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Environmental Impact of Polymer Fiber Manufacture

Manul Amarakoon, Hussain Alenezi, Shervanthi Homer-Vanniasinkam,
and Mohan Edirisinghe*

This review focuses on the effects on the environment due to the production
of polymer-solvent solutions and the manufacture of polymeric fibers of
thicknesses from a nanometer up to a millimeter using these solutions. The
most common polymeric fiber manufacture methods are reviewed based on
their effects on the environment, particularly from the use of hazardous
materials and energy consumption. Published literature is utilized to analyze
and quantify energy consumption of the manufacturing methods
electrospinning, phase separation, self-assembly, template synthesis, drawing
and pressurized gyration. The results show that during the manufacturing
stage of the lifecycle of polymeric fibers, pressurized gyration is more
environmentally efficient primarily due to its mass-producing features and
fast processing of polymeric solutions into fibers, it also works best with
water-based solutions. Further green alternatives are described such as the
use of sustainable polymers and solvents to enhance the environmental
benefit. Overall, it is shown that the most effective method of curbing the
environmental impact of manufacturing polymeric fibers is the use of
nontoxic, water-soluble polymers along with the evasion of toxic solvents.

1. Introduction

Polymers are long repeating chains of molecules with distinc-
tive material properties, determined by the type of molecules
and their bonding. Polymers are utilized in almost every aspect
of modern human life. For instance, in the making of kitchen
utensils, wearables, vehicle components, and furniture, which
are a fraction of its applications. Synthetic polymeric fibers such
as nylon and polypropylene possess advantageous physical fea-
tures. For instance, they improve mechanical properties and pro-
vide high specific surface area.[1] Synthetic fibers are people-
made fibers primarily derived from petroleum derivatives via
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chemical modification. There are mainly
semicrystalline polymers that are extruded
and drawn in a diverse range of cross-
sectional configurations.[2] More recently,
the use of submicrometer synthetic poly-
meric fibers in medical applications such
as tissue engineering and wound dress-
ings has also been extensively researched.[3]

The versatility in manufacture and pro-
duction processes, along with their broad
range of material properties, significantly
contributes to the increasing use of poly-
mers. It is abstruse to visualize our everyday
lives without polymers or plastics.

Plastics use polymers as their main in-
gredient. However, the application of plas-
tics has serious drawbacks with regard to
the negative environmental effects. There
are many research articles and scholarly
forums on the environmental impact of
plastics and polymers, which is the pro-
duction output. However, the environmen-
tal impact of the extraction of materi-
als for polymers and solvents and the

manufacturing processes of the final polymeric fibers is less dis-
cussed.

Plastic mediums commonly require hundreds of years to dis-
integrate in the natural environment.[4] At present, the world has
shown many environmental issues mainly due to landfill and
plastic pollution. Plastic pollution from a catastrophic disaster in
2021 resulted in 70–75 billion individual plastic pellets from the
sinking X-Press Pearl ship flooding over 300 km of Sri Lanka’s
coast.[5,6] Figure 1 shows the aftermath of the disaster, which re-
sulted in the countless loss of rare endangered marine species,
such as rare turtles. These pellets are similar to those used in
polymeric fiber manufacture methods such as electrospinning
and pressurized gyration, thus it is useful to review and assess the
environmental impact of manufacturing from these processes.

There has been a strong focus on the advancement of the use
and manufacture of biodegradable polymers due to their ability
to easily decompose in the natural environment, which is sig-
nificantly less harmful to the environment.[7] The manufacture
process of biodegradable plastics is similar to regular plastics,
apart from the materials utilized. However, the use of biodegrad-
able polymers is not sufficient to curb the environmental impact
of polymer usage, as they have some drawbacks. For instance,
biodegradable polymers such as polyvinyl alcohol (PVOH/PVA),
and polycaprolactone (PCL) are made from petrochemicals that
play a significant role in global warming.[8] Thermoplastics are
recyclable unlike thermosets, where polymeric fibers are mainly
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Figure 1. Plastic nurdles on the shores of Sri Lanka’s coast after a disaster
in 2021. Reproduced with permission. Copyright 2021, Mark De Silva.

produced using thermoplastics.[9] However, the accumulation of
plastics, along with other materials, is becoming a serious prob-
lem for all countries in the world. These materials occupy a sig-
nificant volumes in landfills and dumps today. Recently, the pres-
ence of huge amounts of plastic fragments in the oceans has
been observed, where a considerable part of them come from the
streets, going through the drains with the rain, and then going
into the rivers and lakes, and then to the oceans.[10] Currently,
more than 99% of plastic is made of fossil fuels and around 19%
of greenhouse gases are produced from fossil fuel extraction.[11]

As of 2019, the lifecycle of global plastic manufacture (from cra-
dle to grave) equated to the effects of 189.5 GW coal powered
stations on the climate.[12] By 2050, the impacts are predicted to
rise to the effects of 615 coal power plants. As a result, there is a
movement around the world for the use of materials that do not
harm the planet. At present, the largest amounts of waste are pro-
duced in human history, where plastics contribute a majority of
it. In 2017, it was estimated that 91% of plastic is not recycled.[13]

The manufacture of plastics has grown exponentially throughout
the years, and it is believed that by 2050, there will be more plastic
in the ocean than fish and microplastics will contaminate 80% of
drinking water.[14]

In 2020, the global production output of chemical fibers was
estimated to reach a value of 80.9 million metric tons, where
a yearly increasing trend is shown and predicted.[15] Chemical
fibers are derived from both organic and synthetic polymers,
where synthetic fibers equated to over 90% of the total production
output in 2020. This paper reviews the production of nanometer
to micrometer scaled polymeric fibers to assess its environmental
impact from the extraction of materials for polymers and solvents
to manufacturing the final polymeric fibers. The study will com-
pare some of the most popular manufacturing processes of poly-
meric fiber of submicrometer external diameter, to assess envi-

ronmental value and further discuss potential green alternatives,
such as the use of hollow polymeric fibers in comparison to regu-
lar fibers. The evaluation criteria focus on the manufacture stage
in the life cycle of polymeric fibers considering manufacturing
processes of polymeric fiber. However, the extraction stage, ma-
terial processing and end-of-life stages of the life cycle are also
explored. The production of hollow fibers utilizing sustainable
polymers and solvents via energy-efficient processes such as pres-
surized gyration may potentially be the most promising route to
mass-produce the greenest polymeric fibers.

2. Production of Synthetic Polymers and Solvents

2.1. Synthetic Polymers

Synthetic polymers are manufactured via chemical reactions
called polymerization, which occur in many forms where they
consist of recurring chemical bindings of individual molecules
(monomers).[16] Variations in parameters such as tempera-
ture and pressure result in different chemical bonds, which
hold monomers together creating polymers. Combinations of
monomers are used to create polymers that show the characteris-
tics of each component, where addition polymerization and con-
densation polymerization are the two main methods of polymer-
ization.

In addition polymerization, basic hydrocarbons such as ethy-
lene and propylene are converted into polymers by adding one
monomer to another in a sequence that continues to elongate.[16]

This is due to the free radicals created as monomers bonding
to the chain, which allows for yet another monomer to join re-
sulting in a recurring procedure, which produces thousands of
monomers that are bonded jointly. Ethylene and propylene are
sort after due to their historical significance in the making of
polymers.[17] They are both derived from petroleum and are of-
ten used in the textile industry and to make plastic bottles, from
the resulting polymers, polypropylene, and polyethylene, respec-
tively.

Both the polymers mentioned above are called additions as
every part of ethylene and propylene are shown in the final
polymers, polyethylene, and polypropylene. A chemical reaction
that only utilizes just a particular component of a monomer is
known as a condensation polymer. This can only take place if the
monomer under consideration possesses two or more reactive
groups to result in the production of a chain.[18] In this proce-
dure, the hydrogen in one monomer attaches to the oxygen of
another monomer to produce water, which is considered a by-
product (condensation). An example of this polymer is Nylon.

