic feasibility. Some widely used
catalysts have been summarised in Table 2 and discussed further
below.

Zeolite and fluid catalytic cracking (FCC) catalysts

Zeolites, particularly those with high surface area and pore volume,
have been extensively investigated due to their acidic sites and
shape-selective properties, which promote the cracking of large
hydrocarbon molecules into smaller, more desirable compounds.>¢
39 Compared to other catalysts for plastic pyrolysis, zeolites have the
advantage of producing higher content of aromatics.®® There are two
groups of zeolites for plastic pyrolysis: microporous zeolites,
including HZSM-5, HY, HUST, etc, and mesoporous zeolites, including
SBA-15, MCM-41, etc.®! The acid sites are the key to pyrolysis. There
are two types of acid sites in the zeolites, namely Lewis and Brgnsted
acid sites, as the proton donors. The number of Brgnsted acid sites is
decided by the ratio of Si/Al in the framework.>® The Lewis acid sites

6 | J. Name., 2012, 00, 1-3

can determine the content of aromatic and alkene chemicalsdn the
pyrolysis product.62 63 DOI: 10.1039/D4GC03127J
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over zeolites. Reproduced from ref’® with permission from Elsevier,
copyright 2022.

HZSM-5 is a typical zeolite for pyrolyzing plastic waste and producing
aromatics.®* Gasoline-range hydrocarbons and monocyclic aromatic
hydrocarbons can be produced with HZSM-5.55 HZSM-5 can
participate in the cracking reaction at the end of polymers.%¢ HY has
a larger micropore and is conducive to producing gasoline-range
hydrocarbons.®” The selectivity of gasoline-range hydrocarbons in
the liquid products can reach 97% in the HDPE pyrolysis reaction.58
One disadvantage of HY is the deactivation, which is faster than
HZSM-5. The cavities in HY inhibit the diffusion of polycyclic aromatic
hydrocarbons, which can finally form the coke blocking the active
acid sites.%® Similarly, HUSY, which can produce considerable
gasoline-range hydrocarbons, also suffers from deactivation. To
compare, HZSM-5 has the properties of high connectivity and no
cavity, which has a longer lifetime.”®

SBA-15 and MCM-41 are mesoporous zeolites with uniform channels
and high specific surface area.’”* The selectivity of oil is similar to that
of microporous catalysts, but these mesoporous zeolites suffer from
low stability and acidity.”> The metal-loaded mesoporous zeolites can
be prepared to get an improved catalysis performance due to the
introduction of Brgnsted acid sites.”% 73

The FCC catalysts are composited of silica-alumina and the binder,
which have the zeolites crystal and non-zeolites matrix.”* FCC unit is
used in the petroleum industry to convert crude oils to gasoline,

This journal is © The Royal Society of Chemistry 20xx
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olefinic gases, and base chemicals.”> It has an interconnected
network containing micro-, meso- and macropores, and the heavy
compounds can enter the internal surface and be pre-cracked. The
spent FCC catalyst is a promising option for plastic pyrolysis,
considering the similar feedstock structure and the negligible cost.
The petroleum-based plastic waste can be cracked and pyrolyzed in
the meso- and macropores, while the gasoline range hydrocarbons
and light olefins can be produced in the micropores.”® 77

Metal oxides and metal-modified catalysts

Metal oxides such as ZnO, MgO, Ca0, and Fe203 have demonstrated
promising catalytic activity by promoting the cleavage of C-C bonds
and suppressing undesirable side reactions, thus improving the yield
of desired products. MgO, which is effective, cheap, and sustainable
for plastic upgrading, can achieve the goal of cracking diesel into
gasoline and hydrogenating the alkenes to alkanes.” The yield and
quality of products can be increased by combining the base and solid
acid catalysts.2%82 For example, combining the MgO and HZSM-5
catalysts and making a dual-stage catalytic bed can provide both
basic and acidic sites. The quality of products can be improved
because of the synergistic effect, and the vyield of aromatic
hydrocarbons can also be increased.®?

Moreover, supported metal catalysts, including noble metals such as
Pt, Pd, and Ru, as well as non-noble metals like Ni and Co, have shown
catalytic efficacy in enhancing the pyrolysis process. Al,O3 is a typical
support for different metal. Fe, Ce, Co, Ni, Cu, and Pt have been
loaded onto the Al,O3 to prepare the plastic pyrolysis catalysts.84-86
Meanwhile, metal modifying the zeolites is a crucial way to prepare
more efficient catalysts. With a unique microporous structure and
uniform acidic and basic sites, metal nanoparticle-modified zeolites
have been used in many reactions, including catalytic isomerisation,
cracking, and hydrogenation reactions.®”-#? lliopoulou et al. modified
ZSM-5 with Ni and Co and found Ni can promote dehydrogenation
and facilitate the formation of aromatics.® Nishino et al. prepared
Ga-ZSM-5 for the PE pyrolysis reaction.?® The yield of liquid products
was more than 50%, and the value-added aromatics accounted for
more than 80% of liquid.

Other novel catalysts

Carbon-based catalysts have the advantages of low cost, acidity,
numerous pore structures, flexible surface modification, etc., which
can convert plastic waste into fuels and value-added chemicals.*?
Gonzélez et al. tested activated carbon as a catalyst in polyethylene
pyrolysis, and the activated carbon had a good selectivity to
aromatics.® Research shows that the pore sizes of activated carbons
relate to the molecular weight of the products.?* % Specifically, Sun
et al. used H3POs-actived carbon catalysts to convert waste
polyethylene into aromatics, alkenes and alkanes, and studied the
catalytic effect on the enrichment of the aromatics.®® The target
products were affected by the phosphorus functional groups. Zhang
et al. tested the activated carbons in the LDPE plastic pyrolysis and
found the yield of aviation fuel could reach up to 100 ..,%.%” The
selectivity of aromatics and alkanes was around 30 ,..,% and 70
area. %, respectively. Furthermore, Tsang et al. used the Pt/C catalyst
to upcycle biomass-based polyisoprene rubbers into jet-fuel.
Hydropyrolysis and vapor-phase hydrogenation were conducted in a
two-stage fixed-bed reactor. The C10 cycloalkane yield reached

This journal is © The Royal Society of Chemistry 20xx
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642.7 mg/g with a selectivity of 83.6% at 200 °C,%, Therefore,
activated carbons have an excellent potentidPtd Be 4pislied w-pldsti¢
pyrolysis. Recently, clays have been chosen for pyrolysis reactions
owing to their low cost and high reserves. Their activation could be
similar or even superior to zeolites at high temperatures,® and the
layer structure they have can form a 2D network with interconnected
micropores.’® Clays tend to produce heavy olefin hydrocarbons,
rather than aromatics, because of their mild acidity.®*

After introducing the different thermal and catalytic pyrolysis
processes for polyolefin, the following sections will focus on
reviewing the different product compositions.

