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Unlocking the potential of plastic recycling
processes with the integration of membrane
technology: a focus on PET valorisation
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Leonie van 't Hag, (2 *@ Zongli Xie, © ** Matthew R. Hill  *© and
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Plastics have revolutionised modern society; however, they have also caused environmental damage via waste
accumulation. To balance their advantages with the negative impact on the environment, it is necessary to
enhance recycling procedures, since the existing techniques are ineffective, require significant energy consump-
tion, and yield recycled items of poor quality. One promising pathway is to utilise membranes. While membrane
technology has been extensively studied in wastewater treatment and organic solvent recovery, its direct appli-
cation to plastic recycling, particularly using real plastic feedstocks like PET, remains underexplored. This paper
aims to address the gap by exploring different plastic recycling technologies, followed by an analysis of the
current state of the art and then the prospective integration of membrane technology into plastic recycling pro-
cesses with an emphasis on PET as a case study. This study provides a forward-looking discussion on some
exciting opportunities including using conventional membrane processes and emerging membrane processes.
These include separating impurities and additives from the recycling stream, recovery of valuable catalysts, and
treating wastewater produced during PET recycling processes. This study also investigates emerging membrane
research in PET recycling via use of mixed matrix membranes (MMMs) and implementation of hybrid membrane
systems (HMSs). This study also aims to identify current challenges and future opportunities for membrane
technology implementation in the field of plastic recycling, considering its impact on recycled product quality,
energy consumption, and economic feasibility. Membrane technology is demonstrated to have the potential to
transform the plastic recycling industry, and contribute to a more sustainable and circular economy.

1. Advances in Green Chemistry: The perspective advances green chemistry by integrating membrane technology into plastic recycling, achieving precise

molecular separations that reduce energy consumption by up to 90% compared with traditional methods. This technology enables the production of high-

purity, food-grade recyclates from waste plastics, promoting a circular economy and significantly lowering the carbon footprint of the plastics industry.
2. Significance of the Study: With only 9% of the nearly 460 million tonnes of plastic produced annually being recycled, the study addresses a critical environ-
mental issue. It provides an interdisciplinary solution that combines materials science and chemical engineering to enhance recycling efficiency, aligning

with global sustainability goals and legislative targets for increased recycled content in products.

3. Future Directions: The field is set to advance with innovations in membrane materials and systems, such as mixed matrix membranes, to process diverse
plastic types and scale up for industrial applications. The review identifies key research opportunities and challenges, guiding efforts to develop more

efficient and sustainable recycling technologies, thereby shaping the future of green chemistry science.
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cost and easy to process, enabling plastic use in a variety of
industries.* Plastic production rose to around 460 million

. . 5 .
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Fig. 1 Global plastics production, waste generation, and recycling,
alongside U.S. PET waste generation and recycling.>26%°

durability has led to environmental challenges related to their
disposal.* Plastic waste is a significant environmental concern
because it is non-biodegradable (taking ~450 years to
degrade®) and detrimental to ecosystems and living
organisms."®

Plastic waste is a diverse category that includes an extensive
range of polymers. A few notable examples are polyethylene
terephthalate (PET), low-density polyethylene (LDPE), high-
density polyethylene (HDPE), polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC), polylactic acid (PLA), polycarbo-
nate (PC), acrylonitrile butadiene styrene (ABS), thermoplastic/
thermoset polyurethane (PU), and nylon. However, this review
focuses on PET as a key case study due to its significant contri-
bution to recycling efforts and its well-documented valorisa-
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tion routes. PET is a model polymer that, despite accounting
for approximately 8% of global plastics production in 2019,
represents a remarkable 55% of all recycled plastics globally in
2017.7 This contrast highlights the significant role PET plays
in the recycling industry and makes it an ideal candidate for
exploring recycling processes and strategies. Knowledge
gained from its recycling processes can be used to inform
membrane integration strategies for other plastics. PET pos-
sesses unique and well-characterised properties. It is colour-
less and can be transparent or translucent, depending on crys-
tallite size and content, allowing for visibility of the products it
contains while possessing high strength and durability,
making it impact resistant.® ' PET is chemically resistant and
inert, so it can withstand a wide range of chemicals and does
not react with other substances."' PET possesses a high
melting point (260 °C) which makes it a suitable choice for
applications involving elevated temperatures,'® and it is also
appropriate for use where moisture resistance is crucial, as its
minimal water absorption and excellent barrier properties
limit permeation of gases and liquids."® Furthermore, PET is
normally considered nontoxic and typically does not require
plasticisers. As a result, it is unlikely to release potentially
dangerous substances into the environment,"'! and is an
excellent candidate for recycling.®'*

PET is a highly versatile material used in numerous
industries owing to its distinctive properties. PET is wide-
spread in the packaging industry, specifically the packaging of
foods, drinks, and cosmetic products,®'" and it is also used to
manufacture textile fibres and fabrics.">'® PET is a key
material in the medical industry, having applications in surgi-
cal implants, medical equipment, and drug delivery
systems.'”2° In the electronics industry, components such as
circuit boards and electrical housings are manufactured from
PET,>"** and the automotive industry utilises the material in
vehicle bumpers and dashboards.>® Within the construction
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industry, PET is employed to fabricate insulation, roofing
sheets, and pipelines.>**® The engineering industry also
employs PET in the production of gears, bearings, and electri-
cal insulators.”?

In 2018, only 29.1% of PET waste was recycled in the United
States (Fig. 1),%° leaving the overwhelming majority in landfills
or oceans, according to the Environmental Protection Agency
(EPA).*” In addition to addressing the impact of plastic pol-
lution on the marine ecosystem, developing a more circular
carbon economy through recycling is crucial to mitigate the
excessive greenhouse gas emissions associated with the pro-
duction of plastics from petrochemical sources.*® Despite the
various PET recycling routes that have been developed in aca-
demia and that have penetrated industry, the use of PET
plastic material remains overwhelmingly single-use across the
globe. PET recycling techniques have obstacles, including the
low quality and properties of recycled materials due to impuri-
ties and contaminants, high energy consumption, low
efficiency, high cost, and waste of resources.?*** Moreover, the
recycling rate of PET significantly deviates between countries
due to the limited financial benefit it yields. Investigation of
effective and economically viable methods of recycling PET is
of crucial significance, as the production of PET from waste
PET is currently not as profitable as PET sourced from fossil
fuels, and only a handful of developing countries are willing to
undertake this task." Therefore, new recycling techniques or
approaches for enhancing current techniques are needed to
reduce plastic waste’s negative effects on the ecosystem,’ and
harmonise production, consumption, and disposal.** One of
the most promising approaches is membrane technology,
which may play an increasingly important part in PET re-
cycling methods (as well as the recycling of other plastics), as
the demand for sustainable and eco-friendly recycling
methods rises.

Selina  Giles completed her
Bachelor of Engineering (Hons)
and Bachelor of Pharmaceutical
Science at Monash University in
2023. In 2022, she worked as a
Research Assistant, contributing
to a project on plastic recycling.
Additionally, she served as a
Teaching Associate at Monash
University from 2022 to 2023,
managing first-year engineering
projects with a focus on sustain-
ability and cultural respect
through the EWB design chal-
lenge. Currently, Selina is a Graduate Process Engineer at Jacobs,
where she previously interned as a Water Engineer.

Selina Giles

This journal is © The Royal Society of Chemistry 2025

View Article Online

Perspective
Membrane application perspectives

The emergence of membrane technology may ultimately spark a
revolutionary transformation in the field of plastic recycling due
to its ability to selectively separate and purify various com-
ponents based on their size and molecular weight.>**”
Moreover, the continuous progress in economic membrane
preparation methods and the wide diversity of available mem-
branes present considerable possibilities for the emergence of
different membrane applications to improve plastic recycling
processes.*® Importantly, the technology could contribute to
enhanced sustainability by reducing energy and water
consumption.’>*® One notable advantage of membrane techno-
logy lies in its easy integration potential within existing indus-
trial processes. This feature not only makes it a scalable solution
but also significantly contributes to its cost-effectiveness.*’
Considering these factors, membrane technology offers a broad
range of advantages, including the ability to produce high-
quality recycled products, the reduction of reliance on virgin
materials, the improvement of plastic processing efficiency
through selective separation capabilities such as the removal of
impurities and contaminants, and the facilitation of recovery of
valuable components from plastic waste. Therefore, the inte-
gration of membrane technology is a step towards achieving
highly efficient and economically viable plastic recycling pro-
cesses.”” Moreover, membrane performance can be further
advanced through various strategies such as utilising mixed
matrix membranes (MMMs) and employing hybrid membrane
systems (HMSs).** These potential uses of membrane technology
have significant implications for future research in the field of
plastic recycling. Nevertheless, the successful implementation of
membrane technology first requires an in-depth understanding
of valorisation routes. PET valorisation routes produce complex
streams necessitating precise separations to optimise resource
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recovery and reduce waste. Membrane technologies inherently
enhance these routes by providing modular, scalable solutions
for contaminant removal, monomer purification, and by-product
valorisation. For example, in some recycling processes, mem-
branes could recover depolymerisation products while treating
effluents, therefore decreasing energy requirements relative to
conventional approaches. This synergy not only improves
product quality but also fosters a circular economy by facilitating
closed-loop processes. Thus, due to the technology’s novelty in
this domain and high potential impact, it is important to
conduct a comprehensive study and analysis to determine the
different potential aspects of membrane applications in PET re-
cycling, thereby also guaranteeing the technology’s utmost
efficiency and environmental benefits.

Therefore, this paper aims to contribute to the ongoing dis-
course on improving plastic recycling by exploring the prospec-
tive integration of membrane technology into existing pro-
cesses. Rather than providing a detailed review of past limited
research, the focus has been directed towards offering a
forward-looking perspective on how membranes can be
applied to overcome existing challenges, such as separating
impurities, reducing energy consumption, and improving the
economic viability of recycling.

History of PET valorisation routes

The history of PET recycling demonstrates how society as a
whole has become more aware of environmental concerns and
the growing demand for more efficient and environmentally
friendly PET recycling techniques. The history of PET recycling
can be classified into distinct stages (Fig. 2). In the 1950s and
1960s, various methods of PET recycling were introduced such
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as methanolysis, hydrolysis, and glycolysis. Despite this, the
PET bottle was only recycled beginning in the 1970s. Then, fol-
lowing earlier favourable outcomes, the implementation of re-
cycling methods for recycling PET bottles was commercia-
lised.** In the 1980s, the Resin Identification Code system,
which comprises a triangular structure, was developed to
assist with the identification and -classification of plastic
waste." In the early 1990s, a newly developed recycling method
called “bottle-to-bottle” arose, which made it possible to
recycle PET bottles into fresh bottles. This breakthrough was a
huge step forward for PET recycling, as it allowed for a more
effective and sustainably oriented approach for recycling PET
bottles. The United States provided an early stimulus for the
expansion of the recycling industry by authorising the use of
recycled PET in food-contact applications.” In the late 1990s
and early 2000s, there was a notable upsurge in PET recycling,
which was attributed partly to the development of the bottle-
to-bottle recycling method and partly to the establishment of
recycling programs and regulations in numerous countries. As
a result, companies were beginning to give precedence to the
implementation of recycled PET in their products. Moreover,
these companies directed their efforts toward the development
of novel technologies to enhance the efficacy and quality of
PET recycling. They successfully implemented automated
sorting systems, advanced washing systems, and introduced
new catalysts like ionic liquids (ILs).*>"*®

In the 2010s, technological developments, such as the
implementation of new technologies that remove impurities
and contaminants from recycled PET, increased both the
efficiency and quality of the PET recycling process. On the
other hand, a rise in demand for recycled PET has been
observed concurrently with the expansion of the packaging
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Fig. 2 The development history of PET and PET recycling (reproduced with permission.! Copyright 2018, Elsevier).

industry, prompting companies to incorporate greater quan-
tities of recycled material into their products. Therefore, the
percentage of PET materials being recycled has been rising
over time." A sustained trend of increasing PET recycling was
observed up to 2017, but this was followed by a decrease in
recycled PET amount as a result of changes in the regulations
of key importing countries, which restricted importation of a
significant portion of plastic waste. As a result, many of the
world’s leading PET plastic exporters have enhanced their own
PET recycling infrastructure.*’

Today, an increasing emphasis on sustainability and
the circular economy is still promoting the growth of PET
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recycling, with the progression of technologies such as
chemical recycling as well as the establishment of new
markets for recycled PET.*® The acceptance of PET-recycled
products has long been established, and many countries
and companies are actively advocating and engaging in re-
cycling initiatives. For example, in 2020, Carbios
produced the first PET bottle made entirely from textile
waste with the same properties as conventional bottles,
thanks to PET enzymatic depolymerisation. There is an
increasing industry movement towards incorporating more
recycled PET, such as into product packaging in the coming
years.
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Development of PET valorisation routes

Valorisation is the process of turning waste into more useful
materials or products. There are four distinct routes of plastic
valorisation, as defined by ASTM D5033:

» primary recycling, which involves the mechanical repro-
cessing of waste materials into products with equivalent
properties;

« secondary recycling, which involves the mechanical repro-
cessing of waste materials into products requiring lower
properties;

- tertiary recycling, which involves the recovery of valuable
chemical constituents such as monomers or additives;

« quaternary recycling, which involves the recovery of
el,lergy.Z,Sl,49,50

The various routes differ in terms of their process and rela-
tive merits, depending on the feedstock and requisite process
conditions (Fig. 3 and 4). The development of all valorisation
routes has been promoted by the intensifying requirement for
sustainable materials and the necessity to decrease waste.>"
Therefore, it is vital to possess awareness regarding PET valori-
sation routes to drive further innovation in the recycling industry.

Primary recycling

The primary recycling route refers to the physical degradation
processes of converting waste plastic into a product that
retains the same properties as the original product.>*" The key
distinguishing feature of this recycling route lies in its empha-
sis on pre-consumer feedstock. This feedstock primarily com-
prises clean and uncontaminated pure polymers obtained
from industrial by-products or discarded materials.*>*">°
While primary recycling is often known as “closed-loop
recycling”,*>>® it is technically feasible for other recycling
routes to also establish a closed loop. Primary recycling is typi-
cally carried out through a process known as re-extrusion.*"*?
Re-extrusion is a frequently employed process in plastic
manufacturing facilities to directly recover waste. As shown in
Fig. 5, the process involves shredding pure polymer scrap into
flakes, followed by melting and reprocessing of these flakes,
frequently accompanied by addition of virgin plastic to
improve recycled plastic properties. However, there is degra-

[ Monomer H Polymer

recycling

Landfill

Illi

Fig. 3 PET valorisation routes, associated plastic quality, and their posi-
tion within the processing line (adapted under terms of the CC-BY
license.>2 Copyright 2013, Scientific Research Publishing Inc.).
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Fig. 4 PET valorisation routes (adapted under terms of the CC-BY
license.>® Copyright 2022, MDPI).

Virgin plastic

PET scrap
i Exlruding Recycled PET
0 R [I— [E— :l

Fig. 5 Proposed schematic of the re-extrusion recycling process
(based on provided information in ref. 6).

dation in product quality upon repeated extrusion of the same
materials due to minor amounts of chemical breakdown
during extrusion. Because of the degradation during re-extru-
sion, a depolymerisation process, which would avoid such
degradation, may have some advantages over re-extrusion.®”?

Secondary recycling

Secondary recycling is similar to primary recycling whereby
PET stays in polymeric form throughout the process. However,
the physical degradation processes are performed on post-con-
sumer waste.>® Moreover, the secondary recycling route typi-
cally leads to a final product with diminished properties com-
pared with the initial product.”*® Consequently, this category
of recycling is commonly referred to as “downgrading”.’?
Secondary recycling does not involve altering the basic
polymer chain chemistry,>® thereby rendering it relatively

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Schematic of the mechanical recycling process (adapted with
permission.®® Copyright 2009, Elsevier).

energy-efficient and environmentally friendly. Two processes
are frequently employed for secondary recycling: mechanical
recycling and dissolution recycling.’”

Mechanical

The mechanical recycling process is widely used in recycling
moderately contaminated waste PET, resulting in the pro-
duction of recycled products.">>® Fig. 6 depicts the mechani-
cal recycling process. Despite maintaining the fundamental
polymer chain chemistry, each cycle results in property
deterioration due to a decrease in molecular weight resulting
from chain scission.’>®® In addition, the degradation is influ-
enced by various chemical reactions such as hydrolysis, esteri-
fication, trans-esterification, hydroxylation, polyaddition, and
thermo-oxidative reactions;'' the presence of impurities
further intensifies degradation.'*>°! Therefore, pre-treatment
washing and drying are essential due to the presence of con-
taminants in post-consumer waste. Washing removes physical
impurities, whereas instances involving substances such as
glue require chemical washes, frequently involving the use of
NaOH.>®>% Often, highly contaminated items such as take-
out containers are rejected from the process." Moreover, PET
flakes are subjected to melting and reprocessing to produce
recycled PET pellets, typically through extrusion or injection
moulding techniques,®'" with the potential addition of pig-
ments and additives.®?