Apart from potential hazardous reactions, the polymerization
process itself does not significantly affect the environment di-
rectly in a negative way, in comparison to the extraction of
monomers or the disposal of nonbiodegradable polymers.[19] Wa-
ter is the only emission in condensation polymerization. How-
ever, it can be hazardous in the instance where the reactions are
out of control, causing fire or even explosions. Some materials
are also known to strongly react with water to produce gases,
such as cyanide, which are lethal at low airborne concentrations.
Synthetic polymers mainly obtained from petroleum are a major
environmental concern.[20] The drilling of petroleum can cause
major disruptions to wildlands and habitats, along with potential
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pollution (such as leakage of toxic substances) from active wells
and processing plants. Many polymers consist of various other
chemical substances such as stabilizers and flame-retardants to
enhance the polymer life and properties.[21] These additives may
be released during disposal to contaminate soil, water, air, and
food.

2.2. Solvents

Many of the polymeric fiber manufacture methods such as elec-
trospinning and pressurized gyration require solvents to form
polymeric solutions to produce polymeric fibers.[22] The evapora-
tion of the solvents from the solutions in these methods results in
polymeric fibers. The chemical grouping of solvents is dependent
on their structure, where they are classified as hydrocarbons, oxy-
genated or halogenated solvents.[23] Hydrocarbons such as paint
thinner consist of a “carbon skeleton” in the molecules. Oxy-
genated solvents, such as esters and alcohols, are manufactured
via chemical reactions from oil or natural gases. Halogenated sol-
vents consist of halogens such as chlorine. With the exception of
solvents, which are fermented alcohols, non-aqueous solvents are
produced from fossil fuel sources such as oil and gas.[24] The ex-
traction of these nonrenewable sources has environmental con-
cerns similar to drilling petroleum.

In the making of polymeric fibers, solvents are selected for
polymeric solutions based on previous experience and literature.
However, in recent times, strict safety precautions and regula-
tions need to be considered when handling solvents to assess
their volatilities, along with features such as boiling point. Or-
ganic solvents are effectively classed into either hydrocarbons, al-
cohols, ethers, or chlorinated solvents.[25] In general, many sol-
vents are associated with health hazards due to their toxicity to the
human body.[26] The lipophilic feature of some solvents such as
hexane and toluene deeply enhances the absorption into humans
immediately after dermal contact, inhalation, or oral exposure.[27]

These solvents can badly affect the nervous system along with
other organs such as the kidneys and are known to be highly
flammable based on their volatility. Metabolism and excretion
can occur immediately in the liver and lungs depending on the
type of exposure to the solvent. Depending on the solvent, the un-
metabolized substance can be deposited in human tissue to affect
the human body on a long-term basis. Most organic solvents are
categorized as flammable and when mixed with air some of these
solvents are also known to explode. Solvent vapor is denser than
air, hence the vapor will descend toward the ground and can move
large distances while remaining concentrated.[28] When drawn in
large amounts, many solvents cause an unexpected loss of con-
sciousness, whereas halogenated hydrocarbon solvents such as
chloroform have been used in medicine such as sedatives. Chlo-
roform is commonly used to dissolve polymers such as polylactic
acid (PLA) to produce polymeric nanofiber via methods such as
electrospinning.[29] Here the primary organ which can be affected
is the liver in humans which leads to necrosis from exposure.[30]

It also affects the kidneys causing tubular necrosis and swelling
of the organs, subsequently leading to the growth of tumors in
these organs.[31] These solvents can also lead to long-term health
effects such as cancer. Dichloromethane (DCM), which is com-
monly utilized to produce polymeric fibers, is a potential hu-

man carcinogen and can cause liver cancer when ingested.[32]

Aromatic hydrocarbons such as toluene are also used in paints,
hair dyes, and cleansing agents, where the primary target organ
is the central nervous system which can cause headaches and
cardiac arrhythmia in humans over long-term exposure.[33] All
ethers such as tetrahydrofuran can cause toxicity to blood lym-
phocytes, carcinogenicity along with toxicity to the central ner-
vous system in humans.[34] Alcoholic solvents such as methanol
can also cause permanent blindness or death if accidentally in-
gested. Chronic exposure to solvents in the work environment
can also lead to many neuropsychiatric issues. For instance, a
large number of painters are known to suffer from alcoholism
due to their exposure to alcohol-based solvents in their work
environment.[35] Many organic solvents used in a wide variety of
industries, from paint manufacture to engineering, are known or
suspected to immensely increase the risk of blindness through
the development of cataracts in the eye and also cause loss of
hearing.[36] Furthermore, environmental contamination is also a
major risk from the use of toxic solvents, as solvents can readily
move great distances, where widespread polluting or poisoning
of the soil is not uncommon.

3. Polymeric Fiber Manufacture Methodologies

Many mechanical and chemical methods of polymeric fiber pro-
duction currently exist. Electrospinning (Figure 2) is the most
commonly utilized method for the manufacture of submicrom-
eter polymeric fibers, while phase separation, self-assembly, and
template synthesis have been regularly utilized to produce poly-
meric fibers.[22, 37] The environmental damage and health haz-
ards vary according to each method. This section will review
some of the significant methods of polymeric submicrometer
fiber manufacture. The energy consumption of each method is
estimated considering the forming stages of each method. The
data is representative of published literature referenced for each
method. Power ratings of the actual equipment used in each
method to produce fibers are assessed to calculate energy con-
sumption. However, in the instance where information on the
equipment is lacking in the literature, the energy requirements
are estimated theoretically.

3.1. Electrospinning

There has been much progress in the development of electro-
spinning methods in the last decade, where methods such as
co-axial and two-stream electrospinning evolved. Electrospinning
can be considered as a modified version of melt spinning, where
it utilizes an electric force to produce charged strains of poly-
mer solutions or polymer melts.[38] In the melt spinning process,
the polymer is melted for extrusion and then directly solidified.
However, electrospinning enhances the extrusion process of the
method to obtain thinner polymeric fibers by incorporating elec-
trostatic repulsion. Fibers of various configurations have been
produced using over a hundred individual polymers.[39] However,
the development of “green” electrospinning methods remains a
challenge mainly due to many polymers used not being water-
soluble and a low supply of non-charged polymers that are water-
soluble.[40] The majority of water-soluble polymers consist of
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Figure 2. Schematic illustration of a simple electrospinning set up to produce nanofiber.

charged polyelectrolytes, where the viscosities of polyelectrolyte
solutions (where salt is not present) are known to be higher due to
like charges repelling each other, in comparison to neutral poly-
mer solutions consisting of the same polymer concentration.

Much of the published literature on electrospun polyelec-
trolytes (solutions), regardless of the presence of salt, utilizes
toxic solvents that are harmful to the environment in the spin-
ning process.[41] The method requires vaporization of the solvent
to result in polymeric fibers, where the solvent vapor can cause
harm, unless a nonhazardous solvent is utilized in the process.
More research is required to be undertaken on either consid-
ering the choice of polymer for the selected application or the
identification of a less harmful solvent and the optimization of
electrospinning conditions. Although water-based polymers will
have the lowest impact on the environment, these are mechan-
ically weak and disintegrate rapidly in the environment.[42] Re-
gardless, there are applications for the use of water-soluble poly-
mers rather than solvent-based polymers. For instance, PVA has
been electrospun to form filter media membranes for air filtra-
tion applications.[43] However, there is still a requirement to im-
prove the efficiency and effectiveness of producing air purifica-
tion filters using this method.[44] PVA and other water-soluble
polymers have also been used to produce oral rapid drug release
carriers via electrospinning.[45] Perhaps the least toxic method of
electrospinning is melt electrospinning, which does not utilize
any solvents.[46] Instead, it makes use of heat to melt the polymer
for electrospinning, which significantly reduces potential harm
caused by toxicity. Electrospinning in general requires high volt-
ages via power units to produce fibers, which subsequently drives
up the energy consumption of the process. The use of heat to melt
polymers may further add to the already high amount of energy
required to produce fibers. There is also a challenge to produce
fibers in the nanoscale using melt electrospinning in comparison
to solution-based electrospinning where nanofiber can be more
easily spun. More focus is required on the optimization of the
melt electrospinning process to produce fibers where there are
some reports of success.[47]

