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The increasing demand for sustainable solutions to address environmental and energy challenges has

driven the development of advanced materials. Among them, nanofibrous membranes have emerged due

to their high surface area, tunable porosity and versatile mechanical properties. However, traditional

nanofibrous membranes, made from petroleum-based synthetic polymers, pose significant environ-

mental concerns due to their non-biodegradability and reliance on fossil resources. This paper reviews

recent advancements in the development of sustainable nanofibrous membranes, focusing on the use of

biobased and biodegradable materials, and circular design approaches aimed at reducing environmental

impact throughout the membrane life cycle. Challenges associated with improving the mechanical

strength and stability of biopolymer-based nanofibers and expanding application areas are discussed. By

highlighting strategies to overcome these limitations, this review aims to provide insights into the future

direction of sustainable nanofibrous membranes, paving the way for their broader adoption in eco-

friendly technological solutions.

1. Introduction

The world today faces unprecedented environmental and
energy challenges, such as water scarcity, air pollution, and
the depletion of non-renewable resources.1,2 As urbanisation
and industrial activities continue to intensify, the demand for
clean water, breathable air, and sustainable energy solutions is
becoming increasingly critical. Water scarcity, exacerbated by
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climate change and pollution, threatens not only the avail-
ability of drinking water, but also the agricultural and indus-
trial processes that sustain economies worldwide.3,4

Additionally, air pollution, driven by emissions from vehicles,
factories, and power plants, contributes to a host of respiratory
diseases and environmental degradation.5,6 Addressing these
challenges requires the development of innovative materials
and technologies that are not only effective, but also environ-
mentally sustainable.

Nanofibrous membranes have emerged as a promising
class of materials with the potential to mitigate these environ-
mental issues. Due to their unique properties, such as a high
surface area-to-volume ratio, controllable pore size, and excel-
lent mechanical strength, nanofibrous membranes are widely
applied in water purification, air filtration and energy
storage.7–9 Traditionally, nanofibrous membranes have been
produced from synthetic polymers such as polyacrylonitrile
(PAN), polyvinylidene fluoride (PVDF), and polystyrene
(PS).10–12 These materials are favoured for their chemical resis-
tance, thermal stability, and ease of processing, making them
suitable for a wide range of industrial applications. However,
the environmental impact of these traditional materials
cannot be overlooked. The production of synthetic polymers
often involves the use of non-renewable petroleum resources,
energy-intensive processes, and hazardous chemicals.13,14

Furthermore, disposal of non-renewable materials at the end
of their life cycle poses significant environmental challenges,
as they persist in the environment for hundreds of years, con-
tributing to the growing problem of plastic pollution and
microplastics in our oceans.15,16

Given these drawbacks, there is an urgent need to tran-
sition towards more sustainable nanofibrous membrane
technologies.13 This shift involves the development of nano-
fibers from renewable, biodegradable, and recyclable materials
such as biopolymers. Biopolymers such as cellulose, chitosan,
and polylactic acid (PLA) have gained attention as alternatives
to traditional synthetic polymers.17,18 These biobased
materials not only reduce the reliance on fossil fuels, but also
offer the potential for complete biodegradability, thus mini-
mising their environmental footprint.19 Sustainable transform-
ation of nanofibrous membranes extends beyond the choice of
materials and production methods. It requires design con-
siderations to endow the membranes with easy recyclability
and safe degradability at the end of their use. By incorporating
circular economy principles into the life cycle of membranes,
creating recyclable nanofibrous membranes for environmental
sustainability without performance compromise is possible.
This transformation is essential to ensure that membranes can
play a role in addressing the environmental and energy chal-
lenges of the 21st century.

The use of polymeric nanomaterials such as nanofibers in
membrane technology allows for excellent membrane perform-
ance due to intrinsic features including their high surface-to-
volume ratio and interconnected porous structure.
Electrospinning is the most established technique in nano-
fiber preparation. A general electrospinning set-up includes a

syringe with a nozzle, an electric field source, a counter elec-
trode and a pump. Using electrostatic repulsion forces in a
high electrical field, a large electrical field is generated
between the nozzle and counter electrode and a solution in
the syringe nozzle is ejected. Ultimately, as the solvent in the
solution evaporates, the nanofiber solid is formed. Besides
electrospinning, nanofibers can also be prepared using other
techniques, including centrifugal spinning, melt-blowing and
recently, electro-centrifugal spinning.20

In this review, we aim to provide a comprehensive overview
of the advancements in sustainable nanofibrous membranes
in the last three years, including biobased, biodegradable and
recyclable nanofibrous membranes. Sustainable nanofibrous
membranes and the sustainable polymers used in their prepa-
ration are discussed in sections 2 and 3. The properties and
performance of these materials, and their applications in gas
separation, water purification and oil remediation are exam-
ined in section 4. An outlook of sustainable nanofibrous mem-
branes that may catalyse the shift towards sustainability in the
membrane industry will be provided. By exploring these
aspects, this paper seeks to highlight the potential of sustain-
able nanofibers to contribute to a more resilient and sustain-
able future.

2. Biobased & biodegradable
nanofibers
2.1. Polymers

Polymers are broadly classified into biobased polymers and
fossil-based or fuel-based polymers. Biobased polymers are
derived from biomass sources while fuel-based polymers are
derived from non-renewable fossil fuel sources. The broad
classification can be further specified into 4 categories accord-
ing to its biodegradability: (1) biobased and biodegradable
polymers, (2) biobased and non-biodegradable polymers, (3)
fuel-based and biodegradable polymers, and (4) fuel-based
and non-biodegradable polymers (Fig. 1). Currently, industries
including the membrane industry are largely using the last cat-
egory (fuel-based and non-biodegradable polymers) as raw
materials.21–23 Due to the non-renewable nature and the
unsustainable practices caused by these non-renewable
materials, there is an increasing necessity to reverse the
damage done to the environment and to shift towards a green
and circular economy using renewable and biodegradable
resources with sustainable industrial practices.23–26 In this
review, categories (1), (2) and (3) will be briefly discussed in
sections 2.1.1, 2.1.2 and 2.1.3, respectively.

Notably, it is not sufficient to rely on the replacement of
non-renewable polymers with biobased alternatives as the
preparation of biobased nanofibers using conventional
methods may have negative effects on the environment due to
the inevitable utilisation of toxic and harsh chemicals or high
energy consumption.27,28 On top of replacing conventional
non-renewable polymers with their biobased or degradable
counterparts, additional considerations such as reduction of

Minireview Nanoscale

6428 | Nanoscale, 2025, 17, 6427–6447 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
K

ud
o 

20
25

. D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

5 
6:

30
:4

3 
PM

. 
 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04673k


non-renewable waste or by-products and minimal usage of
toxic materials for a reduced carbon footprint are necessary to
eventually move forward to a circular and sustainable nanofi-
brous membrane industry in the future.29–31

2.1.1. Biobased and biodegradable polymers. Biobased
and biodegradable polymers include cellulose, hemicellulose,
PLA, poly(hydroxyalkanoates) (PHAs) and bio poly(butylene
succinate) (bioPBS). Derived from wood and non-wood
biomass, cellulose is naturally abundant and is widely used in
textile, agriculture, farming, food manufacturing, marine, and
paper production.32 It is a lignocellulosic natural fibre which
is made of five main components: α-cellulose, hemicellulose,
lignin, pectin and wax.33 Extraction of cellulose from other
bound components requires high-energy mechanical proces-
sing. Common mechanical preparation processes of cellulose
nanofibers include high-pressure homogenisation, microflui-
dization, steam explosion and sonication.33 Energy consump-
tion can be reduced significantly when chemical pretreatment
techniques are applied before mechanical processing, thus,
reducing the overall cost. Chemical pretreatment methods
include alkaline pretreatment using an alkaline reagent to dis-
solve lignin and hemicellulose in biomass, and acid pretreat-
ment using mineral acids (hydrochloric acid, phosphoric acid
and sulphuric acid) or organic acids (citric acid, formic acid
and acetic acid) to isolate cellulose from feedstocks.
Conventional chemical pretreatments require the usage of
harsh and toxic chemicals which increases the environmental
burden. In comparison to the fabrication process of other
types of celluloses such as cellulose nanocrystals, as per our
knowledge, using 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) to prepare cellulose nanofibers is considered an

environmentally friendly method.34 TEMPO-oxidised cellulose
nanofibers, obtained via a catalytic oxidation process, are
equipped with homogeneous widths, excellent tensile strength
and elastic modulus. It is crucial to note that TEMPO is a cor-
rosive and mildly toxic chemical. However, in comparison to
conventional mechanical disintegration in water which
requires large amounts of energy, this approach offers
increased physical and mechanical durability to the treated
cellulose and decreases both ecological and economic burden
for many industrial applications. Furthermore, some scientists
innovated more sustainable methods of pre-treatment. Totani
et al. utilised enzymes and polysaccharides in the hydrophobi-
sation of cellulose nanofiber surfaces.35 TEMPO-oxidised cell-
ulose nanofibers with maltooligosaccharides and partially
2-deoxygenated maltose were synthesised as a demonstration
of a promising chemoenzymatic approach to provide hydro-
phobized surfaces on hydrophilic nanomaterials using renew-
able resources.