Liquid products

The liquid products, include alkanes, alkenes, aromatics such as BTEX
and styrene, are central components in polyolefin pyrolysis. For
thermal pyrolysis, the aromatic structures such as styrene and
benzene mostly originate from PS. PP tends to form alkenes and
some aromatics while polyethylene produces alkanes and alkenes.
Moreover, the liquid and wax-like hydrocarbons from plastic waste
have high calorific values. After upgrading and purification, they can
be used as petroleum-like diesel for transportation.46- 101-103

In catalytic pyrolysis, the use of catalysts improved the yield of oil
with high quality.1% 105 Moreover, liquid products with a high
concentration of aromatics can also be achieved. Aromatic
hydrocarbons such as BTEX are key building blocks in many chemical
syntheses. Currently, BTEX are mostly produced from fossil fuels via
the thermal fractionation of coal and catalytic reforming and
aromatising of petroleum. These traditional routes can be altered by
using pyrolysis of waste polyolefins to reduce fossil fuels
consumption and carbon emissions.

Nishino et al. prepared Ga-ZSM-5 and transformed the plastic waste
into aromatic liquid products at 520-550 °C.%! The yield was over 80
%. Valle et al. prepared Ni-modified HZSM-5 and converted the heavy
oil into total aromatic hydrocarbons, and the yield increased to 65
%.16 Related research showed that the acid sites of zeolite are
significant to the aromatic yield. Metal-modified zeolite can adjust
the acid sites.'” The pyrolysis of plastic waste can be a promising
way to produce BTEX.1%3 The liquid products (pyrolysis oil) can be
used as fuel without upgrading and can also be the source of valuable
chemicals with further separation such as distillation and membrane
that are available in the traditional oil refinery industry. It is foreseen
that employing the separation infrastructure in oil industry in the
waste recycling chain does not require any modification in the
production strategy or in the implementation of new units within the
refinery complex.108

Gaseous products

Gaseous products from polyolefin pyrolysis include light alkanes and
alkenes from C; to Cs and H,. The formation of gaseous products is
influenced by the type of catalysts in the catalytic pyrolysis.1®®
Ratnasari et al. found Ethene (C,), propene (Cs), and butane (C4) were
the major gases in HDPE pyrolysis over MCM-41 and ZSM-5
catalysts.'1® Moreover, the amount of gas relates to the amount of
zeolite catalysts.!* The composition can be tailored by the size of
zeolite catalysts. More than 50% of gaseous products were C; to Cy4
hydrocarbons over the nano-sized HZSM-5 catalyst.’'2 Many studies
also showed the relationship between the yield of gaseous products
and the acidity of catalysts.'3 Furthermore, H, is a promising energy
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carrier due to its efficiency, sustainability, and development
potential. It can be produced from plastic waste, which is an efficient
way to recycle plastic waste and have high-value products.

Solid products

The solid product from waste polyolefins pyrolysis is a carbon-rich
material. The reactor is usually in a two-stage style. The first stage
(500-700 °C) is for the waste polyolefins pyrolysis, and the second
stage (600-800 °C) is for the synthesis of carbon materials over
catalysts.!3 Various high-valued carbon materials including carbon
nanotubes (CNTs),11* carbon fibres,''> carbon nanospheres,!® and
carbon nanosheets,''” can be produced.

CNTs have potential applications because of their high mechanical
resilience, interconnected pore structure, and high electrical
conductivity.'*® More and more research focus on producing CNTs
from plastic waste over specific catalysts.’'® Acomb et al. produced
the CNTs from LDPE over Fe/Al,0; catalyst, and the yield was 26
wt.%.120 Yao et al. used Fe/a-Al,0; and Fe/y-Al,0; catalysts to
produce CNTs from real plastic waste, having a yield of 35 wt.% and
33 wt.%, respectively.?! Wu et al. produced the CNTs from PP plastic
and got a carbon yield of 29 wt.% over the Fe/SiO, catalyst.??2 Nahil
et al. added different metals, including Zn, Mg, Ca, Ce, Mo, and Mn,
into Ni-based catalysts and produced CNTs from PP.123 Yao et al. used
post-consumer mixed waste plastics to prepare CNTs over Ni-Fe
bimetallic catalysts.'?* Different supports, including MCM41, ZSM-5,
H-Beta, and NKF5, were used. The highest yield of carbon materials
was over 55 wt.%, over the Ni-Fe/MCM41 catalyst. Wang et al. used
cordierite as the support and prepared the Fe/cordierite,
Ni/cordierite, and Ni-Mg/cordierite catalysts.!?> A high vyield of
filamentous carbon (93 wt.%) was achieved. The economic viability
of this process was verified by Cai et al.'26 The CNTs prepared from
plastic pyrolysis have been applied in many fields, such as
electrocatalysts,'?’ solid oxide fuel cells,*?8 phase change material,*?®
and pollutant adsorption.3°

Overall, pyrolysis is a promising chemical recycling method for
polyolefins. It has been extensively studied across various reactor
types, with temperature being a key parameter influencing product
distribution. Lower temperatures favour oil production, while higher
temperatures increase gas yields. Catalytic pyrolysis, employing
various catalysts, enhances target reactions, reduces reaction times,
and improves product quality and process efficiency. Zeolites are
extensively studied for their shape-selective properties, promoting
the cracking of large hydrocarbon molecules into smaller, desirable
compounds. Metal oxides and metal-modified catalysts, such as
supported metal catalysts and FCC catalysts, also show promise in
enhancing pyrolysis efficiency. Carbon-based catalysts, including
activated carbons and clays, offer low-cost alternatives for plastic
waste conversion. Pyrolysis yields liquid, gaseous, and solid products.
Liquid products, rich in alkanes, alkenes, and aromatics, find
applications as fuels and chemical feedstocks. Gaseous products
primarily comprise light hydrocarbons and hydrogen, influenced by
catalyst type and acidity. Solid products, carbon-rich materials, can
be further processed into high-value carbon materials like CNTs and
carbon fibres, with various applications including in electrocatalysts
and solid oxide fuel cells.

8| J. Name., 2012, 00, 1-3

PVC (Polyvinyl chloride) SPI code - 3 vicw articte onine
DOI: 10.1039/D4GC03127J
PVCis the world’s third-largest thermoplastic by volume, after PE and