A 2021 report by researchers at Columbia University elabo-
rates a “green electrospinning” technique that reduces the ejec-
tion of hazardous material into the environment along with the

mitigation of other risks.[48] Electrospun fibers may also contain
traces of solvent after production where the FDA classes some
solvents used for electrospinning such as DMF as restricted for
use in pharmaceuticals.[49] According to the report, this green
process is scalable and ecoconscious and uses acetic acid in-
stead of traditional solvents like DMF and water-soluble poly-
mers. These green electrospun fibers are incorporated with ce-
ramic nanoparticles and the study concludes that this makes
the fibers better than traditionally electrospun fibers in multiple
ways. Seemingly, this would reduce negative manufacturing ef-
fects by up to six times and improve the mechanical properties
of the resulting fiber itself. However, although less volatile, more
concentrated acetic acid can also be harmful to humans. To assess
the energy consumption of electrospinning, the use of acetic acid
in the green electrospinning method described in the report by
Columbia University was analyzed to evaluate the overall energy
consumption of the method as shown in Table 1. The incorpora-
tion of ceramic nanoparticles was ignored to evaluate the energy
consumption of the green electrospinning process in its most ba-
sic form. The Vortex Genie 2 speed mixer utilized in this exper-
iment used a voltage of 120 V along with a current of 0.95 A.[50]

The solvent (acetic acid) was added to the polymer (PLGA/PCL)
where it was vortexed for at least 1 h. A standard syringe pump
controller such as the Harvard Apparatus PHD 4400 has a power
rating of 75 W.[51] It is assumed a device with a similar power
rating is used to produce a flow rate of 0.75 mL h−1 in this step.
The calculations in Table 1 estimate the energy consumption to
spin 1 mL of polymeric solution using this method. The solution
in the study was exposed to a voltage of 10 kV. A typical high-
voltage power supply would carry a current of around 3 mA to
produce an output voltage of 10 kV.[52]

3.2. Phase Separation

The phase separation method involves the production of two
phases from a homogeneous mixture. Phase separation meth-
ods such as the nonsolvent induced separation (NIPS) method
and the thermally induced phase separation (TIPS) method have
been used to produce polymeric fibers. Phase separation is more
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Table 1. Energy consumption estimate of electrospinning.

Step of method Energy consumption

Spinning of solutions Power (P) = Voltage (V) × Current(I)
P = 120 × 0.95
P = 114 W
Energy (E) = Power(P) × time(t)
E = 114 × (60 × 60)
E = 410400 J

Syringe pump infusion Flowrate (mL s−1) = 0.75/(60 × 60)
Flowrate = 2.0833 × 10−4 mLs−1

Time (t) = 1/(2.0833 × 10−4)
t = 4800 s
E = P × t
E = 75 × 4800
E = 360000 J

Power unit P = V × I
P = 10000 × 0.003
P = 30 W
E = P × t
E = 30 × 4800
E = 144000 J

Total = 9.14 × 105 J

commonly utilized to produce membrane technology such as
hollow fiber membranes.[53] In NIPS, the polymer–solvent so-
lution is placed in a coagulation bath containing a nonsolvent.
Once immersed, mutual diffusion between the solvent and non-
solvent leads to phase separation due to the change in compo-
sition which results in polymer precipitation and membrane for-
mation. Thermally-induced phase separation involves the manip-
ulation of the solubility of polymers by lowering the temperature
as the polymer separates out of their solvent. Initially, the poly-
mer is required to be dissolved into a solvent at a high tempera-
ture before being solidified via freezing (gelation). The dissolving
is typically done at a temperature higher than the melting point
of the polymer to produce a homogenous mix.[54] The gelation

is considered to be the most difficult step in the process as the
porosity and morphology need to be controlled.[55] The polymer
solution also needs to be cast in fiber form when cooling to ob-
tain fibers while the solvent is extracted. Freeze-drying is often
utilized to obtain optimum porosity where this step can last up to
1 week.[56] Due to the requirement of gelation and freeze drying
to obtain porosity, this method requires a considerable amount of
energy for fiber manufacture as it involves the manipulation of
temperature. Toxic solvents such as dimethylformamide (DMF)
and dimethylacetamide (DMA) are commonly used to dissolve
petroleum-based polymers using this method.[57] However, only
a few polymers such as PLA have been utilized to produce fibers
with phase separation.[58]

A French report presents an environmentally improved phase
separation method that makes use of supercritical carbon diox-
ide for drying instead of freeze-drying.[59] Figure 3 portrays a
schematic diagram of the method in this report, which incorpo-
rates the use of supercritical CO2. A Life Cycle Assessment of
the traditional method in comparison to this new method has
shown a 50% reduction in environmental impact according to
the study. To assess the energy consumption of the method de-
scribed in this report, the processes of the technique are tabulated
as shown in Table 2. The study utilized PLA which was magnet-
ically stirred with 1,4-dioxane at 50 °C to obtain a concentration
between 5% wt to 10% wt.[59] Due to the requirement of heat to
mix the solution, it is assumed that a hot stirrer is used for this
step rather than a vortex speed mixer. It is also assumed the solu-
tion was stirred for at least an hour, similar to the electrospin-
ning method using a standard 500 W magnetic hot stirrer.[60]

Water was then added to the solution for the phase separation
process, where 1 mL samples of the solution were then cooled
to −20 °C, −80 °C, and −196 °C. 1,4-Dioxane has molar heat ca-
pacity of 150 65J mol−1K−1. Since the solution is relatively dilute,
where the solvent dominates the solution, it can be assumed that
cp ≈ cp,solve, where "cp" is the (molar) heat capacity of the mix-
ture and" cp.solve" is the molar heat capacity of the solvent. 1,4-
dioxane has a density of 1030 kg m−3 and it is assumed that the
polymeric solution has a density close to this value considering

Figure 3. Schematic illustration of phase separation process including the use of supercritical carbon dioxide.

Macromol. Mater. Eng. 2022, 307, 2200356 2200356 (5 of 20) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200356 by T

est, W
iley O

nline L
ibrary on [16/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Table 2. Energy consumption estimate of phase separation.

Step of method Energy consumption

Mixing of solution E = P × t
E = 500 × (60 × 60)
E = 1800000 J

Sampling cooling 1,4-dioxane has a heat capacity of 150.65 J mol−1K−1

and a molar mass of 88.11 g mol−1.

cp = 150.65Jmol-1K-1

88.11gmol-1

cp = 1.71 Jg−1K−1

To cool samples to −80 °C from 50 °C:
Q = mcpΔT
Q = 1.03 × 1.71 × 130
Q = 229 J

Cold storage E = P × t
E = 8000 × (12 × 60 × 60)
E = 345.6 × 106 J

Cold storage after
ethanol submersion

Assuming minimal power consumption (at 100 W):
E = P × t
E = 100 × (2 × 60 × 60)
E = 720000 J

Autoclave PLA has a specific heat capacity of 1800 Jkg−1K−1.
Q = mcΔT
Q = 1.03 × 10−3 × 1800 × 31
Q = 57.5 J

Application of
pressurized CO2

E = P × t
E = 75 × 1000 × (4 × 60 × 60)
E = 1.08 × 109 J

Total = 1.43 × 109 J

the solution is relatively dilute. Therefore, a volume of 1 ml of
the polymeric solution should have a mass of around 1.03 g. Af-
ter cooling the samples were left at the above conditions in cold
storage for 12 h, before being soaked in liquid nitrogen for at
least 5 min. Ultralow temperature (ULT) freezers are typically uti-
lized for biomedical processes such as cold storage. Typical ULT
freezers have a power consumption of around 8 kWh per day at
a temperature of −80 °C.[61] The samples were then submerged

in ethanol precooled to −20 °C, to extract the solvent in a 2 h cold
storage at 4 °C. Domestic fridge power consumption is typically
between 100 and 250 W.[62] To conclude, the samples were left in
an autoclave at 35 °C and pressurized with CO2 at 15 MPa for 4 h.
The energy consumption of this step of the process is estimated
considering the specific heat capacity of PLA. It is assumed that
the samples were immediately placed in the autoclave after re-
frigeration. The liquid CO2 was preheated with the use of a heat
exchanger before being continuously pumped with the use of a
high-pressure membrane pump at a rate of 1 kg h−1. The high-
pressure pump used in this study (Milton Roy Europe) has a max-
imum motor power of 75 kW.[63] According to the specifications
of the pump, the pump would have to perform on maximum mo-
tor power to deliver a liquid CO2 flow rate of 1 kg h−1.