Cellulose nanofibers have been widely applied in water
purification due to their good mechanical properties and low
cost. Despite the extensive use of cellulose nanofibers in water
treatment applications, they lack sufficient chemical groups on
their surface for the adsorption of pollutants such as heavy
metal ions.36 Bymbatsogt and team utilized TEMPO to gene-
rate carboxylate groups on the cellulose surface in TEMPO-oxi-
dised cellulose nanofiber water filters.37 A reusable water filter
with high water permeance and excellent mechanical pro-
perties was retrieved at the end of their investigation. The cast-
coated TEMPO-oxidised cellulose nanofiber filters exhibited
enhanced adsorption efficiency as its adsorption of copper(II)
ions, a heavy ion water pollutant, reached 280 mg m−2. Other

Fig. 1 The classification of bio-based polymers and fossil-based polymers based on biodegradability.
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than TEMPO, Khan et al. utilised oil palm empty fruit bunch,
filter paper and denim cotton waste to enhance the adsorption
efficiency of cellulose nanofibers.38 The cellulose nanofibers
demonstrated abundant negative charges which interacted
strongly via electrostatic interactions and hydrogen bonding
with positively charged methylene blue of molecular size
1.382 nm. PLA is a biobased and biodegradable polymer used
in industries such as packaging, textile and biomedicine. PLA
was combined with TEMPO-oxidised cellulose nanofibers to
obtain PLA/nanocellulose biocomposites with excellent
stiffness and thermal stability for packaging applications.39 In
this novel study, the investigators fabricated the biocomposites
via the Pickering emulsion method followed by cold crystalliza-
tion. As compared to the pristine PLA film with Young’s
modulus of 2.8 GPa, Young’s modulus of the modified PLA/
nanocellulose film is 4.0 GPa.

Another biobased and biodegradable polymer group used
in the development of nanofibers is PHAs. PHAs are naturally
occurring and include polymers such as poly(3-hydroxybuty-
rate) (PHB), poly(3-hydroxybutyrate-co-valerate) (PHBV) and
polyhydroxybutyrate-co-hexanoate (PHBH). Obtained from
microorganisms and equipped with intrinsic biocompatibility,
PHAs are commonly studied in biomedical applications. It was

reported that PHAs formed by 3-hydroxybutyrate and 4-hydroxy-
butyrate monomers were fabricated into antibacterial nanofi-
brous membranes for drug delivery and cell culture (Fig. 2a).40

The membrane was loaded with ceftazidime and doripenem anti-
biotics and successfully inhibited the development of S. aureus
and E. coli. An electrospun PHB was modified by atmospheric
plasma to enhance its surface roughness and high hydrophobi-
city.41 Plasma surface modification is a fast, cheap and environ-
mentally friendly method to improve PHB-based nanofibers. The
modified PHB nanofiber scaffolds displayed enhanced cell–nano-
fiber scaffold interaction as apatite-like depositions covered the
scaffolds, thus enabling a high calcium-to-phosphorus ratio, suit-
able for the intended application of the work.

BioPBS is a biobased and biodegradable polyester that is
structurally similar to PBS and is derived from succinic acid
and 1,4-butanediol. PBS is a fuel-based polymer, which will be
discussed in section 2.1.3. Unlike PBS, succinic acid is derived
from plant materials. Cooper et al. fabricated porous bioPBS
nanofibers with enhanced mechanical properties.45 The elec-
trospun nanofibers with the least bead defects displayed excel-
lent tensile strength and Young’s modulus.

2.1.2. Biobased and non-biodegradable polymers.
Biobased and non-biodegradable polymers include poly(ethyl-

Fig. 2 (a) Schematic diagram of the process of obtaining PHA-based non-woven membranes loaded with antibiotic drugs via the electrospinning
method. Reproduced from ref. 40 with permission from MDPI copyright 2023. (b) SEM images of electrospun biobased 15% (w/v) PBS fibrous
matrices from CHCl3 : HCOOH solutions. N32, N3 and N9 with solvent ratios of 6 : 4, 7 : 3 and 8 : 2 respectively. Reproduced from ref. 42 with per-
mission from Elsevier Ltd. Copyright 2023. (c) SEM images of cryo-fractured cross-sections of (a) pristine PLA, (b) PLA–chitin reinforced nanofibers,
and tensile-fractured cross-sections of (c) pristine PLA, (d–f ) PLA–cellulose reinforced nanofibers, (g–i) PLA–chitin reinforced nanofibers.
Reproduced from ref. 43 with permission from Elsevier Ltd. Copyright 2024. (d) Schematic illustration of the optimized electrospun zein/CMA
nanofibers using the solution volatility optimization strategy compared to conventional pure zein nanofibers using ethanol and water for air filtration.
Reproduced from ref. 44 with permission from American Chemical Society copyright 2023.
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ene furanoate) (PEF), bio-poly(ethylene) (bioPE), and bio-poly
(propylene) (bioPP). PEF is a biobased polyester used widely in
packaging. It is a biobased alternative to polyethylene tere-
phthalate (PET), a non-renewable petrochemical plastic, as its
raw material 2–5-furandicarboxylic acid is obtained from renew-
able resources such as biomass. Equipped with excellent gas
barrier properties, PEF as a packaging film enables food, bever-
age or any stored perishable to have an extended shelf life as O2,
CO2, and N2 cannot penetrate easily. However, the mechanical
properties of PEF are commonly improved using additives. Miah
et al. added 1.0 wt% of carboxylated cellulose nanofiber to
produce a PEF/cellulose nanofiber composite with increased
tensile strength as compared to pure PEF.46 It was reported that
a tensile strength of 69.0 MPa, Young’s modulus of 4.3 GPa and
a toughness of 1.26 MJ m−3 were achieved.

BioPE and bioPP are analogous to conventional PE and PP
respectively. These biobased but non-biodegradable alterna-
tives are derived from bioethanol from glucose in biomass
such as sugarcane. As per our knowledge, currently, bioPE and
bioPP are less focused on the development of nanofibers and
the fabrication of sustainable nanofibrous membranes. One
probable reason could be the rising cost of the production of
bioethylene, a crucial building block in the production of both
biopolymers.47 However, being completely derived from
natural resources, bioPE and bioPP eliminate the need for the
use of fossil fuel in nanofibrous membrane fabrication and
undoubtedly hold great potential towards a sustainable and
circular future in the industry.

2.1.3. Fuel-based and biodegradable polymers. Fuel-based
and biodegradable polymers include PBS and poly(vinyl-
acetate) (PVA). PBS is a biodegradable aliphatic polyester which
can be derived from biomass resources and conventional pet-
rochemical resources. Due to its comparable mechanical pro-
perties to conventional fossil fuel plastics, it has promising
potential in real-life industrial applications such as biomedical
applications,48,49 food packaging50–52 and membrane appli-
cations.53 Additionally, it is one of the biodegradable materials
with good spinnability for electrospinning.42,54 However, it can
be challenging to achieve uniform diameters of nanofibers
using PBS. Due to its hydrophobic nature, PBS dissolves in
halogen-containing strong polar solvents such as chloroform
and dichloromethane and requires complicated solvent mix-
tures or additives that are harmful to the environment. In a
2023 investigation, a simple PBS solution using low concen-
trations of chloroform with formic acid or methanol was devel-
oped for the fabrication of ultrafine and uniform PBS nano-
fibers (Fig. 2b).42 The chloroform and formic acid mixture
resulted in fibres of diameter 0.17 µm to approximately 1 µm
while the chloroform and methanol mixture resulted in larger
diameters between approximately 1 µm to 4.7 µm. Notably,
increasing the polymer concentrations and chloroform
amount resulted in increased fibre and pore diameters. PBS as
a homopolymer material has poor mechanical properties and
poor durability for long-term use. Often, techniques used to
improve the long-term properties of PBS are expensive, and
complex and are in the preliminary stages which complicates

the industrial scale-up process. Bonakdar et al. electrospun
PBS with cetyltrimethylammonium bromide (CTAB) to fabri-
cate hydrophilic PBS nanofibers with excellent water absorp-
tion and elastic properties without post-treatment.55 This low-
cost and simple single-step electrospinning process increased
the tensile strength of PBS/CTAB nanofibers by 31%. PVA is
another example of a fossil fuel-derived biodegradable
polymer used in multiple industries. Naturally, it readily dis-
solves in water as it is a water-soluble polymer. However, cross-
linking treatments can increase its crosslinked concentration
and reduce the swelling effect in water. To develop an in-
soluble pH sensor for potential applications in food and bio-
medical industries, PVA was utilized with citric acid in a cross-
linking reaction at high temperatures from 130 °C to 220 °C.56

Insoluble PVA nanofibers were successfully generated with
high durability in acidic and alkali conditions using turmeric
as a colouring agent. In a wastewater treatment study, Xie et al.
prepared protein nanofibrous membranes using PVA and 2
types of proteins: zein from plants and collagen from animals.
Zein/PVA nanofibrous membranes and collagen/PVA nanofi-
brous membranes successfully exhibited high adsorption of
copper(II) ions at 20.94 mg g−1 and 24.62 mg g−1 respectively.

