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and chemo-biological molecular
recycling of plastic waste and plastic-biomass
waste mixtures: an updated review

Paula S. Mateos, Sof́ıa Sampaolesi, Maŕıa Victoria Toledo and Laura E. Briand *

Massive amounts of plastic and biomass waste are mismanaged worldwide, causing detrimental

consequences to human health and the environment. In fact, the disposal of residues through landfills

without further processing and burning for household heating and cooking are common practices.

Thermochemical processing, such as pyrolysis, chemical depolymerization and bioprocessing, has

proven feasible for recovering valuable building block molecules from plastic residues. The main goal of

pyrolysis is to obtain aliphatic hydrocarbons useful as fuel, while chemical processing generates

constitutive molecules of plastic (i.e., monomers and polyols) that can be repolymerized and

reintroduced in the market. Alternatively, the bioprocessing of plastic waste requires prior chemical

depolymerization in order to unleash the building blocks. Chemo-enzymatic treatment of waste plastic-

biomass mixtures is an open challenge due to the diverse composition of their residues, along with the

presence of additives and contaminants. The few reports found in the literature regarding the

bioprocessing of plastic residues with lignocellulosic biomass and paper indicate that chemical

pretreatment cannot be avoided and that some substances present in the residues can act as

fermentation inhibitors that affect waste bioprocessing.
Sustainability spotlight

The depletion of fossil feedstocks and CO2 emissions have urged governments and the research community towards upgrading industrial processes to more eco-
friendly chemo-biological based technologies. The use of plastic and biomass wastes as biorenery feedstocks represents an unlimited and ubiquitous alter-
native that can be adapted to each country, region and climate's availability of renewable resources. In particular, the bio-based valorization of mixed wastes,
such as plastic combined with textile residues, biomass or food waste, is an emerging research eld that needs further development for industrial application.
1. Motivation and outline of the
review

The development of novel technology towards the conversion of
wastes into valuable substances is at the cutting edge of the
scientic community's interest. Nevertheless, attempts to
process complex mixtures of wastes have been assessed only
recently. The most recent advances in the valorization of resi-
dues will be addressed in this review, with special attention on
the chemical, catalytic and biological treatment of mixtures of
various types of plastics and mixtures of plastic and biomass
wastes. This overview of cutting-edge processes for mixed waste
valorization provides avenues and opportunities for further
advancement of research devoted to solving the billions of tons
of waste dumped around the world.
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8–714
Before discussing the more recent investigations concerning
the valorization of plastics and plastic-biomass waste mixtures,
it is important to present fundamental aspects regarding the
magnitude of the problem in terms of the quantity of plastic
waste, end-of-life management and emission of greenhouse
gases (GHG) as carbon dioxide equivalent (CO2e).

2. Global plastic residue generation,
disposal and environmental impact

According to the reports of the International Energy Agency and
the World Bank, 44% of the worldwide waste is composed of
biodegradable type of residues, such as food leovers, food
industry residues (i.e., potato peel, waste cooking oil, etc.) and
green waste that includes tree pruning, grass clippings,
branches, wood chips, bark, wood, palm trees and branches,
and weeds.1,2 Moreover, 17% of the waste is paper and card-
board, and 12% is of plastic origin. Nowadays, plastic residues
get worldwide attention owing to the debris found in the ocean
and the detection of microplastics in water streams. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Carbon footprint of plastic production and environmental
impact of end-of-life management. Percentage accounts for land-
filling (72%), combustion (14%) and recycling (9%) of plastic residues.
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Organization for Economic Cooperation and Development
(OECD) estimated that this year, around 23.5 million tons of
macro- and microplastic waste leaked into the environment
around the world.3

Recently, Cottom et al. published a global macroplastic
pollution emission data analysis.4 Interestingly, the authors
dened the term “pollution emission” as materials that have
moved from the managed or mismanaged system (controlled or
contained state) to the uncontrolled or uncontained state,
which is the environment. This is important because the anal-
ysis is focused on plastic waste management rather than the
amount of plastic produced. The ndings of Cottom et al.
demonstrated that 52.1 million metric tons per year (Mt per
year) of plastic debris are not adequately managed worldwide,
which would have an impact on the carbon and environmental
footprints. India generates the largest amount of plastic pollu-
tion, accounting for 9.3 Mt per year, followed by Nigeria (3.5 Mt
per year), Indonesia (3.4 Mt per year) and China (2.8 Mt per
year).

Going deeply into the relevance of proper management of
plastic waste, Fig. 1 shows the amount of plastic produced per
capita and recycled in various countries; the percentage of
recycled plastic based on the total amount of plastic waste is
indicated above each column.5 In this context, South Korea
possesses the highest percentage of plastic waste recycling
(60%), followed by various European countries, such as Ger-
many, Denmark, Belgium and Norway (48–35%). The United
States, one of the largest waste producers per capita (811 kg),
recycles only 23%.

Landlls, even though it leads to long-term environmental
contamination, are the end disposal of 40% of the global plastic
waste, as depicted in Fig. 2. In addition, 32% goes directly to
open non-regulated dump sites, and only 8% is disposed of in
sanitary landlls with gas collection systems.2,6 In fact, plastic
management is directly related to the socio-economic prole
since low-income countries dump 93% of their plastic (solid)
Fig. 1 Amount of plastic produced per capita and recycled (in kg) in
various countries and the percentage recycled indicated above each
column.

© 2025 The Author(s). Published by the Royal Society of Chemistry
waste. Non-regulated dumping causes the pollution of water-
ways, which in turn generates marine litter as microplastics,
accounting for 11.6–21.1 Mt in the Atlantic Ocean in 2020.6 In
addition, non-regulated dumping goes along with the open
burning of plastics within all types of solid garbage and the
emission of harmful gases and ashes.7 For instance, bottles
made of polyethylene terephthalate (PET) release CO2, methane,
formaldehyde and polycyclic aromatic hydrocarbons; grocery
bags made of high-density polyethylene (HDPE) produce
olens, aldehydes, CO and aromatic compounds; foam cups of
polystyrene (PS) generate styrene gas, acrolein, hydrogen
cyanide; and curtains, made of polyurethane (PU), release
phosgene, among others.7

Waste-to-energy incineration (WtE) is the end disposal of
14% of the plastic waste. This method involves CO2 emissions
unless a technology for carbon capture and storage (CCS) or
carbon capture and utilization (CCU) is applied downwards.
Currently, only the Netherlands has three operational CCU
facilities, one large-scale and two pilot plants.8 The former can
process 360.635 tons per year of waste with 60 kt per year of CO2

capture through absorption. Norway and Japan also have
operational pilot WtE-CCU plants.

Rubio-Domingo and Halevi gathered and analyzed various
reports of the GHG emissions generated by the plastic end-of-
life management option.9 The authors concluded that land-
lling and mechanical recycling have the lowest GHG among
the disposal methods. On the other hand, incineration
possesses the highest emissions, with 1–2.5 kg CO2e per kg for
WtE and 1.8–2.0 kg CO2e per kg (per kg of plastic) for inciner-
ation without an energy conversion-associated process. The
RSC Sustainability, 2025, 3, 698–714 | 699
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investigation of Rubio-Domingo and Halevi also considered
that gasication (0.2–1.8 kg CO2e per kg) and pyrolysis (almost
zero emission) are low-emission methods. This last method will
be further discussed in the following sections due to its low
environmental impact and high potential to generate valuable
substances.

The term “CO2e” means CO2 equivalent and is used to
compare the emissions from various greenhouse gases GHG
based on their global warming potential (GWP) by converting
amounts of other gases to the equivalent amount of carbon
dioxide with the same global warming potential. This concept is
related to the carbon and environmental footprints of
a product. The former is the total amount of GHG generated
along the life cycle of a product. Moreover, the environmental
footprint (also called the Life Cycle Assessment) involves not
only the GHG emissions but also the environmental impact
caused by particulate matter emission, human toxicity, ozone
depletion, eutrophication, land use, resource depletion, among
others.

Zheng and Suh10 calculated an emission of 1.8 Gt CO2e of
fossil fuel-based plastics along their life cycle in 2015. By 2020,
that number increased to 2.2 Gt CO2e and is projected to grow
31% by the year 2030 unless mitigation actions took place.11 The
major contributors to GHG emissions at the resin production
stage (the most polluting one) are polypropylene (PP), poly-
urethane (PU), low-density polyethylene (LDPE), high-density
polyethylene (HDPE) and polyethylene terephthalate (PET).10

In this context, various strategies for the valorization of actual
residues based on those types of plastics will be discussed in the
following sections.

The carbon footprint is calculated considering that the life
cycle of plastic involves coal combustion for the resin-
production stage, which includes all activities from cradle to
polymer-production factory gate, accounting for 61% of the
total emission. In addition, the conversion stage covers the
manufacturing processes that turn polymers into nal plastic
products (30% of the global emission), and the end-of-life stage
refers to the treatment and disposal processes of plastic waste
with 9% CO2e emission. Zheng and Suh pointed out that further
efforts towards bio-based plastics and renewable energy (wind
power and biogas) sources, lowering the demand, and recycling
are the keys to diminishing the carbon footprint of plastics.10

Currently, only 9% of all the plastic waste is recycled. This
observation is a driving force towards the development of
valorization processes applicable to large amounts of plastic
waste. In this context, various investigations of thermo-
chemical-biological strategies of plastic waste recycling
towards valuable platform molecules are discussed in the
following sections.
3. Strategies of valorization of plastic
residues towards valuable products

Nowadays, mechanical processing is the main route for recy-
cling waste plastics from various sources.1,12 This methodology
involves the classication of the collected waste according to
700 | RSC Sustainability, 2025, 3, 698–714
the polymers' nature and color. Then, it is washed and
mechanically ground into a secondary raw material in the form
of plastic akes.12 Then, the akes are melted (extrusion stage)
and ltered to remove impurities. This recyclate that is ready to
be reused in new plastic products is generally of a lower quality
than starting virgin-grade plastics, mainly due to the changes in
the polymer structure during the melting process.