Dissolution

Dissolution recycling is a less commonly employed process,
but it results in a recycled product comparable in quality to
virgin PET.®*®® Fig. 7 presents a schematic representation of
the dissolution recycling process. The dissolving process
involves use of heat and a solvent (such as N-methyl-2-pyrroli-
done (NMP) or benzyl alcohol)*® to selectively dissolve PET
waste flakes, resulting in the formation of a solution consist-
ing of the original polymers and additives.®”*® Following dis-
solution, additives and insoluble contaminants are separated
via filtration.>*>®” The target PET polymer can be obtained by
reprecipitation, achieved by introducing non-solvents/anti-
solvents.>®® Afterwards, the polymer undergoes a series of fil-
tration, washing, and drying steps,®® ultimately leading to its

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Schematic of the dissolution recycling process (adapted under
terms of the CC-BY license.®® Copyright 2021, MDPI).

final form as a powder or small grains appropriate for use in
traditional plastic manufacturing processes.®® To promote sus-
tainability, the recovery of the solvent or non-solvent can be
achieved by evaporative techniques.®

Tertiary recycling

Tertiary recycling routes can be employed to recycle waste
which is highly contaminated, or composite or heterogeneous
in nature, such that it is not suitable for primary or secondary
recycling.>® Tertiary recycling takes advantage of a range of
chemical, biological, and radiation-based processes to break
down plastic waste into its basic chemical constituents: the
monomers.>* On the other hand, the quality of the recycled
product deteriorates when the same materials are extruded
again through primary or secondary routes. The degradation is
a result of the compromise of both the physical and chemical
properties, mostly caused by contaminants. Furthermore,
there is a slight occurrence of chemical degradation during
extrusion. Therefore, the process of depolymerising polymers,
purifying the individual monomers, and reassembling the
material from its fundamental constituents could provide a
significant benefit in tackling these problems.”®”" Tertiary re-
cycling processes involve several steps including pre-treatment,
degradation of the original polymeric chain, and purifi-
cation,”” resulting in the formation of predominantly mono-
mers, dimers, and oligomers that can be employed to produce
valuable commodities, such as high-quality recycled
plastics.®?*>*%1

Thermolysis

Thermolysis is an approach for plastic recycling that utilises
thermal energy to disintegrate polymer chains into smaller
gaseous and liquid constituents that can be repolymerised or
used as fuels.>® Thermolysis exhibits exceptional adaptability
in managing a diverse array of (mixed) waste streams, and it
leads to degradation and elimination of impurities and colour-
ants. This approach involves a range of processes, including
pyrolysis, gasification, and hydrocracking/hydrogenation.>”

Pyrolysis

Pyrolysis refers to the thermal degradation of PET in an
environment free of oxygen.”>’* Fig. 8 depicts a schematic rep-
resentation of the pyrolysis recycling process. The process is
often conducted in fixed or fluidised bed reactors at 300 to
900 ©°C, using catalysts such as zeolites and silica-
alumina.”®”® This process results in hydrocarbon-rich liquid/
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Fig. 8 Schematic of the pyrolysis recycling process (adapted under
terms of the CC-BY license.8® Copyright 2021, MDPI and CC-BY
license.®* Copyright 2022, Springer Nature).

wax mixtures as pyrolysis oil, which are commonly used to
manufacture fuel or produce high-value chemicals.’>”® With
PET as the feedstock, the liquid/wax fraction primarily com-
prises terephthalic acid (TPA) and its derivatives, aldehydes,
benzoic acid (BA) and its derivatives, aromatics and other
oxygen-containing compounds such as ethylene glycol (EG)
and ketones.””®' Fig. 9 depicts a primary thermal cleavage
mechanism where PET becomes TPA. The process also gener-
ates solid carbonaceous residue and a gas fraction comprising
C;-C,4, methane (CH,), hydrogen (H,),”° carbon monoxide
(CO) and carbon dioxide (CO,) (due to PET being oxygen-
containing).”*”>®® The presence of BA in the recycling stream
presents challenges, including obstructing the piping system
and having a detrimental effect on product oil fuel efficiency.””
The system can be optimised by incorporating metal oxides
into the procedure to mitigate acid production and promote a
high yield of the valuable product benzene in the oil.®"%>

Gasification

Gasification converts carbonaceous materials into mostly
gases, and it can be implemented after pyrolysis of the char,
tar, and gas products.”” The gasification recycling process is
shown in Fig. 10. Gasification is conducted at temperatures
ranging from 800 to 1500 °C, using a gasification agent
(steam, air, or oxygen (O,)) in sub-stoichiometric
amounts,*>””®* leading to incomplete combustion.*® The
process primarily produces syngas, accompanied by CO,, CH,,
and other hydrocarbon gases. Steam gasification yields syngas
with a high H, content, rendering it well-suited for various
chemical synthesis purposes. However, this approach results
in increased levels of tar. In contrast, air gasification yields
syngas that contains a greater concentration of CO, and H, is
often used in energy-related contexts as a viable alternative to
natural gas.”” The N, present in air dilutes the gaseous pro-

[%O% = rOAE - O-O-Ow

Benzene Biphenyl

Fig. 9 Schematic representation of the primary thermal cleavage
mechanism of PET pyrolysis.®*
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Fig. 10 Schematic of the gasification recycling process (adapted under
terms of the CC-BY license.®® Copyright 2022, MDPI).

ducts, diminishing their calorific value.®® The process of O,
gasification is a more intricate and costly option; however, it
includes the benefits of both steam and air agents.”
Management of tar content is of utmost importance in PET
gasification because of its propensity to condense at low temp-
eratures and impede the functioning of gasification equipment
or engine components when product syngas is used for energy
applications.”””®” To tackle this challenge, many approaches
have been suggested, including careful catalyst and bed addi-
tive selection and implementation of downstream tar cracking
processes.®’

Hydrocracking/hydrogenation

Hydrocracking/hydrogenation has similarities with pyrolysis.
However, in hydrocracking, PET waste is subjected to heating
in the presence of hydrogen (H,)."**%*® Indeed, the hydro-
cracking process is often used to treat pyrolysis product oils
and gases.”® A hydrocracking/hydrogenation recycling process
schematic is presented in Fig. 11. The process involves the
breakdown of heavier PET molecules into lighter substances
by the cleavage of carbon-carbon bonds, while simultaneously
subjecting unsaturated by-products to hydrogenation.
Therefore, hydrocracking yields a greater percentage of satu-
rated products compared with pyrolysis, leading to the pro-
duction of C,~Cys as liquid products of superior quality.”® A
higher fraction of gases is produced from PET compared with
other plastic types,” and consists of predominantly light C;-
Cs hydrocarbon gases.”> A coke-like solid carbon residue is
also produced by the process.”” The usual reaction conditions
include temperatures ranging from 300 to 450 °C and press-
ures ranging from 2 to 15 MPa (20-150 bar) in the presence of
pressurised cold H,. These conditions are generally achieved
using a batch-stirred autoclave reactor.®® To facilitate the crack-
ing activity, the process uses a bifunctional acidic catalyst,
often a zeolite.>

REACTOR COOLER

Light C: —Cs
e ol
Screw extruder
Cr-Cy
liquid fraction
Coke
Fig. 11 Schematic of the hydrocracking/hydrogenation recycling

process (adapted with permission.®? Copyright 2005, Elsevier).
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Solvolysis (depolymerisation or chemolysis)

Solvolysis is a highly efficient approach utilised in the recycling
of plastics, wherein chemical compounds are employed to dis-
integrate the polymer into its constituent components.>
Solvolysis exhibits significant advantages in the recycling of
contaminated and heterogeneous plastics by enabling possible
enhanced filtration and purification processes.® The solvolysis
approach comprises a range of processes including glycolysis,
alcoholysis (methanolysis), aminolysis, ammonolysis, and
hydrolysis (acidic, neutral, and alkaline).®>>

Glycolysis

Glycolysis is a prominent recycling process that effectively
depolymerises PET into its constituent components through a
transesterification reaction, which is facilitated by an excess
amount of glycols such as EG.>® The schematic of the glycoly-
sis recycling process is shown in Fig. 12. EG initiates a chemi-
cal attack on the ester bonds in PET waste, thereby inducing
depolymerisation of the polymer (as shown in Fig. 13).* The
chemical reaction occurs at elevated temperatures, typically
within the range of 180 to 240 °C, and it can be facilitated by
the presence of a catalyst such as zinc acetate.”® The predomi-
nant product of glycolysis consists of bis(2-hydroxyethyl) tere-
phthalate (BHET) monomers, accompanied by minor quan-
tities of undepolymerised PET, dimers, low molecular weight
oligomers, and potentially other impurities and colours.>?*° It
is crucial to prioritise the removal of undepolymerised PET, as
these oligomers can undergo polycondensation. The purifi-
cation processes may present a level of complexity owing to the
potential  occurrence of subsequent polymerisation
reactions.**® Consequently, vacuum distillation is not a viable
option.”® Instead, effective methodologies to separate the com-
ponents in the depolymerised mixture include precipitation,

REACTOR MIXER PRECIPITATOR
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SR s, @7 oo
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FILTER FILTER BHET
| 0 L
T T~ EG, H:0,

. . DEG, TEG
Un-reacted PET, 1

oligomers, catalyst

Un-reacted PET, oligomers

EG |

Fig. 12 Schematic of the glycolysis recycling process (adapted with
permission.®® Copyright 2013, Springer Nature).
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Fig. 13 Schematic representation of the PET glycolysis mechanism.**
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agitation, filtration,? crystallisation, and membrane or mole-
cular distillation.®°

Alcoholysis

Alcoholysis facilitates the depolymerisation of PET through a
transesterification reaction involving the use of an alcohol,
which is usually methanol.”® The schematic depiction of the
methanolysis recycling process is presented in Fig. 14. The car-
bonyl group in the PET polymer chain is subjected to attack by
the alcohol, resulting in the formation of dimethyl tere-
phthalate (DMT) and EG.> This process takes place at tempera-
tures ranging from 180 to 280 °C and pressures ranging from 2
to 4 MPa, accompanied by a catalyst such as zinc acetate,
cobalt acetate, lead dioxide, or magnesium acetate.>*° Fig. 15
illustrates a schematic representation detailing the mechanism
of PET methanolysis. The resulting products can also consist of
some by-products, including phthalate derivatives and a range
of alcohols.*® To ensure the process efficiency, it is essential to
eliminate any residual water since it would deactivate the cata-
lyst and form an undesirable azeotrope.”* Moreover, to prevent
further reaction and potential loss of DMT, it is essential to
separate the catalyst from the resulting products.®

Aminolysis

Aminolysis involves depolymerisation of PET by reacting it
with an amine.?>® Fig. 16 provides a schematic of an amino-
lysis recycling process. Amines, such as allylamines, hydra-
zines, polyamines, and morpholines, undergo a chemical reac-
tion with the ester group in PET, resulting in the formation of
monoamine and diamine derivatives of EG and TPA.*?*%%?
Fig. 17 illustrates a schematic representation of the mecha-
nism of PET aminolysis. The reaction takes place within a
moderate temperature range of 20-100 °C and is facilitated by
the presence of a catalyst, which often includes glacial acetic
acid, sodium acetate, or potassium sulphate.?® Ethanolamine
is a commonly observed amine used in aminolysis, resulting
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Fig. 14 Proposed schematic of the methanolysis recycling process
(based on provided information in ref. 29).
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Fig. 16 Proposed schematic of the aminolysis recycling process (based
on provided information in ref. 95 and 96).
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Fig. 17 Schematic representation of the mechanism of PET aminolysis.®*®

in bis(2-hydroxyethylene) terephthalamide (BHETA) pro-
duction, and some EG.® The BHETA product can be precipi-
tated thereafter by adding distilled water while agitating.®>

Ammonolysis

The process of ammonolysis is also employed to recycle PET,
although it is less explored than other methods.’® This is
achieved by subjecting PET to a reaction with ammonia in the
presence of EG solvent®**® to produce terephthalamide (TPD)
and an additional quantity of EG.>* The TPD product will easily
precipitate as it is insoluble in EG.® This reaction occurs within
a moderate temperature range of 70 to 180 °C and at pressures
approximately equal to 2 MPa. The utilisation of a catalyst, such
as zinc acetate, can expedite the reaction.> Fig. 18 offers a sche-
matic representation illustrating the ammonolysis recycling
process. Fig. 19 provides a schematic representation elucidating
PET ammonolysis. Moreover, the TPD product has the potential
to generate terephthalic acid nitrile, which can subsequently be
transformed into 1,4-bis(aminomethyl) cyclohexane and/or para-
xylylene diamine.>®” These intermediates have significant value
in polyamide (PA) synthesis.”®
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Fig. 18 Proposed schematic of the ammonolysis recycling process
(based on information in ref. 96).
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Fig. 19 Schematic representation of the mechanism of PET ammonolysis.®
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Hydrolysis (acidic, neutral, and alkaline)

Hydrolysis is a widely recognised process for PET depolymeri-
sation, and the one that also occurs in nature and leads to the
formation of microplastics (MPs).°® The process produces TPA
and EG, which play crucial roles in the manufacturing of
recycled PET.»*"** This method involves the reaction of water
with PET, resulting in the conversion of an ester group to a car-
boxyl group,’® and it can be conducted under acidic, neutral,
or basic conditions.”*®® The expenses associated with purifi-
cation of the TPA product can be comparatively high in the
context of hydrolysis.””””® Moreover, the process tends to
proceed at a slower rate compared with alternative recycling
methods, primarily due to the comparatively weaker nucleo-
philic properties of water.>?

Acidic. The process of acidic hydrolysis commonly employs
concentrated sulfuric acid (H,SO,) or other mineral acids,
such as nitric acid (HNO;) or phosphoric acid (H;PO,).***°7°
If a concentrated solution of at least 87 wt% H,SO, is utilised,
rapid degradation of PET can be achieved at temperatures
below 100 °C and atmospheric pressure.®®” The TPA product
readily precipitates from the reaction mixture, but it can be re-
dissolved in a solvent to separate it from the unreacted PET,
and then reprecipitated.'®® Fig. 20 presents a schematic of the
acidic hydrolysis recycling process, while Fig. 21 illustrates a
schematic representation of the mechanism of PET acidic
hydrolysis. The process is commonly extended to achieve high
purity by utilising an alkaline solution such as sodium hydrox-
ide (NaOH) to form TPA as a sodium salt, separating impuri-
ties and colourants, and then once again reprecipitating TPA
utilising sulfuric acid.®”

Neutral. The neutral hydrolysis process utilises hot water or
steam at temperatures in the range of 200 to 300 °C, along
with pressures ranging from 1 to 4 MPa.***°° This process is
carried out in the presence of excess water, with a PET/water
ratio (w/w) ranging from 1:2 to 1:12 to achieve complete PET
depolymerisation.>”'®" To accelerate the process, catalysts
such as alkali metal acetates, zeolites, or organophosphorus
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Fig. 20 Proposed schematic of the acidic hydrolysis recycling process
(based on provided information in ref. 93 and 100).
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Fig. 21 Schematic representation of the mechanism of PET acidic
hydrolysis.®°*
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compounds can be employed.”® Fig. 22 provides a schematic of
the recycling process for neutral hydrolysis. Additionally, Fig. 23
depicts a schematic illustration of the mechanism involved in
the neutral hydrolysis of PET. In contrast to acidic or alkaline
conditions, neutral hydrolysis yields a reduced quantity of in-
organic salts, thereby rendering it a more ecologically sustain-
able process.?® Nevertheless, its main limitation lies in the
retention of all impurities from PET in the TPA, resulting in a
product of comparatively lower purity compared with the output
of acid or alkaline hydrolysis.*** The resolution of this matter
can be accomplished by dissolving TPA in caprolactam or
NaOH, followed by filtration to attain high-purity TPA.°

Alkaline. Alkaline hydrolysis is conducted by employing a
4-20 wt% aqueous solution of a strong base, such as NaOH or
potassium hydroxide (KOH).° The reaction necessitates a tempera-
ture range of 210 to 250 °C and pressures between 1.4 to 2
MPa.* The reaction produces EG and either a disodium or dipo-
tassium terephthalate salt. Consequently, an additional step is
required to transform these salts into TPA by employing a strong
acid, such as H,SO, or HCL.*** Fig. 24 demonstrates a schematic
of the alkaline hydrolysis recycling process, whereas Fig. 25 out-
lines a schematic of the PET alkaline hydrolysis mechanism.