2.2. Reinforcing materials

Despite being the most promising alternatives to replace non-
renewable conventional polymers, biobased nanofibrous mem-
branes still face challenges for long-term durability such as
chemical stability, low permeability and poor antifouling per-
formance due to weaker intrinsic mechanical properties of
most biobased materials. To improve the mechanical pro-
perties, there are several reinforcement strategies, such as
blending or crosslinking by reinforcement materials, post-
treatment using thermal treatment and optimizing nanofiber
morphology. Among them, additives or reinforcement agents
used alongside biobased materials are most investigated and
discussed here. In the following section, additives or reinfor-
cing agents used alongside biobased materials are discussed.
Some examples of biobased nano-fillers such as chitosan, cell-
ulose, chitin, lignin and alginate and other techniques used to
reinforce the mechanical properties and to enhance the func-
tionalities of biobased nanofibers for their desired application
in industries are discussed in this section.

2.2.1. Cellulose. Common reinforcers used with cellulose
nanofibers to improve mechanical strength and functionalities
include chitosan, alginate, microalgae, cotton and cinnamal-
dehyde. In an investigation of heavy metal removal in water,
cellulose nanofibers were reportedly combined with chito-
san.36 The reinforcing material used in this study, chitosan, is
derived from crustacean marine life and is often used in water
treatment applications due to the chelating efficiency of the
amino and hydroxyl groups on its surface with heavy metal
ions such as copper(II) ions. The cellulose/chitosan nanofi-
brous membrane demonstrated an optimum adsorption
capacity of copper(II) ions of 86.4 mg g−1.

Cellulose has also been reportedly utilized as a reinforce-
ment material. A dye removal study reported a biobased hydro-
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gel reinforced with wastepaper-derived modified cellulose
nanofibers.57 The surface-modified cellulose nano-reinforce-
ment enhanced the water absorption, swelling rate and dye
removal efficiency of the biobased hydrogel. The maximum
dye removal capacity was demonstrated at 414 mg g−1 for
methylene blue dye with a molecular weight of 319.85 g mol−1.
In a separate study, a cellulose nanofibril-alginate hydrogel
was investigated for its architectural flexibility for a range of
industrial applications.58 Cellulose acetate and Desmodesmus
sp. microalgae combined in acetic acid/water solutions to fab-
ricate nanofibrous mats via electrospinning was previously
reported.59 Fully biobased cellulose acetate films and nanofiber
mats were reinforced using fungal chitin nanofibrils in a
study.60 Addition of fungal chitin nanofibrils in the electro-
spinning process endowed the developed film with improved
water affinity, reduced surface roughness and tailored the dia-
meter of the nanofiber mats. Additionally, the ultimate tensile
strength of the reinforced biobased film reached up to approxi-
mately 15.1 MPa. Notably, the fungal chitin was obtained from a
common white mushroom, not from crustacean sources as the
former does not require harsh pre-treatment methods. High-per-
formance, antibacterial and mosquito-repelling nanofibrous
membranes were also reportedly constructed using cellulose
acetate and cinnamaldehyde (CMA) for air filtration. When com-
pared to an N95 mask, a filtration efficiency of up to 99.91%
was achieved.61 The reinforcement, CMA, is a naturally occur-
ring compound found in the bark of cinnamon trees.

2.2.2. PVA and PLA. PVA and PLA as biobased materials
possess similar properties such as high hydrophilicity, excel-
lent biocompatibility and poor mechanical strength. An
example of reinforcing material used with PVA nanofibers to
improve mechanical strength and functionalities is lignin.
Dou et al. incorporated methacrylated lignin as a biobased
macro-crosslinker reinforcement in the development of a poly-
vinyl alcohol (PVA) and 2-acrylamido-2-methylpropane (AMPS)
based hydrogel nanofibrous membrane for lithium-ion battery
separators.62 Equipped with lignin’s biodegradability and elec-
trolyte affinity, the reinforced PVA–AMPS hydrogel nanofibrous
membrane exhibited a facilitated electrolyte absorption of
661.4%. Notably, when compared to commercial separators
like Celgard and pristine PVA, it demonstrated superior
mechanical performance and thermal stability.

Some reinforcers used with PLA nanofibers to improve
mechanical strength and functionalities include cellulose and
chitin. Kim et al. demonstrated PLA-based nanocomposites
with cellulose and chitin nanofibers as reinforcing nanofil-
lers.43 The cellulose and chitin reinforcing nanofillers possess
excellent mechanical properties, abundantly obtained from
natural sources, are biodegradable and carbon-neutral. Hence,
the PLA-based nanocomposite is completely biobased, bio-
degradable and renewable. The biobased nanofiber fillers
endowed the PLA-based nanocomposites with an incredible
mechanical toughness of 151.2 MJ m−3 and an impact strength
of 123 J m−1. The cryo-fractured and tensile-fractured SEM
images demonstrated the morphological structure of the
reinforced PLA-based nanofibers (Fig. 2c).

2.2.3. Others. Common reinforcers used with other nano-
fibers of biological origin include CMA, sodium alginate and
carbon. Shen et al. also utilized CMA as the reinforcer for zein
protein in plants to enhance the anti-bacterial properties of
nanofibrous membranes for air filtration using a solution vola-
tility optimization strategy (Fig. 2d).44 The zein/CMA nanofi-
brous membrane exhibited excellent air filtration efficiency for
PM0.3 at 99.25%. Guar gum films were reportedly modified
using several steps in an investigation for food packaging
applications.63 The guar gum film was doped with sodium
alginate (SA), and reinforced with carboxylated carbon nano-
fibers, followed by calcium ion cross-linking treatment. The
stepwise system endowed the modified guar gum films with
better mechanical strength, enhanced water vapour barrier,
thermal stability, tensile strength and water resistance
capacity.

The aforementioned green materials including cellulose
and its derivatives, PVA, PLA, CMA and SA as reinforcement
materials for nanofibrous membranes can equip the mem-
branes with excellent separation performance and sufficient
mechanical strength. In addition to adding reinforcing
materials, using post-treatment and optimizing the nanofiber
morphology, such as thermal annealing and control of the
alignment of nanofibers, could also improve the mechanical
strength of the nanofibrous membrane. However, the perform-
ance may be compromised due to the change in the packing of
nanofibers.

2.3. Biodegradability studies

In this section, reports on the reusability and biodegradability
of biobased and/or biodegradable nanofibers in multiple
applications are discussed. The demonstration of biodegrad-
ability is usually conducted via enzymatic and natural degra-
dation. In the former demonstration, enzymes such as pro-
teases are utilized to break down the polymer chain in the
nanofibers while in the latter demonstration, the nanofibers
are left isolated in soil or compost for an extended period for
degradation to naturally occur. However, due to the elaborate
duration of natural degradation, some studies utilise acceler-
ated processes to degrade the nanofibers at a quicker rate to
gather data within a feasible timeframe.

2.3.1. Enzymatic degradation. Enzymatic degradation is a
common sustainable technique used in many studies to
demonstrate biodegradability. PLA is a desirable biobased
polymer utilized in biodegradability investigation as the by-
products released during the degradation process are non-
toxic i.e. carbon dioxide, water and lactic acid monomer. In an
oil–water separation study, Cheng et al. reported a bio-
degradable and superhydrophilic PLA-based nanofibers with
polyethylene oxide hydrogels (Fig. 3a).64 The oil-in-water emul-
sion permeance of the PLA-based nanofibrous membrane
reached 2.1 × 104 L m−2 h−1 bar−1 (61.9 times higher than the
ordinary PLA membrane) with a separation efficiency of
>99.6% and excellent antifouling performance. Using the pro-
teinase K enzyme, the membrane started to degrade within 1
week of exposure while the ordinary PLA membrane only
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started degrading at 10 days. Within 1 month, only the modi-
fied PLA membrane was completely degraded. Proteinase K
binds to the PLA to accelerate enzymatic degradation. Several
reports determined that proteinase K is an effective enzyme
used in the degradation of PLA.65,66 Proteinase K was report-
edly immobilized in a PLLA film which underwent rapid enzy-
matic degradation under water-only conditions (Fig. 3b).66 A
biodegradable PLA-based mask filter with a high filtration
efficiency of 99.996% for PM 0.3, superior to the conventional
N95 filter, was also reported.67 After 16 hours, the PLA nanofi-
brous membrane filter was fully degraded by proteinase K at
60 °C (Fig. 3c). In a previous study, a biodegradable and reusa-
ble lithium chloride enhanced cellulose acetate/thermoplastic

polyurethane face mask nanofiber filtration membrane was
reported.68 The materials selected for the masks are wood
pulp and PLA which are naturally biodegradable. After 10
cycles of use, the filtration efficiency was maintained at a high
value of 98.2% and no change was observed even after alcohol
exposure.