In contrast, chemical and biological recycling pursues the
breaking down of the polymer into valuable molecules suitable
for conversion into new materials. The so-called tertiary recy-
cling of plastics comprises the pyrolysis and hydrolysis of the
wastes.13,14 Those processes oen involve a sequence of proce-
dures that might begin with the mechanical treatment, followed
by a chemical (catalytic or not) process and further biotrans-
formation of the obtained molecules.

The biological upgradation of those building block mole-
cules uses biocatalysts based on enzymes or microorganisms.
Microbial bioprocessing of plastics involves the assimilation
and mineralization of carbon degradation products to build
more complex molecules. In contrast, the enzymatic treatment
produces substances that can be further valorized into second-
generation products.

Efficient recycling and valorization of plastic waste are
challenging since there is a large number of different plastics,
many of them consisting of a combination of different polymers
as well as the presence of additives, such as plasticizers, llers
and reinforcements, thermal stabilizers and antioxidants,
colorants, metals, among others. The variety and complexity of
their composition is a drawback that traditionally involves
multiple processing steps to be overcome.
3.1. Thermochemical (chemical and pyrolytic) based
treatments: an overview

Tables 1–4 show a compilation of the latest reports on ther-
mochemical and chemical methods that use plastic residues as
feedstocks. In particular, the nature of the process, operative
conditions, yield, recovery, purication and valorization have
been addressed in the treatment of polyethylene
terephthalate,14–22 polyethylene,23–30 polypropylene31–38 and
polyurethane39–44 based wastes.

In general, pyrolysis is a thermochemical process carried out
under an inert gaseous environment (non-oxidative atmo-
sphere) provided by argon or nitrogen. More recently, the use of
carbon dioxide has also been investigated, as will be discussed
later on. The process involves the decomposition of a substrate
through heating carried out either in a slow or fast mode, with
or without a catalyst, in a batch, uidized or spouted bed
reactor.

The pyrolysis generates a liquid fraction called oil or biooil (if
coming from biomass), composed of organic molecules that are
lighter than the ones of the feedstock, a non-condensable
gaseous fraction and a solid phase composed of a carbona-
ceous material (char or biochar). It is obvious that the nature of
the pyrolysis products is related primarily to the starving oxygen
environment that suppresses gasication and combustion,
preserving the integrity of the organic molecules and avoiding
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00745j


Table 1 Type of the process and catalyst, operative conditions, product recovery, purification and post valorization strategies of the tertiary
recycling of polyethylene terephthalate PET wastea

Feedstocks Type of process Catalyst
Operative
conditions

Products and
yield Recovery and purication

Downstream
valorization Reference

1 Carpet
waste

Steam catalytic
slow pyrolysis

CaO, ZSM-5 Slow heating up to
750 °C, 5 °
C min−1, 0.11
sccm steam, Ar
ow

Gaseous phase
(CO), 54%
benzene

Condensable vapor collected in
an impinger with methanol in
a dry ice bath

None

2 Waste
bottles

Acidic hydrolysis Concentrated
acids

3 M H2SO4, 150 °
C, 10 h

95% TPA and EG Ethylene glycol is difficult to
recover due to carbonization in
strong acid solutions

None 14

3 Powder Alkaline hydrolysis Aqueous
solution of
NaOH

1,3-Dimethyl-2-
imidazolidinone
(80 v%)-EG-NaOH
(1.41 g), 70 °C, 30
min

100% TPA and
EG

Precipitated disodium TPA is
ltered and decomposed with
water to recover pure TPA

None 15

4 Waste
bottles

Neutral hydrolysis None Water (liquid,
compressed
liquid,
supercritical,
vapor), 200–400 °
C, 30 min–2 h

>80% TPA in
60 s fast
hydrolysis mode

Precipitated TPA is dissolved in
dimethyl sulfoxide

None 16

5 Waste
bottles
and PET-
cotton
fabrics

Transesterication
with methanol
(methanolysis)

K2CO3 70 °C, 300 rpm,
20 h,
dichloromethane

71% DMT
(bottles) 42%
DMT (fabric)

Filtration of residuals, cake and
liquor containing DMT

None 17

6 Waste
bottles

Methanolysis Bamboo leaf
ash

200 °C, 2 h,
autoclave

78% DMT, 76%
EG

Crystallization of DMT at 2 °C, 4
h

None 18

7 Waste
bottles

Aminolysis None 1,2-
Diaminopropane,
130 °C, 24 h,
addition of
methanol at the
end of the
reaction

N,N-bis-(2-
aminopropyl)-
terephthalamide

Removal of solvent, drying
under vacuum

Synthesis of
a Schiff-base
with 25% yield

19

8 Waste
bottles

Glycolysis SO4
2−/Nb2O5 EG, 195 °C, 3 h 85% BHET,

oligomers
Filtration and crystallization at
5 °C, 16 h

None 20

9 Bottle
chips

Glycolysis Deep eutectic
solvent
catalyst ChCl/
Zn(AcO)2

EG, 90 °C,
pretreatment of
PET with
acetonitrile

90% BHET Cooling to −10 °C, 10 h;
ltration to recover BHET,
oligomers, unreacted PET.
Dissolution in H2O at 60 °C and
ltration. BHET crystallization
at 5 °C

Polymerization
of BHET to PET
with recycled
EG

21

10 Bottle,
shirt,
pillow

Hydrogenolysis Hf(OTf)4, Pd/
C

H2, 265 °C, 24 h 95–97% TPA None None 22

a PET, polyethylene terephthalate; TPA, terephthalic acid; EG, ethylene glycol; DMT, dimethyl terephthalate; BHET, 2-hydroxyethyl terephthalate.

Critical Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
ja

nu
ár

a 
20

25
. D

ow
nl

oa
de

d 
on

 3
1.

1.
20

26
 2

:5
5:

36
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the generation of non-condensable gases. Secondly, the abun-
dance of the liquid, gaseous and solid fractions and their
composition depends on the heating rate and the temperature.
Slow heating (slow pyrolysis), high residence time of the inert
gas with the substrate (5–60min) and temperatures from 300 °C
to 650 °C yield a higher proportion of the solid fraction. Fast
heating (fast and ash pyrolysis), low residence time (0.5–1.0 s)
and temperatures in the range of 450–600 °C improve the yield
of oil.33

In turn, the pyrolysis might use a catalytic material in order
to direct the decomposition towards targeted reactions and
© 2025 The Author(s). Published by the Royal Society of Chemistry
products. For instance, the non-catalyzed pyrolysis of PET
typically yields terephthalic acid, benzoic acid vinyl ester and
acetophenone. However, the pyrolysis of PET waste carpet
catalyzed with basic material such as CaO with steam co-feeding
directs the deoxygenation of PET's oligomers towards benzene14

(see Table 1, row 1).
The pyrolysis of low-density polyethylene (LDPE) waste in the

presence of HZSM-11 zeolite yields light aliphatic hydrocarbons
in the C8–C21 range rather than the C18–C35 obtained in the non-
catalyzed process.23 The acidic material catalyzes not only the
RSC Sustainability, 2025, 3, 698–714 | 701
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Table 2 Type of process and catalyst, operative conditions, product recovery, purification and post valorization strategies of the tertiary
recycling of polyethylene PE based wastesa

Feedstocks Type of process Catalyst
Operative
conditions

Products and
yield

Recovery and
purication

Downstream
valorization Reference

1 Low density LDPE
scrap

Pyrolysis None N2, 500–900 °C Propylene,
propane,
ethylene; C18–C35
and hydrocarbons

Two stage
condensation at
−1 °C and −40 °C

Products used as
fuels without
further
modication

23

HZSM-11 Propylene,
propane,
ethylene; C18–C35
and C8–C21

2 LDPE waste carry
bags

Pyrolysis ZnO N2, 30 mL min−1,
300 °C

67 wt% oil with
40% aromatics,
41% aliphatic and
cyclic
hydrocarbons

Condensation at
low temperature

24

3 Post-consumer
mixed polyolenic
wastes (75 wt%
PE. 16 wt% PP)

Non-catalytic
pyrolysis followed
by catalytic
cracking

HZSM-5 FCC
catalyst

He, 60 mL min−1,
pyrolysis at 550 °
C, upgrading at
600–700 °C

31 wt% propylene,
18 wt% ethylene

None Conversion of
pyrolysis products
to C2–C4 olens
and aromatics

25

4 LDPE and HDPE
waste

Microwave-
assisted pyrolysis

ZSM-5, zeolites,
MgO, SiC

450–550 °C, 10–90
min

24–57% oil
(hydrocarbons in
the gasoline and
diesel fractions)