Enzymolysis
Enzymolysis is a biological degradation mechanism wherein
plastics undergo enzymatic and microbial breakdown. This
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Fig. 22 Proposed schematic of the neutral hydrolysis recycling process
(based on provided information in ref. 6 and 93).
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Fig. 23 Schematic representation of the mechanism of PET neutral
hydrolysis.®°*
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Fig. 24 Schematic of the alkaline hydrolysis recycling process (adapted
with permission.®® Copyright 2013, Springer Nature).
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Fig. 25 Schematic representation of the mechanism of PET alkaline
hydrolysis.®**

phenomenon can occur spontaneously within the natural sur-
roundings or can be expedited with genetic engineering to
produce and/or modify enzymes and microorganisms.'*>%*
These processes offer a potentially viable solution for depoly-
merising waste petro-plastics into components suitable for re-
cycling, or alternatively, mineralising them into CO,, water,
and new biomass.'** 1%

Enzymatic

Enzymatic degradation of PET involves the utilisation of
enzymes as biocatalysts to catalyse chemical reactions, with a
specific focus on cleavage of ester bonds in PET. The enzymes
initially adhere to the polymer’s surface, after which the bonds
undergo hydroperoxidation/hydrolysis.'***°”1%% This reaction
degrades PET into its constituent components, namely TPA
and EG,'**'% enabling their subsequent use for production of
recycled PET. Enzymatic hydrolysis is the most extensively
researched process for PET degradation. However, other such
reactions include oxidative enzymatic reactions, enzymes exhi-
biting polymerase activity, and enzymes possessing esterifica-
tion or transesterification capabilities.”''° Fig. 26 shows a
schematic of the enzymatic recycling process. Extensively
investigated enzymes for PET include lipases, cutinases,
esterases, and carboxylesterases."'’ Enzymes have a major
limitation in that they cannot work properly on bulk PET
waste; their function is often limited to small oligomers.""
Moreover, the activity of PET hydrolysing enzymes can be hin-
dered by by-products from incomplete hydrolysis, specifically
mono(2-hydroxyethyl) terephthalate (MHET) and BHET, which
function as competitive inhibitors of enzymes. The elimin-
ation of MHET and BHET when using enzymes for PET bio-
degradation, without compromising the enzyme’s integrity,
presents significant challenges. These factors highlight the
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Fig. 26 Schematic of the enzymatic recycling process (adapted with
permission.** Copyright 2021, Elsevier).
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importance of acquiring enzymes that are resistant to inhi-
bition by MHET and BHET, either through direct screening or
enzyme modification.’*"'"? Fig. 27 provides a schematic depic-
tion of the PET enzymatic degradation mechanism.

Microbial

PET has the potential to undergo degradation through
microbial metabolism processes, whereby microorganisms
utilise PET as a source of carbon and energy. The schematic
illustration of a microbial recycling process is shown in Fig. 28.
The microbial metabolism process encompasses a wide variety
of mechanisms, including enzymatic hydrolysis, surface
erosion, and intracellular depolymerisation, which collectively
facilitate PET degradation. Several bacterial and fungal species,
including Ideonella sakaiensis and Rhodococcus ruber, can syn-
thesise enzymes such as PETase and MHETase. These enzymes
can catalyse PET hydrolysis, leading to PET depolymerisation
into its constituent components. Surface erosion is an
additional degradation mechanism that occurs when microor-
ganisms engage in the physical breakdown of the surface of
PET. The mechanism of intracellular depolymerisation involves
the internalisation of PET constituents below 600 Da by micro-
organisms, followed by subsequent mineralisation within their
cellular compartments into H,O, CO,, N,, and CH,''""’
Furthermore, it is crucial to emphasise that all microbial pro-
cesses are restricted by scale limitations, necessitating continu-
ous efforts in scaling up to overcome this obstacle."'® Fig. 29
provides a schematic representation elucidating the intricate
mechanism.
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Fig. 27 Schematic representation of the mechanism of PET enzymatic
degradation 113
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Fig. 28 Proposed schematic of the microbial recycling process (based
on provided information in ref. 53).
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Photodegradation

Fig. 30 shows the schematic of an ultraviolet (UV) radiation re-
cycling process. Photodegradation is a unique approach for
plastics recycling that utilises sunlight or UV radiation, with
the assistance of additives or catalysts like titanium dioxide
(TiO,), to induce the disintegration of the molecular compo-
sition of plastic via free radical generation."'”"*° The resultant
smaller constituents can subsequently be employed as a
resource for the production of recycled plastics.'*®">" The
observed surface effects are believed to be linked to the spon-
taneous degradation of polymer chains in plastic caused by
oxidation. As shown in Fig. 31, this degradation process
decreases polymer chain length and molecular weight and
increases functional end groups. Additionally, volatile pro-
ducts are released during this degradation process.''®*>1??

Quaternary recycling

The quaternary recycling route refers to the recovery of energy
from plastic waste.>>>%1%%12> When alternative recycling
routes are neither practical nor affordable, this approach is
often the technique of choice.>® Nevertheless, this route fails
to generate a recycled material suitable for repolymerisation,
thus lacking the ability to contribute to the circular
economy of plastics.> This route is typically achieved through
incineration.

Incineration is a process that involves the combustion of
waste at elevated temperatures, resulting in its conversion into
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Fig. 29 Schematic representation of PET microbial degradation, 9214
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Fig. 30 Proposed schematic of the UV radiation recycling process
(based on provided information in ref. 118, 120, 123 and 124).
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Fig. 31 Schematic representation of the mechanism of PET degra-
dation via UV radiation (R: linear straight-chain alkanes). '8
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residue waste (primarily ash'*®), gases, and the generation of
heat energy. The generated heat energy can be effectively har-
nessed to produce electricity, steam, or heat for a wide range
of applications.'*® Burning waste with the introduction of air
results in significant CO, emissions, as well as a variety of
undesirable gases such as CO, nitrogen oxide (NO,), sulphur
dioxide (SO,), and heavy metals that must be managed.® A
schematic of incineration recycling process is shown in Fig. 32.

Comparison between different valorisation routes

When selecting a PET recycling method, several factors should
be considered, including the quantity and quality of available
PET waste, energy consumption, cost-effectiveness, the effec-
tiveness of the method, its environmental impact, and the
desired quality of the recycled product. A synergistic approach
incorporating a combination of different methods may be uti-
lised to optimise the efficiency of PET recycling.’” Table 1 pro-
vides a summary of significant advantages and disadvantages
of each PET recycling method. In addition, the table provides
context on the applicability of the recycling techniques for
other common plastic types, to provide a broader perspective
into the plastic recycling landscape. Moreover, Table 2 has
been developed to outline various stages of PET recycling pro-
cesses, grouped by feedstock pre-treatment, separation of con-
taminants and unwanted components, purification of
monomer and valuable components, and waste treatment
opportunities. This table sets the stage for the plethora of
opportunities for integration of membrane technology. The
integration of membranes at key stages of PET recycling pro-
cesses not only improves the effectiveness and sustainability of
PET recycling but also provides the opportunity to enhance
resource efficiency, decrease energy consumption, and miti-
gate negative environmental impacts. The selective separation
and purification capabilities of membrane technology provide
an appealing choice for addressing issues related to pre-treat-
ing feedstock, contaminant removal, and monomer purifi-
cation. Moreover, the use of membrane technology presents
exciting ways to tackle waste treatment challenges.
Furthermore, the strategic use of selective membrane pro-
cesses enables accurate targeting of specific components,
hence enabling the recovery of valuable by-products while
reducing the production of additional waste. This not only
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Fig. 32 Schematic of the incineration recycling process (adapted under
terms of the CC-BY license.'®® Copyright 2018, Faculty of Engineering
of Nnamdi Azikiwe University).
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aligns with sustainability goals but also presents economic
opportunities by creating alternative revenue streams.

Navigating the membrane landscape in plastic recycling

To effectively navigate the membrane landscape in plastic re-
cycling, it is essential to have a comprehensive understanding
of membrane applications in this field and closely related
fields. This understanding enables the identification of
approaches for integrating membrane technology into PET re-
cycling. As presented in Table 3, the direct application of mem-
branes in plastic recycling is still very limited, with the
primary focus on the removal of MPs, and their application in
related processes is similarly restricted. However, each mem-
brane process possesses distinctive characteristics that can be
customised to meet the specific recycling requirements. For
instance, it highlights processes targeting plastics such as PE,
PS, and PVC in wastewater treatment (e.g., a Hydrotech
HF2220 disc filter achieves 89.7% removal efficiency™®’), as
well as applications such as the separation of phenolic mono-
mers from depolymerised lignin oil (e.g., a separation factor of
1.09 with NF90 membranes'?®) and the purification of pyrol-
ysis reactor products.’** These applications highlight the
potential for membrane technology to enhance performance
across diverse processes, stages and polymer types. Although
these cases represent only a fraction of membrane technol-
ogy’s potential, they provide promising pathways for enhan-
cing recycling efficiency and sustainability, building on the
valorisation routes. The following sections investigate these
opportunities by analysing the various ways in which mem-
brane technology can be integrated to meet the changing
requirements of sustainable plastic waste management.

Rationale for membrane integration in PET recycling

A comprehensive evaluation of benefits and drawbacks on a
route-by-route basis was conducted to identify the recurring
limitations that eventually govern yield, product quality, and
energy consumption in PET valorisation (Table 1). This com-
parison revealed five route-agnostic challenges: contaminant
and additive removal without quality loss; solvent and
monomer recovery with low thermal duty; gas upgrading in
thermolysis processes; heat recovery between hot and cold
recycle loops; and wastewater treatment that removes micro-
plastics and trace organics at low cost. Membranes are well
suited to tackle these limitations due to their size- and solubi-
lity-based selectivity, combined with near-isothermal oper-
ation, and could simultaneously decrease specific energy and
solvent consumption while enhancing product purity and
yield.

To ensure that this conceptual framework is applicable to
process design, the separations required by each route were
divided into four intervention stages: feed pre-treatment, sep-
aration of contaminants and unwanted components, purifi-
cation of monomers and valuable components, and waste
treatment (Table 2). Therefore, membrane selection is linked
to the specific separation task rather than a general process
unit. This framework enables the integration of membrane

Green Chem., 2025, 27,12115-12150 | 12127


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

View Article Online

Green Chemistry

Perspective

[esodsip pue

96 pue 9 Dd ‘uolhu ‘vid ‘nd Zurpuey [njares saxmbar pue o1x0) 9q UL SBS BTUOWUIY %06 SUTPIdXd SP[AIA YSIH sIsjouowrury
S3UTB0D 10 SIAISIYPE 10]
Nd Jo SIsayIu4s 10 ‘Suruapirey uisai Axoda se yons
9[e0S [BIOTOWITOD B UO PIsIIN Uaaq jou seH  ‘suonedsridde Jo Ao11ea e 10J pasn 9q Ued s3oNpoid
SouTwe Jo 3509 Y3IH uondwnsuod A319U9 MO
[esodsip
/6 PUE 96 ‘9 Dd ‘uolhu ‘vid ‘nd pue Zurjpuey [njared a1mnbar pue dIx0) 9q ULd SUTUIY %06 punoIe Jo sploIf Y31H sIsAjourury
LINQ JO SSO[ pue uonoeal 19yng Jqryoxd
03 syonpoid o) woy pajeredas aq Isnua I1sATeIed oy
pue “9sATeIed 91} 9JBANIOBUT UBD JT SB PIAOTUSI 9 ISNUT T Jqe[reae A[opim pue deayd ST [OUBIOIN
syonpoid-£q joyoore
puE 2AnRALIap dyereyiyd o) aaowraI pue {LINC Y3 dunal
0) paxrbar are sassaoo1d uoneredass A3soo pue xajdwop %G8 01 08 JO SP[oIA Y3STH
76 spuan uononpoid (s1sAjoueyoun)
PU® SS ‘67 ‘9 Dd ‘UOTAU ‘Nd ‘VId  [BIISNpUT LAd 199W 0} VAL 03 PIIISATO0D 9q 03 SPaau LINA 1AH4 ueyy Aund 03 191589 ST LN SISAjoy ooy
3500 Y31y A[oane[dy  sanbruyos) 3uroAda1 [edTwayd pasIeLISNPUI ISON
DF Ul 9[qN[os Sk
76 pue WNIPaW UONIOBII 9} WoIJ IsATered a3 areredas o3 InoggIq S)UaUOdUIOD [EITUIAYD JAISOII0D/O1X0) ON
19 ‘€ ‘6T ‘9 Dd ‘uoldu ‘vid ‘nd xa[dwoo aq ued s1owouowW [FHH JO UonesyLng %G8 JO LAHM JO P[4 Y31y & s9onpoid SISAJ02ATD SIsAjoAjos
padeuew Ansnput Tesrwayponad ay
j0u J1 30edWT [EJUSUITOIIAUS UR JABY UBD SUOISSTWH Ul $$9001d POOISISPUN-[[oM PUE PIYST[qRISI-[[oM ¥
Pa3j
0d ‘sav syuswarinba1 A31ous y3IH 2H a3 03 anp sisAjo14d ueyy 10339q 1A SO[PUBH
62T  ‘UOIAU ‘Nd ‘VId ¢ LOAd Arpowrwiod s1sAjo14d uoneua3orpAy
PUB 16 ‘06  ‘Sd ‘dd ‘dddH ‘AddT aatsuadxa Ue ST YoIym UONOBaI 33 10§ paimbar st °H ue) Airenb 10y31y e Jo sony pibip seonpoid /Sun[oeId0IpAH
padeuew Ansnput Testwayonad ay) ur
j0u J1 30edWIT [EJUSUITOIIAUS UR dABY UED SUOISSTWY pawrojrad uaaq Apeaife ‘A3010utoa) paysI[qeIsd uy
sed jonpoid woiy S[EdTWAYD pue ‘A1d1109[ Surpnour
0d ‘sav 1) 2r0wra1 03 Juawudmba/asniadxs reuonippe sarmbay ‘sonpoid a[qenyea jo oaduer e sonpoid uen
06 pue  ‘uojdu ‘nd ‘vid OAd SY001Spady
£8‘C8 /L  ‘Sd ‘dd ‘ddaH ‘AddT syuswarinba1 A31oua Y31y A1oA a1sem onserd yam ssaoo1d ajquedwod £19a uonedyIsen
paodeuew Areuoneuayur uonerado ur Apeaife
j0u J1 30edWT [EJUSUITOIIAUS UR JABY UBD SUOISSTUIY syue[d [e1oIWITOD 1M ‘A30TOUTdd) ITMBW ¥
Dd ‘sav  3onpoid a3 Jo AOUSIOYIS [aNJ 3 9INPT PUE ‘OINIONIISLIUT
06 Pue  ‘UO[AU ‘Nd ‘VId ‘,DAd Y3 3oedwr ued yorym ‘[ro sts£jo14d orproe ue seonpoid Lad syonpoid a[qenyea jo a3uer e sonpoid uen
68 /L ‘ss ‘Sd ‘dd ‘ddaH ‘Add1 syuowarinba1 A319us y3IH )[003Spady) aisem onse[d paxIur e a[puey ueD) SISAjoILg SISA[OWLIaY T, Axrenia,
SurpoAdar [eoTuRYOIW
SJUIAJOS SNOpIeZEY IO 91X0) JO asn a3 a1mnba1 Ay yam pareduios syuswarbai A310us moy Ajoane[ay
L UOTIN[OSSTP 9A1DJ[3S,,
asniadxa pue justdinba pasiferoads arowr 0 anp 0031spadj onseld paxIul & YIm [eap
Dd ‘sgv  saxmbai 31 2ours 3uro£dal [edTUBYIIW UBYY JAISUIAXD IO ued pue ‘saanippe pue sonundur aeredas ue)
87T ‘uoldu ‘nd ‘vid ‘DAd oreos ye urroj1ad 03 I(NOYJFIP 9q Os[e
pue £/9-59 ‘¢ ‘Sd ‘dd ‘AddH ‘dddT Ued pue ‘FUroAdaI [edTURYIIW UBY) A30[0UY29] dINJEW SSIT sjonpoid 144 parooar Airenb-ySry sonpoid ue) uonnjossiq
sanradoid Testueyoow Juronpal A3ooutpx
‘sureyo 1owAod 93 Jo uonepeI3ap S 01 PEI] URD SIYL, 9ATIO9JJ9-1S0D PUB SINJBW ‘PIYST[LISI-[[OM
Burphoax
0d ‘sav 197em pue A310U9 Jo sjunowre JuedTudS sainbay 1Ad ATepuod3s Jo poyjow pasn A[9PIm ISOW dY],
£TT pue  ‘Uuojdu ‘,Nd ‘VId ‘DA Y003ISpady syueinjiod
78 ‘8S ‘PS ‘C ‘Sd ‘dd ‘AddH ‘AT SN0aUI301939Y pUE pajeuTwejuod A[Y3IY o[puey Jouue)  JIx0) 39NPoId IO S[eITWIYD JTX0) JA[OAUT JOU SI0 [eoTuey ooy ATepuodds
9]SeM POJBUTUIEIUOD [IIM
N00ISpady  Teap 3,usaop ssa001d o) se Zur[oLoar [edTURY W
0d ‘sav sem 1owkjod adAy-o13urs pue aind pury 03 INOYIIA Arepuodes ueyy uonduwnsuod £319ud 19mM0T
06 pue  ‘uolfu ‘,nd ‘VId ‘DAd 1Ad 1e3[0 03 PATWIT syonpoid pafdhdar Airenb-1saydry
19°6S‘ce  ‘sd ‘dd ‘ddaH ‘AddT 9194> yoea e 93eI01INLP sontadord [errareN 9AT}09JJ9-1S00 pUE ASEd ‘JUaTONIH uoIsnNXa3-93y  Arewrnd
PEN 103 9[qeoridde osyy sadejueapesiq sadejueapy anox 3urphooyg

sofseld uowwod Jayyo 4oy Ayjigedndde Jiayy se J1am se ‘23nod bulaAoal | 34 yoes jo sabejuenpesip pue sabejueape jueoyiubis T aiqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
“INd €T:GETT 9202/8T/E UO papeo|umoq ‘G20z Bquisidds Zg Uo paus!iand 901l ss900Y usdo

