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Porous polymer materials, including polymer foams and melt-blown fibers, have nano or micro-size
pores and a large specific surface area that endows them with great potential as engineered oil ad/
absorption materials. This review provides an overview of the recent developments in the processing of
polymer foams and melt-blown fiber-based porous polymeric materials for oil absorption properties.
Detailed processing and preparation methods of polymer foams utilized in oil absorption are scrutinized,
along with the recent peer-reviewed published research on the development of new polymer foams,
such as nanocomposite foams and biodegradable foams. Critical reviews are also conducted on the
modification methods, such as employment of surfactants, coating, plasma treatment, and chemical
grafting. In addition, the recent progress in the processing of melt-blown fibers and the potential appli-
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cations for oil absorption are discussed. A comparative analysis of the strengths and weaknesses of
porous polymer materials between polymer foams and melt-blown fibers is presented. Lastly, the poten-
tial for developing melt-blown non-woven fibers as a viable alternative for oil absorption materials is
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1. Introduction

With industrial growth and urbanization, there has been a
substantial increase in petroleum usage in transportation,
power generation, and the fabrication of plastics and chemi-
cals. Petroleum is derived from organic substances, such as
ancient plants and marine creatures that have been buried
under sediment in the ocean and the land." Petroleum is
extracted and transported to refineries where it is processed
into various petrochemicals, such as diesel, gasoline, asphalt
and road oil, petroleum coke, hydrocarbon gas liquids, etc.
However, oil extraction, upgrading, transportation, and proces-
sing often result in spills and a large amount of oily wastewater
discharge, leading to significant marine pollution with detri-
mental impacts on the environment, and large economic
losses.> Despite the improved production technologies and
safety precautions that have reduced accidental spills from oil
platforms to around 3% of the petroleum inputs worldwide,?
major oil spill accidents continue to occur regularly around
the world. Some of the most significant oil spill accidents that
have occurred since 1970 include the collision of Atlantic
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Empress/Aegean Captain (1979) that caused 160 000 metric tons
of oil release, the major oil spill in the Gulf of Mexico (1979) of
450 000 metric tons (Fig. 1(a)), the Exxon Valdez oil spill that
occurred in Prince William Sound, Alaska (1989) (Fig. 1(b)),
the Gulf War oil spill in Kuwait (1991) that led to 1 million
metric tons of crude oil release, the Sea Empress oil spill (1996)
that spilled 3 million metric tons of crude oil, and Deepwater
Horizon (2010) in the Gulf of Mexico of 680 000 metric tons oil
spill.*® Fig. 1(c) presents the satellite image of the Gulf Coast
when the Deepwater Horizon oil spill happened in 2010, and
the impact continues even after 10 years.

The consequences of oil spills can be severe, impacting both
marine and terrestrial ecosystems for years and requiring billions
of dollars for restoration efforts. In the advent of oil spilling over
the ocean, it reduces the amount of dissolved oxygen in the water
and blocks sunlight from penetrating the surface. This can have
devastating effects on marine life, causing hypothermia and
death among birds and mammals whose waterproofing and insu-
lating properties are compromised by the oil.® Oil spills have
caused serious water pollution to the environment as well and
affected the global economy; thus, research and development
into highly efficient oil spill cleanup methods have become of
paramount importance.

In recent years, extensive studies have been conducted, and
numerous oil spill cleanup methods have been developed with
varying degrees of success. The choice of the methods is
dependent on several factors, such as the amount and the type
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Fig. 1 Some events of oil spills and clean-up efforts. (a) Atlantic Empress, 1979. (b) Exxon Valdez, 1989. (c) Deepwater Horizon, 2010. (Reproduced
from ref. 7 for (a) and (b). Copyright 2018 Marine Science and Engineering; (c) is from the open-source year of 2020, credit to National Oceanic and

Atmospheric Administration (NOAA).)

of discharged oil, the weather (wind and waves) conditions,
and the surrounding environment (ecosystems and marine
species) of the oil-spilled site. The major recovery methods
include chemical methods, bioremediation, in situ burning,
physical methods, and combinations.’

The chemical methods involve the use of chemicals that
alter the physical and chemical properties of the oil, facilitat-
ing its containment and cleaning.'® Dispersants and solidi-
fiers are two major categories of chemicals commonly used for
this method. Dispersants are surfactants that function by
breaking down the oil slick into smaller droplets that can be
dispersed in the ocean (Fig. 2). The diluted oil is then con-
sumed by native marine microbes, as hydrocarbons are great
sources of carbon and energy for them.'"'? Solidifiers are
hydrophobic granules that work as coagulants. When reacted
with oil, they change the oil from a liquid to a rubbery state so
that oil compounds can be efficiently removed. They are
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usually employed along with physical clean-up methods, such
as booms and skimmers. The advantage of chemical methods
is that they can quickly prevent the spread of oil spills;
however, those chemicals can be noxious and sometimes toxic
to several marine organisms.

The bioremediation method employs the biodegradation
capability of microorganisms, such as bacteria, fungi, proto-
zoa, and nematodes that metabolize and degrade hydro-
carbons in crude oil."*> Organic substances are flocculated by
aggregated microorganisms, and a form of sludge is generated.
Through this process, the pollutants are degraded into non-
toxic gases like CO, and H,O, which is helpful for restoring
the marine/land environment."* Alkanes and aromatic com-
pounds of low molecular weight are rapidly degraded by
microbial enzymes; however, complex organic compounds
require a longer time to degrade, as there are a smaller
number of microorganisms that can break down large complex

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The conventional oil spill remediation methods. (Reproduced from ref. 8. Copyright 2022 Elsevier Inc.)

hydrocarbons.'® Bioremediation has the benefit of being a rela-
tively inexpensive and eco-friendly technology. However, this
method is not free of limitations; some organic components are
only degraded by specific species of microorganisms, strict con-
ditions need to be met for the microbes to proliferate, and
depending on the oil concentration, inherent biodegradability,
and biological environment, the biodegradation can take a long
time, ranging from several weeks to months.'®"”

As thermal remediation, in situ burning is widely practiced
and considered an efficient method that prevents the environ-
mental damage of oil discharged into sensitive aquatic ecosys-
tems'® (Fig. 2). It can be conducted rapidly in urgent situations
where spilled oil poses a serious hazard to marine habitats
and the environment. However, burning oil generates a wide
range of air pollutants, such as smoke, carbon monoxide,
sulfur dioxide, nitrogen oxides, and particulate matter, which
can have a detrimental impact on the air condition."
Additionally, in situ burning typically requires some contain-
ment, has a limited window of opportunity, and might not be
suitable for thick oil and unfavorable weather which can
restrict its implementation.>°

The physical cleanup method involves the application of
mechanical means to remove oil without changing the chemi-
cal and physical properties of the 0il.*! Booms and skimmers
are essential tools when it comes to containing and recovering
oil spills. Booms are utilized to contain and control the spread
of oil spills on the surface of the water, and they can be
deployed quickly to form a barrier. A skimmer is another
mechanical device often utilized in conjunction with a con-
tainment boom for effective oil cleanup. Fence booms, curtain

© 2025 The Author(s). Published by the Royal Society of Chemistry

booms (inflated booms), and fire-resistant booms are some of
the types available, and their effectiveness is determined by
factors such as the type and concentration of the spilled
0il**?? (Fig. 2). Unfortunately, their utilization has some down-
sides - for booms, much of the spilled oil sinks to the bottom,
causing damage to marine life undersea and forming tar
balls.>* Skimmer technology is effective at mechanically
extracting concentrated oil but is often inefficient; a large
amount of oil is left mixed with water, resulting in high re-
cycling costs and difficulties.

Meanwhile, employing sorbents (absorbents and adsor-
bents) has been widely accepted as the most efficient physical
method for oil/water separation.>® The sorbent materials gen-
erally offer advantageous properties such as cost-efficiency,
light weight, high oil uptake capacity, and rapid oil sorption.
Moreover, they have a great environmental benefit, as this
approach does not involve chemicals during the oil cleanup
process. Generally, oil sorbents fall into three main categories:
natural organic materials (e.g., cotton, wool, kapok), synthetic
organic materials (e.g., polypropylene, polyurethane), and in-
organic minerals (e.g., zeolite, vermiculite, perlite, silica). Each
category presents distinct advantages and limitations in oil
spill remediation. Natural organic sorbents offer biodegrad-
ability and abundance, but typically exhibit low oil sorption
capacity and poor reusability. In contrast, synthetic organic
sorbents demonstrate superior oil selectivity and sorption
capacity, although they face biodegradability challenges.
Inorganic sorbents provide excellent stability but generally
achieve lower sorption capacities than their organic counter-
parts. Recent research efforts are addressing these limitations
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through innovative modifications across material types. For
natural organic materials, chemical treatments enhance sorp-
tion capacity and selectivity, while synthetic organic materials
are being optimized with biodegradable components to
improve environmental compatibility without compromising
performance. Additionally, inorganic mineral-based sorbents
are undergoing nanoscale engineering to boost absorption
efficiency while retaining their intrinsic stability and dura-
bility. Biochar and polymer aerogels are newer options with
high surface areas and tunable properties. Though promising,
they may still be limited by production costs or scalability.
Building upon these approaches, various advanced sorbent
materials, such as silica/graphene,”® polypropylene nonwoven
fibers,”” kapok fiber,”® cellulose aerogel,”® polyurethane
foam,*® exfoliated graphite,®" etc., have been developed and
these materials possess great hydrophobicity and oleophilicity.
Among these, hydrophobic polymeric foams and fibers have
particularly been lauded for their porous structures and large
surface area, providing them with enhanced sorption capacity
and separation efficiency.>*7°

The recent advances in research and applications of
polymer foams and melt-blown fibers for oil absorption are
reviewed in the following sections: (1) polymer foams as oil
absorption materials, with a focus on the processing and the
working mechanisms for oil absorption; (2) methods of prepa-
ration of polymer foams for oil absorption; (3) recent progress
of the newly developed nanocomposite PU foams, bio-
degradable foams, and the surface modification methods for
oil absorption are discussed; and (4) processing and appli-
cations of melt-blown fibers for oil absorption. This paper pro-
vides a brief overview of these topics and proposes some pro-
spects of possible research interests in the future.

2. Polymeric foams as oil-absorbing
materials

2.1. Role played by foams

Polymeric foam is a low-density porous material created by
incorporating a large amount of entrapped gas or voids into a
polymer matrix.>® The presence of nano/micro-sized pores
gives the polymeric foam a spongy, cellular structure that pro-
vides cushioning and buoyant properties. Also, polymeric
foam is known to have many advantages over non-foamed
polymers, which in turn allow the polymeric foam to be suit-
able for various applications. The low thermal conductivity of
polymeric foams provides excellent insulation properties for
applications such as building insulation and thermal packa-
ging.*” Their lighter weight compared with non-foamed poly-
mers enables ease of handling and transport, while their cellu-
lar structure exhibits excellent shock-absorbing properties for
cushioning and protecting fragile items during transport.*®
The versatility in formulation allows tunable physical and
mechanical properties, enabling diverse applications from
seating cushions to packaging materials.’® Beyond these appli-
cations, the large surface area of polymeric foam serves as an

46 | RSC Appl. Polym., 2025, 3, 43-77

View Article Online

RSC Applied Polymers

effective oil sorbent material due to the numerous sites avail-
able for oil absorption.*® The foam’s cellular structure provides
abundant small voids that trap and retain oil, resulting in high
sorption capacity. Furthermore, its lightweight and low-density
characteristics enable efficient oil absorption as it floats on the
surface, thereby containing and preventing oil spread.**
Polymer materials mainly used for the foaming process are
thermoplastics and thermoplastic elastomers, due to their
good  melt-processibility = under heated conditions.
Thermoplastics (TPs) have the ability to be repeatedly melted
and molded without undergoing significant changes in chemi-
cal structure. Thermoplastic elastomers (TPEs) are a relatively
new class of copolymers that display a unique combination of
properties from both thermoplastics and elastomers.*> These
polymers incorporate the processing ease of thermoplastics,
combined with the stretchability and rigidity of elastomer. TP
and TPE foams are employed in various applications, among
which TP foams investigated for oil sorption purposes include
polyethylene, polypropylene, thermoplastic polyurethane,**™*>
poly(lactic acid),*®*” polycarbonate, and polystyrene foams,
and TPE foams, including ethylene propylene diene monomer
(EPDM)*? and ethylene vinyl acetate (EVA)-based foams.*®