None Products used as
fuels without
further
modication

26

5 LDPE and HDPE
waste; mixtures of
PE and biomass

Pyrolysis and
catalytic steam
cracking of
pyrolytic oil

None 550–1000 °C, N2,
uidized bed,
batch and conical
spouted bed
reactors

15–48% Ethylene,
other
hydrocarbons

Distillation,
adsorptive
separation on
molecular sieve

Polymerization to
virgin
polyethylene

27

Zeolites (Y, HY,
ZSM-5, HZSM11),
spent FCC, Al2O3,
Al(OH)3

480–700 °C, N2,
uidized bed,
batch and conical
spouted bed
reactors

28% ethylene
aer steam
cracking of
pyrolytic oil

6 Mixture HDPE
and poplar
sawdust

Co-pyrolysis MgCl2, ZSM-5 Biomass/HDPE
ratio 1 : 1, 500–
600 °C, N2

55% Bio-oil
enriched in
toluene and
xylene

Condensation of
pyrolytic vapors

None 29

7 Spherical pellet Hydrocracking Pt/USY zeolite H2, 350 °C, 1 h 65.9% oil, 16.6%
gas

Dissolution in
CH2Cl2, ltration

None 29

8 Bottle Hydrocracking Pt/WO3/ZrO2,
HY(30) zeolite

H2, 250 °C, 1 h 20–30% C8–C12,
40–50% C5–C7,
10% C1–C4

Filtration None 30

a PE, polyethylene; LDPE, low density polyethylene; HDPE, high density polyethylene; FCC, uid catalytic cracking.
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cracking of hydrocarbons but also the dehydrogenation of
propane towards propylene (see Table 2, row 1).

In this context, the typical heterogeneous catalysts used in
pyrolysis are aluminosilicate materials such as zeolites (ZSM-5,
ZSM-11, Y, HY)14,23,25–27,33,34 and the commercial catalyst used in
the uid catalytic cracking (FCC) process of petroleum
renery25,27,32,33 (see Table 2, rows 3 and 5; and Table 3, rows 2, 3
and 4).

Recently, Kanattukara et al. published a detailed investiga-
tion of the inuence of various catalysts, such as ZSM5, acti-
vated alumina, FCC catalyst and halloysite nanotube clay, in the
pyrolysis of wastes containing polyethylene (HDPE and LDPE)
and polypropylene (PP)34 (see Table 3, row 4). The catalysts
allowed the lowering of the pyrolysis temperature from 470 °C
to 450 °C, reaction time from 5 h to 4 h, and improved the yield
702 | RSC Sustainability, 2025, 3, 698–714
of the oil fraction compared with the non-catalyzed pyrolysis.
These observations were attributed to the acidic property of the
materials that catalyze the cracking of fragments initially
produced in the pyrolysis to even lower molecular weight
hydrocarbons. In general, 70–80% of the oil was composed of
olens, followed by 20% of paraffins and cycloalkanes and
a minor content of aromatic compounds.

Overall, catalytic pyrolysis is intended to improve the
amount of the liquid fraction towards suitable hydrocarbons to
be applied as fuels. More precisely, C5–C15 hydrocarbons con-
taining olens and aromatic compounds are key pyrolytic
products. This goal is achieved primarily in the catalytic pyrol-
ysis of polyethylene wastes, as shown in Table 2.23–27 In some
cases, a tandem pyrolysis, that is, two successive pyrolysis and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Type of process and catalyst, operative conditions, product recovery, purification and post valorization strategies of the tertiary
recycling of polypropylene PP based wastesa

Feedstocks Type of process Catalyst
Operative
conditions Products and yield

Recovery and
purication

Downstream
valorization Reference

1 Personal protective
equipment (face
masks)

Flash, fast, slow
pyrolysis

5 wt% Ni/SiO2 450–600 °C, 15–
180 °C min, 30–
60 min, N2, CO2

33% char (slow
pyrolysis); H2 and
CH4 (catalytic
pyrolysis)

None None 31

2 PP plastic waste Pyrolysis Spent FCC catalyst 700 °C, 10 °C min 60% oil, 30% gas;
34% unsaturated
aliphatics

Condensation at
10 °C

None 32

3 PP plastic waste Pyrolysis FCC catalyst,
natural zeolite

450–550 °C 82–92 wt% oil None None 33

4 PP plastic waste;
LDPE, HDPE waste

Pyrolysis ZSM5, activated
alumina, FCC
catalyst, halloysite
clay

N2, 30 mL min−1,
410–490 °C, 4 h,
2 wt% catalyst

70% oil from PP;
70–80% olens,
20% paraffins and
cycloalkanes

Condensation None 34

5 Packaging from ice
cream

Oxidative
thermolysis in
aqueous media

None 30% H2O2, 150 °C,
14 bar O2, 327.6
bar CO2, autoclave,
24 h

74% acetic acid,
17% methanol, 7%
propionic acid

None None 35

6 Colorless and
colored PP waste

Hydrothermal
degradiation in
supercritical water

None 425–450 °C, 15–
240 min, batch
Parr reactor, 5 mL
H2O per 1 g PP,
290–400 bar

95% oil, 20% gas;
33% alkanes, 29%
alcohols; 55% C2–
C4, 20–32%
propane

Removal of non-
degraded plastic

None 36

7 PP and PET waste Hydrothermal
degradiation in
sub/supercritical
water

None 400–415 °C,
autoclave, N2, 30–
120 min, water/
plastic ratio from
1 : 5 to 1 : 40

17% H2 (PET), 25%
H2(PP); 80 mg g−1

benzoic acid (PET);
130 mg g−1 4,4,5-
trimethyl-2-hexene

Removal of non-
degraded plastic
through ltration

One 37

8 PP waste Hydrocracking NiMo/Al2O3 H2, 450 °C 86 wt% liquid
hydrocarbons

Condensation None 38
Pt/Al2O3

a PP, polypropylene; PET, polyethylene terephthalate; LDPE, low density polyethylene; HDPE, high density polyethylene; FCC, uid catalytic
cracking.
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tandem pyrolysis-steam cracking, was applied to further tune
the desired products25,27 (Table 2, rows 3 and 5).

Typically, pyrolysis is carried out through conventional
conduction heating; that is, the feedstock is heated up at the
surface and then the energy is transferred to the inner part of
the particles. Microwave-assisted pyrolysis uses radiation that
directly penetrates plastic material (of insulating nature)
without absorption or is absorbed by dielectric materials (i.e.,
biomass) that are heated from the inside out. In this context,
Table 2 (see row 4) shows that microwave pyrolysis of poly-
ethylene (LDPE and HDPE) generates a high proportion of oil
enriched in hydrocarbons that can be used as fuels.26

Another non-conventional heating is plasma pyrolysis. This
one provides extreme heat and high temperature (around 1200 °
C) in a short period of time, leading to the generation of gases
(i.e., CO, H2 and hydrocarbons) and a low proportion of resi-
dues. This process is particularly indicated for treating infec-
tious medical plastic waste31 (see Table 3, row 1).

The pyrolysis of polyurethane (PU) gives rise to harmful
aromatic compounds, such as benzene, toluene, aniline,
styrene, p-xylene, methylenedianiline (MDA), among others
(Table 4, rows 1 and 2). Jung et al. reported the pyrolysis of PU
waste catalyzed with 5 wt% Ni/SiO2 in an N2/CO2 environment
© 2025 The Author(s). Published by the Royal Society of Chemistry
to convert those chemicals into H2 and CO (this gas mixture is
known as syngas).39 The process was performed in a tandem
mode through a pyrolytic reactor, followed by a second one
containing the catalyst. The slow pyrolysis was carried out
between 100 °C to 700 °C at 10 °C min−1, while the second
reactor was set at 600 °C.

A similar approach was used to obtain syngas from the
pyrolysis of disposable facemasks composed of polypropylene,
polyethylene and nylon31 (see Table 3, row 1).

The non-catalyzed co-pyrolysis of PU with an epoxy resin also
suppresses the decomposition of the methylene diphenyl dii-
socyanate monomer of PU towards HCN and aromatics (Table 4,
row 2). In fact, the investigation of Wu et al. suggested that the
acid sites of the epoxy resin catalyze the secondary cracking of
those substances towards aliphatic hydrocarbons, alcohols,
ethers and epoxides at temperatures above 500 °C.40

As observed in Tables 1–4, the pyrolytic process is
a commonality in plastic waste treatment since it is suitable for
application regardless of the nature of the polymeric matrix.
Nevertheless, less harsh processes for plastic waste depoly-
merization, such as hydrolysis, glycolysis, methanolysis, ami-
nolysis, hydrothermal degradation, hydrogenolysis and
hydrocracking, have also been investigated.
RSC Sustainability, 2025, 3, 698–714 | 703
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Table 4 Type of process and catalyst, operative conditions, product recovery, purification and post valorization strategies of the tertiary
recycling of polyurethane PU based wastesa

Feedstocks Type of process Catalyst
Operative
conditions Products and yield

Recovery and
purication

Downstream
valorization Reference

1 Seat foam of end
of life vehicle

CO2 assisted
pyrolysis

5 wt% Ni/SiO2 30–700 °C, 10 °
C min, N2, CO2

Syngas (5.65 mol%
CO, 1.65 mol% H2)