This journal is © The Royal Society of Chemistry 2025

12128 | Green Chem., 2025, 27, 12115-12150


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

View Article Online

Perspective

Green Chemistry

‘IOH
[IIM SINSST SINUNOIUS DAJ JO sishjowdy, , “pasodindar pue papparys Adus are Aoy a1oym Surasdar [edrsdyd odropun ued snd 19SOULIAY) SBAIAYM ‘PI[24da1 A[[edrueydow aq ued snd suse[dowsayy Auo,,
sasodind
POYIoW IB[NDI B JON A819U2 10§ S[oN] [ISSOJ UO PUBWIP 33 SIINPIY
S[qe[IRAR ST POTIOUI IS0 OU UM
0d ‘sav dAISUNUI-A313Ud ATYSIH sem onserd yim [eap oy uondo ue aproid uen
‘uoldu ‘nd ‘vid ‘OAd s[elow AAeay pue A101139979
£TT pue 9 ‘Sd ‘dd ‘dddH ‘Ada1  srueingjod d1xo0) ‘sased asnoyuaard JuedyIudIs Jo UoISSTuy 10 [2NnJ JO wiI0§ Y3 ur A310U2 2je10uad ue) uoneIUpRU] Areuidyend)
JUOWIUOIIAUS  A[PUdLIJ A[[RIUSUWIUOIIAUD 210U 3 UBD ‘S[RIIUIAYD
93 03 [NJWLIeY 9 UBD YIIYM SI[IIE[OA 2JeIdUS UBD ys1ey 1o sarnjeradwo) y3iy a1rnbax jou ssoq
Nd ‘Sav Burphoax
‘uolu ‘nd ‘vid ‘OAd MOTS 2 AW SONRUD] UONOBIY 1Ad JO poyiauu 3s00-mo[ pue djdwrs A[aane[a1 v
9€T pue 77T ‘Sd ‘dd ‘AdaH ‘Ada1 asniadxa pue yuowdinba pasiferdads axmbar fey sjonpoid 1ad parokoar Arrenb-ydiy sonpoid uen uoneiper An uoneperdaporoyd
9[eds [eIsSnpur
U3 3 23pa[mowy] I[NI[ YIIMm AZ0[0UYDI) dINJBW SSAT (sueaun) 3onpoid sjqenyea saonpoid
Nd ‘Sav ssao01d mo[s & aq ue) syuawraiinbal A319us mo1
GET pue ‘uoldu ‘nd ‘vid ‘OAd uonepei3ap wisTjoqejaur
$€T ‘20T ‘€S ‘Sd ‘dd ‘dddH ‘dda1 SUONIPUOD [BIUIWUOIIAUS 0} JANISUIS g URD 1LAd JO poylaw A[pudLIy A[[EJUSWUOIIAUD IOW Y [RIqOIdIN
Aoudroyya pue AI[Iqe)s I1ay) J0d1e ued A1iqereae pood aaey pue
yorym ‘Hd pue armerodurd) 0 JANRISUIS o¢ UBD SOWAZUF ~ SIIINOS [eMIUI WOt pasnpord aq ued sawkzug
saduaqreyo dn-o1eds sjudwarinbar A319us moT
SET-TET pue Ldd
PIT ‘€S ‘¥ nd ‘uofdu ‘nd ‘vid sonpoid 03 3500 2q ued ssa001d Y3 UT pasn SoWAzug  pajeurwejuod pue Apenb-mof 904531 03 [enualod onewAzuy sisAjowAzuyg
[esodsip pue 3uijpuey [nja1ed a1mnbar pue 9A1S01100 deayo
pue 01X0) 9q Ued $59001d SIY) UT Pasn SJuUaeal dUI[RN[Y puUE JUBpUNQE ST YOIYM ‘YUBIORII B SB I9JeM SIS)
syonpoxd Airenb y31y jo vdl1, Suronpoid [ns
-Aq payuemun jo uonew1oy oYy Junuaadxd ur HmMoygia  IS[IYM ‘LAd 2ISem pajeurweiuod A[ysiy sjpuey uepn
66 Jo asodsIp 03 JNOLJIP 218 YoIym
PUe %6 ‘19 ‘9 Dd ‘uojfu ‘nd ‘vid ‘sennuenb a3re[ ur sjonpoid-£q Jes oruediour Jo UONONPOIJ Ppa310da1 9456 1940 JO SP[AIA YSIH duI[eq[V
uone[AXOIPAYIp deayo
o1ATeIed 01 anp INsaI Aewl DY JO P[IA Tomo] ¥ pUE JUBpUNQE ST YOIYM ‘YUBIORII B SB 19JeM SIS
payiodax
sjuBUIWEIUO0D Jud)sisiad 03 anp ‘VdL jo And 1omoT U22( 2ABY 9466 U} 1978213 Jo Sp[olk YSIH
SISA[01pAY
66 PUE ¥6 ‘9 nd ‘uofdu ‘nd ‘vid $s9001d MO[S  SUITE[B/DIPIOR UBY) A[PUSLY A[[EIUSWUOIIAUD IO  [EIININ
YOSH wo1j DY JO UOIedlY deayo
-1nd ay) 103 pue ‘YOS?H Jo sennuenb a8rey a1oAda1 03 Aj3s0D pue JuBpUNQE ST YOTYM ‘JUBIOBII B SB I3)eM SIS
payean Aj1adoid jou J1 JuswruoIIAUD 9N[eA JTWIOU0D? 1918313
9} 03 [NJULIRY 3 UBD YOIYM ‘9)SEM PIOB JAISOLIOD SIIRISUID SBY UYOIYM ‘PIOE JI[EXO 0) PISIPIXO 3q UBd HF
0€T PU® 66 Jo asodsIp 03 JNOYJIP 218 YoIym
6 ‘T9 ‘9 ‘% Dd ‘uojfu ‘nd ‘vid ‘sennuenb a3re[ ur sjonpoid-£q Jes oruediour Jo UONONPOIJ %06 PUNOIE JO SP[AIA YSIH  JIPIdY SISA[OIPAH
9N[eA [RIOISWITIOD
paio[dxa [[om JON Po03 1M SYJ 218310 0) PIsIIN oq ULd AdL
%66 1240
BIUOWWE JO 3500 Y3ITH Jo sanund y3ry ur passryde 2q ued ynpoid AdL
PEN| 103 a1qeordde os1y sadejueapesiq sadejueApy o1 Jurhosy

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
“INd €T:GETT 9202/8T/E UO papeo|umoq ‘G20z Bquisidds Zg Uo paus!iand 901l ss900Y usdo

(‘pauocD) T elqeL

Green Chem., 2025, 27,12115-12150 | 12129

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

View Article Online

Green Chemistry

Perspective

yse
‘197eMIISBAA — — sed an[ — — uonenUDUl Areurdend)
SoAnIppe
1dd pastaw ‘SINOJ0J [enpIsax
I9JBMIISBM -Ajodap-un QL1, ‘Vd.l. OF pue Vd.l 0D ‘0D ‘sopnundwy  Surpurnid pue Surues) uoneIpel AN uoneperdapoloyd
SI9WO3I0
‘saAnIppe
N pue ‘"HD ‘s1owo3I[o SINO[0d [BNPISaI
I97BMIISBA SISWIP ‘SIQOIDTN ‘Vd.L DF PUe VAL 0D ‘sopundwy  Surpurid pue Suruea[n [BIQOIOIA
Liad
pasuawiAjodapun ‘LaHI
pue TAHIN ‘103em ‘areydins SaAnIppE
wnIpos ‘saseldd Se ‘SIN0[0D [eNpPISaI
—  yons sawAzud ‘{DH ‘HOEN O pPue Vd.L — ‘sonundwy  Jurpurid pue Surues) onewAzug sisAjowAzuyg
SoAnIppe
197eMIISBM HO®BN od [DH ‘I0Jem  ‘sINOJ0d [enpIsax
‘IDeN ‘LAd pastowijodop-un  pue [es paseq-vdlL 9es oruediour ‘sopnundwy  Surpurid pue Surues[)  duUIeN[V
SoAnIppe
1Ad pastauwijodap-un ‘SINOJ0J [eNpISax
I97emalseM  “ISATeIRD 938190V dUIZ/I[BqOD DF pue VdL — ‘sopundwy  Surpurid pue Surued[)  [EIINAN
SaANIppe
"OS°H SINOJ0d [BNPISAI
13)EMIISBM ‘1Ad pasuawAjodopun O pPue Vd.L — ‘sonundwy  3urpurid pue Surues[) JIPPY  SISA[OIPAH
1dad SoATNIPPE
pasuawAjodapun “sAeres ‘SINOJ0D [ENpPISaI
—  9J8390B DUIZ ‘BTUOWIWE ‘QdL O pue dd.L — ‘sonundwy  Jurpurid pue Suruesd sisAjouowrury
1LAd pastawAiodapun Vd.L JO saurwe
‘ourure sATeres ajejade -Ip pue -ouowW S9ADIppE
pea[/oulz ‘Vdl, JO Saurwe-1p Zurpuodsaiiod ‘SINOJ0 [enpIsal
I9JeMIISBM pue -ouow 3urpuodsaiio) pue oq — ‘sopnundwy  Surpurid pue Surues) sIsA[jourury
1Ad pastauwijodapun s[oyoore S9ADIppE
‘Joueyjoux PUE SOAIJEALIDD  ‘SINOJ0D [eNpISal (s1sAjoueyyour)
—  “)sATe3ed 23e3190€ JUIZ/I[RAOD od ‘LN arereyIyd ‘sopundwy  Jurpurid pue Surues[) SISA[OY 03[V
s1awo31o (DdL) 109419
‘LAd pastowkjodop QUIAYIA JO IOWILL, SaAnIppE
-un “sAejed 91e1a0e pue {(Daq) 109419 ‘SINOJ0d [eNpISal
19YEMIISBM JUIZ/3[BqO 10 ISATEIRD TI OF ‘LAHI  USA3F Jo IowIqg ‘sonundwy  Jurpurid pue Suruesd SISA[02A]D sisA[oAjoS
»0D YHD ‘seduds ‘[10 61D-LD — sased sO-1D —  3urpuud pue Zuruesd SuppenoipiH
197eMIISBM
‘1ey ‘ysy N ‘YHD ‘sedu4s — — —  Zurpund pue uruea[d uonedyisen
YHD ‘(0D pue sopAyapre SOATIBALIOD
Iey ‘reyD ?H) seduds ‘ouazuaq ‘vd o ‘Vd.L ‘sased ¥D-TD pueyg Jurpuird pue guruea[d S1sAjo1d SISA[ouLIdY I, Arenia,
SoAnIppe
¢SIN0J0D [eNPISaI
OFH YonS SJUA[0S-UOU ‘sanunduut
197eMIISBAMA  PUE ‘dIAN SB UONS SJUIA[0S — — paajossiq Surpurid pue Surues[n uonnjossIa
dIN — — — —  3urpuud pue 3uruesn [EdIURYIIN  ATEpuodds
— — — — — — UOISNIIX3-3Y Arewrng
hlec)eenlEal syuauodwod a[qeneA SISWOUON syuouodwod SJUBUTUIRIUOD) JusUIBII-21d 9Ino1 3uIPAoog
SeM pajuemun
uonesyung uoneredas

93nouJ bunoAoal 134 yoes

JO saiuNyoddo juswieasy d)sem pue ‘sjusuodwod dgenieA pue s/aWOoUoW Jo uonedyund ‘sjusuoduwiod pajuemMun pue SJUBUILIRIUOD JO Uofesedas ‘sdals juswiealy-aid o0ispas4 g aqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
“INd €T:GETT 9202/8T/E UO papeo|umoq ‘G20z Bquisidds Zg Uo paus!iand 901l ss900Y usdo

This journal is © The Royal Society of Chemistry 2025

27,12115-12150

12130 | Green Chem., 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

View Article Online

Perspective

Green Chemistry

(e@ ¢>) s1owodIjo JySrom spunoduoo
78°0 pue IE[NOJ[OW MO[ pUE ISWIp ‘IowWouow oruedio Iawouow
8€T  60°T :IoWoUOW Jjo 1030ej uoneredas Zururejuoo 1o urudy pasuawAiodoq JO AINIXIN — srjouayd (auodna/mod) 0£ZAN PUB 06IN
Aund (vv) poe
%P, YIm Odd JO A19A0021 94,69 uonnjos oidipe pue (0ag) (VSN ‘VIA ‘uorduruuqip ‘suonnjos uoneredag
¢sT  Aund %69 YIM VY JO A19A0031 950L Wiy LVEad WOl Pasj dONYIUAS  OTUBSIO PIA[OSSIA — [o1paueIng-i*-T YooY ‘FE€-AdN ‘B 00T) QUBIqUIIW [EIOISWITIO)D
(sarmsnpuf 1wey, ‘SpuUuRyYd 61 ‘8d 05T ~
aponted (ODMIA) Jo-11d JySrom re[nodfowr) sazod wIu 6°0
PST 00T Ppa3j snoanbe onoyIuAsg prjos [eotrayds 138w g/sT0 sd IMm d[npow AN Ie[ngny QLY [BIISWWOD
Aund uonnjos (S/V A0YSYeN [eAeT
€ST  %S6< UM VAL JO A1240021 A11ofen W[l LVEdd WO PI9J dNAYIUAS  OTURZIO PIA[OSSIA — Vd.L pue awizug BJ[V ‘dd0/DY ‘@] 0T) SUBIQUISW [BIOISWIWIOD
TVl 016 197eM)SEM D1AYIUAS sponred prjos vL'0 1d pue DAd ‘Ad (>1HAd 210dI[[IA ‘@@ 00T) duBIqULW SHA
speaq
i5a1 €L6 19YeM B[ ONYIUAS prios [eouayds 10 sd (pr1 A3010UYD9], NYPOND) dUBIqUIdW SHA
peaq sueIqUIdW poom/(VaAdd)
ST 718 PUR 6°96 ‘£'86 Ppa93 snoanbe onayuis pros [eouayds € pue ‘c’0 ‘s0"0 sd 9pUIO[YD Winfuowwe [A[[e1p [Ayawiip Ajod
oronaed
ST 00T PUB 6°66 ‘6°S6 ‘S'¥8 Ppa93 snoanbe onayuis pros [eouayds 0°0T PUB ‘0°9 ‘0'T ‘S"0 sd (dno1d aqn) sueIqUIAW SNOIqJOURU 9-UOTAN
peoq
0ST (pa93 Tw 00T 10§) 00T PUE OOT~ Ppa93 snoanbe onayuis pros [eouayds 70 PUBR T°0 sd JueIqUaW snoiqyoueu NVd undsonoafd
aponted 0T pue
67T  66< PUR 66< ‘66< ‘T6 ‘T8 ‘T6 ‘88 ‘68 Ppa93 snoanbe onayiuis prios [eouayds 8, ‘c‘T‘s0‘T0 sd JuBIqUIAW SNOIqIJouBU Sd
ooned
3 6°66 PUB 6°66 ‘6°9L ‘8'TT Ppa93 snoanbe onayuis pros [eouayds S pue ‘z ‘s’0 ‘1°0 sd JUBIQqUIAW SNOIQIJOURU VD
AoxIng, ‘rRANpeRIRY] aponted
VT 00T ur 103995 dNSIWOP WOTJ dLMM prios [edrayds 05T ‘0ST OAd ‘dad (s10dRING 00£70dHAD) dURIqUIDW AAAd
[SEEL
juowdely  /SW %I ¥ ‘Syuswidery
©a10) YINnos ‘n3aeq pue 320ys ‘a1qy %8°0T ‘SoIq} %9°¥T
9%1 6L ur 10309s Tedprunw Woly MM ‘PBIqOIdTW PI[OS ‘SpBaqOIINTW %F 0L~ — I[1J-OSIP SUBIQUIIN
661 PUE T'8€ (WLuewyeyM) T41d
8'CL PUe 8°¢8 suauowI| uonnjos (axodenq) AQAd PappLID
SHT 06°88 PU® 8°'S6 pue JudAX ul §q sem Jurdexoeqd  OTUBZIO PIA[OSSIA %IM G sd (a10deIn@) AaAd
aronted ueIqUIaWI
[47an 00T PUB 8'66 ‘T'FT P23 snoanbe anayiuis prjos [eotayds 1 pue €0 ‘r'o sd snoiqijoueu (TDd) auoloejoidesLjod-gD
oronred
IS5t 6°68 PU® £'66 Ppa3j snoanbe onoyIuAsg prjos [eotrayds S0°0 pue 1°0 Sd  oueIqUAW Snoiqyyoueu (1Fd) SUIUIUSAYIAIod
Wi cv8 197eMI)SBM DIDYIUAS spnred prjog vL'0 "1d Pue dd ‘OAd (d'TAA S10dHIN) AAAD
speaq oonted JQueIqUIdW
i1 026 19YeM 9B dYIUAS pros [eouayds 0SH'T 03 LO0T'0 sd snoiqyoueu wnruowwre Areurayenb-gqad
oroned
f1}as 9'/6 Ppa93 snoanbe onayyuis pros [eouayds I pue £°0 ‘S0 sd auelquiaw parrdsur-[[18 onswirworg
JNIewud( ‘pAISpuLIn Ul §/v 131ouyg
pue puea punyd 4q (d1.mm) yuerd Juowdely
LET 168 JUSWIIEAI) I9JBMI)SEM WOIJ I9JBA prjos xen3arig 1°L0v-T% DAd Pue Sd ‘Ad I3[ 9SIP 0TTTAH Yd210IpAH
BEN (%) Aouaroyge resowray ordwes pajean jo ainjeN aress/adeys UONRIIUIIUOD jusuodwo) ad£y sueiquisy
/(wr) 218