3.3. Self-Assembly

As the name suggests, this involves molecules arranging into
patterns via noncovalent forces such as electrostatic reactions and
is also one of the bottom-up material production processes.[22] It
(see Figure 4) is considered to be a good method to produce fibers
lower than 100 nm where the primary mechanism depends on
intermolecular forces. It also makes use of gelation where the
polymer solution is maintained at the gelation temperature
before the solvent is removed resulting in the formation of
polymeric fibers. The main limitation of this process is the
complexity along with low productivity and lack of control of
fiber dimensions.[58] It is also limited to fibers that can be formed
from active molecules that can self-assemble spontaneously.[64]

Therefore, the material choices to produce fibers using this
method are limited. Its environmental effects are similar to
phase separation due to the similarity of the gelation process
and the use of solvents in both methods.

When estimating the energy consumption of this process,
it can be assumed that the magnetic stirring, gelation, and
solvent removal steps of the process will have a similar energy
consumption in the cooling steps as shown in the phase sepa-
ration method. Assuming the same polymer and solvent with
the same consistency as were used as in Table 2 an estimated

Figure 4. Self-assembly process.
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Figure 5. Template synthesis process.

total energy consumption of 348.12 × 106 J is deduced for the
self-assembly method. The types of interactions dictate the
intermolecular forces. Van der Waals forces, electrostatic inter-
actions, hydrophobic and hydrogen bonding are the primary
drivers of self-assembly. Intermolecular forces are ubiquitous in
nature. However, these forces can be obtained by other means.
For instance, to obtain electrostatic interactions, ions can be
produced by methods such as electron ionization to charge
atoms or molecules in preparation for self-assembly. Consider-
ing such methods used to produce intermolecular forces may
significantly further drive up the total energy consumption of the
self-assembly method. For example, when using field-directed
assembly, an electric field is used to promote interactions be-
tween nanoparticles into long continuous chains.[65] Depending
on the equipment used, along with the time and magnitude,
the voltage is maintained for during this step of the process, the
total energy consumption will be larger than 348.12 × 106 J.

3.4. Template Synthesis

This process (Figure 5) incorporates the use of chemical or elec-
trochemical oxidative polymerization to produce fibers of differ-
ent materials such as metals and polymers.[22] It employs the
use of a template (or cross-sectional mold) of the required ma-
terial and structure to produce polymeric fibers. When produc-
ing polymeric nanofibers, a metal oxide template or membrane
with submillimeter scaled pores is utilized to extrude fibers by
passing the polymeric solution through one side of the mem-
brane to get in contact with the solidifying solution on the other
side (as shown in Figure 5). A drawback of this method is that
it is incapable of achieving long fiber lengths, although multi-
ple diameters are feasible to obtain by changing the templates.
Regardless of this drawback, template synthesis is the most com-

Table 3. Energy consumption estimate of template synthesis.

Step of method Energy consumption

Preparation of polymeric solutions E = P × t
E = 500 × (60 × 60)
E = 1800000 J

Synthesis of fibers E = P × t
E = 90 × 30
E = 2700 J

Total = 1.80 × 106 J

monly utilized method to manufacture fibers and hollow carbon
fibers.[66] The water pressure is the primary driver of extrusion to
form fibers in this process. Therefore, it is a relatively less energy-
consuming method in comparison to most of the other methods
listed in this section. However, the need for solvents remains.

A 2002 expeirment to produce polyacrylonitrile (PAN) fibers
using template synthesis is analyzed in Table 3 below to estimate
its overall energy consumption.[67] PAN (10.976 g, Mw = 120 000)
was dissolved in DMF (50 mL) with stirring at 70 °C to form an
18 wt% precursor solution. A mixture of 40 wt% DMF and 60
wt% deaerated Milli-Q water was used as the solidifying solu-
tion. It is assumed a standard 500 W magnetic hot stirrer was
utilized in this process, to stir both solutions at the same time in
an hour. The fibers were synthesized by subjecting the polymeric
solution to a water pressure of 0.1 MPa with the use of a water
pump. An anodic aluminum oxide membrane with a pore diam-
eter of about 102 nm was used as a template. A standard pres-
sure booster pump to produce a pressure of 0.1 MPa requires a
wattage of 90 W.[68] It was assumed that a similar device was uti-
lized in the experiment and the solution was subject to a pressure
for no more than half a minute.

Macromol. Mater. Eng. 2022, 307, 2200356 2200356 (7 of 20) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. Drawing method to produce fibers.

Table 4. Energy consumption estimate of drawing method.

Step of method Energy consumption

Production of 20% PVA solution for drawing. E = P × t
E = 6 × (24 × 60 × 60)
E = 518400 J

Total = 5.18 × 105 J

3.5. Drawing

This process (see Figure 6) has the ability to produce long lengths
of fibers in a single process, where the process just needs a
micropipette to draw out polymeric fibers from either a poly-
mer solution or melted polymer.[69] The solvent is evaporated
by extrusion which causes high surface area, however, a cooling
step might be necessary in the case of melt extrusion. The pro-
cess can be slow as the micropipette gently pulls the liquid at a
very low speeds of around 10−4 m s−1 to extrude fibers one at a
time.[22] This is repeated several times to draw fibers from the
same droplet of polymeric solution. Another limitation is that
only materials that are viscoelastic and can withstand stresses and
strains of drawing can make use of this process. Regardless of
these drawbacks, this technique is a very energy efficient method
in that a polymeric solution is used instead of melt extrusion. Ta-
ble 4 estimates the energy consumption of an experimental study
from 2011, where the finest PVA fibers were drawn at a rate of
0.03 m s−1 from a polymeric solution concentration of 20%.[70]

Due to the water solubility of PVA, it is assumed a magnetic stir-
rer is used for 24 h to produce the solution for this process. A
standard 6 W magnetic mixer with no heating is assumed to have
been used for this part of the process.[71]

3.6. Gyration Methods

Gyration-based methods such as centrifugal spinning and pres-
surized gyration (PG) primarily make use of the centrifugal force
from the rotation of the vessel to extrude polymeric fibers out of
the nozzles in the vessel.[72] In PG, the simultaneous application
of gas pressure helps fiber generation (see Figure 7). These meth-
ods make use of solvents to produce fibers, except in the case of
pressurized melt gyration where it uses polymer in liquid state
rather than in a polymer–solvent solution.

Pressurized gyration (and centrifugal spinning) is one of the
few methods that has the ability to mass-produce submicrome-

ter diameter polymeric fibers swiftly.[73] This is subsequently a
more energy-efficient technique in comparison to most of the
other processes currently utilized. This method can make use of
all of the polymeric solutions in the vessel to convert to fibers
within a minute of the system starting to run. This also con-
tributes to making its power usage considerably lower in com-
parison to other methods. A 2019 study in fluid behavior during
the use of polyethylene oxide (PEO) and deionized water to man-
ufacture via pressurized gyration is analyzed as shown in Table
5.[74] The application of pressure is ignored in this energy esti-
mation, as nitrogen gas from a cylinder is manually released via
a pressure control valve, which does not require any energy in-
put. The study claims a magnetic stirrer at ambient temperature
was utilized in this process for 24 h. A standard 6 W magnetic
mixer with no heating is assumed to have been used for this
part of the process. A typical electric motor capable of produc-
ing enough torque to spin the vessel of the pressurized gyration
system up to 10 000 rpm has a power rating of 21.2 W.[75] A 2019
study claims that the method produces a yield of 3.2 kg of fiber
an hour (0.89 g per second) when running at full speed.[76] PEO
is utilized to produce solutions of multiple weight percentages,
where 21% wt was the largest percentage. This would equate to
0.21 g of PEO in 1 mL of solution at 21% concentration. In theory,
0.21 g of polymer requires less than 1 s for extrusion into fibers,
as the paper suggests a yield of 3.2 kg h−1 was achieved. However,
it is assumed that the motor is run for around 30 seconds for all
of the polymeric solution to be used during the gyration process.

4. Comparison of Fiber Manufacture Techniques

The UK hosted the 26th UN Climate Change Conference of the
Parties (COP26) in Glasgow on the 31st of October 2021. The
COP26 summit brought groups together to accelerate action
towards the goals of the Paris Agreement and the UN Frame-
work Convention on Climate Change. Energy consumption,
and in particular the burning of fossil fuels, is the main source
of human-induced greenhouse gas emissions.[77] According
to published literature, there are more attempts to improve
the environmental effects in electrospinning than in any other
polymeric fiber manufacturing method. Perhaps this is due to
this method having the most room for improvement, along with
it being the most commonly used method to fabricate polymeric
fibers. Table 6 reviews the potential environmental effects con-
sidering the hazards, energy consumption, and efficiency of each
method discussed. The environmental impacts are color coded

Macromol. Mater. Eng. 2022, 307, 2200356 2200356 (8 of 20) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. Pressurized gyration system.