PP. due to its versatile properties such as lightweight, durable, good
insulation, high chemical and fire resistance, low cost and easy
processability, it finds applications in a verity of fields, such as water
pipes, building materials, electronic components and medical
devices. PVC is produced from the polymerisation of ethylene
dichloride. In the EU-27 + UK, Norway and Switzerland, about 6.5
million tonnes of PVC products are manufactured every year. Annual
European consumption of PVC resin totals 5.1 million tonnes - 10%
of all plastics used in Europe.13!
Chemical recycling is more suitable for an unsorted PVC waste
stream for which mechanical recycling is not achievable or is
uneconomical. However, there are also many challenges in chemical
recycling, mostly caused by i. plasticiser additives, which are added
to PVC at concentrations ranging from 30% to as high as 50% by
weight and containing chemicals such as phthalates—which are
carcinogenic and mutagenic; ii. Thermal stabiliser that contains
heavy metals such as lead, tin and barium. The solution to these
problems is discussed in more detail elsewhere.132134 |n this review,
we focus more on the chemical recycling of PVC polymer itself.
The chemical recycling of PVC waste essentially consists of two steps:
dechlorination to remove Cl from the PVC macromolecule and the
use of the remaining hydrocarbons (Figure 5a). The first step is
essential as the formed highly corrosive HCl gaseous product can
significantly damage the reactor, cause potential environmental
hazards, poison metal-based pyrolysis catalyst and contaminate the
upcycling  products. There are two routines, namely
dehydrochlorination and dechlorination, for chlorine removal.
Dehydrochlorination, in which chlorine is removed as gaseous HCI
when heating up PVC to 400 °C, combined with Cl trapping at the
exhaust. Major disadvantages of such treatment include that a
certain amount of chlorine is locked in cyclized and crosslinked
structure when conjugate polyene is formed even in the presence of
steam, and the service life of equipment is short due to the corrosive
nature of HCL.13% 136 Dechlorination presents a more effective
approach, where chlorine is removed by absorbents during the
thermal treatment.
Absorbents, usually alkaline compounds such as NaOH,37. 138
Na,C0;13% 140 etc., or basic metal oxides such as Fe;0,4,141143 Zn0O,144
Ca0,'*> 146 mixed magnesia-alumina oxide? etc., can significantly
increase the chlorine removal effectiveness through catalytic
acceleration of the process as well as mitigate hazardous gas
emissions by forming water-soluble metal chloride. In most of the
experiments reported so far, the dichlorination rate, determined by

R LY 00w

= C—lo b

Where Cl, is the Cl content in the starting material, and Cl¢ is the Cl
content in the final product, normally the pyrolysis liquid.
are relatively high (> 80%), leaving the Cl presence in the remaining
polymer or pyrolysis liquid to a suitable level (< 10 ppm) for their
successful refining processes.4”
A two-stage process is clearly beneficial, as the Cl removal requires
lower temperature (usually below 400 °C even without any catalyst)
than polymer chain cracking (> 500 °C).141. 148,149 Besides, performing
the dechlorination and pyrolysis at the same time, especially when

This journal is © The Royal Society of Chemistry 20xx
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the second step involves a metal based catalyst, the residue chlorine
can severally poison the metal catalyst, resulting in low pyrolysis
liquid yield.’®® For example, Kots and colleagues reported a two-
stage strategy that is capable of upcycling polyolefins mixed with PVC
by nearly complete trapping the Cl released from PVC with Mg3AlO, 5
at 30 bar H, and 250 °C.% Subsequent hydrogenolysis over a Ru/TiO,
catalyst results in ~70% vyield for liquid product. However, without
the Cl trapping, the Ru/TiO, showed almost no activity, with the

Green Chemistry

conditions directly in a tandem electro-oxidative,.ghlorination
reaction, as shown in Figure 5b.* One advantagel8f tRRY BpprdadhRis
that the plasticizer, DEHP—a problem when it comes to recycling—
could serve as a redox mediator. Another advantage is the direct use
of electrons in an electrified process instead of the addition of
hazardous reagents, resulting in a small ecological footprint.
Similarly, Ma’s group reported the co-upcycling of PVC and PET.®
Given the similar densities of the two plastics (1.33-1.45 g cm~3 for
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residual solid yield reaching 99%.

As Cl is also an important reagent, research have also been pushing
to recover the Cl from the absorbents, while simultaneously
regenerate the absorbent materials. Calcination in steaming at 550
°C can lead to the recovery of HCl with negligible Cl content in the
absorbent, following the metal chloride hydrolysis reaction:

MCl, + H,O — MO + HCI (M = metal)

The HCl removed with steam can be separated from the water
vapour in the downstream scrubber following standard industrial
practices.? For Cl trapped with alkaline compounds, which generated
results in NaCl salt, electrodialysis using ion exchange membrane
coupled with NaCl electrolysis to form NaOH, Cl, and H, also
demonstrates effective Cl recovery.>!

Besides removing Cl with absorbents, recently researchers have also
been looking into utilising the Cl directly in other reactions as
reagents. A new approach reported by Fagnani et al. utilises the
chloride anions generated from PVC under electro-reductive

This journal is © The Royal Society of Chemistry 20xx

PET and 1.16-1.55 g cm™ for PVC) posting extra challenge in
separating the two, they developed an upcycling route to transform
these two polymers simultaneously. As illustrated in Figure 5c, by
using a chlorine-containing ionic liquid as the catalyst/solvent and
ZnCl, as Lewis acid catalyst, the in situ generated HCI constituents
from PVC dehydrochlorination are used to attack the C,y,—O bonds
on the main chain of PET step by step, resulting in the formation of
terephthalic acid (TPA, Yield,romatics > 98%) and ethylene dichloride
(EDC, Yieldc, > 94% and Yieldg > 97%) in the end. These innovative
strategies offer a new perspective on treating mixed plastic wastes.
After the first step of Cl removal from the PVC chains, the remaining
material is often treated via high temperature pyrolysis (500-900
°C)152 or gasification (800-1500 °C).1>3 During high temperature
treatment, the removal of Cl is thought to initiate cyclisation of the
remaining unsaturated polyene chains and subsequent thermal
cracking to form benzene and other small hydrocarbons (Figure
5a).152

J. Name., 2013, 00, 1-3 | 9
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As detailed in the previous section on polyolefins, pyrolysis yields
valuable products including syngas, liquid fuels and carbon-rich
solids. On the other hand, gasification at high temperatures in the
presence of oxygen or steam transforms PVC into syngas that serves
as a valuable chemical feedstock. In this case, Cl is recovered as HCI
via a scrubbing process. Examples of industrial scale PVC recycling
processes are documented by Ait-Touchente et al. including two
gasification processes operating in Japan - Sumitomo Metals and the
Ebara Process.'3?

The advances in Cl removal methods detailed in this section will
ensure that high quality products are formed with minimal Cl
content. It is clear that multi-step pyrolysis and gasification
approaches are suitable for treating mixed-plastic waste containing
PVC. Despite the complexity of the product mixture formed with
pyrolysis, it is preferred over gasification due to the high-value and
readily applicable liquid oil produced. As both pyrolysis and
gasification approaches require high temperatures, further
improvements should focus on reducing energy consumption.

Other Plastics — SPI code - 7

The SPI code #7 category was designed as a catch-all for “other”
plastics, such as bio-based polylactic acid (PLA, polyester), nylon
(polyamide), polymethyl methacrylate (PMMA), polycarbonate (PC),
acrylonitrile butadiene styrene (ABS), etc. Therefore, the reuse and
recycling protocols are not standardised within this category.
However, based on their polymer chain structures, similar chemical
recycling methods introduced above can still be applied on them.