sonsLoeIeyd Juduodwod paagdie],

jusWeaI} 3)SeM pue ‘syusuodwod 3jgen)ea Jo

uoneoylnd ‘sjueuIWRIUOD JO Uoleiedas HD0)spady a3sem dnseld Jo Juawieasy-aid ayy buipn)dul ‘Bunohoal onseld Ul sauelquisw Jo salbajelys JuswiadueApe pue suoliedndde jo Alewwns ¢ ajgel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INd €T'SE'TT 9202/8T/€ U0 papeo|umoq “GZ0g Jequsidss gz Lo pausiidnd B0y sssooy uedo

Green Chem., 2025, 27,12115-12150 | 12131

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

View Article Online

Green Chemistry

Perspective

sonsLIaloeIRYd Jusuodwod pajadie],

Adua1dYJo UI aSBAIOUL 90, PUE SISA[0IpAY uonnjos
791 Y $¢ Ul $Sof y3rom Wy LAd %9 OIBWAZUD WOIJ PI) dNYIUAS 1Ad SISA[OIpAH wyly pIos 1Lad AN PIseq-2So[N[[ad PIsI[Iqels
uonnjos
19T (0057 = 103083 UONEIRADS) 6°F8 pa9j snoanbe ng@  oruedio paajossIa 1M G8 oad QueIqUIdW AL
s[any
SNO3SES 03UI IBYDOIq JO UOISIIAUOD
93 UI SpIe pue weans ajeawiad
09T 93 UT JUSWIDOUBYUD AT9A0D3I °H sjonpoid snoased 103oeax SISA[0IA INIXIW SBD — ‘H sueiquiaw £o[Te (pd) wnipefed
S19wWo31[0 IYIrom
19°€ IB[NOI[OW MO[ PUE ISWIP ‘IOWOUOW spunoduiod sIawouow
PUB SO'F “C0'F ‘S/°€ :SIWIP WO} UI[[IUBA JO SIAIIEALISP SUrureyuod oruedio S9AIJRALISP (semsnpuy
6ST s1swouow jo 1030y uoneredss  aurd woiy urud] 3yeny pasuwijodaq JO SINIXIA — ur[IueA JTuoAd) 08ESINd ‘08CINd ‘006IAA ‘00SINA
99°'¢ S10wW031[0 1Y SToMm IB[NIS[OW MO PUE spunoduiod
‘e 00£-0S€ WOIJ B 0SE> YIM Iouwip ‘Iowouowr JUrureIuod urudy oruedio e 0SE>
8ST syuauodwod jo 1030ej uoneredas  I[eM[e 000T pulqoloid pasuawAiodaq JO SINIXIA —  yam syusuodwo) (11pEN) 0€0dN
8F'T ‘ST'T (1rpeN)
0T°€ ‘S9'€ ‘6E°F 0£0dN PUe 0T0dN ‘(A3o1ouyoay, sueIquia
TH'T ‘C0°T ‘LS T 31s104) €-INO PUE Z-INO ‘T-INO ‘(uonenyig
06°€ ‘9T°T ‘S8°T ‘ST'T ‘¥9°0 s1owo31]o 1y Srom spunoduod I9pUAS) XAN PUe FAAN ‘SAIN ‘(sermsnpup
:I9WIP WOy IE[NOJ[OW MO[ PUE ISWIP ‘IoWoUow oruedio Iawouow MIUOAH) 009S WA BING PUE 08¢ WINEBING
8¢€T JIowiouow jo 1030ej uoneredas Burureyuoo 10 urul| pasuawAijodaq JO 2INIXIA — orjouayq ‘00S WANRIN( ‘00€ WIARING ‘007 WIARING
T'GT— -[AYIow-g ‘Quejuad
7'CT— ouardoH-T
¢ ¢+ +[Aypow-g ‘ouadoid-t
6°£+ :9uaday-T-[Aypawig-v'e
0°CT+ JAPRWIN-G'Ee ‘QUBXaYO[IAD
T'F1+ APOWIN-GE‘T ‘OurXayo[d4D ((OL1A) VdaH ‘ud
{UONUSIAI 8D ONA ‘gD) UBIqUIAW JB[N(N) JWEIID [BIOISUWIWOD
T°¢1— -[AyIow-g ‘aueiuad
8'6— oundoH-T
76— -[Ayowr-g ‘ouadoid-t
L7 + oundoy-T-[Aypowida-v'c
60T
+ APPWIn-Gie's ‘QuexayoIAD ((A3o10ouyoa], surIqUISIN 31S10g) T-INO
Sy spunoduod pue (das[os) 90£0£04N ‘S0L0L0AN ‘SOTOLOAN
+ AYPIPWIN-G e T ‘QuBXaYO[IAD ureds ‘19seqIN oruedio ‘(sarmsnpuy IUO0AH) 08¢ WIWEINJ) dUBIqUIdUI
65T 1UOMIUS)AI (08T WIdWEING YIUoAy  woij syonpoixd pinbif 1030831 SISA[0IA] JO 2INIXIA — — (D41) sesodwod Wl-UIy) [BIISUWIWOD
‘JoueyIoW
SB [[ONS SJUIA[OS UOWOD UT I9WIpP uonnjos
/ST ¢s'e QUQIA)S FUTUTBIUOD PIdJ dIRYIUAS  OTUBSIO PIA[OSSIA — IowIp audIflg (ed ¥29) sueIqUIDW 40¥(_TIg)d 19IS9A]0d
ayeawwtad uonnjos
96T ) UI I91eM 95IM 9°66-8°66 po9j snoanbe g oruedio paajossia 0%1M 0€ 03 0T D4  IINIA Tcvd isejdoionyy e uo paytoddns 09/0dd
(e £>) s1ow0S10 1Y FTOM spunoduiod
IB[NOI[OW MO[ PUE ISWIP ‘ISWOUOW oruedio Iawiouowt
8€T  £T'T :IaWIOUOW JO 1030€) uonyeredag Burureyuos 10 urui pasuswijodaq JO 2INIXIA — orjouayq (uogna/moq) N-DX
Juowrdery
(yuaunrean-axd gn uatp BUIYD ‘9dUIr01d Juopueys pue ‘wyy DAd pue
GST pue 3urssasord YGW 1933e) 0°86 ‘L10 TRIURX dIMM WOIJ 1938\ ‘a1q1 39112d pIjos 0S¥ 01 0 1Ad ‘vd ‘44 ‘dd SINH UI SUBIQUISW [BI0IdWWI0D
‘Jod (%) Adusroygo TRAOWIDY ordwes pajean jo arnjeN aeys/adeys UONBIIUIIUO0D jJuauodwo) 2d£y sueiquiay
/() az1g

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
“INd €T:GETT 9202/8T/E UO papeo|umoq ‘G20z Bquisidds Zg Uo paus!iand 901l ss900Y usdo

(poD) ¢ 9qel

This journal is © The Royal Society of Chemistry 2025

12132 | Green Chem., 2025, 27,12115-12150


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 22 September 2025. Downloaded on 3/18/2026 11:35:13 PM.

(cc)

Green Chemistry

[ wn <t n
3] =} [Te} © ©
& [ - — — —
- -
= — L
SIS
g ‘*alo\-c
g ]
5w 9
o o B
o
= S o0 -
282 £E828
= S &
SlESe EE&Ex
< s = ‘R
g| 2 BE = £8§52
E|l$<E g 223 e
RN ) 3 gEo._V
= EE? 9 S% B«
E L — :
3] o A = O = ©©
—_— > = =) —
— | 8= 3 2 28 c
S| S8 & 151 2 3E
>z e
3 o 9 < 52 & E
E| 838w S 22 53
9] OOE«; g s $ =7
% | S ETR o 2 &8s
— - L
o =
§ s 3
= A
2 = @
L £ ~ 228 4
2oL g 3
go‘:‘*-‘? EF ¢S £5
2284 €58 53
E2z8 &£25 <28
<9 > i fan} o 73]
N om [} >
Sleg~ES 55£2 &8
5} =
Sledeig 25% 3
S| EZSTa8 e8L =B
o | 85 BES < g c
| € 8 ¥2E w §7C 3 o
S|lodeE 38 SSE 25
S| a9 ER & = ST
E1€°8E% g% 5%
|85 s QOEZ Bag
o |l T2TYE TagLl3 5
ElEcs5T MELEEE
S| 25585 QfELE3
—-
Z|azeze THEAESE
- L
g E g
| a 2 e
[<a] = < =
~ b ) =1
3] - [ —_
T | 2 = _LE o &
212s TwEE g =
5| g8 &g g8 R
552 =g6E% 22
B2 SE¥@g 2.2
w | T e R = =iy A E
9
=
[
9] |7
| _g|E"
= >\§ oo =
] g = EE =
|3} =N~ o0 0
® = v — <
S | = E
2] L = S o
= No | Fo g
o ©» O 0 =)
et
=
2
%
g = 5
£ o E
< = A =
S 5 < <5
k1 < Ao s 2
2 2 o R ZEo
o AR o .20
oo g | = g 8 =
= S| @ e 8 32
= O | A~ A s T 23&
o
o g
£ p
£e =
(S @
- £ g
~ s 2 &
) EE <
b= .Q% —~
5 82~ B
191 u;c-g >
% 3 5.5 ]
o °e>c &
) a<0 g
g g od 4
= = =S8 3 =
3 = ~ S=A =
€ o | F =) zgor a7 o
S &l o = 5238 & ¢
QO = il L] o~ = &
= 28 2 Sek £s
™ s|E 5§ 285 SE
S| g ) 82 e E¢g
)
5 E| & SES E
o S| & @ SY8 ofF
[ =R -~ A S Em OZ2

This journal is © The Royal Society of Chemistry 2025

water m®

View Article Online

Perspective

technology at key points to enhance resource efficiency,
decrease energy consumption, and mitigate environmental
impacts via selective separation and purification. To comp-
lement this, a comprehensive understanding of membrane
options and performance variables can be derived by analysing
a summary of the applications and advancement strategies of
membranes in plastic recycling and closely related areas
(Table 3).

The membrane technology landscape was categorised into
three families aligned with these stages. Conventional fil-
tration was employed where pore/cut-off governs performance;
emerging solution-diffusion processes were implemented
where affinity and volatility dominate; and specialised appli-
cations were used for thermally driven separations, phase-
change mediated product isolation, bioprocess intensification
with selective retention, and membrane-enabled heat inte-
gration. Then, a comparative mapping of process streams to
suitable membrane technologies was established (Table 4),
with a focus on size exclusion, separation targets, material
compatibility, and operational rationale. This table bridges the
route-specific opportunities in Table 2 with mechanism-led
choices and highlights how membranes tackle critical chal-
lenges via staged, hybrid designs.

Perspectives on integrations of membrane technology in PET
recycling

Membrane technology could potentially address a wide range
of applications in PET recycling, including the pre-treatment
of plastic waste feedstock, separation of contaminants, purifi-
cation of valuable components, and waste treatment. PET re-
cycling could involve the application of a number of different
membrane categories, including conventional membrane pro-
cesses, emerging membrane processes, and specialised mem-
brane applications.

Conventional membrane processes

Membrane filtration processes, such as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis
(RO), utilise membranes to separate particles or solutes based
on their respective sizes and/or affinity for the membrane.
Except for NF and RO membranes, these membranes are cate-
gorised according to pore size and their capacity to retain par-
ticles or solutes of specific dimensions. As shown in Fig. 33,
filtration techniques find crucial applications in PET recycling.
These applications include separating contaminants like dirt,
dust, labels, dyes, pigments, and adhesive residues, and purify-
ing valuable components such as monomers, solvents, cata-
lysts, and various chemicals. Moreover, filtration could be
used to eliminate MP and nanoplastic (NP) pollutants from
waste streams. The efficiency of this approach depends on the
dynamic interaction of various factors. These factors include
the characteristics of the membrane material (e.g., porosity
and surface area), plastic waste variable attributes (including
particle size, shape, and concentration), and operating
conditions, 37166170
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MF membranes feature a pore size ranging from 0.1 to
10 micrometres (um) and are commonly made from a variety
of polymeric materials such as polyethylene (PE), polyvinyli-
dene fluoride (PVDF), polyacrylonitrile (PAN), and PA, as well
as ceramic materials like alumina, zirconia, titania, kaolin,
and mullite."””" MF membranes can show strong potential in
PET recycling, particularly mechanical recycling processes
such as dissolution by efficiently separating contaminants,
including suspended solid impurities such as undissolved
materials, PET additives, and undesired by-products from the
recycling stream. Furthermore, MF membranes can be used in
tertiary recycling processes, such as alcoholysis or methanoly-
sis, to remove MPs, solid impurities, and particulate additives
from the reaction slurry. This application helps reduce waste
stream pollution while improving the purification of valuable
components such as DMT or glycol derivatives. MF mem-
branes primarily operate on size exclusion, where they effec-
tively capture particles in this range while allowing other com-
ponents to pass through for collection. This technique
enhances downstream processing efficiency and reduces
environmental impact by decreasing solid waste generation.
Furthermore, MF has shown efficacy in removing MPs from
waste streams. Pramanik et al. documented an 84.3% removal
efficiency using a commercial PVDF MF membrane with a pore
size of 0.1 pm to remove a combination of PVC, PE, and poly-
ester (PL) particles, averaging 0.74 pym in size, from water.'*?
The removal of PET additives and by-products from tertiary re-
cycling streams using MF membranes becomes increasingly
significant as the complexity of waste feedstock evolves in
modern recycling systems. However, MF membranes are prone
to fouling and clogging due to the accumulation of PET addi-
tives and by-products like plasticisers, which can reduce their
long-term performance. For example, a key challenge in purify-
ing acid-precipitated TPA crystals from the alkaline hydrolysis
process is fouling of the MF membranes. To address these
issues, the development of anti-fouling membrane materials
with hydrophilic coatings or other surface modifications could
improve operational stability, while innovative MF systems
with self-cleaning mechanisms could effectively mitigate clog-
ging. Furthermore, employing materials with higher chemical
and thermal resistance could increase the durability of these
membranes under extreme recycling conditions. Due to the
wide size range of hydrolysis and glycolysis liquors - from very
small molecules like EG (~62 Da; ~0.35 nm) and methanol
(~32 Da; ~0.26 nm), to monomers such as MHET (~194 Da;
~0.65 nm) and BHET (~254 Da; ~0.76 nm), and extending to
oligomers (~500-1000 Da; ~1-1.5 nm) - a staged design incor-
porating tight-UF/loose-NF (~1-3 kDa), NF (~200-500 Da), and
RO (<200 Da) cut-offs can enhance the separation performance
while mitigating fouling.