Table 5. Energy consumption estimate of pressurized gyration.

Step of method Energy consumption

Preparation of polymeric solution E = P × t
E = 6 × (24 × 60 × 60)
E = 518400 J

Gyration of the vessel E = P × t
E = 21.2 × 30
E = 636 J

Total = 5.19 × 105 J

according to a hazard scale, along with the score for efficiency to
obtain a final score to compare each method.

The energy consumed only during the actual manufacture of
fibers including the dissolving of polymer into solvents for each
method was evaluated. Energy in dissolving polymers to solvents
can also take up to days for some polymeric solutions, depending
on concentration. However, the assumption was made that this
step of the method was the same in terms of energy consumed
for each of the methods, to maintain an unbiased analysis. Due
to lack of information, humidity and temperature control were
neglected when evaluating energy consumption of all methods,
however, these can be two major variables in controlling fiber
morphology and properties.

Electrospinning required an estimated total of 9.14 × 105 J.
This however can vary depending on the parameters, such as volt-
age, volumes of polymeric solution, and flowrate used to spin
fibers. The investigation made use of relatively high voltages,
whereas some polymers are spun at lower voltages, and may also
require lower flow rates. These parameters will affect exactly how
much energy is consumed in these methods. The time under
which the solutions are exposed to electricity, during manufac-
ture, is an important factor for the energy consumption in this
process. The amount of solution used along with the flow rates
considered for electrospinning will primarily dictate the amount

of time required. The method was judged to be moderately haz-
ardous but reliable overall regardless of the difficulties associated
with the use of the technique due to its efficiency.

Phase separation was shown to be the most energy-consuming
method. Table 6 shows that this method was the least scoring
considering its hazards and overall efficiency. The energy estima-
tion of the phase separation method also only took into consid-
eration the actual energy required theoretically to cool the sam-
ples to −80 °C, considering the specific heat. The information
regarding the appliance used for this step of the process was
not indicated. In reality, this step of the process will consume
more energy when taking the power rating of the equipment of
the cooling process is taken into account. The length of time the
samples were left in low temperatures significantly impacted the
energy consumption as this step of the process can take up to a
week in some cases under different freeze-drying temperatures.
In addition, the use of the autoclave along with pressurized CO2
drastically increased power consumption. However, according to
the 2018 study, the use of supercritical CO2 is said to have up
to a 50% reduction on the effect of the environment than the
conventional method. This indicates that the traditional method
of phase separation may produce an even higher environmen-
tal impact than the use of supercritical CO2. Supercritical fluids
are considered green solvents as it is used in extraction processes
and abide by the principles of green chemistry.[84] However, the
use of supercritical CO2 seems to require a vast amount of en-
ergy due to the use of a high-pressure membrane pump and is
also not the simplest route due to the other complications.[85, 86]

Besides this, the actual energy consumption estimation for this
method is most likely higher, mainly due to the evaluation of ther-
mal energy to increase or decrease temperature of only the poly-
meric solution. The use of the equation heat energy = (mass ×
specific heat × change in temperature), estimates the energy re-
quired to change the temperature of the polymeric solution in an
ideal 100% efficient scenario. A more accurate measure is to as-
sess the power rating of the equipment used in this step of the
process for the phase separation method, where instead thermal

Macromol. Mater. Eng. 2022, 307, 2200356 2200356 (9 of 20) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200356 by T

est, W
iley O

nline L
ibrary on [16/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Table 6. Comparison of methods (Hazard scale—low (4), moderate (3), high (2), very high (1)). Efficiency scale 1 to 5, where 5 is the most efficient.

Production method Energy Analysis Hazard Efficiency Score

Electrospinning 9.14 × 105 J The use of very high voltages, along with potentially hazardous solvents can
be highly dangerous, unless the correct safety precautions are
followed.[78] Due to flowrates being small, the method takes time to
produce polymeric fibers from the same amount of solution in
comparison to methods such as pressurized gyration.[79] In comparison,
this subsequently results in high power consumption. Other issues also
include solution clogging the needle.[80] Scaling up this method for mass
production can cause the overall equipment to be more complex and
expensive.[58]

3 4 12

Phase separation 1.43 × 109 J The use of solvents, along with extreme temperatures and pressures can be
highly hazardous. Furthermore, this method remains a laboratory scale
process despite its simplicity.[81]

It is only limited to a few polymers.[82]

Temperatures need to be varied which subsequently require more energy to
do so.

1 2 2

Self-assembly 348.12 × 106 J Similar to phase separation, the use of solvents, along with extreme
temperatures and pressures can be highly hazardous. The necessity of a
cooling procedure in the instance of melt spinning may require more
energy usage that in the case of dry spinning.

The complexity of the procedure influences the low efficiency score.[69]

2 2 4

Template synthesis 1.80 × 106 J The requirement of solvents for the extrusion process can be hazardous.
Regardless, it can be argued that this method is a simple and
environmentally friendly technique of producing fibers, as water pressure
is the primary driver of producing the fibers via extrusion. However, the
method cannot produce long continuous fibers.[82]

4 3 12

Drawing 5.18 × 105 J The requirement of solvents for the drawing process is hazardous. However,
it has the potential to draw fibers from a polymer melt rather than a
polymer solution, although the melting of polymers will cause the overall
energy consumption due to manufacture to rise.[69] However, drawing is
probably the simplest method of producing long single polymeric fibers
that require the least energy, as all it requires is a micropipette to draw
fibers.[82] However, the very low productivity is a major disadvantage.[22]

4 1 4

Gyration methods 5.19 × 105 J The requirement of solvents to process fibers can be environmentally
hazardous. It can be argued that the mass-producing features and fast
processing of polymeric solutions into fibers can be make this the more
environmentally advantageous method.[83] The pressurized gyration
method works best with water soluble polymers. This method can deliver
a very high quantity of fibers within a minute whereas other methods
discussed can take up to days.

4 5 20

energy was assessed using the heat energy equation in Table 2.
Similar to phase separation, the self-assembly method also re-
quires changes in temperature and storage at low temperatures,
which makes this method more energy consuming. An estimated
348.1 × 106 J of energy is required to produce polymeric fibers
using this method, where the estimation did not include the en-
ergy required for potential methods to promote the interaction
between atoms and molecules. Considering such processes for
the self-assembly method would most likely show a higher esti-
mation of the energy consumed.

At 1.8 × 106 J and 5.18 × 105 J respectively, template synthesis
and drawing require low amounts of energy to produce fibers.
However, in the instance that only ambient temperatures are re-
quired to stir polymeric solutions, these methods are likely to re-
quire even lower amounts of energy than electrospinning and
pressurized gyration. Pressurized gyration and template synthe-
sis are probably more convenient to produce fibers, due to its

relatively quick production of fibers in comparison to drawing
or electrospinning. However, electrospinning scores more than
template synthesis in the efficiency scale on Table 6 as template
synthesis cannot produce long fibers. Considering the drawbacks
of the methods evaluated in this study, gyration-based methods
show the most promise in delivering fibers efficiently and for
an environmentally friendly bias. This is mainly due to its fast-
processing features and relatively simple procedure in producing
fibers.

Figure 8 displays an energy comparison pie chart to produce
polymeric fibers from each method listed previously. It is shown
that self-assembly, template synthesis, drawing, and gyration-
based methods combined only require a very small fraction (less
than 0.3%) of the amount of energy in comparison to phase sep-
aration. However, considering the total lifecycle for polymeric
fibers manufacturing methods may show different results in
terms of energy consumed in their total cycle. For instance, when
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Figure 8. Energy consumption comparison to produce fibers from 1 mL of polymeric solution (in KJ).

considering the process of obtaining nitrogen gas via fractional
distillation of liquid air, the overall energy consumption of pro-
ducing polymeric fibers using pressurized gyration may be sig-
nificantly higher.[87] However, nitrogen is not essential and pres-
sure can be imparted using compressed air. Taking into consid-
eration parameter control techniques, such as a dehumidifier
for humidity control (which can be critical to produce polymeric
fibers with desired characteristics), can further elevate energy
consumption during manufacture.