PLA

As a flagship bio-based plastic, PLA is used in many applications such
as food packaging materials. The main constituent, lactic acid, is
produced through fermentation from biomass feedstocks such as
food crops (corns) and waste sugars (cellulose, glucose). Industrially,
the polymerisation to PLA is preferentially achieved by ring opening
polymerisation of lactide (a cyclic diester of lactic acid), rather than
the polycondensation of lactic acid, which is limited by the need to
remove water and difficulty in achieving high molecular weight.15*

Compared to petroleum-based plastics, PLA is currently more
expensive due to increased production costs associated with the
fermentation and purification of LA, which accounts for
approximately 50% of the total cost. Besides, despite the dynamic
growth of biopolymers, their waste streams are still small and
scattered, and no separate recycling stream yet exists for PLA. A
study has shown that it is more energetically favourable to attain
lactic acid from chemical depolymerisation of PLA rather than to
produce virgin feedstock from the costly fermentation route.1>®
Besides, as the formation of lactide from lactic acid can contribute
up to 30% of the total cost of the polymerisation of PLA,*>’ there’s
also a tendency in research to obtain the dimer directly when
chemically recycling PLA. This process is typically done via thermal
depolymerisation in the presence of suitable catalysts (such as
organic compounds of Zn, Sn, Al, Ti, Zr), at high temperature (200 —
250 °C) and under vacuum conditions.1>® 158-161 This process is also
rather complex and expensive, both for the severe operating
conditions and for the need of several purification steps of the final
product.’®! Therefore, recent research efforts have been leaning
towards advancing base catalysed hydrolysis which can also lead to

10 | J. Name., 2012, 00, 1-3

lactide formation. Another high-value product can he, receverned
from PLA is alkyl lactates, which are greBfR!sBINERE DRfthOgbdd
biodegradability and low toxicity. They can also be used to produce
lactide with a similar transformation process as lactic acid, thus
“closing the loop” on the PLA life-cycle. Figure 6 presents the main
chemical recycling methods for PLA.1>

Composting
€O, + H;0

Fermentation O

— 0.
N

H = T/"\OH —
af OH o7 o

Mechanical |
Recycling

Lactic Acid PLA

Acid hydrolysis \\cuhu sis \‘Qa\yss / . i

Base hydrolysis

ﬁ;ﬁ LYY

Il = Metal Salt (Sn (11, Mg {I1), Zn {11}, Fe (1}, Al (IIl})

Acid Hydralysis
o V) S |
u | l 1OH,
H ; HO A o
“‘t{oj)\o)\\’OH e o)v\\vony“ e OH
JD ( ) — - o (‘)

Base Hydrolysis
- e.

ot At

/O\ e L Oy O~
A S G P S
W o g\ I_ L et T o

=] T - &} o]

Alcoholysis

of

ROH RO ,\

T/L/\ HE/\H\ L‘ r [|+1{Y\OH
.)

Figure 6 lllustration of different chemical recycling reactions for PLA
and the corresponding products: Pyrolysis (lactide); Acid hydrolysis
(lactic acid); Base hydrolysis (lactide) and Alcoholysis (alkyl lactate).
Reproduced from ref'>> with permission from MDPI, copyright 2020.

pH plays an important role on PLA hydrolysis. The use of acid and
base provides alternative mechanisms for the depolymerisation.
Under acidic condition, the dominating process is a chain-end
scission, whereby the terminal hydroxyl group is activated by
protonation and is hydrolysed directly to lactic acid. The rate of
degradation is independent of chain length due to the
hydrophobicity of the polymer chain compared to the increased
hydrophilicity of the chain end.'®% 163 |n contrast, the use of basic
conditions leads to random chain scission via back biting reaction to
generate lactide, which is subsequently hydrolysed. Accordingly, the
process kinetics is dictated by the nature of the hydroxyl terminal
groups. When the terminating OH was blocked, no significant PLA
degradation was observed by de Jong et al.’% By analysing the
fraction of total initial lactide present as one of the chain-ends,
random scission and chain-end scission can be determined.%>

Due to the insolubility of PLA in aqueous media, hydrolysis can
require high temperatures in the range of 180 — 350 °C.%%> Various
methods have been proposed to reduce the temperature
requirement, including microwave heating (170 °C), high pressure
steam (100 — 130 °C) and combine with other solvents, such as 50%
ethanol (90 °C) and ionic liquid (130 °C). Recently, Friscic and Auclair’s
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research group demonstrated the use of a mechano-enzymatic
depolymerisation method with moist-solid reaction mixtures with
Humicola insolens cutinase (HiC) enzyme, to avoid the need of
dissolving PLA in aqueous solution. After 5 days of milling + aging
conditions, the percentage yield of depolymerisation reached over
90 %, marking the effectiveness of this process.6®

Alcoholysis of PLA to alkyl lactates follows a simple reaction pathway
as illustrated in Figure 7. A range of commercial reagents including
alkali/alkaline metals (Li—-K/Mg—Ba) and selected alkoxides Na(OEt),
K(OEt), Ca(OMe)2, as well as organometallic/chlorido Zn, Sn, and Al
reagents are commonly used to catalyse the reaction.’®> These
catalysts effect as Lewis acid sites arise via binding to the carboxyl of
the ester to facilitate the attack of the chemical bonds, thus driving
the transesterification process.¢”

In addition to research advancements, an overview of the chemical
recycling of PLA technologies disclosed in the patent literature is
provided by Niaounakis, where the pros and cons at an industrial
relevant contest is discussed.!68

Nylon (Polyamide)

Another commonly used plastics falls in this category are engineering
plastics such as polyamides, which is designed to withstand harsh
mechanical and environmental conditions, the same property that
dictates the challenge in recycling. For example, Nylon-6 is a
thermoplastic polyamide produced industrially by water-assisted
ring-opening polymerization of e-caprolactam on a 6.21 million tons
annual scale in 2021,%%° with the market size estimated at USD 34.39
billion in 2023.170 According to the World Wildlife Federation, up to
1 million tons of Nylon based fishing gear is abandoned in the ocean
each year, with fishing nets composed of Nylon-6 making up at least
46% of the Great Pacific Garbage Patch.