None Oxidation of
aromatics with
CO2 towards
syngas

39

2 Retired wind
turbine blades

Co-pyrolysis of
PU and epoxy
resin

None 400–800 °C, 10 °C
min

Aldehydes, ether,
alcohols, epoxy
compounds

None None 40

3 PU scraps Glycolysis and
deamination

Potassium acetate 2-Ethylhexyl
glycidyl ether,
acetic anhydride,
diethylene glycol,
200 °C, 2 h

100% conversion
of MDA towards
EG at 120 °C, 2 h

None Rigid foams
synthesis with
recovered EG

41

4 PU wastes Acidolysis AlCl3, ZrO2, WO3 HCl (60 °C),
dicarboxylic acids
(190–210 °C), inert
gas, 5 h

Amine salt (with
HCl), amide (DCA),
90% polyol, CO2

Not informed Adhesives for
polymerization,
synthesis PU foam

42

Hydrolysis NaOH, NH3 Pressurized water
at 150–200 °C,
steam 200–450 °C,
inert gas or 80 bar
CO2

Diamine and
polyol in aqueous
phase, oligomers
in oil phase, CO2

Separation of the
aqueous phase

5 PU wastes Aminolysis NaOH, Al(OH)3,
CH3ONa

Aliphatic and
aromatic mono
and polyamines,
cyclo-aliphatic and
heterocyclic
amines,
alkanolamines,
NH3, NH4OH, 80–
190 °C, inert gas,
solvents

Non-miscible
phases of polyol
and disubstituted
ureas

Separation of
phases for product
recovery

None 42

Glycolysis NaOH, NaOAc,
FeCl3, ionic liquids

EG, DEG, inert gas,
220 °C, 15 min–2 h

Non-miscible
phases of polyol
and ether polyol
(90% conversion)

Direct reusability
of products

Synthesis of rigid
PU foam with
propylene oxide

6 Rigid PU foam
waste

Microwave-
assisted
glycolysis

Potassium acetate,
stannous octoate,
monoethanol
amine

DEG, 200 °C,
15 min, 3–
50 mmol catalyst/
100 g PU

0.4–2.5 wt% MDA;
475–550 mgKOH
per g hydroxyl
value for polyols

Direct use of
polyols mixture in
polymerization

Synthesis of PU 43

7 Upholstery foam
from an office
chair

Hydrogenolysis Mn-complex, t-
BuOK

H2, toluene, THF,
200 °C, 48 h

81% conversion
towards MDA,
formate and polyol

None None 44

a PU, polyurethane; EG, ethylene glycol; DEG, diethylene glycol; MDA, methylenedianiline; DCA, dicarboxylic acid.
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Hydrolysis is the reaction with water at high temperatures
performed under acidic, alkaline or neutral conditions with or
without a catalyst.14 Hydrolysis depolymerizes the plastic waste
into the terephthalic acid (TPA) monomer of PET and polyols in
the case of PU. Table 1 (rows 2, 3 and 4) shows that the hydro-
lysis of waste PET bottles towards the monomer is highly
effective in recovering up to 100% of TPA.14–16 Similarly, the
acidolysis of PU with dicarboxylic acids produces polyol, amine
and esters (see Table 4, row 4).42

Polyethylene is based on the polymerization of ethylene
C2H2; therefore, the linear alkyl chains of the polymer (C2H4)n
do not have polar functions. In turn, PE is rather inert and not
suitable for hydrolysis. In the case of polypropylene,
704 | RSC Sustainability, 2025, 3, 698–714
hydrothermal degradation with water in sub and supercritical
conditions, at about 450 °C, in an inert gas at high pressure,
proved effective in degrading the PP waste to an oil containing
alkanes, alkenes, and alcohols, among others36,37 (see Table 3,
rows 6 and 7). The hydrolysis of ice cream packaging under
oxidative conditions, provided by hydrogen peroxide and CO2,

yields mostly acetic acid at a lower temperature (150 °C vs. 450 °
C) than the process described before35 (Table 3, row 5).

Glycolysis comprises the cleavage of the ester bonds of PET
with ethylene glycol to release oligomers, dimers and nally, 2-
hydroxyethyl terephthalate (BHET)20,21 (see Table 1, rows 8 and
9). Typically, heterogeneous catalysts, such as metal (Zn, Mn, Co
and Pb) salts, sulfated niobia, ZnMn2O4, g-Fe2O3, zeolites and
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00745j


Critical Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
ja

nu
ár

a 
20

25
. D

ow
nl

oa
de

d 
on

 3
1.

1.
20

26
 2

:5
5:

36
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
silica nanoparticles, are used.13,20 More recently, deep eutectic
solvent catalysts have been successfully used in the glycolysis of
PET waste with an essential reduction of the reaction temper-
ature compared with the heterogeneous catalyzed process21

(Table 1, row 9). PU also undergoes glycolysis through the
reaction of the urethane group NHCOO with diethylene glycol,
releasing polyol and carbamate compounds, R1NHCOOR2. The
nature of the latter depends on the isocyanate that was origi-
nally used for synthesizing the polymer. Most frequently, the
isocyanate is diphenylmethane-4,40-diisocianate, which
provides the carcinogenic amine 4,40-methylendianiline (MDA)
upon PU glycolysis.41,43,44 In this context, Donadini et al. studied
the reaction of MDA with 2-ethylhexylglycidyl ether, acetic
anhydride and ethylene carbonate in order to lower its
concentration in the reaction media.41 The deaminated solution
was then successfully used to synthesize new rigid PU foam (see
Table 4, row 3). Microwave-assisted glycolysis of rigid foams
made of PU catalyzed with potassium acetate and stannous
octoate proved far less time-consuming and energy-saving than
conventional heating (Table 4, row 5). The combination of the
catalysts and diethylene glycol provided a dielectric media for
efficient heating that led to PU depolymerization towards pol-
yols and a low content of the harmful MDA.43

The depolymerization of PET waste through methanolysis
and ethanolysis implies the transesterication with methanol
or ethanol from 70 °C to 200 °C catalyzed with zinc acetate,
potassium carbonate or biomass ashes.14,17–19 The reaction
yields dimethyl terephthalate and diethyl terephthalate, among
other substituted monomers containing the terephthalate
backbone (see Table 1, rows 5 and 6).

Aminolysis involves the reaction with an aqueous solution of
a primary amine at 20–200 °C under an inert environment with
and without a catalyst.13,14 This process was investigated in the
depolymerization of PET13,14,19 and PU.42 The aminolysis of PET
might be carried out with ethanolamine, ethylene diamine, allyl
amine, hydrazine hydrate, hydroxylamine hydrochloride or
alkyl amine, yielding bis(-2-hydroxyethyl) terephthalamide,
bis(2-aminoethyl) terephthalamide; N,N0-diallyl tereph-
thalamide, terephthalic dihydrazide, terephthalohydroxamic
acid and N,N0-dialkyl terephthalamide, respectively.13 In
particular, the non-catalyzed solvent-free aminolysis of PET
bottle waste with 1,2-diaminopropane at 130 °C provided
a water-soluble amide of the monomer. This product is suitable
for condensation with salicylaldehyde towards a Schiff base19

(see Table 1, row 7).
Table 4 (row 4) shows that the aminolysis of PU generates

a biphasic system containing an upper phase with a polyol and
a bottom one with disubstituted ureas. In this context, the
polyols can be easily recovered and reused to synthesize new PU.
In addition, urea might be further valorized through decom-
position in amines and CO2.42

Hydrogenolysis is the selective scission of C–C and C–O
bonds through reaction with hydrogen. Typically, metal parti-
cles in acid or basic media are used as catalysts.45 Depolymer-
ization of plastic through hydrogenolysis has gained attention
because numerous studies have demonstrated that polyolens
are successfully converted to short-chain hydrocarbons.46 At
© 2025 The Author(s). Published by the Royal Society of Chemistry
200–250 °C, liquid products are obtained from polyolens, and
the selective alkoxy C–O bond hydrogenolysis of polyesters
drives high yields of the terephthalic acid (see Table 1, row 10).

Table 4 (row 6) shows that the hydrogenation of upholstery
PU foam catalyzed with Mn-complex and t-BuOK generates
methylenedianiline, the corresponding formate and the
polyol.44

Hydrocracking is a process that converts heavy plastic
molecules into lighter molecules by breaking the long polymer
chains in the presence of hydrogen with a bifunctional metal/
acid catalyst.46,47 Zeolites are oen used to catalyze these reac-
tions due to their strong acidity, high thermal and hydro-
thermal stability and regeneration capacity. Furthermore, the
porosity of zeolites allows accessibility of certain reactants to
the reaction sites, leading to high selectivity.48 Efficient
hydrogen transfer from the hydrogen donors to the polyolens
is crucial to this process. Typically, the reaction temperature is
150–450 °C, and the hydrogen pressure is between 20 and 100
bar. Hydrocracking of PE or PP with a bifunctional metal/acid
catalyst can achieve a liquid yield of over 60% and the distri-
bution of hydrocarbons in liquid fuels will depend on the metal
and acid sites of the catalyst49,50 (see Table 2, rows 7 and 8 and
Table 3, rows 8 and 9).
3.2. Chemo-biological valorization of plastics residues

The section above presented the investigations regarding the
chemical and thermochemical methods for the valorization of
plastic wastes reported in the past 5 years. In comparison,
biodegradation is a more environmentally friendly approach
since bioprocesses use milder reaction conditions, such as
room temperatures and mid-range pH. More interestingly, they
avoid or minimize the use of biologically incompatible-toxic-
reagents. Interaction of bacteria and fungi with plastic waste
has been successfully applied to degrade the polymers into
shorter low-molecular weight chains under aerobic or anaerobic
conditions.51,52 Till today, three different strategies have been
explored, including fungal, bacterial (isolates and consortia)
and enzymatic biodegradation (native and bio-engineered iso-
lated enzymes). Each of these is best suited to depolymerize
different post-consumer plastics, as we will review in this
section.