2.2,
foam

0Oil sorption and separation mechanism of polymer

Polymer foam is a physical sorbent that possesses a remarkable
oil spill cleanup ability, which minimizes environmental damage
cost-effectively. Sorbents remove the oil with typically two mecha-
nisms: adsorption and absorption. Adsorption involves the
adhesion of atoms, ions, or molecules from a gas, liquid, or dis-
solved solid to the surface of a material, and is a surface-based
phenomenon driven by physical forces.*® Absorption, on the
other hand, involves the diffusion of the absorbate throughout
the absorbent’s body, including the surface and interface, driven
by both physical and chemical forces.>

Polymeric foams are effective materials for oil/water separ-
ation due to their hydrophobic and oleophilic properties,
which allow them to selectively ad/absorb oil while permitting
water to pass through the vacant voids in the polymer. The oil
absorption mechanism in polymer foams is governed by
several key parameters and physical phenomena. The primary
driving forces include capillary action — a phenomenon where
liquids are drawn into small spaces between cell walls without
dissolving the foam structure. Due to the capillary action, poly-
meric foams can absorb significantly higher volumes of oil
than non-foamed polymers.>”

The capillary pressure (P.) in polymer foams, is described
by the Young-Laplace equation:

cos 6
=220 (1)

where y is the surface tension of the oil, € is the contact angle
between the oil and the polymer surface, and r is the radius of
the pore. While this equation indicates that smaller pores gene-
rate higher capillary pressure, it does not necessarily follow that
foams with smaller expansion (and thus smaller pores) exhibit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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superior oil absorption capabilities. This equation alone doesn’t
account for other crucial factors such as the total surface area
for interaction and pore connectivity effects.

The Washburn equation provides additional insights into
the capillary action governing oil absorption:

_rycosﬁt
=

& (2)
where £ is the height of oil rise, r is the pore radius, y is the
surface tension, @ is the contact angle, # is the oil viscosity,
and ¢ is time. This equation demonstrates that the absorption
rate depends on both geometric (r) and surface (y, §) para-
meters. Higher viscosity oils are absorbed more slowly, while
improved wettability (smaller 6) enhances the absorption rate.
Notably, larger pore sizes result in greater oil rise height,
suggesting that increased foam expansion leads to enhanced
oil uptake due to the larger pores present in the system.

Furthermore, the expanded surface area provides additional
contact points for oil imbibition. Darcy’s law (eqn (3)) illus-
trates how increased surface area (4) enhances flow rate
through the foam structure, helping explain why higher expan-
sion foams achieve superior overall absorption despite lower
capillary pressure per individual pore.

o—-2(%) ®)

u \ L
where Q is the volumetric flow rate, k is the permeability, A is

. . L. . AP .
the cross-sectional area, u is the fluid viscosity, and A is the

pressure gradient.

While real-life foams possess more complex characteristics
such as interconnected pore networks (rather than isolated
pores), multiple oil flow pathways, and dynamic absorption
processes where initial uptake influences subsequent absorp-
tion, the aforementioned equations can provide a foundational
understanding of the oil absorption mechanism.

When it comes to the foam’s porosity, this structural para-
meter plays a crucial role in determining the maximum oil
absorption capacity. The porosity (¢) of a polymer foam is
defined as the volume fraction of void spaces:

¢ _ Vtotai/_ Vsolid (4)
total
where Vi, is the total volume of the foam and Viq is the
volume of the polymer matrix. Higher porosity values indicate
more available space for oil storage, directly correlating with
the foam’s maximum absorption capacity.

Adsorption and absorption processes effectively remove oil
without dissolving the polymer sorbent. On the other hand,
gelation is another method that involves dissolving the
polymer sorbent. Polymer sorbents that employ gelation inter-
act with oil when they come into contact, dissolving the
polymer to form a gel that selectively removes oil from oil-
water mixtures.’> The gelation process is driven by non-
covalent interactions such as hydrogen bonding, n-r stacking,
and van der Waals forces, without involving a chemical reac-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tion.>® The chemical compounds responsible for the gelation
process are commonly known as organogelators. Organogelators
used in oil spill cleanups primarily include low molecular
weight substances like amino acid-, fatty acid-, and sugar
alcohol-based gelators.>**> However, researchers have also
demonstrated the successful use of high molecular weight poly-
mers for selective gelation of hydrocarbon 0il.>***>” Recently,
an innovative triblock elastomer foam was developed that com-
bines both absorption and gelation mechanisms - initially
absorbing oil before transforming into a semi-solid gel upon oil
interaction. This dual-function foam leverages both the excellent
oil absorption capabilities of foams and the sealing effect of
physical gels, effectively preventing oil leakage.”®

Polymer foams, like PU, polyethylene (PE), and polystyrene
(PS), often show limitations in real-world oil sorption and sep-
aration because of challenges in their porous structure and
interfacial properties. Most commercial foams are not opti-
mized for specific oil sorption applications and may have irre-
gular, interconnected pores, which can limit oil uptake. Ideal
sorption would require highly interconnected, uniform pores
with high surface area at the nano or microscale, enhancing
oil retention. In real-life foams, the variability in pore sizes can
trap air pockets and reduce effective oil uptake. In addition,
polymer foams often have low surface energy, making them
hydrophobic but not necessarily oleophilic enough to effec-
tively adsorb oils over long periods. Surface modifications are
often required to make the foam more oleophilic, allowing it
to attract and retain oils more effectively. Even with modifi-
cations, creating a stable oleophilic surface across a complex
porous structure remains challenging. During adsorption, the
foam structure can collapse under pressure, reducing the
number of available pores for oil sorption and resulting in
lower performance. Furthermore, reusability and structural
integrity often degrade with repeated absorption cycles,
making foams less practical for prolonged real-world appli-
cations. Another associated challenge is polymer foams can
become quickly saturated, after which they may release
absorbed oil, especially under pressure. This limits their utility
in dynamic environments like ocean oil spill recovery. Efficient
sorbents need high absorption capacity along with structural
properties that prevent oil leakage upon compression or
shaking, which can be difficult to achieve in flexible foams.
Fig. 3 presents the simple polymeric foam’s selective oil
absorption mechanism and associated challenges. These chal-
lenges can be mitigated through mechanisms such as surface
modifications, the introduction of nanoscale porosity, or by
adding fillers that can increase foam’s surface area and oleo-
philicity. However, achieving an ideal balance between absorp-
tion efficiency, structural stability, and reusability in polymer
foams remains a complex engineering challenge.

2.3. Basic structure-properties of foams

The structure of foams can vary depending on the level of
expansion and specific formulation. A general characterization
of foam should consider a combination of cell structure, cell
size/density, and expansion ratio factors.
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Fig. 3 Schematic illustration of polymeric foam's selective oil absorption mechanism and associated challenges.

Polymer foam can be classified into closed-cell, partially
open-cell, and open-cell structures. Closed-cell foams generally
have open-cell content below 10 vol% and open-cell foams
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have an open-cell content above 90 vol%.>>° Fig. 4(a) depicts
the open-cell structures of polymeric foams, where the cells
are connected, and the air is free to flow throughout the

Nanocellular:

- Highly
Tough

- Functional
Applications

Microcellular:

- Superior to
Solid in
Impact and
Fatigue

Fine-celled:

-Some
Strength

- Structural
Applications

Cell Density

Fig. 4 (a) Open-cell 59 and (b) closed-cell®® structures of polymeric foams; (c) cell sizes and cell density of the developed foams over time.®®
(Reproduced from ref. 59, 60 and 66. Copyright 2004 and 2005 Elsevier Inc.)
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volume. The closed-cell structure is shown in Fig. 4(b), where
the cellular structure is separated into independent bubble
units and there is no air tunnel between the adjacent cells. It
is important to consider cell morphology and open/closed-cell
content in determining the properties and applications of
polymer foams. Open-cell foams have broken cells that allow
air to occupy the spaces within, which results in a lightweight,
less dense material with a soft, sponge-like appearance. On
the contrary, closed-cell foams have intact cells and are dense,
and they are commonly used for heat and sound insulation.
For specific applications, such as oil sorption, it is crucial for
the sorbent to have an optimal open-cell ratio, as a high open-
cell content enhances oil/water permeation, but excessive
open-cell content can have low efficiency of oil sorption and
low mechanical properties.

Cell size, which is a crucial property of foams, can be
measured by counting the number of cells intersecting a
specific area, as described in ASTM D3576. Microcellular and
nanocellular foams are characterized by their mean cell size
and cell density, as can be seen in Fig. 4(c). Microcellular
foams have a mean cell size of less than 10 pm and cell
density of between 10° and 10" cells per cm?, while nanocellu-
lar foams have a mean cell size of less than 1 pm and cell den-
sities greater than 10"’ cells per cm>.®*"%® The variation in cell
sizes in foams is due to both random nucleation and growth
of cells through the diffusion of gas from smaller to larger
cells. This process leads to an unstable structure, characterized
by a non-uniform cell size distribution. Eqn (5) describes the
pressure inside a bubble surrounded by molten (or softened)
polymer, which explains the mechanism of gas diffusion.®*%

2a
AP = —
-

(5)
where AP is a pressure difference between gas and molten
polymer, a is surface tension, and r is the radius of a spherical
bubble.

Expansion ratio refers to the relative increase in the volume
of polymer foam during the foaming process and is expressed
as eqn (6).

P1

¢=7 (6)
where ¢ is an expansion ratio and p; and p, are densities of the
polymer before and after foaming. The expansion ratio is an
important parameter that can affect the final properties of the
foam, such as cell size, cell density, and mechanical properties.
For example, a higher expansion ratio results in foam with
larger cell sizes and lower cell density, while a lower expansion
ratio regards smaller cell sizes and higher cell density or less
efficient foaming in the matrix. The expansion ratio can be con-
trolled by adjusting the conditions of the foaming process, such
as temperature, pressure, and chemical composition.®”

2.4. Processing of polymer foams

2.4.1. Foaming agents. Foaming agents are integral com-
ponents in the fabrication of polymer foams, possessing light-
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ness, thermal insulation, and cost-effectiveness.®® These addi-
tives facilitate the formation of fine and uniform pores within
the polymer, leading to a diverse range of foaming appli-
cations, ranging from rigid thermoset resins to easily softening
thermoplastics. Apart from polyurethane foam, which employs
water to react with isocyanate to release CO, gas for the
foaming, foaming agents are often divided into two categories:
physical and chemical foaming agents.

Physical foaming agents (PFAs) function by undergoing a
change in their physical state, which involves the vaporization
of liquid or depressurization of gas bubbles embedded in the
polymer system.®® PFAs that create foaming expansion through
liquid vaporization include water, short-chain hydrocarbons,
and halogenated hydrocarbons, and PFAs that create foam by
undergoing depressurization use relatively inert gases, such as
CO, and N,.”° Nowadays, CO, and N, are highly regarded as
effective foaming agents for their eco-friendliness, cost-
efficiency, foamability, and safety.