Currently, less than 1% Nylon is recycled worldwide due to the
various technical challenges. Mechanical recycling is rarely used
since the high manufacturing temperature leads to partial
degradation of the polyamide chain, leaving recycled Nylon products
with inferior properties.’’? The idea of burning plastics for energy
recovery does not apply to Nylon either, as a limitation for Nylons is
that toxic HCN, CO, CO,, and NH; are produced in combustion,'’2 and
the economic value of fossil fuel derived e-caprolactam will be lost.
The current chemical recycling strategies for polyamides are focus on
pyrolysis, hydrolysis/solvolysis, hydrogenolysis, ammonolysis or
aminolysis, as well as deploymerisation in ionic liquids. Figure 7
presents the reaction temperature range among different methods.
It can be seen that with the aid of metal complex catalyst,
hydrogenation of polyamide can take place under relatively low
temperature (150 — 200 °C), yet the high H, pressure, usage of
solvent as well as the low product yield still posts safety and
efficiency concerns. The reaction is typically catalysed by ruthenium
pincer complexes using DMSO as a solvent, which plays a critical role
in the process by disrupting the hydrogen bonding of the polyamide
and at the same time remaining uncoordinated to the metal center,
thus allowing the catalysis to occur.’’3 Improvements are yet to be
made to increase the product yield and find alternative proton
sources than H, for the hydrogenation of amide bonds. In
comparison, hydrolysis with sub- and supercritical water and acid
catalyst (e.g. HCI) can effectively decrease the reaction temperature
requirement, while achieving a high product yield. Bockhorn and co-
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workers compared the apparent activation energy E, of. the.thesmal
degradation of Nylon-6 by means of TG/MS. PCOrh@EOi¢Rltulatéd te
be 211.3 kJ/mol without any catalyst. The value decreases to 163.9
kJ/mol in the presence of H3PO,, and further to 113 kJ/mol with the
eutectic mixture of NaOH/KOH as catalyst. However, a disadvantage
of this process is the high yield of salts and traces of acids in the
recovered e-caprolactam, which is a drawback for the production of
virgin Nylon materials. Without the aid of acid catalyst, hydrolysis
takes place in the temperature range of 300 — 370 °C, with varied
product yield depending on the solvent type (water, toluene,
methanol, etc) and reaction time.
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Figure 7 a. Examples of hydrolysis, pyrolysis and hydrogenolysis
reactions of Nylon polymers. b. Asummary of Nylon depolymerisation
product yield as a function of reaction temperature.

Pyrolysis approach with reduced pressure, oxygen free conditions
normally deliver high product yield. The temperature ranges from
240 °C to 400 °C, varies depending on the catalyst being used. For
example, Wursthorn et al. reported the use of Ln(N(TMS),); (Ln =
lanthanide), a commercially available lanthanide trisamide catalyst
to treat post-consumer Nylon-6.175 Under solvent-free, 107 Torr and
240 °C, e-caprolactam yield can reach 93%. As shown in Figure 8,
experimental and theoretical mechanistic analysis argue that the
reaction proceeds via a novel mechanism involving an initial
deprotonation step of the Nylon amide N-H bond which binds the
catalyst covalently to the polymer. This step is followed by
predominant chain-end backbiting steps in which e-caprolactam
units are sequentially excised from the chain ends. There are rare
reports on ammonolysis of Nylon in the literature, with a handful of
examples documented in the patent domain.76-180 Therefore, we will
not review this technique here in great detail.
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Figure 8 Mechanistic illustration of Nylon-6 depolymerisation with
commercially available lanthanide trisamido catalysts Ln(N(TMS),)s
(Ln=lanthanide): A) Computed Nylon-6 model reaction. B) Nylon
coordination. C) Proposed depolymerisation mechanism. Reproduced
from ref!”> with permission from Wiley, copyright 2023.

To summarise, depending on the polymer structure, the reactions for
chemical recycling of different plastics need to be carefully chosen.
Table 3 provides a list of reaction types mentioned in this review,
along with the operation temperatures. When energy efficiency is a
priority, low temperatures may help reduce energy costs. Yet this
need to be reviewed alongside other parameters, such as catalyst
type, product yield, post separation, etc, in order to find the suitable
process.

Table 3 Summary of the different reaction types and the operation
temperature for different plastics in this review.

Véey gQicle Online

Ammonolysis
DOI: 10.1039/D4GC03127J

Thermal pyrolysis 300 -900
Polyolefins

Catalytic pyrolysis <500
PVC Dichlorination + pyrolysis 400 - 500
PLA Hydrolysis 180 - 350
Hydrogenolysis 150 -200
Nylon Hydrolysis 300-370
(polyamide) Pyrolysis 240 - 400
Ammonolysis 300 -400

Plastic type Reaction Temperature / °C
Acid hydrolysis <150
Neutral hydrolysis 200 -300
PET Alkaline hydrolysis >200
Methanolysis 180-280
Glycolysis ~200

12 | J. Name., 2012, 00, 1-3

Mixed plastics

Although upcycling single-component plastic waste is feasible,
upcycling real-life plastic waste, that is, plastic mixtures comprising
diverse plastic types (including polyolefins, polyesters, polyurethane,
polyvinyl chloride and so on), is more challenging. It is claimed that
PLA bottles can contaminate the PET waste stream making its
recycling process less efficient and increasing its cost by necessitating
investment in new sorting equipment. It is noteworthy that these
plastics cannot be easily or cheaply sorted by sight and the
separation methods based on density are not efficient enough due
to their similar densities. Only near infrared sensors can ensure good
separation, but this technology requires an expensive initial
investment, and it is not common place in the current recycling
facilities.

Yet, we should aim to transform these mixed plastics. There are two
strategies that warrant special consideration: 1) transformation of
mixed plastics into a product with a simple composition, and 2)
stepwise transformation of the mixed plastics. In both cases, the
rational design of the underlying carbon cycle is very crucial.® In for
former case, pyrolysis method has been widely adapted by industry
(e.g. ChemCycling® from BASF), to recycle low quality mixed waste
streams, such as the municipal solid waste. Such method has high
tolerance to contaminants and impurities, and is more suitable for
streams consisting of mostly polyolefins that have high carbon
contents. However, polyolefins are difficult to selectively
depolymerise due to the uniformity of chemical structure across the
polymer chain, which lacks differentially cleavable bonds. Therefore,
under reaction conditions, the C-C and C-H bonds break in a
statistical fashion, resulting in a mixture of short, medium and long-
chain alkanes (C;-Css), alkenes and aromatics. This phenomenon
posts additional challenges in post-reaction product separation.®
The latter case is more adaptable to mixed streams containing other
elements, such as PVC (Cl), polyester (O) and polyamides (N). For
example, Sanchez and Collinson reported the use of Zn(Ac), in
PLA/PET mixer solvolysis can effectively depolymerise PLA, while PET
remains as unconverted solid.'®” Similarly, Yang et al. discovered by
adjusting the reaction conditions, a zinc bis[bis(trimethylsilyl)amide]
(Zn(HMDS),) catalyst is capable of sequentially depolymerising mixed
BPA-PC/PET, PLA/PBS and PLA/PBAT.!®! These solvolysis based

This journal is © The Royal Society of Chemistry 20xx
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catalytic depolymerisation process is more sensitive to impurities,
therefore very often pre-treatment steps are still required.