5. Cost Assessment of Polymeric Fiber
Manufacture Methods

The average electricity costs in the UK are at 21.0 p kW h−1 as of
March 2022.[88] Considering this and the amount of time taken to
complete each step of the polymeric fiber manufacture methods,
the energy cost to produce fibers is estimated as shown in Table 7.
1 kWh equates to 3.6 × 106 J, therefore, the costs are estimated by
dividing the energy values in Joule by 3.6 × 106 and multiplying
this value by the unit cost of electricity in the UK (£0.21 kW h−1).

The cost estimations are likely to be higher in real situations
when considering other parameters involved, such as controlling
temperature and humidity. Also, other factors such as method of
stirring polymeric solutions can play a significant role in deter-
mining the energy and cost requirements. Regardless, the over-
all cost ratios of the methods would be more or less the same as
shown in Figure 9. Considering the cost estimations are to pro-
duce polymeric fibers from 1 mL of solution, it can be shown
that pressurized gyration is the most cost-effective and efficient
technique to mass-produce polymeric fibers.

It is forecasted that the UK increases electricity costs, where
it would rise from £0.21 kW h−1 to £0.28 kW h−1 by April
2022.[88] As of 2020, the majority of energy to generate electricity
is sourced from gas which has shown an exponential rise price
since 2020 and accounted for 80% of the total electricity cost in
the UK.[89] According to the 2021 energy brief, 56.9% of the UK’s
power grid is generated by nonrenewable energy sources such
as fossil fuels and nuclear energy.[90] However, the use of non-
renewable energy sources has shown a decline in recent years
in the UK, although, on a global scale, renewable energy is still
dwarfed by fossil fuel power. Considering recent world events,

thenergy costs are estimated to further increase globally. This fur-
ther justifies the need to deliver energy-efficient means of mass-
producing polymeric fibers.

6. Future Perspectives for Green Alternatives

Ironically, the use of biodegradable plastics does not seem to solve
ocean-related pollution problems, as these types of plastics do not
decompose in ocean waters due to cold ocean temperatures.[91]

As a result, they usually end up either floating or disintegrating
to microplastics, which endangers marine life. It is also difficult
to conclude that bioplastics are more environmentally friendly
than regular plastics when considering all aspects of their life cy-
cle including the use of land and pesticides, along with energy
consumption, emission of greenhouse gases, and recyclability.[92]

As researchers are focused on developing greener methods of
manufacture, biopolymers itself may not hold promise to support
the reduction of plastic pollution, along with the reduction of the
carbon footprint. Therefore, it can be suggested that biodegrad-
able polymers cannot resolve all pollution issues. Hence, to re-
fine polymeric fiber production, the application of naturally de-
rived polymers, additives, and other solutions need to be taken
into consideration in the manufacture of fibers.[93]

6.1. Bioplastics and Biodegradable Plastics

There are various origins for natural polymers, where as far as
the biomaterials field is concerned, natural polymers are sourced
from microorganisms, plants, and animals. Due to the bene-
fits, natural polymers offer, especially environmentally, they are
a considered good substitute for fiber production, especially for
biomedical-related applications. Some of the major benefits of
utilizing natural polymers are the fast integration onto wounded
sites and resemblance to the host tissue, along with its biocom-
patibility and biodegradation. It also has the potential to degrade
by enzymes and the capacity to react with biological structures in
a controlled method.[94] At present, there are a large number of
natural polymers that are compatible with current polymer fiber
manufacturing methods, which have been extensively researched
in the recent past.[37]
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 14392054, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200356 by T

est, W
iley O

nline L
ibrary on [16/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Table 7. Cost evaluation of polymeric fiber manufacturing methods to produce fibers from 1 mL of polymeric solution.

Method Step of the process Cost calculations

Electrospinning Spinning of solution 410000 ÷ 3.6 × 106 = 0.114 kWh
£0.21 × 0.114 = £0.024

Syringe pump infusion 360000 ÷ 3.6 × 106 = 0.1 kWh
£0.21 × 0.1 = £0.021

Power unit 144000 ÷ 3.6 × 106 = 0.04 kWh
£0.21 × 0.04 = £0.008

Total £0.053

Phase separation Hot stirrer 1800000 ÷ 3.6 × 106 = 0.5 kWh
£0.21 × 0.5 = £0.105

The cooling step cost calculations exclude the energy required to cool the polymeric solution
before storage in an ultralow temperature freezer

345.6 × 106 ÷ 3.6 × 106 = 96 kWh
£0.21 × 96 = £20.16

Ethanol cold storage 720000 ÷ 3.6 × 106 = 0.2 kWh
£0.21 × 0.2 = £0.042

Use of supercritical CO2, where the energy used to maintain a temperature of 35 °C is
ignored in the calculation.

1.08 × 109 ÷ 3.6 × 106 = 300 kWh
£0.21 × 300 = £63

Total £83.31

Self-assembly The self-assembly process requires a total energy cost of £20.307, as previously assumed stirring, gelation and solvent removal steps of the
phase separation process used for this technique.

Template
synthesis

Hot stirrer 1800000 ÷ 3.6 × 106 = 0.5 kWh
£0.21 × 0.5 = £0.105

Pressure booster pump 2700 ÷ 3.6 × 106 = 0.00075 kWh
£0.21 × 0.00075 = £0.0002

Total £0.1052

Drawing Hot stirrer 518400 ÷ 3.6 × 106 = 0.144 kWh
£0.21 × 0.144 = £0.03

Gyration-based Hot stirrer 518400 ÷ 3.6 × 106 = 0.144 kWh
£0.21 × 0.144 = £0.03

Motor 636 ÷ 3.6 × 106 = 0.00018 kWh
£0.21 × 0.00018 = £0.000038

Total £0.03

Figure 9. Cost comparison of fiber production methods.

Macromol. Mater. Eng. 2022, 307, 2200356 2200356 (12 of 20) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200356 by T

est, W
iley O

nline L
ibrary on [16/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

In general, biopolymers are thought to be ecofriendlier than
traditional polymers. However, a 2010 study by the University of
Pittsburgh concluded that this is not particularly factual when
the entire material life cycle was analyzed.[95] The research con-
trasted seven traditional plastics, along with four bioplastics and
a single plastic produced from both fossil fuels and renewable
resources. The investigators discovered that bioplastics manu-
facture produced a larger quantity of pollutants when fertilizers
and pesticides were taken into account. These chemicals are uti-
lized in growing crops and chemical processing which are re-
quired to convert organic material into bioplastic. It was also
found that bioplastics promote ozone depletion more than reg-
ular plastics and also require large-scale land use. However, bio-
plastics do emit a remarkably lower amount of greenhouse gas
emissions in comparison to traditional plastics. There is no re-
sulting increase in carbon dioxide when bioplastics break down
as they are produced from the same quantity of carbon diox-
ide. A 2017 report concluded that substituting traditional plastics
with corn-based PLA would reduce greenhouse gas emissions by
25% in the USA.[92] The report also determined that the produc-
tion of traditional plastics from only renewable energy sources
can reduce emissions by 50–75%. Although the biodegradability
of biopolymers is beneficial, most of these biopolymers require
high-temperature industrial compositing provisions, which is
uncommon and only a few cities seem to possess such provi-
sions. Subsequently, these biopolymers culminate in landfills,
where there is risk of methane being released from them, a green-
house gas known to be 23 times more potent than carbon diox-
ide. Solar UV radiation is necessary to trigger the photo-oxidation
degradation process of most polymers, which occurs through
a radical chain mechanism that results in bond cleavage and a
reduction in molecular weight.[4] Polymers discarded in land-
fills are unlikely to have enough access to UV radiation. Bioplas-
tics (and biodegradable) when discarded incorrectly can contam-
inate recycled plastics and can impair recycling infrastructure.
For instance, if PET (polyethylene terephthalate) which is com-
mon plastic utilized to produce bottles, is exposed to bioplastics,
the whole lot may be declined and end up in a landfill. There-
fore, there is need for separate streams to appropriately discard
both biodegradable plastics and bioplastics. Bioplastics are pro-
duced from natural materials and hence, composting of bioplas-
tic components can make soil fertile, due to the absence of ar-
tificial chemicals.[96] The land need for the production of bio-
plastics may hinder food production, as the crops that are used
to manufacture these plastics can be utilized for food which is
known to be in a shortage. In 2017, a joint report of European
environmental organizations, estimated that the area of land re-
quired to keep up with global demand would equate to more than
1.3 million acres of land by 2019.[97] This is an area larger than
Denmark, the Netherlands and Belgium put together. It can also
be noted that the petroleum required to maneuver farming ma-
chinery will also emit greenhouse gases. Bioplastics can also be
relatively costly. For instance, PLA can be up to 50% more ex-
pensive in comparison to similar traditional plastics due to the
intricate method utilized to convert corn or sugarcane into the
building blocks for PLA.[93] Regardless, the costs of bioplastics
have slowly reduced as businesses and researchers evolve more
greener and efficient techniques for manufacturing bioplastics.
The production of bioplastics such as PLA, commonly used to

make nanofibers for various applications, does not require the
process of discovery, acquisition, and transportation of hydrocar-
bons. This results in the use of fewer fossil fuels and produces
up to 67% less greenhouse gases during manufacture.[98]