The relatively low critical temperature and pressure of CO,
and N, make it easy for them to enter the supercritical state,
enabling them to serve as highly effective foaming agents.”* A
supercritical state is a state of matter that occurs when a sub-
stance is maintained at a certain point of temperature and
pressure above its critical temperature and pressure. In this
state, the substance has properties of both a liquid and a gas,
with high fluidity and low surface tension. Therefore, the solu-
bility of CO, and N, in this state increases significantly in the
polymer system and this results in a decrease in the glass tran-
sition temperature of most polymers.”> When a molten
polymer is saturated with a supercritical fluid, cell nucleation
takes place at a high concentration, and cell growth persists
until the polymer solidifies. This makes it beneficial for fine-
adjustment of the size of the pores from nano to macroscale.
Furthermore, the modest critical temperature and pressure of
CO, (31.1 °C and 7.38 MPa) make the rapid depressurization
step relatively easier for the polymer foaming without requir-
ing a high processing temperature.**

However, the major challenge of physical foaming is the
volume shrinkage of the polymeric foam, especially
elastomers.”>”* Unlike thermoplastics, TPEs are difficult to
foam with large expansion due to their elasticity and low
modulus. During the foaming process, gas bubbles are
entrapped in the TPEs to create pores within the polymer
matrix. However, once TPEs are exposed to ambient tempera-
ture and pressure after the foaming process, they become
elastic and lack the necessary modulus to withstand the com-
pressive force from the air. As the air pressure is higher than
the gas pressure within the polymer, the gas bubbles shrink by
the compressive force, and this restricts the foaming expan-
sion.*® To enhance the modulus of TPEs and mitigate the
issue of volume shrinkage, the use of rigid fillers, such as sili-
cate, carbon fiber, and carbon black has been studied.”® Also,
crosslinking (or vulcanization) is an effective way to increase
the modulus of such polymers, which involves the formation
of covalent bonds between polymer chains and creates an
interconnected structure. In the physical foaming method,
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crosslinking must take place prior to the foaming process.
However, this pre-crosslinking often impedes cell growth and
restrains foam expansion due to TPEs’ enhanced rigidity.*® In
this case, utilizing a chemical foaming agent can probably
facilitate the process. In addition, the foaming speed has to be
balanced with the curing rate of the elastomer matrix, which
normally requires a high temperature, via the optimization
design of the foaming temperature and dwelling time.

Chemical foaming agents (CFAs) are thermally decomposa-
ble foaming agents that decompose into gases upon heating.
They are mostly solid at room temperature, but when exposed
to a heat with a specific temperature (above decomposition
temperature) they decompose and release gas such as N,, CO,,
or CO. The process of using a CFA involves blending, heating,
expansion, and solidification.”” A blend of the polymer
material and the CFA is prepared, and then it is heated under
pressure. The heat melts or softens the polymer, and simul-
taneously decomposes the foaming agent to release gas via a
heat-mediated chemical reaction, and the evolved gas sub-
sequently forms cells within the softened/melted polymer.*® If
desired, the polymer/gas mixture can be placed in a mold with
a designed shape by which the expanded foam forms the
desired shape. The mold is then cooled, allowing the polymer
to solidify and maintain the cell structure created during the
foaming process.””

CFAs can be largely classified into two groups: exothermic and
endothermic chemical foaming agents.”®”” Exothermic CFAs
generate a large amount of heat when they decompose and cause
an exothermic chemical reaction. They are usually organic com-
pounds, such as azodicarbonamide (ADC), p-toluenesulfonyl
hydrazide (TSH), and 4,4-oxybis(benzenesulfonyl hydrazide)
(OBSH). Endothermic CFAs, on the other hand, absorb heat
when they decompose, causing an endothermic reaction.
Examples of endothermic foaming agents include inorganic salts
such as sodium bicarbonate and ammonium sulfate.

One of the main advantages of CFAs is their ability to create
a uniform foam structure. This allows manufacturers to
produce consistently sized and shaped foams. Also, using
CFAs is cost-effective, because most CFAs are easy to obtain
and store, and it reduces capital cost as it requires simple
incorporation into the existing thermoplastic processing facili-
ties. CFAs can be added to a solid polymer before heating,
whereas PFAs require the polymer to be already molten (or sof-
tened) before they can be injected. This makes CFAs advan-
tageous to use in a variety of processing methods, such as
compression, injection molding, extrusion, and calendaring
without requiring special processing equipment, treatment,
storage, or handling.”®

Moreover, the chemical foaming method addresses the
volume shrinkage issue of the physical foaming method on
TPEs. As mentioned, improving the modulus of elastomers
requires additional modulus enhancement treatment such as
crosslinking. In the physical foaming process, crosslinking
must be done before the foaming process, but this pre-cross-
linked network often inhibits foam expansion.?” On the other
hand, chemical foaming allows crosslinking and foaming to
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happen simultaneously, therefore it can benefit from the cross-
linking with the enhanced melt strength that maintains the
foam structure, thus minimizing post-shrinkage and improv-
ing the elastomers’ dimensional stability.*®

Despite their many advantages, there are disadvantages to
using chemical foaming agents. When using these foaming
agents, it is important to pay close attention to the foaming
agent’s decomposition temperature, as the polymer can
decompose before the foaming agent is fully activated.”®
Additionally, CFAs can cause contamination if unreacted or
solid residue stays in the product. This residue can lead to dis-
coloration, unpleasant odor, and corrosion of the polymer.
Also, the gases released by foaming agents such as NO,, SO,
and a large amount of CO, can cause environmental pollution;
therefore, it is important to limit the use of CFAs to the
minimum concentrations required for the foaming operations
to minimize the problem.”®

2.4.2. Foam cell formations. The formation of foam
involves the creation and expansion of gas bubbles in a polymer
matrix resulting in a system of dense polymer matrix with
spherical pores filled with gas. The transformation of a foaming
agent from free gas molecules to spherical bubbles occurs with
the rapid change of temperature and pressure, causing a reac-
tion in the polymer system.”* When the polymer matrix sur-
rounding the gas bubbles solidifies quickly enough before the
gas condenses, the foam becomes stable. It is crucial that this
solidification process happens faster than the gas phase con-
densation, as otherwise, the size of gas bubbles reduces,
causing the shrinkage of the polymer foam.*® Fig. 5 describes
the general foaming process in four stages, (1) gas diffusion, (2)
cell nucleation, (3) cell growth, and (4) cell stabilization.

(1) Gas diffusion: A pressured gas is injected into a molten
polymer (for physical foaming) or a decomposed gas from a
chemical reaction is introduced to a molten polymer (for
chemical foaming). The gas diffuses throughout the molten
polymer until saturation is reached. The gas solubility during
physical foaming normally relies on high temperature and
pressure. For chemical foaming, the blowing agent dispersion,
and the mixing parameters (e.g., mixing speed and blowing
agent concentration) are the keys to control and gas source
diffusion.®*

(2) Cell nucleation: The formation of microcellular nuclei
starts with the addition of gas to a saturated polymer/gas
mixture, causing gas to escape from the single-phase polymer/
gas mixture and form the cell nucleus. The thermodynamic
change, a driving force of the cell nucleation, is often brought
about by a decrease in the solubility of the gas, which can be
achieved through a pressure drop or a temperature increase.®?
If the foaming process involves rapid depressurization, cell
nucleation and the cell growth occur simultaneously, as the
escaping gases within the polymer system swiftly expand to
create larger cells. The relationship between solubility and
pressure is an important factor in the foaming process as this
stage influences the final shape and characteristics of the
material. The use of fillers and nucleating agents can help
enhance the nucleation process during foaming. They provide
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additional sites for bubble formation during foaming, which
facilitates the creation of gas bubbles, leading to a more con-
trolled and efficient foaming process. The use of these addi-
tives allows for better control over the foaming process and
can contribute to achieving desired foam properties for
specific applications.

(3) Cell growth: Cell nucleation results in the creation of
cells with varying sizes. The pressure within a small cell is
higher compared with larger cells, causing the smaller cells to
coalesce with the larger cells through a pressure gradient.
This, in turn, contributes to the expansion of cells. Cell growth
is dependent on various factors, such as temperature,
pressure, and viscoelastic properties of the polymer/gas
mixture during the processing.®”

(4) Cell stabilization: The solidification of the molten
polymer occurs through cooling and the use of surfactants or
curing agent(s). For an open-cell system, once solidification
takes place, the gas inside the cells gradually diffuses out,
creating room for air to enter. The mutual diffusion between
gas and air continues until the gas has completely been
replaced by air, leading to cell stabilization.*® For the closed-
cell system, the cells stabilize as separated units as soon as the
matrix cools down or the vulcanization/crosslinking finishes,®
and the gas within the closed cells will be eventually replaced
by air as time passes.

3. Polymer foam preparation
methods for oil sorption

As shown in Fig. 6, the commonly used preparation methods
for polymer foam processing involve but are not limited to
extrusion foaming, batch foaming, foam injection molding,
compression foaming, freeze-drying, and reactive foaming.
They are discussed in detail below and their advantages and
limitations are listed in Table 1.

3.1. Extrusion foaming

Extrusion foaming is a process where a foaming agent (gas) is
injected into the molten polymer through an extruder. The gas

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is introduced into the polymer through either the thermal
decomposition of a chemical foaming agent or the direct injec-
tion of a physical foaming agent, with the principles being
similar for both methods. Rizvi et al.®' presented extrusion
foaming of PP/PTFE blends using a physical foaming agent
(CO,) in two-step single-screw extruders (Fig. 7). The solid
polymer (usually pellet or powder form) is fed through the
hopper and the polymer melts as it passes the heated screw
where shear heating is generated by the screw motion. CO, is
then introduced into the first single-screw extruder barrel via a
syringe pump, ensuring a constant flow rate. The rotating
screw inside the barrel creates high shear and high pressure,
facilitating the dissolution of CO, in the molten polymer
through convective diffusion. It is crucial to maintain high
pressure throughout the extruder and die to delay bubble
nucleation until the polymer emerges from the die. Upon
exiting the die, the molten polymer experiences a sudden
pressure drop, leading to supersaturation with gas. This
phenomenon triggers the nucleation and formation of bubbles
within the material. The foam structure stabilizes as it rapidly
cools down. This method requires pressure control, and the
final size and shape of extruded foam samples are limited by
the nozzle size and the foaming temperatures.

A type of continuous extrusion foaming for open-cell poly-
propylene/polyolefin elastomer (PP/POE) blend foams was
reported by Pang et al.®* Foams of PP/POE prepared at temp-
eratures of 180 °C, 178 °C, 176 °C, and 174 °C were character-
ized and results revealed that the lower temperatures (174 °C
and 176 °C) investigated in this study were more conducive to
achieving well-foamed PP/POE blends with increased open-cell
contents and thinner cell walls. On the contrary, the higher
foaming temperatures led to cell coalescence resulting in
closed cells. In the same study, the authors investigated oil
sorption kinetics and displayed that the higher open cell-con-
taining samples corresponded to an increased sorption rate
and sorption capacity.

3.2. Batch physical foaming

The production of polymeric foam through batch physical
foaming can be classified into two methods based on how
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Table 1 Advantages and limitations of the various foaming methods
Foaming methods Advantages Limitations Ref.
Extrusion foaming Suitable for both chemical and physical Limited sample sizes and shapes 84
foaming
Batch foaming For physical foaming process only and no  High pressure and temperature required 85 and 86
chemical reaction required
Foam injection molding  Quick and precise molding Premixed masterbatch required 85 and 87
Compression foaming High pressure and temperature not Premixed masterbatch required 85
required
Freeze-drying Low temperature: no foaming agent is Solvent required; time-consuming 88 and 89
required
Reactive foaming (e.g., High pressure and temperature not Reactions between the foaming agent and the reactants; 90
PU foaming) required not for oil absorption if without modification

pressure and temperature are controlled.”® The first method,
heating foaming, involves saturating the elastomer with
foaming agents at low pressure and temperature, then expand-
ing the gas-saturated elastomer to a higher temperature for a
set amount of time. The second method, cooling foaming,
involves first heating and melting the elastomer with foaming
agents at high pressure and temperature, then cooling it down
to the foaming temperature and expanding it by releasing the
pressure. Fig. 8 shows a batch foaming system with a cooling
foaming method.”® The foamed polymer was a chain-extended
polylactide with CO, used as a foaming agent. The maximum

52 | RSC Appl. Polym., 2025, 3, 43-77

processing temperature and pressure in the autoclave were
350 °C and 200 bars, respectively, and the pressure was rapidly
dropped (at the rate of 20 bar min™") for the foam expansion.
To accomplish the foaming, both the heating and cooling
foaming require specific and complicated control of the
pressure and temperature. As a comparison, the first method,
heating foaming, shows fewer steps and is more straight-
forward for pressure control.