Another type of more complex mixed plastic stream is multilayer
flexible plastic film packaging, which typically includes PE, PP, PET,
PS, PVC, polyamides, ethylene vinyl alcohol (EVOH) and other
materials like papers, foils, inks and additives. Traditional mechanical

ARTICLE

of plastic. .waste
DOI: 10.1039/D4GC03127J

Sustainability assessment
chemical recycling

While chemical recycling is currently considered a promising route
for plastic waste recycling to chemical feedstocks, there are concerns
on the energy intensity of processing related to repolymerisation and
catalysts use, environmental implications of solvent use, and
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Figure 9 GWP impact of plastic waste management via chemical recycling from 27 case studies (Gasific=gasification; MR: mechanical
recycling; F=fast; LTP=low temperature pyrolysis; Rcy=recycling; FR=feedstock recycling), MPW = mixed plastic waste (see Table S1 for specific
composition of each mix); *cradle-to-gate plastic polymer production; **cradle-to-grave (incineration of plastic waste)

recycling cannot be used for their separation, resulting in the current
recycling rates of 1-2% in the United States, while the market is still
growing annually at a rate of 3.4% to 37.5 million tons in 2026.
Dissolution strategy, in which case the mixed polymers are dissolved
in suitable solvents and recovered selected by anti-solvents, stands
clear advantage. For example, a method called Solvent-Targeted
Recovery And Precipitation (STRAP) is currently been studied by
Huber group, where the multilayer film is dissolved in different
solvents to selectively solubilise different polymers, such as
PE/EVOH/PET,82 PP183 and PE.184 The main advantage of this process
is the recovered polymers exhibit high purity, which is comparable to
virgin polymer resins. Yet since the distillation columns and the heat
required to separate the solvent and antisolvents are the major cost
drivers for this process, the process needs to be deployed at scale to
be competitive against virgin polymer manufacture.’82 Other
solvent-based separation and recycling techniques of mixed waste
plastics have also been summarised previously.'®5 In recent years,
there’s also an increasing focus on developing bio-based, renewable
solvents such as a -pinene,® D-limonene!®” and ionic liquids! in
order to improve the overall sustainability of the process.

This journal is © The Royal Society of Chemistry 20xx

associated costs. To fully understand the intricacies in chemical
recycling and to make progress in this domain, it is imperative to
evaluate the potential environmental, cost, safety and social
consequence of chemically recycling plastic waste.

Sustainability assessment is the most common and reliable way to
measure the viability of potential or existing technologies.!8 Life
cycle assessment (LCA), techno-economic assessment (TEA) and
social LCA (S-LCA) are standard methodologies that allow for the
characterisation of environmental and economic and social aspects
of technologies respectively. LCA examines the potential
environmental impact of a product, process, or service over its entire
life cycle from raw material source (extraction) through to product
manufacture, product use, and end of life (EoL). LCA is conducted
according to procedure set by 1ISO 14040-14044,1%° and accounts for
all the inputs and outputs within a defined system boundary.?®* TEA
combines technical and economic data to evaluate the feasibility and
profitability of the system,192 while social LCA (S-LCA) focuses on
identifying and managing impacts, both positive and negative on
different stakeholders across the value chains.1%3

Generally, sustainability assessments related to chemical recycling of
plastic waste is limited, thus, information regarding the
environmental performance is not common.'® In recent years,

J. Name., 2013, 00, 1-3 | 13
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studies have attempted to capture the impacts of some of the
plastics waste chemical recycling techniques?® including gasification,
pyrolysis, feedstock recycling, solvolysis, and hydrocracking. Figure 9
and Table S1 show the results of environmental and economic
assessments from a review of 14 existing studies and 27 case studies.
These studies show pyrolysis as the main route for chemical recycling
being modelled using LCA.16 18 195197 Qver 90% of the 27 case studies
focused on only LCA,® 197200 while only two studies reported the
economic potential of the assessed systems.'® 201 Most of the
studies employed a mass basis with a system function as 1t of treated
plastic waste. A cradle-to-gate system boundary is common among
the reviewed studies mainly due to limited or absence of EoL data of
the products derived from the plastics, which is not uncommon
among LCAs of emerging technologies.?’? For comparative purpose,
some of the studies omitted the cradle stage i.e. the pre-conversion
stages listed above, thus, only the gate-to-gate impact was
reported.1®”- 201 Some of the plastics evaluated as mixed or individual
plastics among the reviewed studies include PET, HDPE, low LDPE,
PP, PVC, PS and others that were not specified in the reported
studies.

Since greenhouse gas (GHG) emissions are viewed as the most
important environmental aspect for plastic waste management or
recycling, the most reported environmental impact indicator is the
global warming potential (GWP). Thus, all the reported GWP impact
values from the 27 case studies were normalised to a reference
function of 1 kg treated plastic waste, to allow fairer comparison of
assessment outcomes. Apart from the climate change impacts, a
range of environmental impact particularly Acidification potential
(AP-kgS0O,-eq), Photochemical ozone creation potential (POCP-kg
C,Hs-eq), Abiotic depletion potential (ADP-(kgSb-eq.) was also
reported by some of the studies.!6: 197199, 203

The GWP impact of chemically recycling various plastic waste is in the
range of 0.37 to 12 kgCO,-eq per kg of plastic waste across all the 27
case studies, employing different chemical recycling methods (Figure
9). As with many LCA studies of other products, variations exist in
the LCA outcomes of the reviewed studies due to differences in the
technologies used for recycling, type of polymer and LCA
methodological choices, nevertheless, some level of consistency
across most of the studies can be observed.20% 204

Rickert et al. proposed a new approach of evaluating the
performance of pyrolysing mixed plastic wastes by using the
environmental budget, which was defined as the margin of
environmental impact by two systems supplying the same function,
with one system supplying energy and the other focused on
monomer recovery from the processed plastic waste (PET trays).1®
Four scenarios as a function of monomer recovery and energy
generation were analysed, of which the percentage monomer
recovery and efficiency of the recovery influence the total
environmental budget. In terms of GWP, 100% monomer recovery
offered the highest environmental budget across all scenarios
assessed in the study. Meanwhile, recovery without ethylene glycol,
offered higher environmental budget than 50% recovery but lower
environmental budget than 100% and 80% monomer recovery
scenarios. Out of all the impact categories reported, acidification
potential performed worst for the specific chemical recycling
technology, which was also influenced by the recovery efficiency. A
specific monomer recovery efficiency may be required for a given

14 | J. Name., 2012, 00, 1-3

recycling system to operate within an environmeptal;Qudget,
consequently providing environmental B&refigsl03A/Dirédkeven
recovery efficiency was estimated at 40.95% for the modelled
system.2® This is useful particularly with the complexity of the various
chemical recycling options. For the recovery of pyrolysis fractions
such as ethylene, propylene, -n-butane, 1-butene, isobutene, light
naphtha, and aromatics, a GWP impact values of 3.66 kgCO,-eq and
4.22 kgCO,-eq was associated with the pyrolysis route adopting a
consequential and attributional LCAs respectively.1%

Low temperature pyrolysis had higher GWP impact compared to
hydrocracking in the case of PET/PE treatment.'®® Likewise, chemical
recycling of PLA into dilactide via cyclic depolymerization followed by
melt crystallization and ring-opening, was 1.5 times greater than
solvent based treatment of PLA using selective dissolution to remove
impurities such as adhesives, paints, and paper.’®® Technical
difficulties were reported in the case of chemical route, even so, a
100% lactic acid replacement was assumed. While solvent was
recycled within the system, the loss of it, contributed mainly to ozone
formation, acidification and eutrophication potential.’®¢ In terms of
benefits to the system, the two main sources come from credit
allocation and product substitution in the market. Selective
dissolution and precipitation which uses a solvent and anti-solvent to
recover polymers of interest was also reported to have relatively low
GWP of 1.9 kgCO,-eq compared with other assessed technologies
including one solvolysis, one pyrolysis, four mechanical recycling
technologies and ten different incineration scenarios.** The main
setback for this system in terms of environmental consideration is
the use of hazardous organic solvents, which can be reduced via high-
rate recycling.