Combined strategies that valorize plastic waste through both
chemical and biotechnological methods were designed to
overcome the challenges of deconstructing highly crystalline
polymers, such as PET or PU. Table 5 gathers reported tandem
processes involved in the treatment of plastic wastes to recover
valuable building block molecules. In addition, the biological
and enzymatic-based technologies developed for further valo-
rization of the recovered substances are summarized and
illustrated in Fig. 3A and B. Chemo-enzymatic treatment of
textile waste based on polyesters was investigated by Quartinello
et al.53 As a rst step, the plastic waste was hydrolyzed in an
aqueous environment at 250 °C and 40 bar (neutral hydrolysis),
which depolymerized 85% of the PET bers into terephthalic
acid and oligomers (see Table 5, row 1, Fig. 3A). This energy-
consuming pre-treatment was necessary to degrade highly
RSC Sustainability, 2025, 3, 698–714 | 705
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Table 5 Plastic waste feedstock, chemical processes involved in the first stage of treatment of the plastic waste, building blocks obtained and
downstream valorization through biotransformationa

Feedstock

Chemical treatment Downstream bio-valorization
Recovery and
purication ReferenceProcess Product yield Process Product yield

1 Polyester-composed
waste textiles

Neutral hydrolysis,
250 °C, 39 bar, 1/10
PET/water ratio, 90
min

85% TPA, oligomers Enzymatic hydrolysis
of PET oligomers, 1–
2 mg mL−1 Humicola
insolens cutinase, pH
7, 50 °C, 6 h

97% TPA None 53

2 Waste PET bottles Catalytic glycolysis,
EG, 190 °C, 5 h,
orange peel ash
catalyst

92% BHET Bacterial degradation
of BHET, 30 °C, 5
bacteria strains

35% degradation of
BHET to TPA and EG
aer 10 weeks

None 54 and 55

3 Waste PET cups Catalytic glycolysis
and enzymatic
hydrolysis, K2CO3

catalyst, commercial
esterases, 30 °C, pH
7.5

97.7% TPA Whole-cell
bioconversion of TPA
with a catechol
biosynthetic strain in
Escherichia coli, 30 °
C, 20 h

99.5% Catechol BHET, MHET,
oligomers and EG
directly used in the
bioconversion

56

4 Post-consumer
plastic waste (HDPE,
PE, and PS)

Catalyzed chemical
oxidation with 11.3%
N-
hydroxyphthalimide,
8 bar O2, 72 bar N2,
210 °C, 5.5 h, Co–Mn
catalysts

59–65% benzoic acid,
20% C2–C22

dicarboxylic acids,
60% TPA

Bioconversion of
oxygenates with
engineered
Pseudomonas putida,
36 h

66% 3-
hydroxydodecanoic
and 34% 3-
hydroxydecanoic
acids; 57% b-
ketoadipate

Metal-catalysts
recovery, mixed
products used
directly in the
bioconversion

59

5 LDPE and HDPE
waste from soil and
sludge of a cooling
tank

Catalytic
hydrogenolysis,
5 wt% Ru/C, 30 bar
H2, 250 °C, 3 h

C4–C35 liquid alkane
mixture

Bioconversion with
a microbial consortia
growth as a biolm
on LDPE,
Rhodococcus
aetherivorans strains,
BH medium, 30 °C,
14 days

71–85% alkane
conversion, 36 mg
g−1 cetyl palmitate,
9.7 mg g−1 1-
hexadecanol, 3.6 mg
g−1 myristyl
palmitate

Condensation of
alkanes and removal
of catalyst

62

6 Post-consumer PU
foam from a pillow

Catalyzed glycolysis,
DEG, 200 °C, tin(II)-2-
ethylhexanoate
catalyst, 2 h

Polyols; 2,4 and 2,6-
toluene diamine

Enzymatic hydrolysis
of dicarbamates,
metagenomic
urethanases, pH 10,
30–70 °C, 48 h

65% Conversion,
aromatic diamine,
DEG, CO2

Recovery of the top
with polyols and
bottom layer with
dicarbamates

69

a PET, polyethylene terephthalate; PS, polystyrene; TPA, terephthalic acid; EG, ethylene glycol; DEG, diethylene glycol; BHET, 2-hydroxyethyl
terephthalate; MHET, mono(2-hydroxyethyl) terephthalate; LDPE, low density polyethylene; LLDPE, linear low density polyethylene; HDPE, high
density polyethylene; BH medium, Bushnell Haas medium.
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crystalline fractions of PET into oligomers that enzymes can
catabolize. The oligomers were further hydrolyzed with 1–2 mg
mL−1 of Humicola insolens cutinase, an enzyme from the a/
b hydrolase family, at pH 7, 50 °C, for 6 h. The overall process
provides 97% of terephthalic acid (TPA).

Going even further in the biorenery concept, Shingwekar
et al. developed a two-step process for the depolymerization of
post-consumer PET bottles to 92 wt% of bis(2-hydroxyethyl)
terephthalate (BHET).54 The glycolysis performed at 190 °C for
1.5 h was catalyzed with ashes obtained from orange peel (Table
5, row 2, Fig. 3A), yielding a biocompatible mixture rich in BHET
suitable for biological degradation since the crystalline fraction
of PET was eliminated. A native consortium of ve bacteria
strains, investigated previously by León-Zayas et al., was isolated
from soils polluted with petroleum products, taking advantage
of the rapid adaptation and evolution capacities of bacteria.55

Composed of Bacillus thuringiensis C15, Bacillus albus,
706 | RSC Sustainability, 2025, 3, 698–714
Pseudomonas sp. B10, Pseudomonas sp. SWI36 and Pseudomonas
sp. PFYNo1, the consortium uses BHET more readily than PET,
synergistically degrading the glycolysis products by 62.63% in 2
weeks towards TPA and ethylene glycol (EG). The overall 2-step
process stands as a sustainable methodology to valorize plastic
waste without using toxic or costly reagents.

In a similar approach, Kim et al. investigated the chemical
glycolysis and enzymatic hydrolysis of PET cup waste, followed
by the biological transformation of TPA towards catechol.56

Altogether, the cascade-type process comprises the glycolysis of
the polymer to BHET and mono(2-hydroxyethyl) terephthalate
(MHET) with potassium carbonate K2CO3 catalyst, followed by
the enzymatic degradation of BHET, MHET and oligomers to
TPA (Table 5, row 3, Fig. 3A). Four commercial esterases from
Bacillus subtilis, Paenibacillus barcinonesis Rhizopus oryzae, and
Methylobacterium populi, were assayed. The latter catalyzed
a complete depolymerization of BHET at a loading of 41.8 mg
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Combination of chemical, biological and enzymatic based technologies for recovery and valorization of platformmolecules from PET,
PS, PE and blends of those plastics. PET: polyethylene terephthalate; PE: polyethylene; PS: polystyrene; EG: ethylene glycol; MHET: mono(2-
hydroxyethyl) terephthalate; BHET: bis(2-hydroxyethyl) terephthalate; TPA: terephthalic acid; bKA: b-ketoadipic acid; PCA: protocatechuate.
–/ Research using plastic wastes as feedstock. -.-./ Research using model polymers. (B) Combination of chemical, biological and enzymatic
based technologies for recovery and valorization of platform molecules from PU. PU: polyurethane; TDA: 2,4-toluenediamine; MDA: 4,40-
methylendianiline; DEG: diethylene glycol; HCA: 6-hydroxycaproic acid. –/ Research using plastic wastes as feedstock. -.-./ Research using
model polymers.
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mL−1, 30 °C in 10 h. Finally, the biotransformation of tereph-
thalic acid to catechol was achieved with a bioengineered strain
of Escherichia coli at 30 °C for 20 h. Addressing the complete
biorenery concept, the authors proposed a PET upcycling
using catechol as a coating agent directly from the previous step
by removing E. coli cells without further purication. The
catechol coating provided the scaffolding to further function-
alize different materials with a broad range of applications.

Previous work of Yoshida et al., reviewed by Blank et al.,
supply the basis for more recent studies that engineer bacteria
with a set of genes codifying PET-degrading enzymes.57 The
authors isolated the bacteria Ideonella sakaiensis 201-F6,
capable of degrading PET and assimilating its monomers, and
characterized the specic enzymes involved with unusual
features, namely PETase and MHETase. The enzymes have the
potential for improvement by genetic manipulation and to
achieve PET depolymerization at milder temperatures and
biologically relevant conditions.