For instance, high-melt-strength polypropylene (HMSPP)
and linear polypropylene (PP) were compounded at different
ratios and subsequently batch-foamed by supercritical CO, at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Batch foaming equipment (reproduced from ref. 93, Copyright
2011 Elsevier Inc.).

different temperatures and pressures to develop open-cell
foams tailored for oil absorption applications.”* The findings
revealed that the incorporation of HMSPP into PP not only

© 2025 The Author(s). Published by the Royal Society of Chemistry

broadened the processing window for foaming but also ampli-
fied the foam’s expansion ratio. Moreover, both the expansion
ratio and open-cell content exhibited an increase with satur-
ation pressure. In the absence of any surface modification for
the blended polymer foams, the oil absorption capacity for
gasoline reached a noteworthy 35 g g ' after a 24-hour
exposure period.

Batch physical foaming typically involves the use of a high-
pressure vessel and a control system to achieve the desired
foaming conditions. The need for specialized equipment and
control systems can result in higher processing costs compared
with other foaming methods, such as chemical foaming or extru-
sion foaming. The complexity and cost associated with the equip-
ment and control systems are factors that should be considered
when choosing a foaming method for polymer processing.

3.3. Foam prepared by injection molding

Foam injection molding is a quick and economical method of
producing foam products with consistent and uniform character-
istics. This is because the process grants a level of precision in the
molding process, such as the amount of material used, the foam
density, and the product’s shape. Additionally, it requires
minimal tooling and results in low scrap rates. The injection
molding shows quick foaming; however, it requires the premixed
polymer/foaming agent compounded as the masterbatch.
Hopmann et al.®® conducted a foam injection molding of
ethylene propylene diene monomer (EPDM) using water as a
foaming agent, to determine that water vaporization can
replace the chemical decomposition foaming method for a

RSC Appl. Polym., 2025, 3, 43-77 | 53


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00211c

Open Access Article. Published on 14 11 2024. Downloaded on 2026/06/11 18:52:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

1. Dosing and closing mold

::i-:>

6. Heating
time

o

pening mold
emoulding

i
8.

@)

View Article Online

RSC Applied Polymers

2. Volumetric filling of the cavity

¥

3. Residual time

4. Partially opening of the mold
(breathing mold opening)
5. Initiation of foaming

Fig. 9 Process sequence of the breathing mold technique in injection molding (reproduced from ref. 95, Copyright 2016 John Wiley & Sons, Inc.).

TPE. The EPDM samples were made using a breathing mold
technique as shown in Fig. 9. This technique involves the
injection of the melt into a compression mold, followed by a
residual time of 100 seconds and the opening of the mold by
2 mm. The opening initiates foaming, after which the sample
is demolded. The main benefit of this concept is the con-
trolled foaming after a set time and temperature. The pressure
within the cavity increases due to thermal expansion, prevent-
ing premature foaming until the mold is opened. The injection
was carried out with a mold temperature of 180-210 °C and a
maximum injection pressure of 75 bar. No foaming agents
were added in this study; however, product control would be a
challenge if the foam were solely dependent on the mold par-
tially opening and breathing.

The chemical and physical foaming methods for injection
molding of thermoplastic PU were compared by Kharbas and
McNulty.’® The results showed that the use of physical blowing
agents yielded softer foams, while the use of CO, and N, as co-
blowing agents helped to manufacture foams with lower bulk
densities, better microstructures, and lower hysteresis loss
ratios. In another study, CO, was applied as the foaming agent
in the microcellular injection molded PP/PTFE foams, and the
developed foam showed outstanding hydrophobicity and re-
usability of oil uptake.’”

Process parameters such as chemical blowing agent dosage,
shot size, mold temperature, injection speed, packing
pressure, and core-back speed possess significant effects on
the produced foam’s density and mechanical properties. The
customizable, scalable, and cost-effective injection molding
foam technology shows a promising future in the manufacture
of microcellular polymer foam for oil absorption.

3.4. Compression foaming

Compression foaming is another quick foaming process that
involves compressing a foamable polymer at high tempera-
tures and a certain dwell time to decompose the foaming

54 | RSC Appl. Polym., 2025, 3, 43-77

agent (i.e., CFAs) in compression molding. The compression
step involves applying pressure to the material to reduce its
volume before expansion. The control of pressure in com-
pression foaming can influence the density and properties of
the resulting foam. A controlled compression step helps in
achieving uniform foaming and desired characteristics in the
final product. The level of pressure applied, the compression
time, and the subsequent release conditions can be factors
that affect the foaming process, and the quality of the foam
produced.”® While pressure control might not be necessary
throughout the entire foaming process, it is often a critical
parameter during the compression phase to achieve consistent
and controlled foam expansion. The specific requirements can
depend on the material being foamed and the desired pro-
perties of the final foam product.

Recent studies reported by Lee et al. showed the com-
pression foaming of ethylene propylene diene monomer
(EPDM)-based rubber composites, and the final batch dis-
played mechanical and oil absorption properties.”® ADC was
used as a foaming agent, and it was premixed with the rubber
via a softened-state batch mixing. The compounds were then
compression molded into sheets and high temperature was
applied successively for the foaming. The foaming process
required no pressure control but only adequate temperature to
decompose the foaming agent. The drawback is similar to the
injection molding that will need extra premixing for the prepa-
ration of the masterbatch.

3.5. Freeze-drying

Freeze-drying, also known as lyophilization, is an industrial
process that consists of removing water from a frozen sample
by sublimation and desorption under a vacuum.'® Preparing
polymer foams via freeze-drying can be a simple method that
entails freezing and solvent replacement®”'°" as displayed in
Fig. 6. Firstly, the polymer is completely dissolved via an
appropriate solvent, and then the solution is frozen. The

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00211c

Open Access Article. Published on 14 11 2024. Downloaded on 2026/06/11 18:52:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Polymers

frozen solvent can then be immersed in 0 °C distilled water to
replace the solvent. Lastly, the water—polymer mixture will be
dried at a higher temperature for a period of time (e.g., 60 °C
for 12 h). For the process of freeze-drying foaming, there will
be no foaming agent or high temperature required. However,
the foaming process can be a time-consuming and labor-inten-
sive process. Finding a substitute solvent that is as eco-friendly
as water and shortens the foaming time would be a future
research topic.

3.6. PU foaming

PU foaming is listed separately because the foaming mecha-
nism is different from conventional physical or chemical
foaming methods, for which pressure and temperature control
are prerequisites. The PU foams (PUFs) are groups of expanded
polymer materials, and the synthesis results from the combi-
nation of two steps, including the polymerization (reaction
between isocyanate and polyol) as the first step and expansion
(reaction between isocyanate and water) as the second step.
The foaming process can take place almost simultaneously
with the polymerization at room temperature with appropriate
catalysts.'%*

The foaming process of reacting PUFs was in situ monitored
in a recent study,”® and it was found that the foam’s structure
was primarily influenced by the mixing process and sub-
sequent bubble coarsening. In cases where no air bubbles
were introduced during the mixing phase (a slower mixing
rate), the formation of new bubbles arising from the reaction
of CO, with water and pentane was observed. Additionally,
both bubble fusion and the process of Ostwald ripening were
identified as mechanisms contributing to the coarsening of
the foam structure, with the latter showing reduced effective-
ness in the context of polyisocyanurate foams.

PUFs are commonly used in comfort applications or as
thermal and sound insulation materials, contributing to the
second largest portion of the US plastic foam market.'*
However, because of the formed functional groups, neat PUFs
are not suitable for oil absorption unless there are some modi-
fications to alter the hydrophilic nature, which will be dis-
cussed in the following sections.

3.7. Other foaming methods

Besides the conventional foaming techniques discussed
earlier, there are alternative methods to introduce pores or
voids into a polymer matrix, such as template-based routes.
These methods offer significant advantages in customizing the
porous structure, allowing for controllable hierarchical poro-
sity, precise pore size, and intricate microstructures without
the need for chemical or physical foaming agents.'** % This
approach is particularly promising for creating polymer foams
tailored for oil absorption and adsorption applications.
However, despite these advantages, template-based techniques
also have some notable limitations: (1) the size scale of the
foams is typically constrained by the dimensions of the tem-
plate used. This limitation can hinder the production of large-
scale foams required for industrial applications; (2) the
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process often involves the use of solvents or soluble salts
within the matrix, which can introduce complications related
to the removal of these materials and potential contamination;
and (3) the method can be time-consuming, particularly
during the template removal phase, which can impact the
overall efficiency of the production process. Addressing these
limitations should be a focus of future research to make tem-
plate-based methods more viable for large-scale, practical
applications in oil absorption and adsorption.

4. Recent progress of polymer foam
for oil sorption

4.1. Nanocomposite polyurethane foam (PUF) for oil
sorption

Polyurethane foams (PUFs) have been one of the major
material options for effective oil absorption, due to several
combinations of desirable properties, such as ease of modifi-
cation, processibility, recyclability, high oil absorption
capacity, stability, and exceptional mechanical properties.
Moreover, PU materials can be readily produced on a signifi-
cant industrial scale, which establishes them as a highly prom-
ising option for the absorption of oil and organic solvents.

Nevertheless, the hydrophilic nature induced by polar
groups like carboxyl and amino groups in PU hinders its
selectivity and overall effectiveness in oil/water separation pro-
cesses. To address this concern, recent studies have focused
on incorporating additives into PU foams to achieve hydro-
phobic surfaces, which would increase the oil/water selectivity.
Various materials have been used for this purpose, including
Al 03,'%7 Zn0,'® Si0,/Mn0,,'"” lauryl methacrylate,"*° and
carbon-based materials.""’™""® Among the materials used for
the hydrophobic functionalization of polyurethane sponges,
carbon-based nanomaterials, such as nanotubes, nanofibers,
nanoparticles, and graphene (2D nanocarbon) have been
proved to be effective as filler additives in PUF. These fillers
not only increase the hydrophobicity of the foam but also
improve their overall performance.

Keshavarz et al.''* studied multi-walled carbon nanotube
(MWCNT)-modified PUF and the results showed that the
addition of MWCNTs on the PUF surface improved its thermal
and mechanical resistance and increased its light crude oil
sorption capacity by 21.44% at a concentration of only 1 wt%
MWCNT. The sorbent’s reusability was also tested through
four cycles of chemical regeneration and 85.45% of its initial
oil sorption capacity was retained after regeneration. Another
noticeable work of MWCNT-incorporated PUF material was
reported by He et al.’** Their work indicated that the modified
foam had a high-water contact angle of 159° and an improved
oil absorption of up to 60 g g~ . It was confirmed to be highly
effective and reusable (900 cycles) in various oil/organic-water
systems such as engine oil, silicone oil, and kerosene. Also,
the modified materials showed 27% higher tensile strain, and
35% lower compressive strain compared with regular PUs,

RSC Appl. Polym., 2025, 3, 43-77 | 55


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00211c

Open Access Article. Published on 14 11 2024. Downloaded on 2026/06/11 18:52:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

indicating they possessed enhanced mechanical properties
and larger foam expansion.

Visco et al''' investigated PU-based foams filled with
carbon nanofibers (CNF) to enhance their oil selectivity and
mechanical durability. The samples were characterized
through various physical and mechanical tests, including
contact angle measurement, absorption tests, optical
microscopy observation, and compression fatigue tests. The
results showed that the addition of CNF to the foam led to an
increased hydrophobicity (contact angle of 111-114°) and a
better oil separation (22.85% improvement in oil/water selecti-
vity compared with a non-modified PUF). The optimal filler
amount was found to be around 1 wt% for a homogeneous dis-
tribution within the foam. Furthermore, the fatigue test results
showed that the mechanical properties of the foam improved
with increasing amounts of carbon filler, leading to greater re-
sistance to fatigue and increased elasticity.

Nanomaterials with high surface area, high aspect ratio,
and excellent mechanical, electrical, and thermal properties
can enhance the surface properties of PU foam by making it
more hydrophobic and oleophilic, which results in enhancing
the adsorption capacity of foams towards oil and reducing the
water uptake. Besides better absorption capacity, the incorpor-
ation of nanomaterials in foams would have a reinforcing
effect with improved mechanical strength, which helps the
foam to withstand repeated compression and recovery cycles
without losing its shape and absorption capacity.'*>**?