2.3.2. Natural degradation and/or accelerated degradation.
Jiang et al. reported a fully biobased biodegradable nano-
cellulose hydrogel filter system for the removal of ultrafine sus-
pended solids in potable and sustainable water purification.69

The biodegradable nanocellulose hydrogel filter system suc-
cessfully demonstrated a high water flow rate of 90.6 g cm−2

h−1 and a removal efficiency for 1 mg ml−1 nanoplastic dis-

Fig. 3 (a) Illustration of the degradation of PLA-based nanofibrous membranes using roteinase K. Reproduced from ref. 64 with permission from
American Association for the Advancement of Science copyright 2023. (b) Illustration of the self-degradable PLLA fim embedded with proteinase K
using heat. Reproduced from ref. 66 with permission from the American Chemical Society copyright 2020. (c) Photos of the soil burial degradation
of the PLA-based mask filter media (3/3, 40 mg) under natural conditions and its corresponding weight loss as a function of time. Reproduced from
ref. 67 with permission from Elsevier Ltd. Copyright 2021.
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persion of 86.3%. To demonstrate the biodegradability of the
hydrogel filter membrane, it was placed in grassy soil along-
side a commercial nylon membrane and a commercial polycar-
bonate membrane. After approximately 100 days, only the bio-
based hydrogel filter membrane had fully degraded with no
trace of any remaining raw material. Using raw plant materials,
a green electrospun biodegradable nanofibrous membrane
with high filtration efficiency was successfully fabricated.70

Over 75% of the polyester used was renewably sourced.
Biodegradability studies were conducted in a controlled
compost at 58 °C for 12 weeks. After 2 weeks of incubation,
signs of degradation began to show. After 8 weeks of incu-
bation, accelerated degradation was observed. In the develop-
ment of masks, single-use respirators are commonly sought
after due to their convenience for mass usage daily. On top of
being sourced using non-renewable materials, this demand
implicates a huge burden on the environment. Le et al.
reported a reusable, stable, highly effective and humidity-
resistant air filtration membrane used in a mask prototype
equipped with long-term biodegradability and particle-removal
efficiency using poly(L-lactic acid) (PLLA) nanofibers.71 A high
filtration efficiency of >99% for PM 2.5 and >91% for PM 1.0
was recorded. Due to the intrinsic lengthy degradation of PLLA
of about 2–3 years, an accelerated biodegradation investigation
was carried out to demonstrate the biodegradability of the pro-
totype. After 5 weeks, the mask had mostly degraded after
incubation in a concentrated buffer solution at 70 °C.

All in all, plenty of investigations have been conducted to
demonstrate the potential of biobased and/or biodegradable
polymers in the development of nanofibers for industrial
applications. However, some challenges still stand – reduced
mechanical properties which compromise the long-term dura-
bility of the product and the replacement of harmful solvents
or materials which can be more costly or less practical for
industrial scale-up. Notably, for established industries with
pre-existing procedures, the switch to more renewable
methods may not necessarily be an easy process. Despite these
facts, many studies have also proven that these hurdles can be
overcome, as discussed earlier in this section.

3. Recyclable nanofibers

Polymeric nanofibrous membranes are commonly used in fil-
tration applications because of their reliable mechanical pro-
perties, chemical resistance and excellent filtration capabili-
ties. However, disposal problems arise when they reach the
end of their life cycle as nanofibrous membranes made of con-
ventional non-renewable polymers cannot be easily reused or
recycled. Previously, biobased and/or biodegradable nanofi-
brous membranes obtained from renewable sources were dis-
cussed. Henceforth, recyclable nanofibrous membranes which
may consist of synthetic polymers from non-renewable sources
are discussed and considered for the development of the circu-
lar nanofibrous membrane industry. In this section, current
common methods of recycling nanofibrous membranes

include (1) transforming existing materials to be reused in a
suitable alternate process; (2) recovering existing material to
be reused in the same process with similar mechanical pro-
perties; (3) synthesis of material that can be easily recycled or
broken down back into its monomer units.

An example of transforming existing materials for reuse in
a suitable alternate process was demonstrated by Varanasi
et al. where cellulose nanofiber composite membranes were
fabricated, with the addition of polyamide–amine–epichloro-
hydrin (PAE) and silica nanoparticles of 22 nm for pore size
control.72 PAE was added to enhance membrane wet strength
by allowing negatively charged nanoparticles to adhere to the
nanofiber network. The cellulose nanofiber composite mem-
branes were prepared by either direct addition or controlled
and simultaneous addition methods. It was reported that a
high flux of 80 L m−2 h−1 and an improved MWCO of 200 kDa
were observed. Furthermore, the cellulose nanofiber composite
membranes displayed biodegradability and recyclability to be
used as a feedstock for paper making. The soaked membrane
was initially disintegrated with a hand blender to obtain a sus-
pension with a similar consistency to the original suspension
used in the fabrication of fresh cellulose nanofiber composite
membranes. However, as the layers in the recycled suspension
separate unevenly, it cannot be reused to prepare new mem-
branes but is only added as a recycled paper feedstock.

Single-use face masks have low efficiency in trapping PM0.3/
pathogens, poor air permeability and poor reusability or recycl-
ability. Xiong et al. tackled this issue by developing a light
weight PAN-based nanofiber carbon nanotube network (NF/
CNT) with a high filtration efficiency of >99.994% for PM0.3

removal, a low resistance of <0.05% atmospheric pressure and
efficient photo-thermal self-sterilization under 1 sun of
>99.986% in 5 min or electrothermally driven self-sterilization
of >99.9999% in 2 min under sunless conditions.73 Its durability
was also evaluated when it underwent a wet–dry cycle for up to
50 times with only a slight decrease in its filtration efficiency
from 99.999% to 99.993% Notably, its photothermal-driven self-
sterilization properties were maintained throughout. The NF/
CNT filter demonstrated excellent recyclability for the proposed
use in desalinating seawater as a high-performance solar vapour
generator. The authors depict a route for recycling discarded
NF/CNT filters where abandoned filters are self-sterilized under
the Sun to be used for seawater desalination based on solar-
driven evaporation. When performing water evaporation tests
under simulated solar conditions, due to its ultra-high photo-
thermal conversion rate, the NF/CNT filter mask achieved a fast
evaporation rate of 1.49 kg m−2 h−1. These results were verified
with outdoor experiments where 90.52 g of purified water was
collected in 8 h. This measurement is equivalent to a harvesting
rate of 3.56 L m−2 d−1. Hence, the NF/CNT filter demonstrated
excellent potential to be used as a high-performance solar
vapour generator in the desalination of seawater.

Aside from reusing existing materials in an appropriate
process, research has also been done on trying to recover and
reuse existing materials in the same process. Xu et al. reported
how easily this can be done by the simple dissolution of their
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membrane in the solvent.74 A high-performance superhydro-
phobic strain sensor was fabricated via electrospinning of
recyclable thermoplastic elastomer styrene ethylene butylene
styrene copolymer (SEBS) reinforced by multiwalled carbon
nanotubes (MWCNTs), followed by ultrasonic anchoring of
modified superhydrophobic MWCNT (with fluorine-free octa-
decyltrichlorosilane (OTS)). These flexible and highly sensitive
strain sensors demonstrated their versatility and durability for
various applications such as human motion detection, weather
monitoring, underwater sensing, and emulsion separation of
multiple cycles. More importantly, its recyclability was success-
fully demonstrated after dissolution in cyclohexane. After com-
plete dissolution in cyclohexane, the recovered materials were
put through the fabrication process again for membrane for-
mation. Notably, the recovered modified MWCNTs still main-
tained their superhydrophobic properties.

Liu et al. also fabricated a biodegradable and recyclable
film that can be simply recovered by dissolving in hot water.75

Cellulose nanofibers (CNFs) extracted from Sargasso were
modified with 3-glycidyloxypropyltrimethoxysilane (KH560) to
form KCNFs (Fig. 4a). PVA has weak water resistance, but when
combined with KCNF, the biodegradable cross-linked KCNF/
PVA film exhibited increased hydrophobicity with a water
contact angle of 119°, an improved dry and wet tensile
strength, as compared to CNF/PVA films, outstanding thermal
stability and good transmittance. With these properties,
KCNF/PVA films display good potential for mass manufactur-
ing and applications under humid and watery conditions.
KCNF/PVA films were easily recycled by dissolving in distilled
water at 95° and refabricated by casting in molds to dry natu-
rally and to regenerate new films (Fig. 4b). The mechanical
properties of recycled films were maintained and were even
studied after recycling for 5 cycles. With each cycle, the cross-
linked network of KCNF and PVA was partially destroyed,
causing a noticeable level of decline in mechanical perform-
ance. However, after the 5th cycle, good mechanical perform-

Fig. 4 (a) Schematic illustration of the fabrication of the KCNF/PVA film from Sargasso. (b) Schematic diagram of recycling KCNF/PVA films and
photos of KCNF/PVA film regeneration after mold casting. Reproduced from ref. 75 with permission from Elsevier Ltd. Copyright 2022. (c) Left to
right: Schematic representation of the one-pot closed-loop recycling process of DCCNF-60C; average fiber diameters of original and recycled
DCCNF-60C; recovery rate of mechanical properties after each recycling cycle of DCCNF-60C. Reproduced from ref. 76 with permission from
Springer Nature Limited. Copyright 2024.
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ance was achieved. Thus, KCNF/PVA films displayed good
potential for mass manufacturing and applications under
humid and watery conditions.