The manufacture of biodegradable plastics can be costly. How-
ever, considering the clean-up costs along with the lower negative
environmental effects, biodegradable polymers are the better op-
tion. They also require less energy for production in compari-
son to regular plastics. Crude oil (petroleum) is a major element
in the production of traditional plastics. The extraction and re-
finement of crude oil significantly affect the environment. Ac-
cording to the British Plastic Federation, it is believed that 4–6%
of oil is used in the manufacture of plastics in Europe alone.[99]

Biodegradable plastics use up to 20% renewable materials in its
production when compared to traditional plastics. Current re-
search is being undertaken on biodegradable plastics, where in
the future, these plastics will only release the same quantity of en-
ergy used in manufactur.[100] Nonpetroleum-based plastics such
as PLA, that are made from plants such as corn and sugarcane
also curtail carbon dioxide as they do not emit an excess amount
of CO2 during decomposition.[101] The use of plant oil as renew-
able feedstock for the synthesis of polymers has also been re-
cently researched for development.[102]

Global plastic production reached 381 million tonnes in
2015.[103] Assuming that a majority of these plastics are for the
making of plastic bags and bottles, the manufacture of such
quantities of plastic would emit a staggering 2.3 billion tons of
CO2 into the earth’s atmosphere.[104] This is equivalent to the
emissions from 87 million vehicles every year. They also release
an inebriating greenhouse gas when burnt at landfills. These
calculations are likely to be underestimated as new research
suggests CO2 emissions have risen considering the plastic
production in countries that utilize large amounts of coal.[105]

Moving to the use of bioplastics can significantly lower the emis-
sion of greenhouse gasses and subsequently reduce the impact of
its effects, such as extreme flooding and desertification. In terms
of recycling, biodegradable polymers are quick to decompose and
can be rather easily broken down via an organic procedure. These
are also nontoxic and help with the reduction of landfill-related is-
sues. The recycled waste product can also be utilized as compost
or for biogas. Biodegradable polymers disintegrate in the space of
a few months, based on the materials utilized to produce the poly-
mer and method of disposal. It also requires less space for dis-
posal in the event where it does not fully decompose. The disposal
of traditional plastics results in the release of other toxic chem-
icals and various other pollutants to the environment. These
chemicals are known to easily harm marine life, ecosystems and
also affect human health. For instance, Bisphenol A, which is
an important ingredient in the production of plastics, is linked
with the endocrine disruption, which is immensely damaging to
the human reproductive cycle.[106] Bisphenol A is commonly uti-
lized in many polymer products such as baby products and food
containers.[107] Other chemicals in the production of regular plas-
tics have also been associated with diseases such as cancers. The
transfer to biodegradable plastics will significantly reduce the
release of such lethal by-products into the natural environment
and support in the delivery of a “greener” future. Biodegradable
components are closer to nature than traditional plastics as
they do not emit harmful products and produce manageable

Macromol. Mater. Eng. 2022, 307, 2200356 2200356 (13 of 20) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200356 by T

est, W
iley O

nline L
ibrary on [16/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

amounts of waste when decomposed by bacteria in the soil. This
natural decomposition process subsequently means that the
energy consumption during this process is zero and is highly
cost-effective.

One of the major benefits of biodegradable products is their
flexibility. After the required material is converted into a polymer,
the polymer can be effortlessly integrated with the traditional
components that are utilized in producing traditional plastics.
There is no need for the production of completely new products
to generate biodegradable plastics. Biodegradable plastic prod-
ucts are expected to become a flourishing industry on this gen-
eration. It is expected to make a significant impact on the export
industry and in the marketing industry. China in 2016 witnessed
a 13% increase in local business sales resulting from the manu-
facture of 290,000 tons of biodegradable plastic products.[108] It is
also stated that the country only used 130,000 tons of the manu-
factured products but accounted for an increase in sales of $350
million. As the awareness and willingness to reduce carbon foot-
print increases, it can be strongly anticipated that biodegradable
plastic products will see a surge in demand very soon. Many com-
panies such as Coca-Cola have already proceeded to target this
area of awareness by marketing bottles made from biodegrad-
able plastics.[109] This not only increases their company sales with
this marketing strategy but also positively helps the environment.
These strategies can potentially be utilized in industries asso-
ciated with polymeric fiber applications to positively impact its
business. Another desirable quality of biodegradable plastics is
its ability to decompose under certain desired conditions. For
instance, corn starch which is a significant ingredient used in
the manufacture of biodegradable plastics, can be easily broken
down when in contact with water in a matter of weeks.[110]

Regardless of the many benefits of using biodegradable plas-
tics over traditional plastics, there are multiple disadvantages that
need to be taken into consideration. Biodegradable plastics are
produced from natural materials such as soybean and corn. How-
ever, there are potential risks of contamination via pesticides,
which can be easily conveyed to the end product. Another draw-
back of biodegradable plastics is the requirement for expensive
industrial processors and composters, mainly those that need
high industrial-magnitude temperatures to be broken down.[111]

The availability of equipment may also cause issues. Further-
more, it is an obstacle to distinguish between biodegradable
and non-biodegradable polymers, as they should not be assorted
when discarded. This would result in bioplastics being contam-
inated, which subsequently means that they cannot be easily re-
cyclable and add up to the waste volume.[112] Methane is pro-
duced from some biodegradable polymer during decomposition
in landfills. Methane is 84 times more potent than CO2 and also
absorbs heat faster which significantly drives climate change.[112]

Biodegradable polymers do not decompose in ocean waters due
to the overall cold temperature of ocean waters. Sufficient manu-
facture of biodegradable plastics will need the use of cropland to
supply material instead of growing food. With food shortage and
hunger striking 1 in 5 families in developed countries and signif-
icantly more in developing regions, there is an ethical debate on
the justification to expand this industry.[114] At present, it costs
around 20–50% to manufacture bioplastic in comparison to reg-
ular plastics.[115] However, with the implementation of new tech-
nology which is currently being researched like the pressurized

gyration system for the manufacture of polymeric fibers, these
costs can be seriously reduced. Some biodegradable plastic prod-
ucts are known to contain certain metals, which may evolve dur-
ing decomposition.[7] For instance, high quantities of cobalt and
lead in a certain brand of biodegradable plastic bag, which raises
the question about its potential toxicity during decomposition.
Regardless of the fact that biodegradable polymers can effort-
lessly decompose quickly, these materials require to follow a very
specific disposal method without exception as the process can be
hindered. Disposing these plastics directly into a landfill will pro-
duce methane and it is essential to verify they are recycled or that
other waste reduction procedures are met. Water is necessary for
the timely decomposition of biodegradable polymers made us-
ing corn starch.[116] Rain can easily support decomposition. How-
ever, issues arise when there is no rain present and managing
waste during such instances. In spite of recent achievements, the
economic feasibility of composting plastic waste in conventional
waste facilities is still some distance away. It is also noteworthy
that biodegradable polymers in general are functionally second to
traditional polymers. There is a requirement to move consumer
behavior to incomputerate and accept less durable biodegradable
plastic products, which will eventually lower the commencement
of biodegradable polymers being a commercial reality.[117] There
have been rising concerns over greenwashing within industries,
where the UK government is aiming to develop standards for bio-
plastics and biodegradable plastics to curb this.[118] However, reg-
ulations that are more stringent are also essential on a global scale
to set high threshold standards for sustainability.[119]