The study of Anju et al.'*® presented a novel graphene-meso
FeO, composite-incorporated polyurethane foam (GPUF) as a
highly efficient sorbent for organic contaminants and oils. The
foam’s surface was modified by anchoring the graphene-meso
FeO,, which endowed high porosity, increased hydrophobicity,
and great magnetic properties to the polyurethane foam. The
effectiveness of the GPUF was demonstrated by its ability to
remove oil rapidly and selectively from water using a magnetic
field, while its magnetic properties also enabled it to be easily
directed to specific areas and quickly recollected after use. The
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3D porous PU scaffold and graphene-mesoporous FeO, compo-
site were found to have a cooperative effect on the adsorption
dynamics, leading to selective adsorption capacity for a wide
variety of oils and organic pollutants in the range of 90-316 g
¢~'. The GPUF was also easily recoverable by manual squeez-
ing, with the reusability of over 150 cycles (for chloroform),
and maintained its high adsorption capacity (Fig. 10).

The potential of PUF nanocomposites for oil absorption
and adsorption is promising due to their high oil absorption
capacity, stability, and exceptional mechanical properties.
These foams are highly modifiable because their large surface
area and embedded nanofillers provide numerous reactive
sites. However, future research must address three significant
challenges. (1) Processibility: nanofillers often agglomerate,
which hinders their uniform dispersion within the polymer
matrix. This challenge necessitates specific treatments, com-
plicating the production process. (2) Recyclability: if not prop-
erly recycled, treated, and reused, many nanofillers pose
serious environmental risks. Effective strategies for recycling
are essential to mitigate these impacts. (3) Cost: the manufac-
turing and recycling of nanofillers increase the overall cost of
producing PUF nanocomposites. Incorporating bio-based poly-
mers and fillers may offer a solution to improve both cost
efficiency and recyclability. To enhance the application of PUF
nanocomposites for oil absorption and adsorption, future
research should focus intensively on improving their cost-effec-
tiveness, recyclability, and processability.

4.2. Sustainable polymer-based foam for oil sorption

The extensive use of conventional petroleum-derived polymers
led to significant consumption of non-renewable resources
and the production of large amounts of difficult-to-degrade
plastic waste, resulting in severe environmental pollution. This
contradicts the goals of sustainable development and the
primary purpose of oil-water separation, which is to conserve
energy and safeguard the environment. As a result, there is a

After

Before

(A) Oil removal by magnetically driven GPUF over time; (B) adsorption capacity of GPUF in cycles of adsorption and desorption of diesel oil and

chloroform; (C) digital images of GPUF before and after reusability studies using diesel oil (reproduced from ref. 115. Copyright 2020 Elsevier Inc.).
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growing interest in oil-absorbing polymeric foams made from
sustainable (e.g., bio-based and biodegradable) polymers.

4.2.1. PLA foams. Poly(lactic acid) (PLA) is among the most
extensively studied biodegradable polymers. PLA foam with an
open-cell structure and high expansion ratio possesses a 3D
structure with a large specific surface area and increased poro-
sity, which provides high buoyancy in the water and efficient
oil sorption.'*®!'” With its strong oleophilicity and hydropho-
bicity, PLA serves as an excellent material for oil absorption.
Moreover, the porous nature of PLA foam allows for easier
degradation compared with solid PLA (Fig. 11).

The high-expansion open-cell PLA foams can be prepared
by a cooling batch foaming process under supercritical CO,
based on a pre-melted non-crystalline state.”® This method
achieved an impressive maximum expansion ratio of 59.7-fold,
coupled with an exceptional adsorption capacity of 15 g g~" for
CCl,. Mechanical property modifications were introduced by
blending PLA with poly(butylene succinate) (PBS) and sub-
sequently batch-foaming with supercritical CO,. The resulting
foams demonstrated varying oil adsorption capacities ranging
from 7.9 to 21.9 g g~ for different oils."'® Calotropis gigantea
fiber-reinforced PLA foams were produced using a freeze-
drying method, exhibiting a stable porous structure withstand-
ing pressures up to 185 kPa and showcasing an impressive oil
capacity of 48.3 g ¢~ *.%° Recent studies have shown the promis-
ing applications of PLA foams as oil absorption materials.
However, the PLA foams inherit drawbacks from their matrix,
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which are low thermal stability and brittleness, and the cost is
much higher than regular engineering polymers. Thus, future
work for PLA foams may need to be focused on mitigating
these challenges.

Table 2 presents studies of sustainable polymer-based
foams designed for oil sorption applications. Wang S et al.*"’
and Li et al."*® successfully fabricated PLA foam and PLA/PBS
foam, respectively, employing the supercritical CO, foaming
method. Both PLA-based foams exhibited great recyclability for
CCl,. Wang X et al'® employed a water-assisted thermal
phase separation to prepare superhydrophobic PLA foam in a
simple and facile method, which showed great sorption
capacity at around 12-31 g g~'. In Table 2, the recyclability
item indicates the number of sorption and desorption cycles
during which the foam preserved its structural integrity and
oil sorption capacity.

Although PLA foams exhibit strong oleophilicity, high
expansion ratios, and impressive oil sorption capacities, they
suffer from low thermal stability and brittleness. These issues
can limit their performance in varying environmental con-
ditions and reduce their lifecycle during repeated usage.
Introducing nanopores and fibers, or blending with some
modifiers (e.g., chain extender) may help increase the tough-
ness of PLA-based foams.

4.2.2. PBS foams. Poly(butylene succinate) (PBS), alterna-
tively known as poly(tetramethylene succinate), belongs to the
polyester family and is a biodegradable thermoplastic polymer

Hydrophobic

Biodegradable

Fig. 11 The eco-cycle of PLA foams as oil absorption materials (reproduced from ref. 89 Copyright 2021 Elsevier Inc.).
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Table 2 Sustainable polymer foams developed for oil-absorbing applications

Sorption
Type Material Fabrication method Type of oil/solvent capacity (g g7") Reusability (cycle) Ref.
PLA PLA foam scCO, foaming CCly, ethyl acetate, 4.6-15.1 20 (CCly) 117
N-octane, etc.
PLA/PBS foam  scCO, foaming CCly, ethyl acetate, silicone  7.9-21.9 20 (CCly) 118
oil, etc.
PLA foam Water-induced phase Engine oil, silicone oil, Around 12-31 10 (ethanol and 101
separation and freeze-drying cyclohexane, etc. cyclohexane)
PBS PBS foam scCO, foaming CCly, cyclohexane, peanut  6.8-34.3 10 (CCly) 120
oil, silicone oil
PBS/PLA foam  scCO, foaming CCly, silicone oil 19.2-50.4 20 (CCly) 121
PBAT  PBAT foam Freeze-drying Engine oil, silicone oil N/A N/A 51
PVA BNNFs/PVA Freeze-drying Silicone oil and pump oil 19.8-61.1 — 125
foam
PVA-based SAW-induced bubble Fluorocarbon solvent/oil Around 4-8 10 (fluorocarbon oil) 129
porous gel generation and freeze-drying and silicon oil
TiO,/PVA PVA modification with TiO, PEG, CCl,, ethanol, etc. 4.3-13.6 15 (n-hexane and CCly) 128
foam anchoring
Others NR/CNF foam CNF modification with NR Diesel, pump oil, silicone Around 40 (silicone 20 (THF, chloroform, 130
anchoring oil, etc. and pump oil) and toluene)
Lignin/PU Lignin modification with PUF  Crude oil, olive oil, pump Around 6-9 50 (crude oil and olive 131
foam oil, etc. oil)

resin that has garnered considerable research attention. This
focus stems from its outstanding melt-processability, remark-
able insulation capabilities, and commendable toughness
characteristics. However, challenges arise in the fabrication of
open-cell PBS foam with a stable structure and high porosity
due to its linear configuration, low molecular weight, and rela-
tively rapid crystallization rate.''® Zhu et al.'*° studied the oil
absorption characteristics of amphiphilic open-cell PBS foams,
where glycerin monostearate and chain extender were used to
improve hydrophobicity and the molecular weight. The oil
absorption capacity of the prepared PBS foam was up to
34.33 g ¢! for carbon tetrachloride. PBS blended with PLA
nanofibers’*’ and poly(hexamethylene(iso-co-tere)phthala-
mide) (PA6IcoT)"** showed improved foamability since the
melt strength had been increased. Accordingly, the blended
PBS foam showed smaller pore sizes, a much more stable pore
structure, and improved oil adsorption capacity. While PBS
foams offer good melt-processability and biodegradability,
achieving a stable open-cell structure with high porosity
remains challenging due to PBS’s linear configuration and
rapid crystallization rate. These factors can lead to variability
in foam properties and potential inconsistency in oil sorption
performance. Blending the PBS matrix with other polymers or
introducing reinforcing fillers may help improve the dimen-
sional stability and modify the crystallinity.

4.2.3. PBAT foams. Polybutylene adipate terephthalate
(PBAT) is a biodegradable random copolymer, specifically a co-
polyester of adipic acid, 1,4-butanediol, and terephthalic acid
(from dimethyl terephthalate). It is generally marketed as a
fully biodegradable alternative to low-density polyethylene,
having many similar properties including flexibility and resili-
ence, allowing it to be used for many similar uses such as food
packaging, containers, and automobile applications.'*""*?
Though PBAT is foamable, its matrix shows weak mechanical
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properties, and its considerable shrinkage limits its appli-
cation as an oil-removal material.'*®> Shrinkage-free fully bio-
degradable PBAT/PBS blend foams were reported by Hu
et al."** by employing supercritical CO, foaming. The results
showed that the addition of PBS facilitated cell nucleation and
increased CO, solubility resulting in an open-cell structure
with improved stiffness. A directional freezing process was
used to develop PBAT foams with aligned channels, and the
biodegradable biomimetic hydrophobic PBAT foams showed
fast and efficient oil absorption properties that were compar-
able to their non-biodegradable counterparts (e.g., PET).>'
PBAT foams, despite their biodegradability and flexibility, have
weak mechanical properties and significant shrinkage, restrict-
ing their use in oil sorption applications. Enhancing the
mechanical properties without compromising biodegradability
is essential for expanding their application range. Blending
with other bio-degradable polymers and fillers might be one of
the solutions.

4.2.4. PVA foams. Polyvinyl alcohol (PVA) is an affordable,
non-toxic, and biocompatible polymer that has attracted sig-
nificant interest due to its ease of fabrication, slight biodegrad-
ability, and suitability for environmental remediation."”®> PVA
foam, with its high porosity and low density, exhibits outstand-
ing adsorption performance and the durability of PVA-based
foam is essential for sustained oil-water separation appli-
cations."*® However, the hydrophilicity of PVA foam limits its
application in oil-water separation.” This issue can be
addressed by fabricating nanocomposites often through the
incorporation of surface-modified nanostructures. Pristine PVA
foam typically contains numerous hydroxyl groups, which
enable active site reactions with nanoparticles, resulting in
hierarchical structures on the PVA foam’s framework.'*®

Gao et al."®® combined porous boron nitride nanofibers
(BNNFs) with PVA to create a composite foam using a freeze-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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drying method. An increase in BNNF content resulted in a
larger specific surface area and significantly increased oil sorp-
tion capacity. Jin et al.'*® fabricated a PVA-based porous gel
with a surface acoustic wave (SAW) microfluid generation
method, which allowed for improved control and flexibility in
manipulating the microfluid. He et al.'*® prepared superhydro-
phobic and superoleophilic TiO,/PVA foam by anchoring TiO,
to the surface of PVA foam with chemical modification. For
other biomass-derived foam modification, Lorevice et al.**°
fabricated cellulose nanofibril (CNF)-based foam incorporated
with natural rubber (NR), and Hwang et al.*! created PU foam
combined with hydrophobized lignin particles, which both
showed great reusability.

PVA foams are known for their affordability and biocompat-
ibility, but their inherent hydrophilicity limits their effective-
ness in oil-water separation. Additionally, their mechanical
stability during extended oil sorption cycles requires improve-
ment to ensure long-term usability. Some modifications, for
instance, chemical treatments (e.g., grating, coating) to hydro-
phobize the foam surface may help to improve structural
stability.