Aramid fibre is a heat-resistant and strong synthetic fibre
and its products are widely used in the military and defense
industries. However, when damaged, it can be very difficult to
be reused or recycled. Chen et al. developed a cost-effective
method of recycling Kevlar and aramid fibre products by
breaking them down into aramid nanofiber (ANF) disper-
sions.77 These dispersions were prepared based on the prin-
ciple of dissolution–precipitation, where potassium hydroxide
(KOH) fine powders were produced in situ when mixed in
dimethyl sulfoxide (DMSO) and KOH aqueous solutions. The
aqueous KOH/DMSO system formed ANF dispersions of
0.2 wt% at ambient temperature in just 26 min, which can be
further reduced to 15 min at 40 °C. Additionally, ANF disper-
sions were utilised to produce thermally stable ANF aerogels
with high decomposition temperatures of more than 500 °C.
ANF aerogels were also recycled back into ANF dispersions
using the same aqueous KOH/DMSO system, ultimately devel-
oping a promising method in the closed loop recycling of
aramid fibres and ANF-based materials. Aramid nanofibers
can also demonstrate excellent performance in organic solvent
systems. An ANF/PEI organic solvent nanofiltration membrane
with high flux and excellent selectivity was previously devel-
oped.78 The membrane successfully demonstrated ultrafast
organic solvent permeance for THF and acetone at 20.5 L m−2

h−1 bar−1 and 11.2 L m−2 h−1 bar−1 respectively. In 2019, Li
et al. demonstrated a lab-scale solvent-resistant nanofibrous
hydrogel thin-film composite (TFC) membrane with aramid
nanofibers.79 The membrane exhibited an impressively high
pure solvent permeance for methanol and ethanol (polar sol-
vents) and acetone and dimethyl formamide (DMF, harsh
organic solvents) at 54.0 L m−2 h−1 bar−1, 13.6 L m−2 h−1

bar−1, 70.0 L m−2 h−1 bar−1 and 34.0 L m−2 h−1 bar−1, respect-
ively. It also displayed high rejections of methyl orange at
>90%, and Rose Bengal at approximately 100% with demon-
strated long-term stability.

The final example of synthesizing a material that can be
easily broken down was demonstrated by Wang et al.76 They
utilized covalent adaptable networks (CANs) to produce
dynamic covalently crosslinked nanofibers (DCCNFs) that can
undergo a one-pot closed-loop recycling process (Fig. 4c).
Using poly[(furfuryl methacrylate)-co-(butyl methacrylate)]
(FMA-co-BMA) copolymer with bismaleimide (BMI) as the
crosslinker, the thermally reversible Diels–Alder (DA) cyclo-
addition reaction can occur between furan and maleimide.
The mixed solution was electrospun and crosslinked before
the formation of nanofibrous membranes. Apart from posses-
sing excellent mechanical properties and thermal stability,
good flexibility, hydrophobicity and solvent resistance, these
DCCNF membranes can be easily repaired or welded back
together when encountering wear-and-tear or fractures and
undergo closed-loop recycling to be refabricated into a new
DCCNF membrane without a significant change in mor-
phology or performance. Further research was done on

DCCNFs when Li et al.80 developed DCCNF membranes for
use in efficient oil/water separation. Membranes electrospun
from furfuryl methacrylate and hexafluorobutyl methacrylate
(FMA-co-HFBMA) copolymers displayed excellent chemical re-
sistance, high porosity and hydrophobicity upon in situ cross-
linking with BMI. After numerous cycles of filtration and
removal of contaminants, the synthesized DCCNF membranes
can be decrosslinked in DMF solvent at 140 °C. Using this
solution, recycled membranes with very similar morphologies,
physical and filtration properties can easily be refabricated via
the same electrospinning process.

In the works discussed in this section, the authors success-
fully demonstrated the potential for nanofibrous membranes
to be fabricated using recyclable materials with minimal to no
compromise to their mechanical and filtration properties. The
methods used include transforming existing materials for
other purposes, reusing the recyclable materials for the same
purpose after disintegration or dissolution or synthesizing reu-
sable materials such as DCCNFs as part of a closed-loop re-
cycling process. Table 1 summarises the sustainable nanofi-
brous membranes discussed in sections 2 and 3.

4. Applications

Nanofibrous membranes have a wide range of applications
and can be easily fabricated for specialized use in various
industries and fields, from electronics, energy, textiles, apparel
and environmental remediation with high importance in the
biomedical and healthcare sectors.81 However, not being able
to reuse or recycle these membranes at the end of their usage
remains a problem throughout many industries as high
volumes of waste are being constantly generated. The following
examples will elaborate on the novelty of environmentally
friendly materials used in nanofibrous membranes for air fil-
tration, water purification and oil removal applications.

4.1. Air filtration

During the COVID-19 pandemic, the demand and usage of
face masks surged exponentially with the need to filter air-
borne particulate matter (PM) and to intercept airborne and
infectious particles as a form of biological protection.
Conventional face masks made of PP, PE and polyester com-
monly used in manufacturing surgical face masks, are single-
use masks which means they are disposed of after each use.
Conventional air filter membranes can be improved in terms
of filtration efficiencies and additional capabilities such as
antibacterial/antiviral functionalities by utilizing sustainable
materials which are renewable, biodegradable and/or recycl-
able. To ease the burden on landfills and incinerators,
methods such as the incorporation of biodegradable materials
into current technologies can be applied. With a simple bio-
degradable polymer derived from renewable organic sources
such as corn or sugarcane, Li et al. used PLLA in electro-
spinning to form a membrane with multi-structured networks
(MSN) comprising of micro-sized ribbon-like fibres and ultra-
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Table 1 Sustainable nanofibrous membranes using biobased/biodegradable/recyclable polymers

No. Membrane Remarks Ref.

1 Cellulose acetate/chitosan biocomposite
nanofibrous membranes

• Woven porous structure 36

• Low cost
• Facile operation
• Optimum Cu2+ adsorption capacity: 86.4 mg g−1

2 Foam-coated TEMPO cellulose nanofibrous
films

• Water permeance: ∼200 000 dm3 h−1 m−2 MPa−1 at 1 bar 37

• Optimum Cu2+ adsorption capacity: ∼60 mg g−1

• Optimum Ca2+ adsorption capacity: 63.6 mg g−1

3 Poly(L-lactic acid)/tempo-oxidised
nanocellulose biocomposite films

• Thermally stable and mechanically durable 39

• Optimum YM: 2.8 GPa
• Optimum coefficient thermal expansion (CTE): 12, 923 ppm K−1

4 P(3HB-co-4HB) nanomembranes • Exhibited antibacterial activity when loaded with ceftazidime, doripinem, and
actovegin antibiotics; inhibit the development of S. aureus and E. coli

40

5 BioPBS nanofibrous mats • Sufficient mechanical properties for applications in wound healing and tissue
engineering

45

6 PEF/carboxylated cellulose nanofiber films • Excellent mechanical and barrier properties 46
• Optimum tensile strength: 69.0 MPa
• Optimum YM: 4.3 GPa
• Optimum toughness: 1.26 MJ m3

7 PBS nanofibrous mats • Non-woven nanofibrous mats with potential applications in sustainable
solutions

42

8 PBS/CTAB nanofibrous membranes • Excellent mechanical properties and thermal stability 55
• Optimum tensile strength: 5 MPa
• Optimum crystallinity: 38.6%

9 Wastepaper derived modified-cellulose
nanofiber hydrogel

• Wastepaper derived cellulose nanofiber reinforcement 57

• Optimum water absorption capacity: 754 g g−1

• Highest dye removal capacity: 414, 405, 377 and 323 mg g−1 for MB, MG, MV and
CR dyes respectively

10 Cellulose nanofibril/sodium alginate hydrogel • An architecturally lightweight product 58
• Potential application in bio-based and sustainable interior building systems

11 Cellulose acetate/Desmodesmus. sp.
nanofibrous mats

• Addition of microalgae waste Desmodesmus. sp. reduced nanofibers sizes from
122 ± 55.2 to ∼50 nm

59

12 Cellulose acetate/fungal chitin nanofibril films • Increased mechanical property 60
• Optimum YM: 359 ± 99 MPa
• Increased elongation at break by ∼45%

13 CA/CMA/PHMB nanofibrous membrane • Improved antibacterial activity 61
• Bacteriostatic rates against E. coli and S. aureus 99.65% and 99.99%

14 PVA/AMPS–LMA nanofibrous hydrogel • High mechanical strength: 24.9 MPa 62
• Strong thermal stability at 170 °C with no shrinkage
• Electrolyte uptake: 661.4%

15 PLA/cellulose–chitin nanofibrous membranes • Excellent mechanical properties 43
• Mechanical toughness: 151.2 MJ m−3

• Elongation at break: 377.5%
16 Zein/CMA nanofibrous membranes • Air filtration efficiency: 99.25% (PM0.3) 44

• Quality factor: 0.084 Pa−1

17 Guar gum/sodium alginate/carboxylated
cellulose nanofibrous membranes

• Enhanced mechanical strength 63

• Improved thermal stability
• High barrier capacity

18 PLA/polyethylene oxide nanofibrous hydrogel • Potential alternative to commercial ultrafiltration membranes for oily wastewater
separation

64

• Excellent antifouling performance
• Degradable using proteinase K

19 PLA/cellulose nanocrystal composite • Enzymatically degraded using lipase and proteinase K 65
20 PLA nanofibrous membrane • Resultant mask filter exhibited a high filtration efficiency of 99.996% (PM0.3) 67
21 Cellulose acetate/thermoplastic polyurethanes

nanofibrous filter
• Filtration efficiency: 99.8% 68

• Maintained optimal performance up to 10 cycles
22 Bio-based nanofibrous hydrogel filter • Flux: 90.6 g cm−2 h−1 69

• Rejection of ultrafine suspended solids (10 nm): ∼100%
23 Poly(L-lactic acid) nanofibrous filter • Filtration efficiency: >99% for PM2.5 and >91% for PM1.0 71
24 Cellulose/polyamide–amine–epichlorohydrin

nanofibrous membrane
• Enhanced membrane wet strength 72

• Flux: 80 L m−2 h−1

• MWCO: 200 kDa
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fine nanofibers that are tens of nanometers in diameter.82

PLLA MSN membrane demonstrates highly efficient filtration
capabilities of >99.9% for PM2.5 and >99.5% for PM0.3 and a
low pressure drop of 20 Pa. Similarly, Yang et al.83 designed
multi-scale PLA micro-/submicron-fibers and bacterial cell-
ulose (BC) nanofibrous membranes which were fabricated via
electrospinning and electro-spraying techniques respectively
(Fig. 5a and b). These techniques allowed the multi-layer mem-
brane to have a low pore size of 1.27 µm and provided a deli-
cate balance of filtration efficiency and air resistance. The pre-
pared filter exhibits efficient air filtration of 99.89% PM0.3

removal with a low pressure drop of 104 Pa and a durable fil-
tration efficiency of >99.6% under various airflow rates or after
being exposed to 90% humidity for 120 h. The multi-scale
nanofibrous filter was fully biodegradable via enzymatic degra-
dation within 2 h.