UF membranes have pore sizes between 0.008-0.2 pm and
are commonly fabricated from PAN, PVDF, polysulfone (PSF),
polyethersulfone (PES), and cellulose acetate (CA).'”> These
polymers are chosen for their chemical resistance, mechanical
strength, and ability to form tight pore structures. These
characteristics make UF membranes effective in processes

12134 | Green Chem., 2025, 27, 12115-12150

View Article Online

Green Chemistry

such as glycolysis and hydrolysis, which frequently generate
compounds that contain EG, oligomers, and catalysts. In the
PET recycling process, particularly in tertiary recycling pro-
cesses such as acidic hydrolysis, UF can selectively recover
valuable products such as BHET and remove smaller dissolved
by-products or dispersed organic and inorganic contaminants
such as residual additives and residual oligomers. This is
achieved by separating these components based on the size
exclusion principle, thereby improving the quality and purity
of the recycled PET material. Numerous studies have under-
scored the potential of UF membranes in enhancing separ-
ation efficiency by their effectiveness in removing a wide range
of contaminants."”*"7® Using UF membranes also offers a
promising way to mitigate the environmental impact of plastic
waste treatment by enhancing purification and reducing waste
generation."”” For instance, Alterkaoui et al used a loose
150 kDa PES UF membrane to recover NaOH from industrial
PET-washing streams. The membrane directly treated the
highly alkaline fluid and recovered 98.6% of the NaOH while
operating at only 5 bar, which means offering a low-energy
route to recycle cleaning agents.'’® Additionally, UF mem-
branes can be implemented in enzymatic hydrolysis to concen-
trate enzymes for re-use, thereby enhancing enzymatic
efficiency and reducing process costs. For example, the recov-
ery of the enzyme PETases has been a subject of research in
the past decade. This line of inquiry aims to translate labora-
tory successes in PET microbial degradation into a tangible
real-world impact using membranes."””® Ismail et al. used a
commercial UF membrane to separate enzymes and TPA from
a dissolved organic solution obtained from depolymerisation
of polybutylene adipate-co-terephthalate (PBAT) film."** In
these enzyme loops, UF cut-offs within the 10-100 kDa range
effectively retain PETases/cutinases (~30-50 kDa; ~4-6 nm)
while allowing the passage of small depolymerisation products
such as MHET (~194 Da) or BHET (~254 Da) to the permeate.
This facilitates enzyme recycling without product accumu-
lation. Despite these advancements, UF membranes exhibit
limitations in removing ultra-fine dissolved solutes or nano-
particles and sometimes need high operating pressures, result-
ing in increased energy consumption. Therefore, ongoing
research should focus on refining pore structure precision to
increase separation efficiency while preserving high flux, as
well as on the development of selective membranes capable of
enhancing the retention and recovery of valuable components,
such as PETase enzyme, from depolymerisation processes.
Furthermore, integrating UF with pre-treatment processes like
MF, using membranes with optimized pore sizes, could enable
more precise filtration, reduce fouling, increase efficiency, and
improve the quality of the recovered material.

NF membranes with pore size varying from 0.0008 to
0.01 pm, commonly fabricated from materials such as PA, PS,
PET, and CA,'®® can effectively reject dissolved components
from the PET recycling process such as alkaline or acidic
hydrolysis. Components include residual colours, monomers,
dimers, trimers and low molecular weight oligomers as well as
NPs from waste streams. For example, Severino et al. recently

This journal is © The Royal Society of Chemistry 2025
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demonstrated that a commercial TiO, tubular NF module with
0.9 nm pores (MWCO ~450 Da, 19 channels) could capture PS
NPs with 100% rejection. They concentrated the NPs from
2 mg L' to 100 mg L and reduced the wastewater volume by
a factor of 44.25."* In addition, alkaline hydrolysis produces
compounds such as NaCl, EG, and TPA, which can be effec-
tively separated and recovered using NF membranes. Aside
from the purification of PET components, NF can also play a
vital role in recycling valuable components like catalysts owing
to its pore sizes that are suitable for these components, such
as the transition metal-containing ILs ([Bmim]ZnCl; and
[Bmim],CoCl,) utilised for the PET glycolysis process, which
are known for their high efficiency and mild catalytic con-
ditions."® Employing membrane technology to recover these
IL catalysts is promising, as glycolysis occurs under relatively
mild conditions, allowing for flexibility in selecting appropri-
ate membrane materials. Studies utilising commercial NF
membranes like FilmTec (NF270),'** and Desal DK'® have
demonstrated 70% IL recovery. Particularly for glycolysis
liquors, NF with an effective MWCO of ~200-1000 Da can be
adjusted to retain the BHET monomer (~254 Da; ~0.76 nm)
and strongly its dimers/trimers (~ 500-1000 Da; ~1-1.5 nm)
while allowing ions to pass. This makes tight-UF/loose-NF a
practical boundary for oligomer separation. Other PET-related
solutes are captured by similar NF membranes across pro-
cesses, including DMT from methanolysis (~194 Da;
~0.61 nm), amide derivatives from aminolysis (~250-300 Da;
~0.7-0.9 nm), and aromatic acids formed in thermolysis/pyrol-
ysis, such as benzoic/phthalic species (~122-166 Da;
0.6-0.7 nm). In this range, critical additives are also addressa-
ble. For instance, the phthalate plasticiser DEHP (~390.6 Da;
~0.9 nm) and the azo dye Solvent Red 24 (~380-500 Da;
~1.0-1.2 nm) are efficiently rejected by NF with ~300-1000 Da
and ~300-500 Da cut-offs, respectively. Smaller stabilisers,
such as benzotriazole (~119.1 Da; ~0.5-0.6 nm), are located
near the NF/RO boundary (~200-300 Da), which influences the
selection of the membrane for separation. However, NF mem-
branes often face issues including fouling and scaling from
organic and inorganic contaminants and complex additives.
Additionally, their scalability is hindered by the high capital
expenses associated with high-performance membranes.
Hence, the development of improved fouling-resistant
materials and coatings could substantially extend their operat-
ing lifetime. At the same time, improving NF membranes for
enhanced selectivity and recovery rates of specific PET com-
ponents, such as catalysts, could improve the economic viabi-
lity of recycling processes. Cost-effective manufacturing tech-
niques for the large-scale production of NF membranes, while
maintaining performance, will be essential for their broader
implementation.

RO membranes with pore sizes between 0.0001-0.004 pm,
commonly produced from PA or CA materials, are a promising
technology for treating plastic recycling wastewater produced
during PET recycling processes.'®* It can be particularly ben-
eficial for wastewater streams generated from tertiary recycling
processes, such as aminolysis, ammonolysis, alcoholysis, or

This journal is © The Royal Society of Chemistry 2025
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hydrolysis, as it significantly reduces impurities and dissolved
solids. For instance, while aminolysis is effective at PET re-
cycling, it raises environmental concerns due to amine
waste. T. Fujioka et al. addressed this by proposing a hybrid
ultraviolet RO process tailored to
N-nitrosodimethylamine (NDMA) from aqueous solutions.
In the RO process, PET waste streams pass through mem-
branes at elevated pressure, selectively allowing water to
permeate while retaining smaller impurities, dissolved solids,
salts, monomers, and trace organic contaminants, which
results in purified water of exceptional quality and purity, suit-
able for diverse applications. Moreover, RO could prove valu-
able for treating and purifying plastic recycling wastewater gen-
erated during incineration, aiding in meeting discharge regu-
lations and mitigating environmental impact while concentrat-
ing valuable monomers like TPA and EG. For instance, alkaline
hydrolysis produces a mixture of salts and water that RO mem-
branes can purify, thereby promoting environmental sustain-
ability by decreasing wastewater discharge. The development
of recycling technology significantly contributes to more envir-
onmentally conscious waste management and efficient
resource utilisation practices. Apart from their advantages, RO
systems are energy-intensive due to high-pressure require-
ments. Moreover, the brine produced during RO processes pre-
sents a disposal challenge, and the membranes are prone to
clogging and degradation when exposed to amine waste,
organic materials or viscous by-products. Consequently, future
research can focus on developing low-energy RO membranes
that require reduced operating pressures, hybrid systems with
pre-treatment techniques like UV oxidation to reduce fouling,
and innovative strategies for brine management via valorisa-
tion or advanced disposal techniques. Operationally, RO’s <
200 Da selectivity is well suited to the recovery of solvents and
small molecules across PET routes. This allows for the refining
and recycling of methanol (~32 Da) from methanolysis, EG
(~62 Da) from hydrolysis/glycolysis, and even DMSO (~78 Da)
used in solvent-extraction stages.

remove
185

Emerging membrane processes

Separation processes, including pervaporation (PV), organic
solvent nanofiltration (OSN), and gas separation (GS) are mem-
brane-based processes that have been developed with the
primary objective of effective separation of contaminants, puri-
fication of valuable components from mixtures, such as
liquid-liquid or gas-liquid systems, and catalyst retention.
These separation processes rely on advanced materials and tai-
lored membrane structures to improve separation efficiencies.
The incorporation of novel materials, such as intrinsically
microporous polymers, metal-organic frameworks (MOFs),
and hybrid nanocomposites, can enhance selectivity and
chemical resistance.

PV membranes are commonly made from polymeric
materials including CA, poly(vinyl alcohol) (PVA), polyether-
block-amide (PEBA), polydimethylsiloxane (PDMS), and chito-
san (CS) as well as inorganic materials like zeolite, silica and
silicate, and metal oxides (e.g. y-alumina, titania, zirconia).'®

Green Chem., 2025, 27,12115-12150 | 12135


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

Open Access Article. Published on 22 September 2025. Downloaded on 3/18/2026 11:35:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

Tonicrange  Molecularrange
0.001 001 o1 1 10 100
ol el el el il

100 200 1000 10000

Macromolecularrange  Micro particle range Macro particle range|

Micrometers {

Molecular Wt.

Relative
size

Process for
separation

Fig. 33 Perspectives on the integration of conventional membrane
processes in PET recycling: illustration of potential component separ-
ations from the outputs of various PET recycling processes.

These membranes operate based on the solution-diffusion
mechanism, where components dissolve into the membrane,
diffuse through it at varying rates, and then evaporate as per-
meation. This mechanism enables the selective separation of
solvents from contaminants according to their volatility and
solubility. Meanwhile, PV membranes operate under moderate
conditions and bypass the thermodynamic vapour-liquid equi-
librium limitations of traditional distillation processes, which
leads to lower energy consumption. These can reduce reliance
on new solvents and decrease total expenses.'®”"'®® Therefore,
PV membranes may have significant importance in PET re-
cycling, as they allow for precise and efficient separation of
contaminants while simultaneously purifying valuable com-
ponents from impurities and by-products with low energy con-
sumption. On the other hand, the use of PV membranes can
also contribute to environmental sustainability by reducing
overall waste volume. For example, as shown in Fig. 34a and b,
PV membranes can excel at recovering valuable solvents like
EG from mixtures with water and other by-products in PET gly-
colysis process, outperforming traditional distillation methods
due to their enhanced selectivity. They can increase the
efficiency of solvent separation, resulting in a substantial
boost in the yield of pure solvent during recycling processes.
PV membranes can also recover high-purity solvents for reuse
in other recycling processes like aminolysis, ammonolysis, and
alcoholysis. Additionally, PV membranes may prove advan-
tageous in regenerating solvents commonly used in dissolving
PET for dissolution recycling process, such as NMP and benzyl
alcohol, owing to their high efficiency and low energy con-
sumption. Furthermore, PV membranes can be integrated into
PET pyrolysis. Catalytic pyrolysis converts a large amount of
the material into valuable products such as benzene.*' PV
membranes could then be employed to purify this benzene by
effectively removing impurities like aldehydes. Despite these
advantages and potential applications, PV membranes face
specific challenges such as membrane fouling and maintain-
ing performance under industrial conditions. These chal-
lenges could potentially be solved by developing new
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materials, such as crosslinked block copolystyrene membranes
with flexible side chains, to ensure consistent performance
throughout long operational times.

OSN, a special form of NF, is typically made from materials
like PSF, PES, PAN, PA, polyimide (PI), and polymers of intrin-
sic microporosity (PIMs)."®® OSN is a membrane-based process
where selective separation of the species present in the solu-
tion is obtained based on their size and relative affinity for the
membrane. Molecules smaller than the so-called MWCO of
the membrane will pass through the membrane, while species
larger than the MWCO are selectively retained. Typical MWCO
values for commercial OSN membranes range from 150 to
1000 Da. This potentially makes them ideal for the selective
recovery of homogeneous catalysts having a large molecular
weight, separation of monomers from oligomers, and organic
solvent recovery. In PET recycling, OSN membranes exhibit
strong potential in the recovery of valuable liquid products
such as in hydrocracking and pyrolysis processes, while simul-
taneously allowing for the effective reuse of solvents in solvoly-
sis processes. For instance, OSN membranes can retain high-
molecular-weight catalysts such as cobalt-based IL or selec-
tively recover important liquid products like C,-Cyq oil frac-
tions or solvents like methanol in methanolysis (see Fig. 34c,
and d). Additionally, OSN has the distinct advantage of low
energy requirements since phase transitions, such as evapor-
ation, are avoided in this separation technique. The absence of
thermal phase transitions also removes the issue of thermal
stress for the recovered catalyst, which is present in other
recovery techniques. This highlights the significant potential
of OSN for catalyst recovery while maintaining its integrity.
Recent studies, such as the work by Wen et al., have demon-
strated effective catalyst recovery using commercial OSN mem-
branes.'®® For aminolysis, ammonolysis and alcoholysis pro-
cesses, OSN could aid in the recovery and recycling of these
catalysts, reducing waste and minimising environmental
impact. Although this study showcased the potential of OSN in
catalyst recovery, it also highlighted challenges such as cata-
Iytic deactivation and membrane fouling. This challenge could
intensify with viscous solutions like depolymerised PET oligo-
mers. Future research should focus on developing more robust
membrane materials and advanced surface chemistries to
minimize fouling and ensure consistent performance in
chemically aggressive, high-viscosity environments often seen
in PET recycling. Also, catalyst recovery work in PET-relevant
catalytic systems is still lacking.

GS membranes are fabricated from a diverse range of
materials, including polymeric membranes such as PIs, PIMs,
and perfluoropolymers; inorganic membranes like zeolites,
silica, MOFs, and carbon molecular sieves (CMSMs); metallic
membranes made from metal alloys; and emerging materials
such as graphene and other two-dimensional (2D)
materials.””" These membranes are highly efficient at selec-
tively separating gas mixtures based on differences in mole-
cular size and membrane affinity.'”> GS membranes allow
specific gas components to preferentially pass through the
membrane, driven by differences in partial pressures. This
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leads to advantages such as low energy consumption, environ-
mental sustainability, and operational simplicity. These
characteristics make GS membranes particularly promising for
PET recycling like pyrolysis or gasification."? In PET pyrolysis
and gasification, the aim is to transform polymer waste into
valuable gas products like syngas and by-products like C;-C,
gases. To meet the required composition to be used in various
technologies such as Fischer-Tropsch synthesis, it is impor-
tant for the syngas to generally have a high concentration of
H, and low quantities of acid gases.**'®® As illustrated in
Fig. 34e and f, GS membranes can be used to enhance the
quality of syngas and decrease downstream processing costs by
adjusting the H,/CO ratio and removing impurities. For
instance, in pyrolysis off-gas, where the primary target species
are C,-C, hydrocarbons (~<100 Da; ~0.5 nm), sub-5 A GS
membranes can selectively sieve CH, and C** from the more
rapidly diffusing H,/CO, thereby enhancing the syngas in the
permeate and concentrating a valuable light-fuel fraction in
the retentate. In addition, GS membranes have the potential to
remove CO, that is produced during biological PET degra-
dation processes by enzymes or microorganisms.'*®'®” For
example, the inclusion of a palladium (Pd) alloy membrane in
the pyrolysis reactor, due to its excellent H, selectivity,
enhances H, recovery in the permeate stream and aids in the
conversion of biochar into gaseous fuels.'®® Additionally, selec-
tive membranes can also be designed to remove N, and CO,
from H, during the gasification process and enrich H, purity.