4.2.5. Eco-sustainability of biodegradable polymer foams
for oil ad/absorption. Despite the significant progress in devel-
oping sustainable polymer-based foams for oil sorption,
several challenges remain that need addressing in future
research, including:

4.2.5.1. Environmental impact and degradation. The degra-
dation rates and mechanisms of these foams can vary signifi-
cantly depending on environmental conditions such as temp-
erature, presence of microbes, and exposure to sunlight."*?
This variability can affect the predictability of foam perform-
ance and environmental impact over time. The degradation
products of some biodegradable polymers may still pose
environmental hazards if not managed properly.'*®
Comprehensive studies on the environmental impact of degra-
dation by-products are necessary to ensure that these materials
provide a truly sustainable solution.

4.2.5.2. Materials and manufacturing The
materials for bio-based polymers can be more expensive and
less readily available than those for petroleum-based polymers.
Exploring alternatives, more abundant bio-based sources, or
enhancing the efficiency of existing sources could help miti-
gate these cost issues. The production costs of sustainable
foams, such as PLA and PBS, are generally higher than conven-
tional petroleum-based."** Innovations in manufacturing pro-
cesses, as well as the development of cost-effective and scal-
able production techniques, are needed to make these foams
more commercially viable.

4.2.5.3. Process optimization. Achieving uniform and con-
trolled foam structures, particularly in terms of pore size and
distribution, is critical for consistent oil sorption perform-
ance.”® Advanced manufacturing techniques and precise
control over processing conditions are necessary to enhance
the structural properties of these foams. Additionally, incor-
porating various additives to enhance the properties of these
foams, such as nanofillers for mechanical strength or hydro-

costs. raw

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phobic agents, can lead to compatibility issues. Ensuring that
these additives do not compromise the biodegradability or
recyclability of the foams is crucial.

4.2.5.4. Recyclability and reusability. Developing efficient re-
cycling processes for these foams that maintain their struc-
tural integrity and oil sorption capacity is essential. Current re-
cycling methods may not fully recover the properties of the
foams, leading to diminished performance over multiple
cycles. The reusability of these foams in practical applications,
including their resistance to fouling and degradation after
multiple oil sorption and desorption cycles, needs to be
thoroughly evaluated. Ensuring long-term effectiveness and
durability will enhance their practical application potential.
Previous literature demonstrates that many polymers, includ-
ing polyolefins, undergo chain scission degradation during
repeated melt-recycling.'*® This degradation limits the number
of times a polymer can be effectively recycled and thermo-
formed into foam. For biodegradable polymers, recyclability
and reusability need further research.

4.2.5.5. Environmental footprint. A comprehensive life cycle
assessment (LCA) of these foams from production to disposal,
including their environmental footprint compared with con-
ventional materials is necessary. This assessment will help in
understanding the true environmental benefits and trade-offs
involved in using these sustainable foams for oil ad/absorption
applications. Addressing these challenges will be pivotal in
advancing the application of sustainable polymer-based foams
in oil sorption and ensuring their practical, environmental,
and economic feasibility.

4.3. Surface modifications to improve oil-sorbing properties

The PU and the biodegradable foams reviewed above showed
promising applications as oil absorption materials. However,
they still suffer from lower oil absorption capacity. The
exposed functional groups such as ether, ester, and amide
groups may force the foams to absorb both oil and water.
Surface functionalization can improve the oil absorption
capacity of polymer foams by modifying the surface chemistry
of the foam to enhance its hydrophobicity. Some of the rele-
vant literature is listed in Table 3 to show the improvements in
oil-sorbing properties after surface modifications.

The surface modification technique usually involves
coating a pre-existing polymer foam with a hydrophobic and
oleophilic layer to enhance its oil absorption capacity and
selectivity. This technique can improve the performance of
various types of polymer foams, such as melamine, PU, and
polystyrene.'*®

4.3.1. Surface modification with surfactants. Surfactants
can be used to modify the surface chemistry of the foam by
reducing the surface tension and increasing the surface
energy. This can enhance the wettability of the foam surface
and improve its oil absorption capacity. Silanization has been
used as a convenient way to do surface modification for mela-
mine foams in some previous studies."**'*" In these cases, the
foams were soaked in silane solution to modify the surface
wettability and water contact angle. The treated foams can get
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Table 3 Improvement of oil-sorbing properties after surface modifications
Surface modification methods Oil type Before (g g7") After (gg7") Improvement (%) Ref.
Surfactants Diesel oil 32 38 19 137
Coating with hydrophobic materials Edible oil 25 53 112 45
Plasma treatment Diesel oil 30 47 57 138
Chemical grafting Heavy crude oil 28 58 107 139
an oil absorption capacity of up to 90 g g™, and the reusability
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4.3.2. Coating with hydrophobic materials. To make the

PBAT open-cell foam superhydrophilic, the foam doped with
iron-pillared bentonite (IPB) was prepared by using sugar as a
foaming agent and solution phase separation and then combined
with a solution dipping method to coat the foam surface with
polyacrylamide/SiO,."** Superhydrophilicity enables the foam to
perform better in oil/water separation applications. A two-step
dip-coating procedure with oleophilic molecules was used to
modify melamine foams, and the treated foams reached an
improved oil absorption capacity of up to 100 g g .'** Dip-
coating is a quick and accessible method to do surface modifi-
cation; however, it requires a large amount of solvent, which can
be environmentally harmful and pose safety risks. Developing
solvent-free or low-solvent modification methods could mitigate
these environmental impacts. Additionally, while hydrophobic
coatings can significantly improve oil absorption, their longevity
is often a concern. The coatings may degrade or wear off over
time, particularly under harsh conditions or repeated use.
Additionally, controlling the uniformity and thickness of coatings
during dip-coating processes can be challenging, which may lead
to inconsistent performance.

Chemical vapor deposition (CVD) has been used to estab-
lish an extremely thin hydrophobic layer on the PU foam
surface in an environmentally friendly way, as shown in
Fig. 12.*>'** Different chemicals can be used to functionalize
the PU foams, and both the foam structure stability and the oil
absorption capacities were improved after modification. While
CVD provides a precise and environmentally friendly method
for surface modification, it requires significant investment in
equipment and maintenance. Additionally, the use of chemi-
cals in CVD processes may still pose environmental and health
risks that need to be managed carefully.

4.3.3. Plasma treatment. Plasma treatment can modify the
surface chemistry of the foam by introducing functional
groups, such as carboxylic or amine groups, that can enhance
its oil absorption capacity. A two-step atmospheric pressure
plasma process to modify the surface properties of a PU foam
was reported.'*> The treated PU foam showed selective absorp-
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Fig. 12 The CVD coating process for PU foams. Reproduced from ref.
144, Copyright 2022 Elsevier Inc.

tions of various kinds of oil up to 23 times its own weight. In
addition, the plasma-treated foam could remove mineral oil
while floating on the surface of oil/water mixtures with a separ-
ation efficiency greater than 99%. In another study, atmos-
pheric pressure plasma was used to modify the commercia-
lized polymer foam or fiber mesh (e.g., PU sponge),'**> and the
treated foam showed improved oil-water separation efficiency.
Though the plasma treatment can induce oxygen-containing
groups into the polymer foams, the modified foams can repel
water completely. To cover the exposed oxygen-containing
groups, the melamine sponge (MS) modified by Argon plasma
treatment was then coated with Polydimethylsiloxane
(PDMS)."*® The modified foam showed superhydrophobicity
and reusability with exceptional sorption capabilities.

The disadvantages of plasma treatment include (1) the
possibility of introducing hydrophilic groups and (2) the high
investment required. Plasma treatment can sometimes intro-
duce hydrophilic groups onto the foam surface, which can
counteract the intended increase in hydrophobicity. Ensuring
that the plasma treatment parameters are optimized to mini-
mize this effect is crucial. Plasma treatment facilities require
significant investment and expertise to operate, which limits
their accessibility for widespread use. Simplifying the process
and reducing costs could make plasma treatment a more
viable option for commercial applications.

4.3.4. Chemical grafting. Chemical grafting involves the
covalent attachment of functional groups onto the surface of
the foam. This can modify the surface chemistry and increase
its affinity for oils. PU foams were grafted using polystyrene as
absorbent materials for the oil spills in an earlier study,"*®
where the chemical grafted foams showed enhanced oil
absorption, and doubled the baseline foam. However, the oil
absorption capacity started decreasing after 3 cycles. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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another study, a superhydrophobic/superoleophilic PU sponge
was fabricated by environmentally friendly surface grafting
polymer molecular brushes (grafting with a solution of 1,3-oxa-
zolidin and grafting with a solution containing 1,4-dioxane,
stearoyl chloride, and NaHCO,).'*® The grafted PU foam
showed high absorption capacity (23 times its weight), high oil
retention (93%), high mechanical strength, and good recycl-
ability (up to 400 times).

To improve the oleophilic/hydrophobic properties of PU
foams for oil absorption, PU foams were modified by grafting
with oleophilic monomer Lauryl methacrylate (LMA)'*” and
coating with LMA microspheres through heating and
curing.""® After modification, the water sorption of modified
PU foams was decreased by 24-50%, while the diesel or kero-
sene sorption of modified samples was increased by 18-27%.

Toward controllable oil/water separation, PU foams were
grafted using a block copolymer comprising pH-responsive
poly(2-vinylpyridine) and oleophilic/hydrophobic  polydi-
methylsiloxane (i.e., P2VP-b-PDMS)."*® The modified PU foams
had pH-responsive switchable wettability in aqueous media
and showed great potential for various underwater appli-
cations. Another study regarding the modification of mela-
mine foams also showed the switchable wettability by pH
values when the foams were grafted by poly(4-vinyl pyri-
dine)."*® These studies showed a promising research trend for
the future, since the absorption and desorption processes
should all be covered in real-life applications.

Chemical grafting methods can be complex and may suffer
from process costs and issues with reproducibility and control
over the extent of grafting. Ensuring consistent grafting across
large-scale production is challenging but necessary for practi-
cal applications. Furthermore, the grafted functional groups or
polymers might degrade or lose their effectiveness over time,
especially under prolonged exposure to oils, and harsh chemi-
cal or environmental conditions. Developing more stable graft-
ing techniques or materials could enhance the longevity of
these modifications.

4.3.5. Challenges and future directions in surface-modified
foams for oil absorption

4.3.5.1. Selectivity and efficiency. Although surface-modified
foams have demonstrated enhanced oil absorption capacities,
their ability to selectively absorb a broad range of oils while
repelling water remains inconsistent. To improve their utility
across various scenarios, future research must focus on devel-
oping modifications that offer universal oil selectivity and per-
formance. Additionally, these foams need to be tested under
diverse environmental conditions, including temperature fluc-
tuations and the presence of contaminants, to ensure their
effectiveness and reliability in practical applications.

4.3.5.2. Cost and scalability. The complexity and expense of
many surface modification techniques currently limit the scal-
ability and commercial viability of modified foams. For large-
scale industrial deployment, it is essential to identify and
develop more cost-effective modification methods that do not
compromise performance. Research should prioritize creating
scalable methods that maintain efficiency and effectiveness

© 2025 The Author(s). Published by the Royal Society of Chemistry
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while minimizing costs, thereby facilitating broader adoption
in various industries.

4.3.5.3.  Real-world testing and validation. Much of the exist-
ing research on modified foams has been conducted in con-
trolled laboratory settings. To validate their effectiveness in
real-world conditions, extensive field testing is necessary, par-
ticularly for applications like marine oil spills and industrial
oil-water separation. Moreover, ensuring that these foams
comply with regulatory standards for environmental safety and
performance is crucial for their commercialization. Further
studies should focus on regulatory compliance and environ-
mental impact assessments to support the transition from lab-
oratory research to practical use.