Comparing with mechanical recycling, Vollmer et al. reported CO,-eq
values of ~ 5.5, 4.3, 2.9, and 3.1 kg CO2-eq/kg of plastic waste for
mechanical recycling of four types of polymers including acrylonitrile
butadiene styrene, high-impact polystyrene, PET and PET-PE
respectively.** Khoo et al. obtained GWP of 0.37 and 0.65 kgCO,-eq
for gasification and pyrolysis of mixed plastic respectively (Table S1),
the same study obtained a GWP of 0.40 kgCO,-eq per kg of plastic
waste via mechanical recycling, showing a slightly higher impact of
mechanical recycling compared with the pyrolysis and gasification
for this specific case study.*® While mechanical recycling is known to
have lower EoL processing impact, the lower product quality reduces
its overall benefit against chemical technologies (Figure 9). Their
study combined gasification and pyrolysis routes alongside
mechanical recycling and waste to energy across 8 different
scenarios.

Most of the reviewed studies showed significant reduction in GWP
impact associated with the recovered products by credit allocation
for avoided virgin material production, which contributed up to 59%
GWP savings.’® This emphasises the need to maximise product
quality and focus on high value commodities. In terms of other
environmental impact indicators, acidification  potential,
photochemical ozone creation and particular matter formation were
also reported by some of the reviewed studies, with acidification
potential as the most widely reported next to GWP. For 1 kg of plastic
waste, a range of acidification potential values of chemical recycling
by gasification was 0.00018 kgS0,-eq'® and 0.0007 kgSO,-eq,*®’
while the value for pyrolysis was obtained as 0.00014 kgSO,-eq.'®
Other chemical recycling had values of 0.0015 kgSO,-eq while solvent

This journal is © The Royal Society of Chemistry 20xx
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based extraction was 0.00083 kgS0,.eq.'®® For all the reviewed
recycling pathways, recycling back to monomer (dimethyl
terephthalate (DMT)) showed higher value of 0.021 kgSO,-eq/kg PET
fibore compared with values reported in this study, and for
mechanical recycling with values in the range of 0.00064 kgS0,-eq*®®
and 0.003 kgS0,-e9.2°° The remaining indicators were sparsely
reported which presents a limitation for comparative analysis.
Considering the economics of plastic chemical recycling, a baseline
scenario for the consequential LCA approach, had a net present value
(NPV) of $220.3/t of HDPE plastic waste.!®> Products with high yields
such as propylene and butene had strong control of the market
dynamics. These market dynamics pose significant environmental
consequences with specific influence on GWP (kgCO,-eq). It is worth
noting that literature on economic analysis of plastic chemical
recycling is relatively limited, however, emerging interest in low-cost
sustainable pathways for plastic waste valorisation, has stimulated
increased research in this domain.2%, For example, a study by Singh
et al. reported a base-case minimum selling price (MSP) of $1.93/kg
of TPA recovered from waste PET via enzymatic recycling.2%
Likewise, MSP values of $ 0.87/kg, $ 0.96/kg and $1.05 /kg was
achieved for PET dissolution, glycolysis and methanolysis
respectively.?’” The same study reported an MSP in the range of
$0.73/kg to $1.10/kg for dissolution of polyolefins. The cost of
feedstock (plastic waste) and its pre-treatment had significant
influence on the overall cost of recycling the plastic waste across all
the reported studies with up to 58% contribution to the total MSP.2%8
As with environmental impact, the cost of the treatment pathways
and product of interest are also key players in achieving viability of
plastic chemical recycling processes. An MSP of $0.70 was achieved
for 1 kg of methanol via gasification of mixed plastics. For both
economic and environmental perspectives, plastic waste pre-
processing including collection, transportation, sorting, cleaning,
flake production indicate significance on the overall performance of
the recycling pathway. 30% burden resulted from primary treatment
preceding collection and sorting of PLA waste for solvent based
treatment.1® A large contribution of transportation on the total
environmental impact of chemical recycling is further highlighted. In
such case, optimum location of the pre- processing and main
recycling should be prioritised. More so, reducing the mass of plastic
feedstock by pre-processing at source, will lower the transportation
burden.'®3 %7 To maximise the benefits of plastic waste chemical
recycling, the cost and environmental impact of feed and pre-
treatment must be lowered through adoption of improved logistics
and advanced sorting techniques, reduction in the consumption of
reagents and energy in pre-treatment stages. More so, optimisation
of other parameters such as main processing conditions, reagents
and/or catalysts, feed quality and reference products should also be
prioritised. Future sustainability assessments should also capture the
influence of these parameters to provide more holistic comparative
analysis of emerging chemical recycling pathways.

Implementation of chemical

technologies

recycling

Today, most plastics are still produced from fossil-based feedstock.
A lack of appropriate waste management infrastructure, policy

This journal is © The Royal Society of Chemistry 20xx
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incentives and business models are currently preventing.the full
value of plastics waste being captured. TraRsitiohiRe ¥»4CEiIFSGFTY,
climate neutral economy demands special investment and
innovation to develop new feedstocks from recycled plastics to
reduce dependence on fossil-based oil and gas, contributing to the
goals of the Paris and Glasgow Agreements. Despite the technology
development reviewed above, chemical recycling processes are
more complex and thus more expensive, especially in the
implementation phase, and therefore need more financial incentives
and value chain considerations.

e Over the last decade, the chemical recycling industry has grown
significantly. As of 2022, the global chemical recycling input
capacity has reached close to 1.2 million tonnes, with Europe at
the forefront of technological developments.?* A significant
number of demo and commercial plants are planned to launch
in the upcoming years, as shown in Figure 9. The size of
installations matters and is expected to grow with TRL
(Technology Readiness Level) and market maturity. For pyrolysis
plants, it is expected that the size will grow from 30-50
kilotonnes/year in 2021 to 100 kilotonnes/year in 2030. In
parallel, development of improved and more efficient
technologies needs to take place. These include technologies
that are more tolerant for feedstock quality, higher efficiency,
lower environmental impact, and are better scalable with much
larger unit operations via improved process and reactor design.
In recent years, emerging research focuses on combining
mechanical processing and biological treatment with chemical
methods have gain momentum. For example,
mechanochemical process utilises mechanical energy and
stoichiometry to drive plastic depolymerisation with minimal
solvent usage;?%%-211 enzymolysis, such as the technique used by
Carbios, utilises enzymes to effectively breakdown plastics such
as PET.212,213