Filter

Filter

C - DMT

MeOH, EG, phthalate
derivatives nnd alcohols <
1

24

TPA, EG, aldehydes, f
aromatics, ketones,
benzoic acid

C)-Cy gases,

Scrubber

Fig. 34 Perspectives on the integration of emerging membrane pro-
cesses in PET recycling, showing process and membrane schematics
for: (@ and b) potential application of PV membranes in PET glycolysis
for EG purification; (c and d) application of OSN membranes in PET
methanolysis for methanol recovery; (e and f) use of GS membranes in
PET pyrolysis for selective H, separation (image for b): adapted with per-
mission.*®® Copyright 2023, RSC; image for (d): adapted with per-
mission.’®® Copyright 2024, ACS; image for (f): adapted with per-
mission.2%° Copyright 2013, Elsevier.
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The presence of CH, as a valuable energy resource in syngas
presents another opportunity for its selective purification and
recovery. However, GS membranes experience difficulties in
harsh conditions despite these benefits. High-pressure and
high-temperature gas streams can compromise membrane per-
formance. Therefore, the development of new materials with
improved chemical and thermal stability remains a critical
area for future research.

Specialised membrane applications

Specialised membrane applications refer to membrane appli-
cations that are designed to fulfil distinct and specific pur-
poses. One example is membrane distillation (MD), which is
commonly employed for water treatment and resource concen-
tration processes.'®>**" Another application, the membrane
bioreactor (MBR), combines membrane separation with bio-
logical treatment for efficient plastic recycling wastewater treat-
ment."> Furthermore, membrane heat exchangers (MHES)
excel in heat transfer processes,'®* while membrane crystallisa-
tion (MCr) is specifically employed for crystallisation of solutes
from solutions.'®

Membrane-based vapour separation processes such as MD
are emerging as an effective thermal separation technology.
MD membranes are typically fabricated from polymeric mem-
branes such as PP, PE, PAN, PVDF, PTFE, and PES/PVDF
blends or ceramic membranes like alumina, titania, and
kaolin.?> As shown in Fig. 35a, MD uses hydrophobic mem-
branes to segregate liquid mixtures based on differences in
vapour pressure.’®® In this process, a hot feed solution con-
tacts one side of the membrane, while the other side remains
cold or under vacuum, or swept with a gas. This creates a
vapour pressure gradient that drives the selective transport of
volatile components through the membrane, while non-volatile
compounds remain in the feed. This mechanism allows the
recovery and recycling of solvents used or produced in pro-
cesses such as dissolution, glycolysis, and hydrolysis, substan-
tially reducing the need for fresh solvent and enhancing the
economic and environmental sustainability of recycling pro-
cesses. Moreover, MD has the ability to selectively remove
impurities such as water from recycling stream mixtures,
thereby concentrating valuable components like EG, and
monomers (e.g., TPA). For instance, for example, MD can
recover EG used in the glycolysis process from water or EG pro-
duced during alkaline hydrolysis process from inorganic salts
to facilitate its utilisation in subsequent reactions. It also
shows great promise for concentrating other valuable com-
pounds like catalysts.?** Additionally, MD can offer effective-
ness in concentrating by-products such as sodium sulphate
from acidic or neutral hydrolysis waste streams, thereby redu-
cing waste volume and enhancing economic sustainability. It
can also be used to recover valuable chemicals from off-gas
streams generated during incineration,"*®'®" including tar-
geted recovery of specific chemicals from pyrolysis-produced
condensate oils. This supports a more circular approach to
waste management. Recent advancements in MD have focused
on enhancing membrane materials and system design to

Green Chem., 2025, 27,12115-12150 | 12137


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03012a

Open Access Article. Published on 22 September 2025. Downloaded on 3/18/2026 11:35:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

address issues such as fouling, pore wetting, and energy
efficiency.”’”® For example, incorporating modified additives
into membrane structures has been shown to improve hydro-
phobicity and reduce fouling by lowering surface energy.>*®
Similarly, dual-layer and multi-layer electrospun membranes
with customised pore sizes and surface roughness have
demonstrated enhanced flux and stability.>®” These enhance-
ments make MD membranes appropriate for demanding
plastic recycling applications. However, some challenges
remain, including the development of anti-swelling mem-
branes to maintain stable performance in aqueous systems,
and the design of pore structures that optimise both selectivity
and flux.>°®?% Future studies should focus on the develop-
ment of such membranes and continue to explore materials
that enhance MD performance in plastic recycling.

MBR is an advanced treatment system that combines bio-
logical degradation with MF or UF membrane filtration.>'° It is
typically made from organic materials including such as PVDF,
PES, PP, and PTFE or inorganic materials like ceramics, zirco-
nium dioxide, silica, and silicates.>’* MBR uses a semi-per-
meable porous membrane to separate treated water from
biomass and suspended solids (Fig. 35b). Membrane modules
can be integrated directly into bioreactors to improve contact
between microorganisms or enzymes and target components.
This creates efficient reaction systems with enhanced degra-
dation efficiency.”’> MBR systems offer additional benefits
such as higher effluent quality, better pathogen removal, and
compact design.”’* These developments have resulted in the
widespread use of MBRs in a broad range of applications and
they have become an essential part of modern water treatment
processes.”™ Such systems can be effectively integrated into
plastic recycling processes like PET enzymatic hydrolysis to
separate produced monomers (e.g., TPA, EG) and concentrate
enzymes such as PETases for reuse. MBRs hold promise for
reducing downstream purification needs, lowering capital
costs, and accelerating biological depolymerisation. For
example, Barth et al. integrated a UF membrane into a PET re-
cycling reactor. The continuous removal of inhibitory hydro-
lysis products by the UF membrane increased the efficiency of
biocatalytic hydrolysis of PET by 70% over 24 h compared with
hydrolysis performed in batch mode.'®* Ayafor et al have
recently used an in situ-product-removal dialysis reactor. This
reactor retains LCC-ICCG cutinase while continuously
diffusing TPA, MHET, and protons out of the reaction zone
through a 7 kDa UF cellulose membrane. This system resulted
in a more than two-fold increase in both the overall PET depo-
lymerisation and TPA yield (at 10 mg PET per mL) compared
with a similar batch system that was run for 120 h.'®?
Moreover, optimising antifouling properties, membrane
surface area, and enzyme recycling strategies can further
improve MBR performance, especially in breaking down PET
additives and by-products. Despite the considerable benefits of
MBR technology, it faces obstacles like membrane biofouling,
high maintenance expenses, and the need for regular cleaning,
which limit its long-term economic viability. Therefore, future
research should focus on the development of advanced anti-
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fouling membrane materials, including coatings or surface
modifications that prevent biofilm growth and reduce cleaning
frequency. Moreover, scalable and cost-effective enzyme re-
cycling methods could lower operating expenses and environ-
mental effects, enhancing the feasibility of MBRs for extensive
use in plastic recycling.

MHESs are innovative heat transfer devices that utilise semi-
permeable membranes to enable efficient heat exchange
between two fluid streams while preventing mixing. MHEs are
often made from PVDF, PES, silica, alumina, carbon, and
titanium.' 217217 As illustrated in Fig. 35¢c, these membranes
act as a selective barrier that allows only heat transfer, which
makes MHEs particularly suitable for handling fluids with sig-
nificant temperature differences or those prone to fouling or
corrosion. Therefore, MHEs can offer energy-efficient and
economically viable solutions for the energy optimisation and
thermal integration of plastic recycling processes such as
incineration, pyrolysis, and gasification processes. Indeed, by
recovering heat from high-temperature streams (e.g., flue
gases, syngas, char, and tar), MHEs reduce total energy con-
sumption and enhance process sustainability.'®**'® Recovered
heat can be reused for generating steam or preheating com-
bustion air which contributes to greater system efficiency and
lower operational costs.”*> For instance, MHEs can optimise
syngas production by capturing waste heat. This helps main-
tain optimal reactor temperatures during the gasification
process, thereby reducing overall energy consumption. The
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Fig. 35 Perspectives on the integration of specialised membrane appli-
cations in PET recycling, illustrating membrane schematics for: (a) MD,
(b) MBR, (c) MHE, and (d) MCr (image for a): adapted with permission.??
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Table 4 Comparative mapping of PET recycling process streams to membrane technologies
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direct study of MHE for PET or plastic incineration is lacking.
However, recent studies have explored the efficiency of apply-
ing MHEs for heat recovery from flue gas. For example, Yan
et al. reported a commercial ceramic MHE showing a superior
heat recovery rate of 80%, surpassing the conventional stain-
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MF/UF; PA for RO;
cleanable-in-place

Solvent-resistant OSN
(PI/PES/PIM); PA not
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ceramics/PTFE for
MD; T < 80 °C
PVDF/PES suitable in
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PI/PES/PIM for OSN;
PA swells in MeOH;
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for MD
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mild; ceramics best if
harsh; pH 2-12

PA not suitable for
strong acid; PVDF/
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pH > 10

UF PES/PVDF
common; antifouling
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(30-50 °C), pH 6-8
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High-T materials (PI/
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Solvent-resistant PI/
PES/PIM; ceramics for
harsh chemistries

less steel heat exchangers,'®® which shows the significant
potential of this membrane process in energy recovery. A
recent study focused on operational parameter optimisation
for ceramic membrane heat exchangers and highlighted the
effect of liquid boundary layers and heat-mass coupling on
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MHE performance.>'® To fully realise the potential of MHESs in
plastic recycling, future studies should focus on enhancing
membrane materials, improving system design (e.g., ceramic-
polymer composite membranes), increasing high-temperature
thermal stability, and maximising heat recovery efficiency.
These developments can significantly improve the perform-
ance and adaptability of MHEs for practical plastic recycling
applications.

MCr is a novel separation technique that employs semi-per-
meable membranes to selectively precipitate solute crystals
from a solution.””® These membranes are commonly fabri-
cated from CA, PVDF, fluoropolymers (such as Teflon AF 2400
and PDMS), MOFs, and 2D materials like graphene.*?***' In
MCr, a solution flows through the membrane, and when the
solute concentration surpasses its saturation limit, crystals
begin to form on the membrane surface. The membrane acts
as a selective barrier that controls mass transfer, allowing
solvent molecules to permeate while retaining solute mole-
cules near the surface to initiate controlled nucleation and
growth (Fig. 35d). This provides an ideal environment for the
formation of high-purity crystals. MCr offers several advan-
tages compared with conventional crystallisation methods
including improved product purity, lower energy consumption,
and reduced environmental impact. It may find practical appli-
cations in PET recycling, such as concentrating sodium sul-
phate, a by-product formed during pH adjustment of reaction
slurries, where it significantly reduces processing costs.>*?
Another potentially valuable application is in the crystallisa-
tion of TPA from acid precipitation of post-PET hydrolysis solu-
tion. Growing TPA crystals to sizes above 1 pm ensures high
product purity and facilitates subsequent separation by MF
membrane.?*® Through the facilitation of high-purity recovery
during the crystallisation stage, MCr can enhance the overall
economic feasibility of PET recycling as well as process
efficiency. However, advances in membrane materials are still
needed to allow finely tuned nucleation and growth kinetics,
essential for achieving crystals with a narrow size distribution
and elevated purity.>*"*** Developing membranes that enable
the exit of large crystals from the membrane surface while
retaining the nucleation seeds is a promising strategy to over-
come the bottleneck in MCr systems.*** Continued exploration
of these attributes is vital for expanding the applications and
efficiency of membrane crystallisation, especially in PET
recycling.

Possible advancing membrane performance strategies in PET
recycling

Through ongoing research and development, the advancement
of membrane technology is pushing the limits of what is poss-
ible. Researchers in both scientific and engineering commu-
nities are examining novel materials, surface modifications,
and manufacturing procedures to improve performance as
well as membrane durability through various strategies. These
efforts include material enhancement through the use of
MMMs and process integration via the implementation of
HMSs in the pursuit of advancing PET recycling.*®> On the
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other hand, with the global shift towards a more circular and
sustainable trajectory, there is also a growing need to advance
membrane performance strategies in PET recycling.””” These
strategies are not only applicable to single-type plastic waste
streams but are also highly adaptable to complex mixed plastic
waste which often contains polymers with diverse chemical
and physical properties.”*®**° By addressing this variability,
advanced membranes can greatly improve process flexibility
and separation performance.

However, the utilisation of MMMs and implementation of
HMSs also present several challenges. The design, optimi-
sation, and integration of these systems require careful engin-
eering and extensive testing to achieve desired performance
improvements.**® Furthermore, the fabrication of MMMs and
HMSs can often involve higher costs compared with conven-
tional membranes. In the long term, the benefits of MMMs
and HMSs such as increased selectivity, extended operational
lifespan, and improved resistance to fouling may outweigh the
initial investment concerns and technical barriers. Therefore,
continued innovation in membrane materials, fabrication
methods, and system design is crucial to overcoming current
limitations and making advanced membranes a practical and
competitive option for PET and broader plastic recycling
applications.

Mixed matrix membranes (MMMs)

As part of the ongoing efforts to enhance membrane function-
ality in PET recycling processes, MMMs can be considered a
promising solution to the limitations of conventional poly-
meric/ceramic membranes.’>® MMMs combine conventional
membranes (Fig. 36a) with a diverse range of nanofillers such
as nanoparticles, porous frameworks, and carbon-based
materials, into a unified membrane structure (Fig. 36b).
Common polymer matrices include PVDF,**' polyether sulfone
(PES),**> PSF,*** CA,»* PAN,*”*® and PIL>*® while ceramic
matrices often consist of alumina,*®’ zirconia,>*® titania,**’
and silicon carbide.>*® Common nanofillers include zeo-
lites,>*' carbon molecular sieves,>*> activated carbons,**?
mesoporous materials,>** graphene oxide (GO),>*> carbon
nanotubes  (CNTs),**® and metal-organic frameworks
(MOFs).**” The integration of these advanced materials
enhances membrane performance and properties by lever-
aging both the individual strengths and synergistic inter-
actions of the components.**®**® In the recycling of PET,
MMMs improve separation by combining free-volume tuning
and diffusion-path tortuosity which are determined by the
size, shape, and loading of the filler, with specific sorption on
the filler and reduced solvent swelling of the polymer matrix.
The size-sieving distribution is tightened and the matrix is
stiffened by rigid porous domains, such as ZIF-8, UiO-66-NH,,
silica, and GO/CNTs. This preserves the effective cut-off in sol-
vents like MeOH, EG, and NMP, as well as at high tempera-
tures. Aromatic and hydrogen-bonding surfaces facilitate solu-
tion-diffusion selectivity for EG, DMT, BHET, MHET, phtha-
lates, and azo dyes, while -COOH/-NH2 groups enable
Donnan exclusion of ionic species generated during hydrolysis.

This journal is © The Royal Society of Chemistry 2025
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Fig. 36 Strategies to enhance membrane performance in PET recycling
through utilisation of MMMs and implementation of HMSs: (a) pure
membrane, (b) MMM, (c) two-stage stripping cascade, and (d) two-stage
enriching cascade. (Images for a and b): adapted with permission.?”®
Copyright 2023, Elsevier; (images for ¢ and d): adapted with per-
mission.?’# Copyright 2019, IWA Publishing.

Robust polymer—filler adhesion by silanes or ligand exchange
prevents non-selective voids, so transforming the interphase
into a high-resistance, selective pathway.