5. Melt-blown fibers for oil sorption

5.1. Role played by melt-blown fibers

Melt-blowing is a manufacturing process used to produce fine
fibers from thermoplastic resins. The process involves melting
a polymer resin and then extruding it through small nozzles,
where high-velocity fluid, typically air, is blown through the
nozzles to break up the molten polymer stream into tiny dro-
plets.”™® These droplets then solidify into fibers as they
encounter a conveyor or take-up screen.'”’ The resulting
fibered web is self-bonded, so the fibers stick together without
the need for adhesives. The fibers produced by the melt-
blowing process are typically very fine, with diameters ranging
from sub-microns to nanometers.

The melt-blowing process is applied in various fields,
including automotive components, filtration, thermal insula-
tion, geotextiles, drug delivery systems, and garments.">>"
The resulting fibered web can be used as a filter medium in
air or liquid filtration systems, as the small fiber diameters
provide a high surface area, which increases filtration
efficiency.'>® Melt-blowing can also be used to produce non-
woven fabrics for use in clothing and protective gear, as well
as in medical applications like wound dressings and surgical
masks.">*"*> Melt-blown fibers have also been found to be
effective in oil sorption due to their porous structure. In produ-
cing melt-blown fibers, the use of hydrophobic polymers like
PP can result in a membrane that repels water due to its low-
surface-energy fibers with varying diameters. The rough and
porous structure created by these interwoven fibers allows for
the selective permeation of oil instead of water.">*'*® This
property is useful in oil spill cleanup, where melt-blown fibers
can be used to ad/absorb to contain spilled oil and/or filter the
contaminated water. The efficiency of the melt-blowing
process and the quality of the fibers primarily depend on the
spin head, which pushes the molten polymer through a row of
closely spaced fine holes."”"'>*

5.2. Melt-spinning and melt-blowing

Melt-spinning and melt-blowing are two common techniques
used to produce fibers from polymer materials. Although they
share similarities, there are some differences in the process of
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fiber formation. Melt spinning is a process in which polymer
resin is melted and extruded through a spinneret to form a
fiber. The spinneret contains numerous holes or orifices, and
the extrusion process produces continuous filaments. The dia-
meters of the fibers produced in melt spinning can be varied
by adjusting the size of the orifices in the spinneret.'>°

Melt-blowing, on the other hand, is a one-step process in
which the molten polymer is blown into ultrafine fibers by hot
and high-velocity air. The fiber is then collected on a rotary
drum or a forming belt with a vacuum underneath the surface
to form a non-woven web. In melt-blowing, the die assembly is
different from the melt-spinning process, as hot air converges
with the fiber as it emerges from the die.'® The fibers pro-
duced in melt-blowing are typically smaller in diameter, typi-
cally ranging from 1 to 10 pm, which allows melt-blown fibers
to have superior filtration properties, while conventional melt-
spun fibers have a coarser fiber structure, higher tensile
strength, and lower pressure drop.’®’ The diameters of the
fibers produced in melt-blowing can be varied by adjusting the
air pressure, temperature, and distance between the die and
the collector.

5.3. Melt-blowing process

In the present day, there exists a multitude of designs for melt-
blowing processes, yet a set of fundamental components is
commonly shared among the majority of such processes.
These components include (1) polymer feed, (2) a metering
pump system, (3) die assembly, (4) air assembly, and (5) fiber
collection and a winding system.'®® The schematic diagram of
melt-blowing is described in Fig. 13.

The extrusion process begins by feeding the polymer pellets
or granules into the extruder hopper, where they are conveyed
along the hot walls of the barrel between the screw flights. As
the polymer flows through the barrel, it becomes molten due
to the combined effects of high temperature, friction, and
shear heating as the screw rotates inside the barrel. The
molten polymer is then pushed towards the metering zone,
which applies the greatest pressure during the extrusion
process. This high-pressure molten polymer is regulated by a
breaker plate with a screen pack that is positioned near the
screw discharge. The molten polymer is then transferred to the
metering pump which precisely controls the flow rate of the

Hopper

Ext
e Hot air

Hot air

Fig. 13 Melt-blowing process from the extruder.
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molten polymer, which is essential for creating uniform fibers.
The metering pump works by measuring and delivering a fixed
volume of polymer melt per unit of time and ensures consist-
ent polymer flow under process variations in viscosity and
temperature. The most crucial component of the melt-blowing
process is the die assembly, which comprises three essential
parts: polymer feed distribution, die nosepiece, and air mani-
folds."®® The polymer feed distribution is designed in a way
that polymer distribution is not heavily influenced by the
shear properties of the polymer, allowing for the melt blowing
of a wide range of polymeric materials with one distribution
system. Once the polymer melt exits the feed distribution
channel, it directly flows to the die nosepiece, which is a
broad, hollow, and tapered metal piece containing several
hundred holes or orifices spread across its width. The orifices
or holes in the die nosepiece release the polymer melt, which
then solidifies into thin strands. These strands are then drawn
out and stretched into fine fibers (attenuation) by high-velocity
hot air (typically at 230 °C to 360 °C and 1/2 to 4/5 the speed of
sound in commercial processes)."®® A spin head enables the
extrusion of low-viscosity molten polymer through a single row
of fine holes that are closely spaced, typically ranging from
1000 to 4000 holes per m. To solidify and draw the extruded
fibers, high-velocity hot air is used and then cooled by
entrained air (winding process). The collected fibers are sub-
sequently formed into a fiber mat on the collector.

5.4. Melt-blowing dynamics

A considerable amount of theoretical and experimental
research has been conducted on the mechanisms of fiber
dynamics during melt-blowing.’®>'®® Understanding fiber
dynamics is critical in controlling the properties of melt-blown
nonwoven fibers.

5.4.1. Fiber motion. Whipping is a phenomenon that
occurs in the melt-blowing process when the polymer fibers
undergo lateral oscillations due to aerodynamic forces.'®® The
theory of aerodynamically driven jet bending was developed by
Entov and Yarin,'®® who stated that if the velocity of the flow
exceeds a certain critical value, any small disturbance in the
flow will grow and result in instability. According to the online
measurement conducted by Xie and Zeng,'®’ the area between
0 to 5 cm at the centerline experienced high air velocities and

Collector

Molten polymer
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significant turbulent fluctuations when the polymer melt was
discharged from the die. Measurement of turbulence quan-
tities is crucial in the melt-blowing process to understand fiber
motion and formation. Also, it can prevent operational pro-
blems caused by strong velocity fluctuations, such as fibers
sticking to the die face or becoming entangled with themselves
or adjacent fibers. Xie and Zheng’s observation of fiber whip-
ping amplitude and frequency showed that whipping occurs
more intensely with an increase in distance from the die,
while the frequency of the whipping action decreased as the
distance from the die increased.

One of the factors that influence fiber motion is the airflow
field created near the melt-blowing die. The airflow field can
be modified by using different die designs, such as slot die
and annular die (or swirl die). A slot die is a type of melt-
blowing die that has a rectangular opening for airflow. The
airflow field near the slot die is important for fiber formation
and quality because it determines the degree of fiber attenu-
ation, whipping motion, entanglement, and cooling. Xie
et al.'®® discussed the measurement and analysis of the three-
dimensional jet flow field under a common slot-die using a
hot wire anemometer, three-dimensional traverse equipment,
and a stepper motor. Their results showed that the velocity of
airflow is significantly reduced near the slot end face, which
affects the distribution of the flow field. The characteristics of
the flow field led to inconsistencies in fiber diameter and
strength. In the center area and its vicinity, air velocities were
high with little difference between them, while distant areas
had lower velocities and no drafting effect on the fiber. The
velocity on the spinning line decreased sharply as the distance
to the die increased, and the instantaneous speed fluctuated
rapidly, which could cause fiber whipping and hinder smooth
drafting.

On the other hand, a swirl-die (annular-die) can produce a
swirling diffused airflow that can induce helical fiber motion
and result in fibers with specific patterns. Moore et al.*®
reported that the inner annular wall of the die creates signifi-
cant variations in turbulence behavior, including the for-
mation of a recirculation region due to the center wall effects.
In addition, the annular orifice generates a substantial
amount of turbulence in its immediate vicinity, which is much
greater than that generated by a circular orifice. The flow pro-
perties of a swirl die are significantly different from those of a
more extensively studied slot die. Zhu et al.'”® studied the
relationship between the lateral swirling diffusion of airflow
and fiber distribution in the unique swirl-die melt-blowing
process. The three-dimensional resultant velocity of air (v) in
the swirl-die melt blowing was three-dimensionally decom-
posed into its lateral velocities (v, and vg) and the downward
velocity (v,), which was directed toward a fiber collector. The
fiber path in the swirl-die melt blowing was captured using
high-speed photography. It was found that the critical bound-
ary of the air lateral diffusion velocity (v,) played a significant
role in controlling the lateral fiber distribution during melt-
blowing. However, most of the twisting velocity (vs) was located
outside the conical fiber envelope and had little contribution
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to the continuing helical motion of the fiber below 6 mm from
the die.

Fiber morphology in the melt-blowing process is shaped by
airflow characteristics, die design, and distance from the die.
High air velocities and turbulence near the die, as in slot dies,
induce intense fiber whipping and can lead to inconsistencies
in fiber diameter and strength. Slot dies create linear airflow
fields, resulting in fiber attenuation and possible entangle-
ment. In contrast, swirl dies produce diffused, swirling airflow
that promotes helical fiber motion and unique patterns.
Turbulence around swirl dies also enhances fiber distribution
control but limits twisting effects close to the die. Overall, die
structure and airflow dynamics play crucial roles in fiber for-
mation and stability.

5.4.2. Fiber diameter. Numerical simulation has been used
in several studies to predict the diameter of melt-blown fibers
during the melt-blowing process. The first model, developed
by Uyttendaele and Shambaugh,'”! was based on equations
used in the melt-spinning process and simulated fiber
dynamics in one dimension. Shambaugh and his team later
improved the model by expanding it to two-dimensional and
three-dimensional models,"”>'”* allowing the fibers to experi-
ence lateral velocity perturbations and simulate the whipping
phenomena observed during melt-blowing.

The distance between the die and collector (DCD) affects
the diameter of melt-blown fibers, as it impacts the fiber
attenuation rate due to aerodynamic drag and fiber entangle-
ment."””* The effect of DCD on melt-blown fiber properties
depends on intrinsic material properties, such as crystalliza-
tion kinetics, viscosity, and relaxation time.'>* Fibers produced
at larger DCDs tend to have smaller diameters due to greater
deformation from high-speed hot air drag. DCD also influ-
ences the mat thickness and pore size of melt-blown fibers.
Fiber speed is generally independent of diameter, except near
the die where entanglement is low.'”® It is therefore antici-
pated that during melt-blowing, fine fibers will have a lower
temperature compared with coarse fibers due to their faster
cooling rate and similar exposure time to cool air.

Air temperature and air pressure are critical parameters in
melt-blowing that can influence fiber diameter. Studies have
shown that as the air temperature increases, the average fiber dia-
meter tends to decrease.'””®'”” This is because higher tempera-
tures soften and melt the polymer resin to the required viscosity
for efficient extrusion in melt-blowing.”® Also, air temperature
affects the processability of the material and the physical pro-
perties of the polymer melt. Lower polymer flow rate and higher
initial temperature have been shown to decrease the fiber dia-
meter.'””” An increase in air pressure can also lead to a decrease
in fiber diameter. The shape of fibers produced in melt-blowing
is affected by both air pressure and air velocity, which are linked
to the rate of airflow. When air velocity is increased during the
process, it leads to greater attenuation and results in a smaller
fiber diameter."” However, generating excessive air pressures
during the process can result in fiber breakage and the pro-
duction of loose fibers. In order to minimize the significant
energy cost associated with the use of pressurized hot air in melt-
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blowing, it is important to develop a technique to produce melt-
blown fibers with low air velocity.'”*

Tan et al.'’® examined how the linear viscoelasticity of
polymer melt impacts the diameter and diameter distribution
of melt-blown fibers. Polystyrene of varying molecular weights
was added to control the viscosity and elasticity of the testing
samples. The average diameter and fiber diameter distri-
bution, or the coefficient of variation were used and calculated
with the following equations.

thef(d) = me"p {_ 2 {m (diav) ﬂ

where the f(d) is lognormal distribution, d is the fiber dia-
meter, d,, is the average diameter, and o is the standard
deviation.