e In addition to the technical aspects reviewed above about
catalyst and reaction conditions, there are two other key factors
that influence the efficiency and output quality of these
chemical recycling processes, namely the feedstock purity and
size reduction. Among different recycling technologies,
solvolysis depolymerisation typically requires high feedstock
purity with minimum contaminants such as other plastic types,
dyes, adhesives. Smaller size particles (e.g. 5-20 mm) are
preferred to improve surface area and reaction efficiency.
Pyrolysis is more tolerable on this aspect as it can handle mixed
plastic waste, but excessive contamination by non-plastic
materials (metal, glass, paper) can negatively affect the process
and damage equipment. A moderate size reduction can ensure
consistent and uniform heating. Gasification has the lowest
purity requirement amongst all three technologies. Not only it
can handle mixed plastic waste, some non-plastic wastes like
biomass and municipal solid wastes are also tolerable. Taken
these factors into account, one opportunity lies in having
chemical recycling as an added step to the mechanical recycling
process, to treat the stream that has been rejected for
mechanical re-processing that otherwise goes to incineration or
landfill .24
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Optimising waste management processes is essential to
increase the level of resource efficiency, and thus the level of
recycling. Encouraging separate waste collection is key as it
leads to a much higher level of recycling rates. According to EU
report,? plastics waste recycling rates are 13 times higher when
collected separately compared to mixed collection schemes. In
a recent social science study led by Walzberg et al., modelling
results have also illustrated the importance of changing the
habits of disposal behaviours. It is shown that in the US context,
while behavioural interventions would require about 300-900
GJ of additional energy at end-of-life due to improved collection
rates, they would avoid about 500-700 thousand metric tons of
GHG emissions related to sorting and reprocessing.2>
Combining high recycling rates with renewable feedstocks
improves the absolute sustainability of plastics. A recent study
shows that if the plastics industry achieves a 75% recycling rate
with advanced recycling technologies in 2030, plastics can
comply with their assigned share of the safe operating space
and be considered absolute environmentally sustainable
regarding the considered eight planetary boundaries.” The
remaining virgin plastic production would predominantly rely
on CO; and renewable electricity from wind, hydro or nuclear
power. A smaller portion of plastics would come from
biomass.?16

Any attempt to upcycle plastics should be accompanied by a
comprehensive LCA - from raw material extraction to recycling
and transformation - to evaluate the overall process
environmental impact. An aggressive implementation of
multilayered strategies is required to curb the GHG emissions
from plastics. Currently GHG mitigation strategies are often
implemented within energy, materials, waste-reduction and
management policies in isolation, yet the absolute reduction in
GHG emissions of plastics’ life cycle requires a combination of

16 | J. Name., 2012, 00, 1-3

Figure 10 Planned investments in chemical recycling in Europe. Data is based on the announcement made my members and non-members
of Plastic Europe by May 2023. Adapted from ref! with permission from Plastic Europe, copyright 2023.

energy infrastructure decarbonisation, recycling capability
improvement, bio-based plastics adaption and demand
management.2t’

e  Although being the key to sustainability, recycling alone cannot
cope with the growth in plastics demand predicted until 2050.
Therefore, achieving absolute sustainability of plastics requires
a fundamental change in both producing and using plastics.” By
now, many stakeholders have put focus on either upstream
solution (so called pre-consumer) such as material design,
substitution and plastic reduction, or downstream solution (so
called post-consumer) such as mechanical and chemical
recycling. However, Systemiq’s analysis pointed out the
solutions need to be balanced out.?!® Overall, reducing plastic
consumption while treating plastic waste as a valuable resource
will be essential for reducing the planetary footprint of plastics.
Accordingly, society needs to decide whether or not to stop
considering plastics as cheap and disposable and to start placing
a higher value on this versatile and durable product.

Conclusion

This tutorial review highlights the considerations in developing,
implementing and assessing chemical recycling technologies for
different plastic wastes. The major conclusions are as follows:

e Chemical recycling converts the plastic polymer chains into
oligomers, monomers or other basic chemicals (such as
carbon monoxide, carbon dioxide, methane, and
hydrogen) prior to further reprocessing into monomers/
polymers. Complementary to mechanical recycling, this
process offers the possibility to transform hard-to-recycle
or end-of-life plastics waste into petrochemical equivalent
feedstocks for virgin plastic production.

This journal is © The Royal Society of Chemistry 20xx
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e  PET - Solvolysis processes, in particular glycolysis and
alkaline hydrolysis, are recommended for chemical
recycling of PET back into the starting monomers or
intermediates. As solvolysis targets the degradation of
polyester bonds, mixed-plastic waste streams are not
suitable for these processes. Future research in this area
should focus on process optimisation using real-industrial
waste and investigating tolerances towards coloured PET
streams and contamination.

e PP, PE, PS - Pyrolysis is a promising chemical recycling
method for polyolefins. It thermally decomposes the long
polymer chains to produce smaller and less complex
molecules in an inert atmosphere. Liquid products, rich in
alkanes, alkenes, and aromatics, can be utilised as fuels and
chemical feedstocks. Gaseous products primarily comprise
light hydrocarbons and hydrogen. Solid products, carbon-
rich materials, can be further processed into high-value
carbon materials with various applications including
electrocatalysts and solid oxide fuel cells.

e  PVC - Two-step process: dechlorination (remove Cl from
the PVC macromolecule) + pyrolysis/gasification (use of
the remaining hydrocarbons) has been developed in recent
years to recover the Cl element and improve the quality of
the final hydrocarbon products. However, due to the high
additive content in PVC compared to other plastic types,
novel methods are still required to maximise the recycling
rate.

e Others and mixed plastics — SPI-7 category was designed as
a catch-all for “other” plastics, with the reuse and recycling
protocols currently not standardised. These “others”
waste is often mixed with the main plastic streams, adding
complexity for mechanical and chemical recycling.
However, based on their polymer chain structures, similar
chemical recycling methods introduced above can still be
applied on them, via “one-pot” transformation into
products with simple composition, or sequential treatment
processes.

e  Existing literature indicates the importance of recovering
high value products via chemical recycling technologies as
it underpins the sustainability of recycling technologies
since up to ~60% of the total burden could be avoided
compared with 25% presented by some mechanical
recycling technologies. Furthermore, the utilisation of
renewables or alternative low impact energy sources could
further reduce the environmental intensity of processing
plastic waste via chemical recycling. Economic benefits
could also be obtained from sale of high value products as
well as avoided CO, costs.

e The sustainability profile of a recycling system is a function
of several factors including the combination of polymer
and recycling process, as well as the assessment
methodology. The suitability of polymers for a recycling
technology should be assessed and prioritise as
combination that yields highest product of interest, to
maximise the environmental and economic benefits of the
recycling system.

This journal is © The Royal Society of Chemistry 20xx
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e The implementation of chemical recycling,technolegies
requires support from waste man8§eneniRfRkErdttre)
policy and financial incentives as well as tailored business
models. Alongside the deployment of higher TRL pyrolysis
plants, the development of other technologies with better
feedback quality tolerance and scalability is key.
Stakeholders need to look at both the upstream of plastic
production and downstream plastic recycling as a whole to
achieve overall sustainability, where coupling with other
renewable carbons (CO,, biomass) may come into play.
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