There are numerous potential advantages associated with
using MMMs in the PET recycling process. Primarily, these
membranes have the potential to greatly enhance separation
efficiency and selectivity. The integration of advanced
materials possessing targeted permeation properties facilitates
enhanced separation of contaminants, purification of valuable
components and waste treatment.”>® Furthermore, the colla-
borative impact of the polymeric or ceramic matrix and the
nanofillers amplifies the overall separation process, resulting
in high-quality products associated with PET recycling.
Moreover, MMMs effectively tackle various obstacles associated
with fouling, chemical degradation, and mechanical stresses.
Through surface modification methods or the introduction of
antifouling agents such as silver nanoparticles or hydrophilic
coatings, MMMs can significantly reduce fouling and extend
operational lifetime. The incorporation of robust nanofillers
alongside conventional polymer or ceramic membranes also
contributes to enhanced mechanical strength and resilience,
thereby rendering the membranes more resistant to deterio-
ration and degradation throughout the recycling processes.>"
These enhancements are especially beneficial for the separ-
ation and purification of oligomers, where conventional mem-
branes often face performance and stability challenges. For
instance, integration of ZIF-8 and GO into MMMs has been
shown to increase flux while maintaining high selectivity and
improving both mechanical and chemical stability.”>> One
additional benefit of MMMs relates to their inherent versatility
and adaptability. Researchers are afforded the opportunity to
conduct experiments involving diverse combinations of
materials, pore sizes, and surface modifications, thereby custo-
mising membranes to accommodate the particular compo-
sition of feeds and meet the expected result specifications.>
For example, Dmitrenko et al. synthesised a MMM using poly
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(2,6-dimethyl-1,4-phenylene oxide) (PPO) polymer and GO
nanoparticles supported on fluoroplast F42L as a fluoropoly-
mer substrate for PV dehydration of EG (10-30 wt% water).
Introducing GO into the PPO matrix resulted in a high per-
meation flux (180-230 g m™> h™') along with high selectivity
(99.8-99.6 wt% water in the permeate)."*® This example high-
lights how MMMs can be precisely engineered to meet the
needs of specific plastic recycling scenarios such as EG de-
hydration in PET glycolysis. These chemistries translate
directly to performance in key PET streams. In glycolysis
liquors, PI/PES OSN MMMs incorporating ZIF-8 or UiO-66-NH,
exhibit resistance to EG-induced swelling, effectively reject
BHET dimers/trimers through a combination of size exclusion
and affinity, while retaining bulky IL/cobalt catalysts and allow-
ing BHET monomer and/or EG permeation to reduce thermal
duty compared with distillation. In dissolution decolorisation,
GO-MMMs with solvent-resistant PI/PES/PIM backbones
prevent the passage of aromatic dyes and plasticizers, thereby
minimising organic fouling. In EG dehydration and solvent
recovery, lamellar GO or zeolitic fillers within hydrophilic
matrices enhance water absorption and diffusivity while inhi-
biting EG, aligning with the PPO/GO pervaporation results. In
pyrolysis oil treatment, amine-functional silica/MOF MMMs
embedded in organophilic matrices complex with acidic
species and stabilise the cut-off in aromatic-rich feeds.
Hydrophilic or zwitterionic surfaces decrease the adsorption of
TPA crystals, oligomers, and dyes; fluorinated low-energy sur-
faces inhibit the adhesion of viscous organics; and a negative
zeta potential repels terephthalate at neutral to alkaline pH,
hence maintaining flow and rejection in hydrolysis loops.

However, achieving these advantages depends heavily on
the compatibility and dispersion of the nanofillers within the
matrix. Weak interfacial adhesion or poor dispersion can
cause a significant decrease in MMMs’ performance.>*%2°4233
This highlights the careful selection of MMMs’ components
based on compatibility and dispersion along with target
species’ properties, operating conditions, suitable separation
performance, and long-term stability requirements.>*®
Furthermore, long-term performance evaluation under real
operating conditions is crucial to assess fouling resistance and
maintenance requirements.>®” These factors continue to
present substantial challenges for MMM application in PET re-
cycling. Accordingly, implementing strategies that improve the
adhesion between polymers and fillers (e.g., ligand-exchange
anchoring or silane coupling) is crucial to eliminate interfacial
voids and transform the interphase into a selective, high-resis-
tance path that can withstand high temperatures in EG,
MeOH, and NMP exposure. To address these challenges, future
research should focus on deepening the understanding of
structure—-property relationships and systematically optimising
material combinations to ensure stable, high-performance
operation tailored to the specific demands of PET recycling
processes.

Beyond single-type plastic recycling, MMMs hold significant
promise for processing mixed plastic waste streams due to
their tunable chemical functionality and pore structure which
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allow selective interactions with specific polymer components.
This customised selectivity enhances separation performance
in complex waste mixtures, addressing the limitations of tra-
ditional membranes in achieving high purity levels.>*®**° For
example, in a plastic waste mixture containing both hydro-
phobic and hydrophilic polymers, MMMs can be engineered
to selectively interact with one component over the other and
enable more precise fractionation.>®® These selective inter-
actions not only enhance the purity of recovered materials but
also improve the overall efficiency of the recycling process.
Therefore, MMMs are possible solutions in the management
of mixed plastic waste with the potential to enhance sustain-
ability outcomes and offer performance flexibility.

Hybrid membrane systems (HMSs)

Another promising strategy for enhancing membrane function-
ality in PET recycling processes is the implementation of
HMSs. The primary objective of HMSs is to leverage the dis-
tinct advantages resulting from two or more different mem-
brane processes with distinct separation mechanisms into a
single, integrated system.”®® The implementation of this com-
bination creates a multifunctional system that effectively
tackles complex separation or purification applications as well
as creates more adaptability to varying stream compositions to
achieve higher overall efficiency (Fig. 36c and d).>°°%* The
HMS’s performance is significantly affected by the physico-
chemical properties of the chosen membranes. The choice of
materials usually corresponds to these physicochemical pro-
perties and specific processes being integrated and their
associated separation mechanisms.?®? Similar to MMMs, the
selection process must account for target species properties,
operational conditions, mechanical stability, and desired sep-
aration efficiency.>®* HMSs in PET recycling operate by sequen-
cing complementary transport mechanisms, ensuring that
each step conditions the next one and enhances selectivity
under real feed conditions. During dissolution and glycolysis,
MF or UF initially removes labels, fines, TPA crystals, and oli-
gomers to reduce organic fouling and stabilise the OSN cut-off
in NMP or EG. The subsequent OSN process then conducts
affinity-aided molecular-weight fractionation by rejecting
BHET dimers and trimers as well as dyes and plasticisers
while allowing the passage of BHET monomers and/or EG or
solvent, which extends cycle length and facilitates closed
solvent loops. In enzymolysis, a UF enzyme loop within the
10-100 kDa range keeps PETase/cutinase at 30-50 kDa while
constantly removing MHET, BHET, and TPA to mitigate
product inhibition and enhance hydrolysis, with downstream
NF/RO to meet water and EG reuse or discharge standards. In
methanolysis and glycolysis, the combination of OSN for
homogeneous-catalyst retention with MD or PV for methanol
or EG recovery maintains catalyst activity and eliminates reboi-
ler duty in contrast to distillation. In thermolysis and gasifica-
tion, H,-selective gas separation using CMS/PIM/zeolite or Pd-
alloy membranes enhances syngas, while a MHE recovers sen-
sible heat from off-gas or char to heat feeds or power MD/PV,
therefore diminishing site energy intensity.
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The combination of multiple membrane processes within a
hybrid system can present numerous benefits in the context of
PET recycling. Firstly, it enables the simultaneous benefit of
complementary separation mechanisms. For example, a par-
ticular membrane process may demonstrate superior size-
based separation, whereas another process may exhibit greater
adsorptive separation.”®® By combining these processes, the
hybrid system may exhibit enhanced separation efficiency and
selectivity relative to the utilisation of a solitary membrane.
This improvement is particularly beneficial for PET recycling
applications, such as oligomer separation, leading to
enhanced fractionation and higher product purity. In addition,
HMSs offer increased adaptability in customising varying com-
positions. Indeed, hybrid membranes facilitate the customisa-
tion of systems to address the specific challenges presented by
various feed sources.’”®?%> Hence, as the streams of PET re-
cycling may exhibit variability with regard to the presence of
contaminants, distribution of molecular weights, and various
other characteristics, the ability to adapt enables the achieve-
ment of consistent performance across a wide range of compo-
sitions, thereby enhancing the overall reliability of the process.
Moreover, HMSs have the capability to effectively address
fouling and membrane long-term stability concerns as well.
Fouling is a prevalent issue encountered in membrane-based
processes. This phenomenon has the potential to diminish the
overall efficiency and effectiveness of such processes as time
progresses. Hybrid systems can mitigate fouling rates or miti-
gate the severity of fouling by leveraging the synergistic effects
of various separation mechanisms.'”>?%® This leads to an
extended lifespan of the membrane and a reduction in energy
and maintenance demands of downstream operations such as
waste treatment.”®” Across these systems, practical design rules
establish a connection between chemistry and metrics. These
rules include matching the cut-off to the EG-BHET and
MeOH-DMT gaps and utilising n—r, H-bonding, and acid-base
interactions to increase marginal molecular-weight differences;
selecting solvent-resistant matrices, such as ceramics or PI/
PES/PIM, or crosslink PA to reduce the swelling of MeOH/EG/
NMP; utilizing the charge to achieve Donnan exclusion of tere-
phthalate and IL/catalyst anions; applying zwitterionic or
fluorinated antifouling coatings and removing foulants up
front with MF/UF; and closing loops with OSN/MD/PV for
solvent, UF for enzyme, and MCr plus MF for TPA crystals.

For instance, Cassano et al. addressed the issue of fouling
by proposing a HMS that combines UF and NF processes. The
main objective of this new approach was to reduce fouling by
simultaneously tackling the accumulation of organic and in-
organic scale within the system. Additionally, this approach
has the opportunity to eliminate contaminants or enhance the
purification of valuable components with greater potential.
This approach exhibits the potential to improve the effective-
ness and durability of the HMS. This is supported by the
observed decrease in fouling, which was attributed to the
removal of suspended solids and fat substances by the UF
process. Furthermore, the NF process successfully recovered
and concentrated chromium, resulting in a final concentration
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of approximately 10 g L".>°® Moreover, Cai et al. performed a
study to assess the effectiveness of a HMS in filtering MPs in a
full-scale wastewater treatment plant. The HMS consisted of an
MBR, UF as a pre-treatment for RO, and the RO process itself.
MP concentrations decreased significantly, with a reduction of
93.2% after MBR treatment and a decrease to 98.0% after RO
treatment. The results highlight the advantages of incorporat-
ing HMSs into coastal wastewater treatment plants, as they
successfully mitigate MP pollution in marine ecosystems while
simultaneously recycling wastewater into reusable water
resources. This dual capability helps reduce ocean pollution
and tackle water shortage concerns.'®® As highlighted in these
studies, HMSs not only improve the overall performance of
membrane systems but also contribute to the environmental
sustainability of various processes such as PET recycling.
However, achieving these advantages in the context of plastic
recycling faces some challenges. The integration of multiple
membrane processes in HMSs introduces engineering com-
plexities that can result in high initial investment and oper-
ational costs. Furthermore, the performance that has been
demonstrated in laboratory-scale studies may not be directly
applicable to pilot or industrial-scale applications, particularly
when applied to the diverse and variable feedstocks that are
standard in PET recycling. Therefore, future research should
focus on systematic approaches for optimising HMS inte-
gration specifically within PET recycling systems to address
these limitations. This will ensure that the HMSs provide scal-
able, efficient, and consistent performance in PET recycling
environments.

In addition to PET recycling, HMSs offer a strategic solution
for managing the complexities of mixed plastic waste. HMSs
can leverage a variety of membrane processes, each optimised
to separate specific contaminants or polymer types. These
membranes can be customised and selected based on the
required separation performance, and the characteristics of
the mixed polymer waste.>***%° For example, MF can remove
large contaminants, while NF can selectively separate com-
ponents based on differences in molecular size, charge, or
solubility.>’®?”! This hybrid configuration enhances both the
efficiency and effectiveness of the recycling process.>”>
Therefore, by optimising the configuration and combination
of these membranes, HMSs can significantly improve the
recovery rates and purity of recycled materials. As such, HMSs
represent a powerful tool for advancing sustainable and scal-
able management of mixed plastic waste.

Challenges and limitations

The emergence of membrane technology in PET recycling has
shown promise for enhancing the process’s efficiency and sus-
tainability. However, that promise is constrained by a set of
difficulties that must be overcome before membranes can be
implemented at scale to deliver consistent performance. A
central difficulty results from three interconnected technical
limitations: feed heterogeneity, fouling/wetting, and materials
stability. Post-consumer streams exhibit significant variability
in grade, colourants, labels, adhesives, fillers, and legacy addi-
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tives. As a result, systems designed for homogeneous streams
tend to underperform with real mixtures, resulting in fluctuat-
ing selectivity and inconsistent quality of recycled products.
This variability also intensifies fouling caused by oligomers,
plasticisers, dyes, fines, salts, biofilms, and TPA crystals,
which leads to flux decline and pore wetting that compromises
separation. Simultaneously, aggressive chemicals (e.g., metha-
nol, EG, NMP, amines, acids/bases) and high temperatures can
swell or hydrolyse membranes and seals, thus shifting the
effective cut-off and shortening membrane lifetime. These con-
siderations create the primary performance trade-off: tighter
cut-offs are required to separate monomers from oligomers or
maintain homogeneous catalysts. However, tighter membranes
reduce permeation and are more sensitive to swelling and
temperature variations. Practical options to overcome these
limitations include robust MF/UF pre-treatment and in-line
analytics for feed stabilisation, solvent-resistant materials,
fouling-resistant surfaces, hybrid systems that stage condition-
ing and recovery (e.g., MF/UF — OSN or NF/RO), and targeted
solvent/monomer recovery via PV or MD. Finally, their effec-
tiveness must be verified on real depolymerisates rather than
synthetic laboratory feeds.

In addition, implementation is further limited by scale-up,
residual management, and the quality of decision evidence for
investment. Modules that operate efficiently in laboratory cells
may not perform as well in plants due to maldistribution, non-
ideal hydrodynamics, and maintenance logistics. Moreover,
without simple monitoring procedures and soft sensors,
fouling can escalate into unplanned downtime. Membrane
processes also concentrate contaminants and hence produce
brines, neutralisation salts (e.g., Na,SO,), and catalyst-rich resi-
dues. These cause costly streams with regulatory implications
unless paired with recovery methods such as MCr for salts and
closed-loop solvent/catalyst recycling. Finally, techno-economic
analyses (TEA) and life-cycle assessments (LCA) often lack
comparability due to omitting membrane replacement, clean-
ing agents, off-spec penalties, or using inconsistent system
boundaries, while the field still lacks standardised protocols
for feeds, modules, and key performance indicators. A viable
path to scale couples modular skids and energy integration
(e.g., MHX) with harmonised TEA/LCA frameworks, routine
reporting of flux, rejection, recovery, cleaning energy, and
module lifetime, alongside open pilot datasets on real
materials recovery facility feeds. Standardised challenge cock-
tails, defined test geometries, and periodic marker-solute cali-
bration enable direct comparisons and accelerate the develop-
ment of deployable membrane systems for PET recycling.

Outlook and future opportunities

The outlook for membrane technology in PET recycling is
promising, offering substantial opportunities to significantly
improve the plastics recycling industry’s sustainability. As
membrane technology advances, it will become more efficient
and cost-effective, making it a more financially feasible option
for PET recycling and potentially a game-changer for the re-
cycling industry as a whole. Membrane technology is already
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in minor use at a number of PET recycling plants around the
world, and its widespread implementation is anticipated as
more and more businesses see the value in this technology.
Although membrane technology has been successfully applied
to some limited sections of PET recycling processes, there are
still challenges and limitations to overcome and areas for
developmental improvement to unlock the full potential of
membrane technology. For instance, researchers are investi-
gating the possibility of creating novel membrane materials
and coatings that are more resistant to fouling. Moreover,
efforts are being made to develop more durable membrane
materials that can withstand conditions such as harsh chemi-
cals, and high temperatures and pressures. Researchers are
also working to develop membrane processes that use less
energy and are exploring the incorporation of solar power and
other renewable energy sources. Furthermore, researchers are
exploring a range of strategies to advance membrane perform-
ance in PET recycling, focusing on materials and engineering
aspects. One potentially effective approach is the use of MMMs
to improve materials characteristics. Another promising
avenue is the implementation of HMSs to improve the overall
efficiency of membrane processes. Finally, predictive models
are currently being developed by researchers to aid in scaling
up. Continuous investment and research in membrane techno-
logy for plastic recycling in the future can significantly contrib-
ute to the reduction of plastic pollution and the promotion of
a circular economy. This has the potential to break down
diverse plastic mixtures, separate contaminants, purify valu-
able components and waste treatment, and eventually revolu-
tionise the field of plastic recycling towards a more environ-
mentally friendly future.

Conclusions

Membrane technology has the potential to transform the
plastic recycling industry by directly addressing the challenges
of recycling complex plastic streams like PET, which have not
been fully explored in the existing literature. PET is a com-
monly used plastic material, known for its outstanding dura-
bility and versatility. Therefore, PET recycling is an integral
component of sustainable plastic management, with the
primary objective of mitigating environmental consequences
via reuse of PET materials. The integration of membrane
technology into PET recycling processes has opened new
avenues for the recycling industry to improve its effectiveness
and sustainability. There is optimism that membrane techno-
logies can enhance purification and separation in the PET re-
cycling process, resulting in higher-quality value-adding pro-
ducts suitable for a variety of applications. Moreover, mem-
brane technology has the potential to reduce the amount of
energy and resources needed for the recycling process, making
it an economically and environmentally feasible option. Of
course, membrane technology could also be exploited in a
similar capacity to enhance recycling of other plastics.
Anticipated advances in membrane technology for plastic re-
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cycling represent a significant step toward a more circular
economy as the need for environmentally friendly goods
grows.
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