(7)

CV = /exp(o2) — 1 x 100%

(8)

where CV is the coefficient of variation.

The study found that increasing viscosity resulted in an
increase in average fiber diameter, with minimal effect on CV.
Conversely, increasing elasticity above a certain threshold
value decreased CV while increasing average diameter, as illus-
trated in Fig. 14. The figures show the average diameter (d,)
and coefficient of variation (CV) of melt-blown polystyrene
samples (of almost constant viscosities) as a function of the
longest melt relaxation time (4,), which are associated with
elasticity. A notable increase in average diameter was observed
at the highest elasticity (highest 1;) and a decline in CV
beyond a specific threshold value (1 ms < 4; < 10 ms) was
observed along with the increase in elasticity.

To summarize, fiber diameter in melt-blowing is influenced
by factors including die-collector distance (DCD), air tempera-
ture, air pressure, and polymer properties. Larger DCDs yield
finer fibers due to extended aerodynamic drag, while higher
air temperatures reduce fiber diameter by softening the
polymer. Increased air pressure and velocity also lead to finer
fibers but risk breakage if excessive. Polymer viscosity and elas-
ticity further impact diameter and distribution; higher vis-
cosity increases fiber diameter, while higher elasticity initially
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Fig. 14
Reproduced from ref. 179. Copyright 2010 Elsevier Inc.
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reduces variation in diameter before increasing average dia-
meter at high elasticity levels. These factors collectively shape
fiber distribution, and consistency in melt-blown
processes.

5.4.3. Crystallization. Crystallinity is also an important
physical property in understanding melt-blown fibers.
Uyttendaele and Shambaugh'”" analyzed the crystallinity of
melt-blown PP using a differential scanning calorimeter (DSC)
with a 20 °C min™" scan rate of 5-6 mg sample. A single peak
was found at 159 °C which was caused by the monoclinic
crystal structure due to the high spinning speed and the tested
polymer’s relatively low melt flow index (35 g per 10 min).
Bresee and his team observed fiber crystallization behavior
through successive investigations of melt-blown fibers. They
reported that fiber attenuation mostly occurred close to the die
area before the fibers had solidified, while most of the mole-
cular orientation and crystallization occurred further from the
die after the fibers had solidified.'®® The fiber array structure
was found to be less complex near the die but exhibited
greater complexity further away from the die. In their later
work, wide-angle X-ray diffraction (WAXD), small-angle X-ray
scattering (SAXS), and optical microscope measurements were
taken at various locations between the die and collector, as
well as from a web retrieved from the collector by Bresee
et al'” to investigate the crystallization of PP during melt-
blowing. The WAXD measurements revealed that fibers
between the die and collector were mostly smectic mesophase,
while the web from the collector exhibited a well-defined
monoclinic crystalline structure. This suggested that the
majority of fibers did not crystallize until they reached the col-
lector. The SAXS measurements further supported this obser-
vation, indicating that fibers 25 cm from the die showed little
lamellar stacking, while fibers retrieved from the collector con-
tained well-stacked lamellae. Moreover, optical microscope
images showed that no spherulites were present in fibers
retrieved at any location between the die and collector,
whereas coarse fibers retrieved from the collector contained
large spherulites.

The effects of various melt-blowing parameters on the
structure of PP fibers were studied by Kara and Molnar."”* It
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(a) Average diameter (d,,) and (b) coefficient of variation (CV) of melt-blown polystyrene fibers at approximately constant viscosities.
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was observed that lower air velocity, pressure, and temperature
led to slower cooling rates and higher fiber crystallinity. The
tensile behavior of the fibers changed from malleable to brittle
as the air temperature and pressure increased, due to
increased fiber entanglements and a crystalline structure
change. The structure of melt-blown fibers was analyzed using
WAXD, which showed the formation of crystalline, amorphous,
and mesomorphic phases. The content of these phases varied
depending on the processing conditions and the temperature
gradient between DCDs. They found that it was essential to
minimize the temperature difference between the fiber and its
surroundings to generate high-strength melt-blown fibers with
a perfect crystalline structure, and high air stretching was also
required to reduce crystallite size and improve molecular
orientation.

Therefore, fiber morphology in melt-blowing is influenced
by crystallinity, air parameters, and cooling rates. Higher air
velocity, pressure, and temperature decrease fiber crystallinity
by increasing cooling rates, leading to smaller, more brittle
fibers with reduced lamellar structure. Most crystallization
occurs near the collector, where molecular orientation and
crystalline phases, such as monoclinic structures, become pro-
minent. Slow cooling enables higher crystallinity and larger
spherulites, enhancing fiber strength. Techniques like WAXD
and SAXS reveal that fibers further from the die exhibit
complex structures, while those closer remain less organized.
Optimal temperature control and stretching improve fiber

orientation and crystallinity, enhancing strength and
consistency.

100 r4 ¢
(a) g
S t3 8
n
2 95 -
3 I = T rz @&
16 90 $ 1 ___-.___—F """" 1 .- =1 @
o N gy s, e L1
‘ S
<

85 —— 0

0 100 200 300 400 500
DCD [mm]

() 100 -
= s
= L3 B
95 (77
[ (I — I -2 ©
5 o0 . L T F
o }' _______  J—— {_{ L 1 ?
sl -
-

85 0

0.5 1 1.5 2 25 3

Air Pressure [bar]

View Article Online

Review

5.4.4. Porosity and pore size. The functionality and fil-
tration performance of melt-blown fibers is greatly affected by
their pore size. Fabrics produced by melt blowing have a range
of porosity from 70 to 99%, and fiber diameters from 500 nm
to hundreds of microns exhibit alighment and anisotropy.'®*
The pore size can be controlled by adjusting the production
parameters such as fiber diameter, air pressure, temperature,
and polymer melt viscosity.'”*'%*'% High-speed air jets also
lead to the formation of finer fibers and smaller porosities,
which in turn reduces the size of pores of the fiber web.'®* The
thickness of the fiber web is affected by the speed at which the
collector moves, with a slower speed causing an increase in
thickness and a further reduction in pore size.'®® Kara and
Molnar'”* conducted a study in which they investigated the
impact of various parameters on the pore size and porosity of
melt-blown PP fibers (Fig. 15). The research discovered that
the overall porosity and the pore size of melt-blown fibers are
influenced by DCD, air temperature, and air pressure. When
DCD increased, pore size first decreased until 150 mm but
then increased with higher DCD. Increased air turbulence at
extended DCD led fibers to spread out over a larger area, redu-
cing fiber packing density, and creating a softer texture. As the
air temperature increased, the fiber diameter shrank and
resulted in fluctuating porosity and overall reduced pore sizes,
and at 125 °C (the lowest tested temperature) the fibers exhibi-
ted the highest porosity with large pore size. Elevated air
pressure constricted fiber flow, leading to increased mat thick-
ness and fiber packing density, which subsequently caused
smaller pores and a thicker mat.
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Fig. 15 Porosity and pore size of PP melt-blown fibers as a function of (a) die-to-collector distance, (b) air temperature, (c) air pressure; (d) 2D
contour plot of fiber solidity and pore size as a function of fiber diameter. (Reproduced from ref. 174. Copyright 2021 John Wiley & Sons, Inc.)
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The pore size of melt-blown fibers (D) can be represented
by employing eqn (9) and (10).'%¢

(1—0¢)f(e)

_ 5.6¢
T —lnc+2c—-052—-1.5

(9)

fle)

(10)

where d; is average fiber diameter, c is fiber packing density, (1
— ¢) is porosity, and f(c) is the function of fiber packing
density given by Langmuir."®”

Fiber morphology and pore size in melt-blown materials are
shaped by parameters like air pressure, temperature, die-to-col-
lector distance (DCD), and fiber packing density. High-speed
air jets create finer fibers with smaller pores, enhancing fil-
tration performance. Increased DCD initially decreases pore
size but eventually raises it due to fiber spread and reduced
packing density. High air temperatures yield finer fibers and
fluctuating porosities, while low temperatures result in larger
pores. Higher air pressure compresses fibers, increasing mat
thickness and reducing pore size. Collector speed also influ-
ences thickness and pore size, with slower speeds producing
thicker, denser fiber webs and smaller pores.

5.5. Melt-blown fibers for oil sorption

Nonwoven sheets of micro- and nanofibers produced via the
melt-blowing process are highly effective as oil sorbents. The
fibrous structure created by this melt-blowing allows for a
highly porous surface area and is especially suitable for appli-
cations such as oil/water separation and oil sorption.'®® One of
the most extensively studied polymers, melt-blown polypropyl-
ene (PP) non-wovens, provides enhanced oil adsorption per-
formance, as PP inherently repels water and adsorbs oil.'*® By
employing melt-blowing technology, ultrafine PP fibers are
formed to create a specific structure characterized by micro-
scale roughness and exceptional wetting properties. The PP

Melt-blowing

Non-woven SEBS/PP fibers mat
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melt-blown fibers exhibit high breakthrough pressure and
exceptional separation efficiency with stability and reusability
in a range of demanding environments.**°

Recently, Lee et al'®’ developed a novel approach to
produce nonwoven fiber mats using a highly elastic tri-block
copolymer SEBS, enhanced with low-concentration polypropyl-
ene (PP) loading. This study revealed that incorporating a
small amount (10 wt%) of PP significantly improved the melt-
blowing process, acting as a lubricant and resulting in the pro-
duction of fine and continuous fiber mats. Notably, a formu-
lation composed of 90% SEBS and 10% PP showed excellent
performance in oil/water separation, isolating nearly 100% of
oil from a 1:6 oil/water mixture, thus confirming the feasi-
bility of using such nonwoven mats for environmental
applications.

Furthermore, the study emphasized the unique oil gelation
properties of SEBS. The gelation, occurring when SEBS inter-
acts with oil, serves as an effective barrier, immobilizing the
oil and preventing further spread, a crucial advantage over PP-
based mats that rely solely on oil adsorption. Once PP-based
mats reach their saturation point, they can no longer adsorb
additional oil, leading to potential leakage or dispersion. In
contrast, SEBS-based mats, by leveraging their oil gelation pro-
perties and the enhanced surface area from the melt-blown
process, offer a highly effective sealing alternative when acci-
dental oil leakage is a concern (Fig. 16).

Zhang et al.'®° fabricated a PP membrane through a facile
melt-blowing process. The PP membrane showed exceptional
oil-water separation capabilities, high flux, and improved
intrusion pressure. The membrane’s hydrophobic nature,
along with the coarse and porous structure created by the
interlacing of low-surface-energy fibers of different sizes con-
tributed to its ability to selectively permeate oil over water.
These membranes excelled at separating oils like pump and
crude oil from various aqueous solution compositions, achiev-
ing over 99% separation efficiency. They remain functional in
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Fig. 16 Schematic diagram of SEBS/PP fibers mat fabricated through melt-blowing. Reproduced from ref. 191, Copyright 2023 Elsevier Inc.
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harsh environments and are reusable for at least 20 cycles
while preserving their effectiveness.

Meng et al.'®®> examined the impact of varying melt flow
indexes (MFIs) on the oil absorption capacity and diameters of
PP melt-blown fibers. Four types of PP with different MFIs
(800 g per 10 min, 1100 g per 10 min, 1300 g per 10 min, and
1800 g per 10 min) were prepared. PP resins are divided into
two groups: (1) unblended PP resins with 4 different MFIs and
(2) blended PP resins, in which each resin consists of two
different PP types with distinct MFIs, combined in a 50:50
ratio. Both groups of PP resins were melt-blown into fibers
using a swirl die melt-blowing apparatus. A blended PP fiber
web consisting of 50% PP with an MFI of 1800 g per 10 min
and 50% PP with an MFI of 800 g per 10 min demonstrated
the highest oil adsorption capacity at 94.05 g g~ In contrast,
unblended PP webs with MFIs of 800 g per 10 min and 1800 g
per 10 min exhibited oil adsorption capacities of approxi-
mately 50 g ¢ and 70 g g™, respectively. This can be attribu-