A catalyzed glycolysis of model PET (not from a waste source)
coupled with biological upgrading of BHET towards b-ketoa-
dipic acid (b-KA, monomer of nylon 66) was reported by Werner
et al.58 In this case, degrading enzymes from I. sakaiensis were
used to transform Pseudomonas putida KT2440, obtaining
a strain capable of harnessing EG by constitutive expression of
© 2025 The Author(s). Published by the Royal Society of Chemistry
native genes and BHET by heterologous expression of PETase,
MHETase, TPA transporters and enzymes for TPA conversion to
protocatechuate (PCA). The strain further converts BHET into b-
ketoadipic acid with a molar yield of 76% at 30 °C, pH 7 in 96 h
of fermentation. This scheme of chemical depolymerization
coupled with biodegradation proved to be yield-efficient, but
improving the biocompatibility of the glycolysis products is
necessary to achieve process uency and scaling. Valorizing the
EG obtained as a by-product remains a future challenge since b-
KA represses EG utilization by bacteria.58

The performance of P. putida KT2440 and engineered
derivatives on post-consumer PET feedstocks is reviewed next.
In this context, Sullivan et al. reported the chemical and bio-
logical processing of a mixture of high-density polyethylene,
polystyrene, and poly(ethylene terephthalate), which are regular
components of post-consumer plastics waste.59 The authors
used expanded polystyrene cups, milk containers made of
polyethylene, and single-use beverage bottles (Table 5, row 4,
Fig. 3A). In the rst step, the mixture was subjected to auto-
oxidization and depolymerization through a catalyzed process,
which leads to a random type of chain scissoring. The process,
typically carried out with manganese/copper-containing cata-
lysts and N-hydroxyphthalimide as an oxidation promoter, was
performed at 180–200 °C for 5.5 h. As a result, benzoic acid,
RSC Sustainability, 2025, 3, 698–714 | 707
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dicarboxylic acids and terephthalic acids were produced,
resulting in substantial energy consumption and need for
wastewater treatment. An important observation highlighted by
the authors was the fact that the catalytic treatment in an
oxygen atmosphere, unlike typical pyrolysis, generates
a mixture of products with enhanced water solubility suitable
for biological fermentation. In this context, the authors used P.
putida genetically engineered for the bioconversion of acetate,
C4 to C17 dicarboxylates, benzoate, and terephthalate to poly-
hydroxyalkanoate, which is a natural polyester. In addition,
these remarkable strains were designed to use acetate and
dicarboxylates as a carbon source for cellular growth while
converting benzoate and terephthalate to b-ketoadipate, a poly-
mer monomer. The authors called downstream valorization
a “biological funneling” since the various molecules produced
in the chemical treatment were bio-transformed to only two
building block molecules. This approach enables the treatment
of blends of plastic residues without previous sorting, which
makes it cost-effective.

In the case of polyethylene (PE), it is interesting to discuss
the investigation of Li et al., who isolated the marine bacteria
Microbulbifer hydrolyticus IRE-31, capable of degrading the
recalcitrant low-density polyethylene (LDPE).60 The bacteria,
found in the wastewater of a lignin-rich pulp mill, were able to
oxidize the surface of linear LDPE, monitored by scanning
electron microscopy aer 30 days of incubation. FTIR analysis
disclosed the unknown metabolic pathways of biodegradation
of PE, revealing the formation of additional hydroxyl and
carbonyl functional groups at the polymer surface, implying
that oxidative reactions may be the initial step for depolymer-
ization. Nevertheless, the products of degradation were not
reported.

A study by Shao et al. reports the biodegradation of untreated
PE with the native strain Streptomyces albogriseolus LBX-2 iso-
lated from soil.61 The authors highlight the importance of using
microorganisms that can degrade virgin PE, avoiding photo-
and thermal pre-treatments. It has been proposed that the
alkane hydrolase system, particularly alkane monooxygenase, is
involved in PE degradation, which is supported by the similar-
ities in the chemical structures of these substances. Arguing
this hypothesis, the authors found 21 monooxygenase genes in
the genome of S. albogriseolus LBX-2, while other bacterial
genomes commonly harbor a few. Further genomic, tran-
scriptomic and metabolic studies of the novel strain are needed
to design rational biodegradation processes.

Gregory et al. reported the catalytic hydrogenolysis of waste
polyolens followed by biotransformation towards an ester wax
and alcohols62 (see Table 5, row 5, Fig. 3A). Interestingly, the
authors isolated a consortium of bacteria (composed of two
Rhodococcus aetherivorans strains) from LDPE debris found in
the soil of a plastic recycling plant. Those bacteria were culti-
vated in a C10–C40 alkane mixture as a sole carbon source in
order to enhance the bioconversion of the PE deconstruction
mixture.

The investigations discussed above prove that most of the
research efforts are devoted to the treatment and valorization of
PET-based wastes. Nevertheless, this kind of plastics represents
708 | RSC Sustainability, 2025, 3, 698–714
10.2% of the global plastic production. But what about the
chemo-enzymatic treatment of more recalcitrant and by far less
recycled plastics, such as polyurethane (PU)?

The diverse composition and variety of monomers of PU
hinder the implementation of chemical depolymerization
processes and require the design of new recycling strategies. As
described by Rossignolo et al.,63 degradation of PU takes place
in three steps: breaking the polymer chains into oligomers,
deeper depolymerization towards low molecular weight species
and conversion to carbon dioxide and water (aerobic condi-
tions) or, alternatively, to methane (anaerobic conditions).

In this context, an early investigation by Schmidt et al.
demonstrated that enzymatic hydrolysis of model PU and
thermoplastic polyester PU (TPU) with various strains of cuti-
nases was achievable.64 The authors cloned synthetic gene
constructs corresponding to polyester hydrolases LC cutinase
(LCC), TfCut2, Tcur1278 and Tcur0390 in E. coli, expressed and
puried the recombinant enzymes that allowed the hydrolysis
of solid polyurethane plastic. The degradation, performed
under incubation at 70 °C for 200 h, was concluded from
surface depletions and weight loss of PU, but the products of
degradation were not reported.

Biological funneling for the upcycling of PU hydrolysates was
proposed by Catur Utomo et al.65 The researchers applied
a dened microbial mixed culture composed of microorgan-
isms trained to use specic PU monomers and genetically
engineered to yield rhamnolipids. The advantage of this
strategy relies on saving time and effort by developing various
strains with different metabolic capacities rather than a single
strain with multiple biotransformation events or multiple tar-
geted features achieved by directed evolution. While three P.
putida KT2440 derivatives harboring different genetic optimi-
zations enable the utilization of adipic acid, 1,4-butanediol and
EG, the addition of a fourth Pseudomonas sp. strain that
degrades 2,4-toluene diamine (TDA) was not enough to reduce
the inhibition caused by this isocyanate by-product. To over-
come the drawback, the authors proposed a chemical removal
of TDA from the PU hydrolysate prior to incubation with the
microbial consortium. The scheme allows the recovery of valu-
able TDA and the full utilization of other PU monomers origi-
nating from a variety of PU wastes, but some issues regarding
the biocompatibility of the extractants remain.

The review by Magnin et al. pointed out that there is only one
investigation about the use of oxidoreductases, such as laccase
and horseradish peroxidase, in the enzymatic degradation of
PU.66 That review dates from the year 2021, and to our knowl-
edge, there have been no additional publications on that
matter. Magnin et al. discovered that the combination of an
amidase (E4143) and an esterase (E3576) was capable of
hydrolyzing model PU lms towards 6-hydroxycaproic acid
(HCA) and 4,40-methylene dianiline (MDA).67 The researchers
developed an interesting strategy using specically designed
TPU that allows us to understand the molecular mechanisms of
enzymatic catalysis further. A synergistic two-discrete step
degradation was postulated, in which esterase rst attacks the
polymer and releases water-soluble oligomers containing
urethane bonds, allowing amidase to better access and exert its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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urethanase (hydrolase) activity. Finally, the efficient enzymatic
system yielded 1 g L−1 of 6-hydroxycaproic acid and 0.3 to
3 mg L−1 of MDA and MDA linked to caprolactone. As a limita-
tion, this time-consuming process requires boosting/
replacement of the lost enzymatic activity every two to three
days during 51 days of incubation.

More recently, the same research group demonstrated that
a commercial laccase from Trametes versicolor fungi was active
in the degradation of model foams, thermoplastic, polyester
and polyether-based PU incubated in 1-hydroxybenzotriazole at
37 °C for 18 days.68 Further investigation is needed to test if the
combination of the previously studied esterase and amidase
with the novel laccase could create an efficient enzymatic
system suitable for different kinds of PU. Moreover, the devel-
opment of coupled schemes with physical (grinding towards PU
powder) or chemical (glycolysis) pre-treatments could enable
full degradation of the plastic.

It is worth noting that the investigations discussed above
used model materials, which denotes the difficulty of the bio-
logical recycling of the actual PU waste towards substances
suitable for valorization, except for those motivated by basic
research. In fact, a very recent review by Rossignolo et al.
pointed out that biodegradation is limited by the number of
microorganisms and enzymes able to degrade polyurethanes. In
addition, the various structures (polyester PU, polyether PU,
among others) and forms (exible and rigid foams, elastomers,
thermoplastic, etc.) would demand a prior PU waste separation
to enable an effective upcycling.63 In this context, more research
is needed to obtain engineered microorganisms harboring the
gene constructs necessary to overproduce genetically optimized
enzymes. The use of the metagenomic approach to nd new
enzymatic activities among microorganisms belonging to
degrading communities of PU and petroleum derivatives seems
to be the next step to overcome these issues.