The use of biobased and biodegradable synthetic
polymers in membrane fabrication has also been of interest
because of their better mechanical and filtration properties.
Zhan et al. used polyamide-based polybutyrolactam (PA4) to
fabricate membranes with high porosity of >80% and 99.85%
PM2.5 filtration performance, and highly stable and
excellent mechanical properties with a tensile strength of
≥4.25 MPa and Young’s modulus of ≥34.82 MPa.85 The biode-
gradability was also investigated where a weight loss of 88%
was reported within 49 days. Chen et al. also utilized a biosyn-
thetic polymer, PHBV to fabricate a hierarchical nanoweb-
structured membrane via electrospinning.86 Respectively,
excellent filtration efficiencies of PM0.3 and PM2.5 of 99.999%
and 100% with 0.077% standard atmospheric pressure of
5.3 cm s−1 airflow speed were reported. Notably, the mem-
branes were easily biodegradable under composting con-
ditions where complete disintegration was achieved within
1 week.

If a green polymer of interest is not able to achieve the
required properties on its own, additional materials may aid in
the fabrication of an improved membrane. Cui et al. managed
to fabricate durable biodegradable nanofibrous membranes
via green electrospinning and physical crosslinking of PVA and
tannic acid (TA) (Fig. 5c).84 The PVA–TA nanofibrous mem-
branes have a removal efficiency of 99.5% for PM1.0 at a
pressure drop of 35 Pa, with a quality factor of almost 0.15

Pa−1. It was also proven to be durable when its filtration
efficiency was >99% at a low pressure drop of 35.5 Pa even
after 10 filtration test cycles. The presence of intermolecular
hydrogen bonds provided the PVA–TA nanofibrous membrane
with improved mechanical properties i.e. increased tensile
strength and elongated nanofibrous membrane by 20% and
50% respectively. Utilizing a synthetic biodegradable polymer,
polybutylene adipate terephthalate (PBAT), Cho et al. produced
a core–shell nanofibrous membrane (NFM) via electrospinning
PBAT with modified montmorillonite (MMT) clay and cetyltri-
methylammonium bromide (CTAB).87 Encasing PBAT with
CTAB–MMT allows for various significant improvements as
compared to pure PBAT NFM. Enhanced mechanical pro-
perties and an improvement in the handling process were
demonstrated as compared to pure PBAT. Notably, the core–
shell membrane was tested to have antibacterial activity
against S. aureus, at 99.8%, antiviral properties against influ-
enza at 99.79%, and human coronavirus at 99.99%, and
enhanced surface triboelectric properties that provided more
durable and stronger electrostatic filtration capabilities of
98.3%, for PM0.3 even at a low differential pressure of ≤40 Pa.

In an attempt to utilize a by-product of naturally occurring
materials, Fan et al. electrospun aligned zein nanofibers
(zNFs) using zein Pickering emulsion onto a uniquely
designed collector plate.88 Before electrospinning, the silver
nanoparticle (AgNP)–paper towel (PT) microfiber substrate was
fabricated by in situ reduction to ultimately acquire the zNFs–
Ag@PT filter. AgNPs endowed the zNFs–Ag@PT filter with an
effective broad-spectrum of antimicrobial activity, excellent
hydrophobicity and the ability to form thinner nanofibers by
forming an anisotropic electric field to stretch and align zein
fibres during fabrication, thus enhancing the overall filtration
performance of a zNFs–Ag@PT filter by up to 99.3% for PM0.3.
Also using zein, Shen et al. developed a green solution of
phloretin (PL) and chitosan hydrochloride (CS) in water/
ethanol/CMA.89 The solution was utilized to electrospin a fully
biobased bimodal fibrous membrane with antibacterial activity
and efficient air filtration ability. Advantageously, in the green
solution which consists of zein, PL and CS, PL plays a role in
the enhancement of zein and CS chain structures which allows
better electrospinnability, while CS cations improved jet split-
ting to form a bimodal structure. The bimodal structure con-

Table 1 (Contd.)

No. Membrane Remarks Ref.

25 PAN/CNT nanofibrous filter • High removal efficiency: 99.994% for PM0.3 at a low air resistance 49 Pa 73
• High QF: 0.1984 Pa−1

26 SEBS/MWCNT nanofibrous membrane • Resultant strain sensor is versatile and durable 74
27 KCNF/PVA nanofibrous film • Biodegradable and recyclable 75

• Increased hydrophobicity; water contact angle 119 °C
• Enhanced tensile strength

28 ANF/PEI nanofibrous membrane • Permeance: 20.5 L m−2 h−1 bar−1 (THF) and 11.2 L m−2 h−1 bar−1 (acetone) 78
29 FMA-co-BMA nanofibrous membrane • Dynamic covalent crosslinking feature endows membrane with long-term

reusability
76

30 FMA-co-HFBMA nanofibrous membrane • Dynamic covalent crosslinking feature endows membrane with long-term
reusability

80
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sists of a combination of coarse and fine fibres which endows
the nanofibrous membrane with an excellent air filtration per-
formance as coarse fibres allow for sufficient space for airflow
passage while fine fibres ensure filtration of fine particles is
sustained. An optimal ratio of 3% PL and 1% CS in the green
solvent was reported to boost air filtration and antibacterial
performances, where air filtration efficiency reached 99.65%,
at a pressure drop of 57.7 Pa and a quality factor of 0.098 Pa−1.
Here, highly effective, efficient and antibacterial properties
were demonstrated with inhibition rates of 99.9% and 98.1%

against E. coli and S. aureus respectively. The inhibition rates
were maintained even after 30 days.

With these examples, the utilisation of alternative synthetic
but biodegradable polymers in nanofibrous membranes has
shown promising results in air filtration applications due to
comparable performance and functionalities to conventional
nanofiber filter masks. However, more research can be focused
on scaling up and manufacturing processes to allow bio-
degradable nanofibrous membranes to be used as improved
and sustainable versions of respiratory face masks.

Fig. 5 (a) Schematic diagram of the electrospinning and electro-spraying process for the PLA/BC multi-scale fibre membrane. (b) Schematic repre-
sentation of the PM filtration process of the multilayer multi-scale PLA/BC membrane under a humid environment and its characteristics.
Reproduced from ref. 83 with permission from Elsevier Ltd. Copyright 2024. (c) Schematic illustration on the preparation and application of the
PVA–TA nanofibrous membrane. Reproduced from ref. 84 with permission from Elsevier Ltd. Copyright 2021.
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4.2. Water purification

Conventional nanofiltration (NF) or reverse osmosis (RO) mem-
branes used in water treatment are commonly derived from fossil
fuel and typically not recyclable or reusable which ultimately end
up in landfills or incinerators. Interest and research in alleviating
the environmental burden have been picking up in recent years.
The development of biodegradable membranes that incorporate
renewable, biobased or recyclable polymers with similar mechani-
cal and filtration properties to conventional nanofiltration mem-
branes is gaining attention and is currently sought after to
provide a solution towards making the membrane industry sus-
tainable and circular. The following examples elaborate on how
the use of natural and/or biodegradable polymers can be applied
in this field of water treatment.

In a desalination investigation, Sui et al. fabricated biobased
nanofibrous foam for high efficiency solar interface evaporation
to produce clean water.90 Via electrospinning, a hybrid membrane
comprising of cellulose nanofibers and graphene oxide (GO) was
obtained via in situ self-assembly and layer-by-layer assembly
(Fig. 6a). When reacted with NaBH4, it was transformed into a 3D
foam that enhanced the photothermal conversion efficiency, sup-
ported water transport at the gas–water interface and reduced GO
to reduced graphene oxide (rGO). One side of the foam is altered
to be hydrophobic by spray-coating with a fluorocarbon resin (FR),
resulting in a Janus type 3D foam (FR@EC/rGO). The evaporation
rate in a 3.5 wt% NaCl solution reached 1.83 kg m−2 h−1, with an
excellent solar vapour conversion efficiency of 94.2%.