6.2. Green Polymeric Fiber Production Methods

The use of nanotechnology methods and materials has been
proven to pose some damage to the environment. However, it
can also be argued that the use of these methods and materials
has also positively reflected on the environment. For instance,
pollution of ground and surface water around the globe is now a
significant problem. Regardless of the environmental effects of
most of the fiber production methods, nanotechnology has con-
siderably progressed water treatment development.[54] Material
selection plays a very crucial role in the design and manufacture
of sustainable, ecofriendly products in the field of engineering
design.[120] Materials are utilized to make use of their physical
and mechanical properties depending on the application of the
product. Polymer composite materials are an example of this,
for instance it provides ease of manufacture, productivity and
is cost effective.[121] Composites are bespoke materials where it
possesses distinctive attributes, thus properties can be changed
by altering the reinforcement and matrix phase.[122] In com-
parison to synthetic fibers, natural fibers can be advantageous
due to their availability and abundance, along with their cost
effectiveness.[123] These fibers have been introduced to compos-
ites in place of synthetic fibers to make composites lighter.

The use of work-related nanomaterials is managed by the
Control of Substances Hazardous to Health (COSHH). COSHH
is a law that is requisite of employers to control substances that
are hazardous to health, which also includes nanomaterials and
solvents.[124] In the USA, the Toxic Substance Control Act, cur-
tails the use of chemical substances that present unreasonable
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dangers to human health and the environment.[125] To keep
up with this, manufacturing methodologies have progressed
to adhere to these regulations. For instance, this is reflected
in the textile industry where firms have taken on ecofriendly
manufacturing and management techniques, such as greener
fabrication processes, circular supply chains and recycling. It is
also shown in the automotive industry where vehicle emissions
are controlled by regulations along with new technologies such
as hybrids and electric vehicles. However, in comparison the
biomaterials and medical devices industry where the application
of polymeric fibers has advanced significantly, greener polymeric
nanofiber production practices remain nascent.[48]

6.3. Hollow Fibers

Polymeric hollow fibers are currently being researched, where
it is mostly focused on its use on membrane technology and
spun for applications in desalination, gas separation, artificial
organs, and water treatment. This is due to the highly sizeable
area-to-volume ratio hollow fibers offer, which permits compact-
ness. Hollow fibers are mostly produced using phase separation
techniques.[126] However, this has also been achieved using other
methods such as electrospinning in the submicrometer scale.
From an environmental standpoint, polymeric hollow fibers con-
sist of less polymers in comparison to regular polymeric fibers
of the same outer diameter and also offer the same properties of
regular fibers. However, there may a bit of compromise in terms
of its mechanical strength from radial stresses. There is poten-
tial to produce hollow fibers with multiple thin sheaths, which
may possibly structurally reinforce the fiber. The bicomponent
(or multi-component) structure of these multisheath nanotubes
will subsequently provide added physical, mechanical and chem-
ical features as a result of combining multiple polymers. Poly-
meric hollow submicrometer fibers are relatively new in compar-
ison to “regular” submicrometer fibers and therefore may have
possible undocumented problems. Depending on the application
of hollow polymeric fibers, fouling can be a major concern espe-
cially in membrane-related applications.[127] Regardless of these
concerns, hollow fibers have great potential in providing a sus-
tainable solution to curbing environmental effects in comparison
to the use of solid polymeric fibers throughout the phases of its
life cycle. This is mainly due to hollow fibers requiring less poly-
mers in comparison to solid fibers of the same diameter.

6.4. Sustainable Polymers and Solvents

Natural polymers also known as biopolymers may also be an-
other potential solution in controlling the environmental effects
from polymeric fibers production. They have already been uti-
lized in a diverse range of biomedical applications such as in tis-
sue engineering and pharmaceuticals.[128] These polymers offer
a significant contribution in curtailing the need for fossil fuels,
which subsequently reduces carbon dioxide emissions. Natural
polymers occur naturally or are produced by living organisms.
Although, there is usually a requirement for these naturally oc-
curring materials to be processed to obtain natural polymers and
their mediocre transformation into polymers is yet a significant

challenge.[129] It was previously mentioned that polymeric fiber
manufacture is only just recently seeing some research focused
on how to make the processes greener. However, green chemistry
supported by green engineering has been seeking to improve ef-
ficiency and reduce health and environmental effects throughout
the chemical manufacturing process.[130] Green polymers, on the
other hand, are manufactured utilizing green chemistry, which
takes into consideration the sustainability of the entire process to
produce the final polymer product. Natural polymers are not nec-
essarily green polymers. A few principles the production process
of green polymers encompasses are wasteless manufacture pro-
cesses, along with a high content of raw material, low carbon foot-
print, high-energy efficiency, and the use of renewable energy.
In recent times, PEO has shown a lot of attention due to itnon-
volatility and very low toxicities.[131] They are currently in use in
many pharmaceutical and cosmetic applications. Food chemistry
and food processing are known to be ample sources to generate
ideas on how to use renewable sources and apply green chemistry
to create environmentally friendly polymers.[132] Regardless, syn-
thetic polymers such as PEO are still commonly utilized over nat-
ural polymers as they are functionally superior. The use of such
low toxic synthetic polymers can still be more environmentally
beneficial in comparison to other synthetic polymers due to fea-
tures such as water solubility. Similarly, fiber production from
water-soluble cyclodextrin has also recently been successful and
the use of such oligosaccharide polymeric fibers in a variety of
functional applications such as in healthcare can enhance suit-
ability goals.[133]

Green solvents are a substitute for organic solvents. Organic
solvents are classed as synthetic or natural, whereas similar to
natural polymers, natural solvents are derived from living or-
ganisms. The global biobased chemical market is growing in
size and importance. Biobased solvents such as glycerol and 2-
methyltetrahydrofuran are often discussed as important intro-
ductions to the conventional repertoire of solvents.[24] One of the
primary aims of green chemistry is the use of renewable sources
over nonrenewable feedstock.[107] Bio-based solvents are consid-
ered green solvents as they take green chemistry into considera-
tion as they are generally derived from agricultural crops. Green
solvents help in contributing to making a chemical reaction
green, to support green chemistry.[134] Green solvents are safe,
generally biodegradable and very low in toxicity, throughout their
production to their final product. Water is the greenest solvent
taking into consideration the principles of green chemistry.[135]

However, the use of a non-green polymer would cancel out the
environmental benefits of this solvent in the production of poly-
meric fibers. Healthcare industry giants such as Pfizer and GSK
have adapted the use of green chemistry when making solvent se-
lections in the recent past.[136] The use of very low toxic solvents
or zero toxic solvents such as water is ideal for medical applica-
tions due to minimal hazards to humans. It is highly important
that there is a strong focus on green chemistry in the making of
polymeric fibers to further support the confidence in large-scale
production and use in industries.

7. Concluding Remarks

As the friction between sustainable development and environ-
mental protection is increasingly becoming more significant,
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researchers are starting to rigorously consider green chemistry
in the production of polymeric fibers. There is a need to find
solutions from “cradle to grave,” to effectively combat all negative
environmental effects from the application of polymeric fibers.
The pros and cons of the use of bioplastics or biodegradable
polymers suggest that the best solution is to avoid or reduce
using polymers. This is regardless of the materials the polymers
are produced from and it seems to be the only real way to curb
pollution and waste. However, the functionality and versatility of
polymers seemed to have outweighed environmental concerns
in the past. A potential solution is the use of polymeric hollow
fibers which can be suitable for multiple applications. The
making of hollow polymeric fibers with the use of green poly-
mers and green solvents in an energy-efficient process such as
pressurized gyration may potentially be a very promising route
for the mass-production of the greenest polymeric fibers. The
use of a green solvent will also negate the drawback of the use of
solvents in methods that require solvents to produce polymeric
fibers. It is also critically important that more stringent global
regulations are drawn to control polymer recycling and end of
life. It is clear that current technologies are not all the way there
yet in terms of fully sustainable polymeric fiber manufacture,
however, where there are technological obstacles there is also
scope for creativity and innovation.
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