Such a strategy was used by Branson et al. in the only
investigation that, to our knowledge, reports the chemo-
enzymatic recycling of an actual PU waste69 (see Table 5, row
6, Fig. 3B). The authors isolated DNA from soil largely exposed
to PU residues and developed a metagenome library. The
screening for urethanase activity led to the discovery of three
new enzymes, identied as UMG-SP-1 to UMG-SP-3, with Gen-
Bank accession codes OP972509, OP972510, and OP972511.
These enzymes converted 65% of the dicarbamates generated in
the glycolysis of polyether-polyurethane foam waste towards
aromatic diamines under mild conditions and at room
temperature.

The development of tandem processes for plastic recycling is
an ongoing effort that requires a critical analysis of the tech-
nical feasibility and economic and environmental factors before
going towards a scaling stage. In this sense, the need for waste
sorting before treatment is a bottleneck. Even though some bio-
funneling strategies have been proposed to overcome this
drawback, developing a more integral waste processing
approach to achieve circular economy goals is still challenging.
The few operative technologies that reached that stage of
maturity will be further addressed in Section 4 of this review.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3. Valorization of plastic and biomass waste mixtures:
Does a synergic effect exist?

The previous sections described the valorization of plastic waste
of various sorts. This section dives into the chemo-biological
treatment of mixtures of plastic and biomass wastes and the
effect of combining those major streams of residues. A detailed
analysis has been published by Seah et al. regarding the
synergistic effect of the co-pyrolysis of biomass and plastics to
improve the yield and quality of biofuels.70 In this context, the
up-to-date reports (published in the past 5 years) on the treat-
ment of mixtures composed of plastic waste with textile fabrics
(cotton-based and synthetic),71–76 waste food77–79 and paper
wastes80 are discussed.

Table 6 summarizes the feedstocks, characteristics of the
chemical pre-treatment, bioprocessing of the waste mixture,
products obtained and further bioprocessing, if applied.

In the case of textiles containing PET (with the exception of
those containing wool), grinding and a chemical pre-treatment
(i.e., alkaline hydrolysis) are required to increase the available
sites for the biocatalytic saccharication with cellulases. Table 6
(see rows 1 and 2) shows that saccharication of cotton-based
wastes is performed through a commercial cocktail of cellu-
lases. This biocatalyst contains endoglucanases that randomly
cut cotton cellulose chains, exoglucanases, which act at the
ends of the cellulose chain yielding cellobiose; and b-glucosi-
dases, which degrade cellobiose towards glucose.71,72 Only one
research study presents the simultaneous depolymerization of
PET and cotton biocatalyzed with cutinases and cellulases,
which gives rise to terephthalic acid and glucose73 (Table 6, row
1). Unlike other methods, the work reported by Kaabel et al.
uses the minimum amount of liquid to provide enough mois-
ture for the bioprocessing, but no pre-treatment is performed.
Bioethanol is also produced through fermentation with
Saccharomyces cerevisiae of carbohydrates obtained from
textiles72,76 (Table 6, rows 1 and 2).

Various types of plastics have also been recently addressed.
These include: PET microplastics, polyethylene, polypropylene
and polystyrene found in lms, plastics from disposable bags
and food containers, and also polylactic acid from biodegrad-
able bags. Particularly, complex mixtures of plastics with waste
food and sewage sludge have been treated through anaerobic
co-digestion both inmesophilic and thermophilic fashions with
bacteria and archaea microorganisms.77–79 In this process,
organic matter is degraded to form biogas by the action of
anaerobic bacteria at temperatures of 30 to 50 °C. The rst stage
involves acid-forming bacteria that use carbohydrates as raw
material. A second step implicates the generation of acetic acid.
The last stage comprises the bioconversion of acetic acid,
carbon monoxide, and hydrogen in biogas composed mainly of
methane.

The mixture of wastes is frequently pretreated before
anerobic digestion. In this context, Farghali et al. reported the
pre-treatment of 2 m3 of a mixture of plastic lms, food waste
and rice husks under subcritical water in a large-scale reactor at
high temperature and pressure77 (see Table 6, row 3). Pretreat-
ment was required to reduce the wastes to liquid and solid
RSC Sustainability, 2025, 3, 698–714 | 709
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Table 6 Summary of the pretreatment, type of bioprocess, biocatalysts, operative conditions, products and post valorization strategies of the
mixed plastic and biomass waste reported in the literaturea in the last 5 years

Feedstocks Pretreatment Type of bioprocess Biocatalyst
pH, temperature,
enzyme conc., time

Products and
downstream
valorization Reference

1 Cotton/PET waste
colored textiles

Grinding and
soaking in NaOH
6 M, 1 h

Enzymatic hydrolysis
of cotton

Commercial cellulase
cocktail

Buffered pH 5, 55 °C,
5 mLenzyme L

−1, 24 h
PET and glucose 71

Steam explosion,
150 °C, 5 bar, 15 min,
alkaline
pretreatment

Enzymatic hydrolysis
of cotton

Cellulase cocktail Buffered pH 4.8, 50 °
C, 7 days

Glucose fermented
with Saccharamyces
cerevisiae to
bioethanol

72

5 min milling Enzymatic hydrolysis
of cotton and PET
simultaneously

Humicola insolens
cutinase, cellulases
CTec2®

Sodium phosphate
100 mM, pH 7.3, 55 °
C

30% TPA yield; 83%
glucose yield

73

Autoclavage 121 °C,
15 psi; NaOH 15%,
121 °C, 15 min

Enzymatic hydrolysis
of cotton

Commercial
cellulases CTec2®

Buffered pH = 4.8,
50 °C, 25 FPU g−1

enzyme, 96 h

66.7% glucose yield 74

Acid/alkaline pre-
treatment

Enzymatic hydrolysis
of cotton

Commercial
cellulases CTec2®

50 °C, 32 FPU g−1

enzyme, 19 h
99 g L−1 glucose 75

2 Wool/cotton/PET
waste textiles

Grinding, boiling in
water, dried

Enzymatic hydrolysis
of wool amino-acids
and cotton

Proteases, cellulases 8 Um L−1 protease,
50 °C, 2 days;
buffered pH 4.8, 2750
Um L−1 cellulase, 50 °
C, 5 days

0.6 g L−1 glucose
fermented with S.
cerevisiae to
bioethanol; peptides,
pure PET

76

3 Rice husks-waste
food/PE-PP-PS

Hydrothermal
carbonization, 204 °
C, 30–60 min,
subcritical water

Anaerobic co-
digestion

Mesophilic bacteria 38 °C, 30 days Methane CH4 77

4 Sewage sludge-waste
food/PET
microplastics

None Anaerobic co-
digestion

Bacteroides vadin
HA17, Clostridium
Sphaerochaeta

37 °C, 35 days >40 mL g−1 CH4

acetic, valeric,
propionic and butyric
acids

78

5 Waste food/PBAT-
PLA-starch plastic

Mechanical
processing

Anaerobic co-
digestion

Thermophilic,
mesophilic bacteria
and archaea

35–55 °C, 35 days 550 mL CH4 79

6 Paper waste/plastic
waste

Shredding, milling,
NaOH 7 wt%, 85 °C, 2
h

Enzymatic hydrolysis Commercial
cellulases CTec2®

4 mg g−1, 50 °C, 5
days

70% Glucose 85%
xylose

80

a PET, polyethylene terephthalate; PE, polyethylene; PP, polypropylene; PS, polystyrene; TPA, terephthalic acid; FPU, lter paper unit assay; PBAT,
polybutylene adipate terephthalate; PLA, polylactic acid.
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fractions containing solubilized lignocellulose. In fact, volatile
fatty acids released from biomass through the hydrothermal
process served as a carbon source for bacteria, improving biogas
production.

In contrast with the positive effect of the biomass-plastic
mixture described above, the investigations of Wang et al.
regarding the co-digestion of PET microplastics with sewage
sludge and waste food were not synergistic.78 In this case, the
decomposition of PET into diisobutyl phthalate and dibutyl
phthalate was harmful to the microbial community of the
anerobic digestor (see Table 6, row 4). Indeed, those substances
caused a decrease in the amount of hydrolytic bacteria Bacter-
oides vadinHA17 and the acidication performed by Clostridium
and Sphaerochaeta.

A similar outcome was obtained by Yu et al. in the co-
digestion of food waste and biodegradable plastic bags made
of polybutylene adipate terephthalate (PBAT)/polylactic acid
(PLA)/starch.79 The authors detected a decline in biogas
710 | RSC Sustainability, 2025, 3, 698–714
production at a bioplastic/waste food ratio above 30% due to
a detrimental effect on bacterial community diversity (see Table
6, row 5). The less effective anaerobic digestion under meso-
philic conditions and high plastic loading was attributed to the
decrease of the Synergistota phylum type of bacteria. Similarly,
a decrease in the abundance of bacteria related to the hydrolysis
and acidication of organic substances (i.e., Firmicutes and
Bacteroidota) was observed under thermophilic conditions and
high plastic loading. On the other hand, the composition of the
archaeal community (i.e., Methanosarcina, Methanospirillum,
Methanothermobacter and unclassied_k_norank_d_Archaea) was
not inuenced by the proportion of bioplastics mixed with food
waste.