PLA being a well-known biopolymer derived from natural
and renewable sources, is a popular choice of material in the

Fig. 6 (a) Schematic illustration of the fabrication process of Janus FR@EC/rGO foam. Reproduced from ref. 90 with permission from Elsevier Ltd.
Copyright 2024. (b) Schematic illustration of the preparation of superhydrophilic and polyporous nanofibrous membrane (PBCN) via the combination
of loading modified photocatalyst (B–C3N4) and constructing hydrophilic channels in nanofibers. Reproduced from ref. 91 with permission from
Elsevier Ltd. Copyright 2021.

Minireview Nanoscale

6440 | Nanoscale, 2025, 17, 6427–6447 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
K

ud
o 

20
25

. D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

5 
6:

30
:4

3 
PM

. 
 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04673k


fabrication of nanofibrous membranes. Aijaz et al. electrospun
PLA membrane fibres with an average diameter of 700 nm.92

The PLA membrane was subjected to heat treatment at 70 °C
for 45 min to allow fibres to fuse and overlap, thus, improving
its structural integrity while maintaining its hydrophobicity,
porosity and pore size for potential use in membrane distilla-
tion. Heat treating hierarchically structured PLA membranes
increased the liquid entry pressure (LEP) of up to 25 kPa and
enhanced the tensile strength by 1.5 times. More importantly,
the PLA membranes can be completely degraded via alkaline
hydrolysis with 0.4 M NaOH after 30 min. When the mem-
branes were reinforced with PVDF and mesh spacers, a
maximum LEP of 32 kPa and an increased tensile strength of
230% were achieved. The optimized membrane successfully
rejected 99% of salt and ∼2 kg m−2 h−1 flux in the air gap mem-
brane distillation. However, it is important to note that the PLA-
based nanofibrous membranes demonstrated in this study were
unable to withstand high temperatures and extreme flow rates
despite improved membrane performance. Hence, further investi-
gation is to be conducted to optimise its properties for membrane
distillation applications. In a separate study, the pore size of PLA
nanofibrous membranes was minimized using green solvents and
plant-based materials, genipin and priamine.93 A TFC membrane
on a PLA biodegradable nanofibrous support was fabricated
which comprises gelatin as an interlayer to increase hydrophilicity
and adhesion of genipin and priamine. In this process, citric acid
was used as a green catalyst. By varying concentrations of genipin
and priamine, the optimized TFC membrane achieved a high
acetone permeance of 10 L m−2 h−1 bar−1, a low MWCO of 281
Da, a high oil removal efficiency of 99.6% and water permeance
of 5.6 L m−2 h−1 bar−1. The PLA-based nanofibrous membrane is
robust and durable as consistent performance was observed when
it was subjected to continuous crossflow filtration under 30 bar
for 7 days. Additionally, the PLA nanofibrous support was entirely
biodegraded using proteinase K within 10 h.

It is also possible to fabricate durable water purification
membranes from naturally derived materials, as demonstrated
by Li et al.94 A nanofibrous membrane from natural silk nano-
fibers was developed on dopamine-modified cellulose acetate
membrane for dye/salt fractionation with potential use in the
treatment of textile wastewater. Silk nanofibers were extracted
from silkworm cocoons using a green deep eutectic solvent
which consists of choline chloride and oxalic acid. Using the
green deep eutectic solvent, minimal damage is done to the
silk fibres and thus, they can be recycled for future use to
prepare silk nanofibers. The silk nanofibers were self-
assembled onto the dopamine-modified cellulose acetate
membrane via a pressure-assisted deposition process. By opti-
mizing the loading and thickness of the layer, the final compo-
site membrane obtained a water permeance of 26 L m−2 h−1

bar−1 and a high rose bengal rejection of 99%. This composite
membrane exhibited excellent durability by withstanding
100 h of continuously fractioning high concentrations of dye
and inorganic salts with a separation factor of 110.7.

The treatment of organic contaminants in wastewater using
photocatalysts is a promising effort in environmental remedia-

tion due to its simplicity in operation. Typically, solar energy is
used to convert organic contaminants to biodegradable com-
pounds, H2O, CO2 and other inorganic ions. However, under
low light conditions, this process is poorly efficient. On top of
that, easy aggregation is observed and recycling of powder
photocatalyst materials remains a challenge. Xu et al.91 loaded
a modified photocatalyst within membrane nanofibers to
demonstrate excellent performance under low light conditions
(Fig. 6b). They first synthesized a novel graphitic carbon
nitride photocatalyst with a boron-doped and nitrogen-
deficient structure (B–C3N4). The photocatalyst was then
blended with polyethersulfone (PES) and poly(vinylpyrrolo-
done) (PVP) followed by the removal of PVP to obtain a super-
hydrophilic and polyporous nanofibrous membrane (PBCN).
In this investigation, the photocatalytic activity of PBCN was
enhanced by exposing more B–C3N4 sites to diffuse contami-
nant molecules in wastewater under low light. PBCN demon-
strated sustained improvement of photocatalytic activity, thus,
displaying its reusability and stability. A rejection of methylene
blue of almost 100% was achieved after 5 cycles, with an
increased removal rate from 24.85% to 80.6% as each cycle
progressed. Even after 5 cycles, SEM images showed that the
PBCN membrane maintained satisfactory fibrous morphology,
while the FTIR results concluded no change in its chemical
structure. The recent research works discussed in this section
demonstrated upward interest in efforts to reduce further
environmental pollution by incorporating renewable, bio-
degradable, bio-derived polymers and green solvents in fabri-
cating NF membranes in water treatment and purification,
thus, offering a promising road ahead towards building a
more sustainable membrane industry.

4.3. Oil removal

Wastewater containing oil is typically discharged from industries
such as petrochemical, textile, metallurgical, and food. Along
with frequent oil spills, detrimental effects are imposed on the
environment and aquatic species. Polymeric membranes such
as PAN, PVDF and PES are typically used for their excellent
mechanical properties, high separation efficiency and antifoul-
ing capabilities. However, these polymers are derived from non-
renewable fossil fuels, are neither recyclable nor biodegradable,
and are not economically viable to be cleaned and reused for
other purposes. Hence, research is needed to produce eco-
friendly membranes that have comparable mechanical and fil-
tration properties to conventional membranes.

PAN is a conventional thermosetting polymer used in the
fabrication of nanofibrous membranes, however, despite its
superior mechanical properties, it cannot be recycled. On the
other hand, PET is a more economical commodity polymer
than specialty plastics such as PAN, PES and PVDF, especially
in large-scale production for industries. More importantly, in
comparison to PAN, PES and PVDF, PET can be easily recycled.
Doan et al. demonstrated the economical and recyclability of
PET by electrospinning recycled PET (rPET) in a solution of di-
chloromethane (DCM)/trifluoroacetic acid (TFA).95 This solu-
tion is easily collected via vapour condensation for recycling.
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The rPET membranes were functionalized with polydimethyl-
siloxane (PDMS) using a dip-coating method (Fig. 7a). This
enhanced its anti-fouling properties and water intrusion
pressure, while its mechanical and physical properties could
be altered by varying the concentration of PDMS. The
rPET@PDMS membrane also had a high flux of ∼20 000 L m−2

h−1 when testing its filtration efficiency of oil/water mixtures
via gravity. The rPET membranes maintained a high separ-
ation efficiency of >98% for up to 10 cycles, thus, making it
durable and reliable for extended use.

Petroleum-based polyesters are another example of a
polymer obtained through non-renewable sources. This has
led Li et al. to synthesize a high molecular weight polyester
from renewable biomass and to fabricate a nanofibrous mem-
brane from a sustainable alternative source.96 Biomass-based
poly(trimethylene 2,5-furanicarboxylate) (PTF) was synthesized
through a simple and economical direct esterification method.
PTF nanofibrous membranes were fabricated via electro-

spinning (Fig. 7b), with excellent mechanical properties and
customizable fibre diameters. Additionally, these membranes
can be easily scaled up to produce a large membrane of
100 cm × 50 cm. When tested in a gravity-based filtration set-
up, PTF membranes successfully separate oil–water mixed
solutions of carbon tetrachloride (CCl4) with water, saturated
NaCl solution, HCl solution (pH = 1), and NaOH solution (pH
= 13), with a 99.88% separation rate even after 15 cycles.

In an interesting paper published by Zhuang et al., with the
help of cultured bacteria (Gluconacetobacter xylinus), bio-cell-
ulose nanofibers (bio-CNFs) were synthesized in situ and used
in the testing of separating oily wastewater.97 Utilizing 0.75 M
NaOH to purify bio-CNFs via alkali treatment, the surface’s
hydrophilicity was increased and a distinct nanofiber network
structure was achieved. When used for separating a water/
n-hexadecane emulsion stabilized with tween 60, a high separ-
ation efficiency of >99%, a high permeate flux recovery ratio of
>94% after 10 h cycles of filtration, and good anti-oil fouling

Fig. 7 (a) Schematic diagram of fabricating fibrous membranes from recycled PET. Reproduced from ref. 95 with permission from Elsevier Ltd.
Copyright 2020. (b) Schematic illustration of the overall production of PTF nanofibrous membranes. Reproduced from ref. 96 with permission from
Elsevier Ltd. Copyright 2024.
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abilities against nanosized oil droplets were observed in this
stable bio-CNF membrane.