Finally, Brown et al. investigated the co-fermentation of
various plastics (PET, polypropylene, low-density and high-
density polyethylene, polystyrene, and polyvinyl chloride) and
paper waste through enzymatic hydrolysis with the commercial
cellulase CTec2®.80 The authors demonstrated that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence of acetic acid in the paper acts as an enzymatic
inhibitor of cellulases (Table 6, row 6). In this context, an
alkaline pre-treatment proved to be effective in removing
contaminants and increasing the surface area of the cellulose
bers, which in turn, enhances the substrate-enzyme interac-
tion. However, the presence of plastic, ink, and stickies within
the mixed paper stream did not have an impact on the enzy-
matic hydrolysis of cellulose towards glucose and xylose.

Fig. 4 summarizes the synergistic and non-synergistic effects
of mixing plastic and biomass wastes. PET is one of the most
common plastic wastes polluting the planet, and it is also the
most deeply studied in this section. Better yields in glucose and
bioethanol production were achieved by employing cotton or
wool combined with PET as a biomass feedstock. Nevertheless,
the presence of PET was detrimental when methane production
from sewage sludge-waste food or glucose generation from
paper waste was studied. Poly-ethylene, polypropylene and
polystyrene were analyzed combined with paper and food waste,
giving only a synergistic effect in the anaerobic digestion of rice
husks. Finally, plastic residues from biodegradable bags did not
present a benecial effect in the anaerobic digestion, studied
with waste food as raw material.
4. From the lab bench to industry:
actual large-scale processes

Previous sections discussed a variety of investigations dealing
with thermochemical and chemo-biological methods to treat
plastic waste and mixtures of plastic-biomass waste in order to
obtain valuable substances. This section presents the techno-
logically mature and cost-effective processes that have scaled up
Fig. 4 Synergistic and non-synergistic effects of mixing plastic and
biomass in waste processing technologies. PET: polyethylene tere-
phthalate; PE: polyethylene; PP, polypropylene; PS: polystyrene; PBAT:
polybutylene adipate terephthalate, PLA: polylactic acid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
towards industrial application and are effectively applied to this
day.

The report published by the capital investment rm Closed
Loop Partners and our own search on the World Wide Web
performed in January 2024 showed that pyrolysis is the rst
choice for plastic recycling in 36 companies worldwide. Chem-
ical depolymerization occupies the second place with 19
companies.81 Only one company, Carbios (located in France),
applies chemo-biological methods. Carbios depolymerizes PET
and other polyesters from urban plastic and textile wastes
through enzymatic hydrolysis. The process uses an engineered
cutinase where a divalent-metal-binding (formed by the side
chains of three acidic amino acid residues) site was replaced by
a disulde bridge to increase the thermal stability of the
hydrolase. The obtained TPA monomer is recycled to produce
new plastic.81–83

In addition, it is worth noticing that the startups, Scindo
(London, UK), the University of Portsmouth (USA) and Xampla
(Cambridge, UK), developed biological-based recycling tech-
nologies that are currently at the lab-scale and are moving
towards large-scale application.81
5. Conclusions and future
perspectives

This review provides insights into the up-to-date research
regarding the valorization of the most common plastic-type
residues and plastic-biomass mixed wastes that account for
the major quantity of residues generated worldwide.

The valorization of waste-derived platform molecules for the
production of rened chemicals and commodities has been
extensively explored in the last decades. Most of these
compounds originate from petroleum-based raw materials.
However, the depletion of fossil feedstocks and the GHG
emissions associated with those energy sources is turning the
governments and research community into the obtention of
bio-based building blocks, upgrading the industrial processes
to more eco-friendly ways.

Using waste as biorenery feedstocks represents an unlim-
ited and ubiquitous alternative that can be adapted to each
country, region and climate's availability of renewable
resources. Nevertheless, molecular recycling of mixtures of
plastic and biomass residues is not an easy task due to the
variety of compositions and properties of those wastes, which in
turn might be either an advantage, as in the case of the pyrolysis
of mixed plastic-biomass residues, or a problem to overcome
with an appropriate pre-treatment. A remarkable fact is that
always chemical or physical, or both treatments, are required
for further application of either an enzymatic or biological
process in order to obtain valuable substances from the waste.
In fact, multiple approaches to pre-treatment have been inves-
tigated, and novel, less harsh ones are part of the ongoing
research.

The use of microorganisms, as microscopic bioreactors, for
the production of commodities has been largely exploited by
humanity since early times. They have the complex metabolic
RSC Sustainability, 2025, 3, 698–714 | 711
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pathways and biological machinery to synthesize all kinds of
biomolecules, including biopolymers and their constituent
building blocks. By this approach, with the appropriate selec-
tion of the bacteria or fungi to be cultured, bulk mixtures
enriched in target biomolecules can be obtained.

This review clearly shows that signicant research is needed
in order to develop reliable chemo-enzymatic bioprocesses to
treat and valorize mixtures of waste. In particular, the bio-based
valorization of mixed wastes, such as plastic and textiles, plastic
and biomass, and food wastes and plastics, is an emerging
research eld that needs further development for industrial
application. In fact, the cutting-edge investigations outlined in
this contribution show a variety of shortcomings and, therefore,
opportunities for advancement in the eld.
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20, 4415.

37 Z. Fu, Y. S. Zhang, G. Ji and A. Li, Chemosphere, 2024, 350,
141045.

38 M. S. Al-Iessa, B. Y. Al-Zaidi, R. S. Almukhtar, Z. M. Shakor
and I. Hamawand, Energies, 2023, 16, 4871.

39 J. M. Jung, T. Lee, S. Jung, Y. F. Tsang, A. Bhatnagar, S. S. Lee,
H. Song, W.-K. Park and E. E. Kwon, Chem. Eng. J., 2022, 442,
136358.

40 Z. Wu, C. Li, R. Shan and J. Zhang, Waste Biomass
Valorization, 2024, 15, 1603–1614.

41 R. Donadini, R. Boaretti, L. Scopel, A. Lorenzetti and
M. Modesti, Chem.–Eur. J., 2023, e202301919.

42 B. Liu, Z. Westman, K. Richardson, D. Lim, A. L. Stottlemyer,
T. Farmer, P. Gillis, V. Vlcek, P. Christopher and M. M. Abu-
Omar, ACS Sustain. Chem. Eng., 2023, 11, 6114–6128.

43 R. Donadini, R. Boaretti, A. Lorenzetti, M. Roso, D. Penzo,
E. Dal Lago and M. Modesti, ACS Omega, 2023, 8, 4655–4666.

44 V. Zubar, A. T. Haedler, M. Shütte, A. S. K. Hashmi and
T. Schaub, ChemSusChem, 2022, 15, e202101606.

45 C. M. Osmundsen, K. Egeblad and E. Taarning, in New and
Future Developments in Catalysis, ed. S. L. Suib, Elsevier,
Amsterdam, 2013, vol. 4, pp. 73–89.

46 X. B. Wu, K.-H. Lin, W.-T. Lee, R. C. Turnell-Ritson,
P. J. Dyson and P. C. L. Delannoi, Nat. Commun., 2023, 14,
6524.

47 D. Munir, M. F. Irfan and M. F. Usman, Renewable
Sustainable Energy Rev., 2018, 90, 490–515.

48 R. Saab, K. Polychronopoulou, L. Zheng, S. Kumar and
A. Schiffer, J. Ind. Eng. Chem., 2020, 89, 83–103.

49 P. A. Kolts, B. C. Vance and D. G. Vlachos, React. Chem. Eng.,
2022, 7, 41–54.

50 M. S. Al-Iessa, B. Y. Al-Zaidi, R. S. Almukhtar, Z. M. Shakor
and I. Hamawand, Energies, 2023, 16, 4871.

51 M. Farghali, A. Shimahata, I. M. A. Mohamed, M. Iwasaki,
J. Lu, I. Ihara and K. Umetsu, Biochem. Eng. J., 2022, 186,
108546.

52 L. M. Blank, T. Narancic, J. Mampel, T. Tiso and
K. O'Connor, Curr. Opin. Biotechnol., 2020, 62, 212–219.
© 2025 The Author(s). Published by the Royal Society of Chemistry
53 F. Quartinello, S. Vajnhandl, J. Volmajer Valh, T. J. Farmer,
B. Vončina, A. Lobnik, E. H. Acero, A. Pellis and
G. M. Guebitz, Microb. Biotechnol., 2017, 10, 1376–1383.

54 D. Shingwekar, H. Laster, H. Kemp and J. L. Mellies,
Bioengineering, 2023, 10, 1253.

55 R. León-Zayas, C. Roberts, M. Vague and J. L. Mellies,
Microbiol. Resour. Announce., 2019, 8(25), 002377–e319.

56 H. T. Kim, M. H. Ryu, Y. J. Jung, S. Lim, H. M. Song, J. Park,
S. Y. Hwang, H.-S. Lee, Y. J. Yeon, B. H. Sung,
U. T. Bornscheuer, S. J. Park, J. Chan Joo and D. X. Oh,
ChemSusChem, 2021, 14, 4251–4259.

57 L. M. Blank, T. Narancic, J. Mampel, T. Tiso and
K. O'Connor, Curr. Opin. Biotechnol., 2020, 62, 212–219.

58 A. Z. Werner, R. Clare, T. D. Mand, I. Pardo, K. J. Ramirez,
S. J. Hauge, F. Bratti, G. N. Dexter, J. R. Elmore,
J. D. Huenemann, V. G. L. Peabody, C. W. Johnson,
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