Synthetic petroleum-derived polymeric membranes are
often difficult and expensive to clean after oil removal, thus, it
is frequently disposed of. To combat this issue Mizan et al.
used a biodegradable polycaprolactone (PCL) and sulfonated
kraft lignin (SKL) based membrane prepared via electro-
spinning using an acetic acid solution.98 When modified with
5 and/or 10 wt% SKL, membranes demonstrated superhydro-

philicity and underwater superoleophobicity, due to their
surface roughness and hydrophilic chemical functionality.
These membranes demonstrated excellent pure water flux of
800–900 L m−2 h−1 and emulsion flux of 170–480 L m−2 h−1

when subjected to gravity-driven filtration of three surfactant-
stabilized oil-in-water emulsions (mineral oil/water, gasoline/
water and n-hexadecane/water). Its anti-oil-fouling perform-
ance was also found to produce great results with a high separ-
ation efficiency of 97–99% and a high flux recovery ratio of

Table 2 Performance of sustainable nanofibrous membranes for air filtration, water purification and oil removal

No. Membrane Application Performance markers Ref.

1 PLLA multi-structured network
fibrous membranes

Air filtration • Filtration capabilities: >99.9% for PM2.5 and >99.5% for PM0.3 at a low
pressure drop of 20 Pa

82

2 PLA/BC nanofibrous
membranes

Air filtration • Low pore size: 1.27 µm 83

• Filtration capability: 99.89% for PM0.3 at a low pressure drop of 104 Pa
• Durable filtration efficiency: >99.6% after being exposed to 90% humidity for
120 h

3 PA4-based nanofibrous
membrane

Air filtration • High porosity: >80% 85

• Filtration efficiency: 99.85% for PM2.5
4 PHBV-based nanofibrous

membrane
Air filtration • Excellent filtration efficiency: PM0.3 and PM2.5 of 99.999% and 100% with

0.077% standard atmospheric pressure of 5.3 cm s−1 airflow speed
86

5 PVA/TA nanofibrous membrane Air filtration • Removal efficiency: 99.5% for PM1.0 at a pressure drop of 35 Pa 84
• QF: ∼0.15 Pa−1

6 PBAT/MMT–CTAB nanofibrous
membrane

Air filtration • Electrostatic filtration: 98.3% for PM0.3 even at a low differential pressure of
≤40 Pa

87

7 Zein-based nanofibrous
membrane

Air filtration • Filtration performance: 99.3% for PM0.3 88

8 Zein/PL/chitosan nanofibrous
membrane

Air filtration • Filtration efficiency: 99.65%, at a pressure drop of 57.7 Pa 89

• QF: 0.098 Pa−1

9 Cellulose/GO nanofibrous
membrane

Water
purification

• Evaporation rate in a 3.5 wt% NaCl solution: 1.83 kg m−2 h−1 90

• Excellent solar vapour conversion efficiency of 94.2%
10 PLA-based nanofibrous

membrane
Water
purification

• Salt rejection 99% of salt 92

• Flux: ∼2 kg m−2 h−1

11 PLA/genipin/priamine
nanofibrous membrane

Water
purification

• Acetone permeance: 10 L m−2 h−1 bar−1 93

• Low MWCO: 281 Da
• High oil removal efficiency: 99.6%
• Water permeance: 5.6 L m−2 h−1 bar−1

12 Silk-based nanofibrous
membrane

Water
purification

• Water permeance: 26 L m−2 h−1 bar−1 94

• High rose bengal rejection: 99%
13 PBCN nanofibrous membrane Water

purification
• MB rejection: ∼100% after 5 cycles 91

• Increased removal rate from 24.85% to 80.6%
14 rPET-based nanofibrous

membrane
Oil removal • High flux: ∼20 000 L m−2 h−1 95

• High separation efficiency: >98% for up to 10 cycles
15 PTF-based nanofibrous

membrane
Oil removal • Separation rate: 99.88% even after 15 cycles 96

16 Bio-cellulose nanofibrous
membrane

Oil removal • High separation efficiency: >99% 97

• High permeate flux recovery ratio of >94% after 10 h filtration cycles
17 PCL/SKL nanofibrous

membrane
Oil removal • Pure water flux: 800–900 L m−2 h−1 98

• Emulsion flux: 170–480 L m−2 h−1

• High separation efficiency: 97–99%
• High flux recovery ratio of >98%

18 3D PCL aerogel Oil removal • Sorption range: 25.6–42.13 g g−1 99
• High separation efficiency: >96.4%

19 CS/ChNF/GA biobased aerogel Oil removal • Adsorption capacities: 52–114 g g−1 100
• Retention rate: >90% of its initial capacity even after 20 cycles
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>98%. By incorporating 10 wt% of SKL, the membrane was
proven to be reliable and stable as its separation performance
remained consistent after 10 cycles while maintaining its wett-
ability from pH 1–10.

Apart from flat membranes, aerogels can also be efficient in
separating oil and water due to their large surface area in their
open-cell or open-pore structure. Dong et al. used a gas-inflat-
ing technique to fabricate sustainable 3D PCL aerogels from
electrospun 2D PCL nanofibrous membranes.99 They were
then modified with CH3SiCl3 through a chemical vapour depo-
sition process, to increase its hydrophobicity with a contact
angle of ∼145°, to efficiently trap oil from water with a sorp-
tion range of 25.6–42.13 g g−1, and to achieve a high separ-
ation efficiency of oil mixtures and emulsions of >96.4%.
Additionally, it can be reused by squeezing out excess oil due
to its mechanically robust aerogel structure. After cleaning
with ethanol and re-dissolving in DCM/DMF, it can be refabri-
cated into reconstituted PCL aerogels to be utilized as new oil
absorbents for 5 repeated cycles with insignificant oil absorp-
tion change. Furthermore, the PCL aerogels can be completely
biodegraded due to the hydrolysis of ester bonds. Ye et al. also
developed an ultra-light weight, super elastic and biobased
aerogel using chitosan, chitin nanofibril (ChNF) by directional
freezing, and glutaraldehyde (GA) crosslinking.100 To enhance
its hydrophobicity, its surface was modified with methyl-
trimethoxysilane (MTMS) by chemical vapour deposition. The
optimum mass fraction of chitosan was determined to be
12%, where optimum physical properties were observed. After
500 compression-release cycles, it maintained high resilience
with a deformation recovery rate of 88% in air. Its ability to
absorb a list of organic solvents, such as DCM, chloroform,
DMF and hexane was also demonstrated, thus, making the
nanofibrous membrane chemically resistant. Additionally, it is
highly efficient with adsorption capacities of 52–114 g g−1 with
a retention rate of >90% of its initial capacity even after 20
cycles. Its adaptable pore size under various degrees of com-
pression allows for the effective separation of water/oil emul-
sions of different particle sizes. The aforementioned papers
demonstrated that with more research efforts, a wider range of
biobased polymer materials with biodegradable functionalities
can be utilized in fabricating membranes for efficient separ-
ation of oily wastewater, while still using conventional manu-
facturing methods, and without compromising filtration pro-
perties or durability. Table 2 summarises the sustainable
nanofibrous membranes discussed in section 4.

5. Outlook

The development of sustainable nanofibrous membranes rep-
resents a promising frontier in addressing the pressing
environmental challenges. As the demand for clean water,
fresh air, and sustainable energy continues to grow, these
advanced materials offer a path toward achieving environ-
mental sustainability without performance compromise.
However, realizing the full potential of sustainable nanofi-

brous membranes will require continued innovation and inter-
disciplinary collaboration. One key area of focus is the
advancement of properties and performance of sustainable
nanofibrous membranes. Current approaches, such as
reinforcements and blending, are significant steps forward.
However, further research is needed to enhance the mechani-
cal strength and stability of sustainable nanofibrous mem-
branes. While biopolymers and other sustainable materials
offer environmental benefits, they often face challenges in
matching the mechanical and thermal properties of traditional
synthetic polymers. Enhancing the durability and long-term
stability of these membranes is crucial for their successful
implementation in demanding applications such as water
purification and air filtration. This may involve the develop-
ment of novel composite materials, the incorporation of rein-
forcing agents, or the optimization of the fibre architecture to
achieve the desired scalability, efficiency, and cost-effective-
ness and the balance between sustainability and performance.
In addition, methods should ensure that sustainable nanofi-
brous membranes can be produced at industrial scales
without sacrificing their environmental benefits. Another criti-
cal consideration is the life cycle management of nanofibrous
membranes. As these materials move from the laboratory to
real-world applications, it is essential to design end-of-life
scenarios. This includes developing membranes that can be
easily recycled, safely biodegraded, or repurposed for other
uses, thereby reducing waste and contributing to a circular
economy. The integration of life cycle assessments in the
design and manufacturing process will help identify potential
environmental impacts and guide the development of more
sustainable products. Furthermore, there is an opportunity to
expand the range of applications for sustainable nanofibrous
membranes. While significant progress has been made in
environmental remediation processes such as air filtration,
water purification and oil removal, these materials have the
potential to play a transformative role in other sectors, includ-
ing energy harvesting and storage, medical devices, and bio-
medical applications. The properties of sustainable nanofi-
brous membranes can be manipulated by implementing
renewable additives and specific preparation techniques to
unlock new functionalities while maintaining desirable per-
formance and mechanical properties.

In conclusion, sustainable nanofibrous membranes have
demonstrated excellent potential in global sustainability efforts.
By continued innovations in materials science, manufacturing
processes, and application development, and by fostering col-
laboration across disciplines and sectors, we can pave the way
for a new generation of sustainable technologies to address the
critical challenges of energy, environment and sustainability.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this review.
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