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Abstract - Nanofibers have emerged as revolutionary material for advanced filtration technologies, particularly for the
development of high-performance nano filters for air and water purification. Due to their exceptional characteristics, namely a high
surface area-to-volume ratio, high porosity, and controllable nanometer-scale pore size, nanofiber-based membranes significantly
surpass conventional filter media in filtration efficiency and flow rate. This review summarizes the dominant nanofiber production
techniques, primarily electrospinning, and critically examines the resulting nanofiller performance, applications, and future
challenges in industrial scalability and sustainability.

Index Terms: Nanofibers, Electrospinning, Nano filters, Structural Arrangement, & Filtration Efficiency

1 INTRODUCTION

The escalating need for clean air and potable water, driven by population growth and industrial pollution,
necessitates the development of highly efficient separation technologies. Conventional microfiltration (MF)
and ultrafiltration (UF) systems often suffer from inherent trade-offs between permeability (flux) and
rejection efficiency (the "upper bound limit")[1]. Furthermore, their relatively thick separation layers and
larger pore sizes make them highly prone to membrane fouling, as foulants accumulate on the membrane
surface and within the pores [2].

The advent of nanotechnology, particularly the utilization of nanofibers (fibers with diameters typically
below 100 nm to the sub-micron range), has provided a compelling solution to these limitations[3].
Nanofibers, when formed into nonwoven mats or membranes, create filter media with unique structural and
surface properties ideal for advanced separation processes, often collectively categorized as nanofiltration
(NF). The key advantages conferred by the nanofibrous structure include:

e Ultra-high Porosity and Interconnected Pore Structure: Nanofiber membranes (NFMs) possess
extremely high porosity (often > 90%) and a vast network of interconnected Nanopores, offering
significantly reduced mass transfer resistance compared to conventional dense-skinned membranes
[4]. This structural advantage results in a substantially higher flux at a given driving pressure.

o Large Surface Area to Volume Ratio: The nanoscale diameter results in an extremely high specific
surface area, which enhances adsorptive separation capabilities and provides more sites for surface
functionalization, enabling targeted pollutant capture [5].

o Tailorable Surface Chemistry: The surface of nanofibers can be readily modified (e.g., plasma
treatment, grafting) to introduce specific functionalities (e.g., charged groups, photocatalytic
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materials) for improved anti-fouling properties, hydrophilicity, or reactive degradation of
contaminants [6].
These attributes enable nanofiber-based filters to achieve high flux and high rejection efficiency
simultaneously, effectively surpassing the limitations of conventional membranes. This paper reviews the
current state of nanofiber production for nanofiller applications, focusing on fabrication methods, key
performance metrics, and critical application areas in water and air purification.
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Fig. 1. Nano membrane water filter

NANO MEMBRANE AIR FILTER

 FILTER MODULE CASING

PRE-FILTER LAYER

- e
UNTREATED WATER [-77 7" TREATED WATER
INLET sl OUTLET
— o
ACTIVE NANO-MEMBARNE —— -
REJECENRATE/REIECTED
WATER OUTLET

Fig. 2. Nano Membrane Air filter
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Fig. 3. Schematic view of electrospinning process. [25]

2 Nanofiber Production Techniques

The controlled synthesis of nanofibers with uniform diameter and morphology is crucial for high-
performance nano filters. Several methods have been developed, with electrospinning being the most
prevalent due to its simplicity, cost-effectiveness, and versatility[7].

2.1 Electrospinning (ES)

Electrospinning is a versatile technique that uses an electric field to draw a fiber from a polymer solution or
melt. A high-voltage electric field is applied between a polymer solution (or melt) held in a syringe and a
collector plate[8]. The electric force overcomes the surface tension of the liquid, forming a Taylor cone, from
which a charged jet is ejected. The solvent evaporates as the jet travels, resulting in randomly deposited,
ultrafine nanofibers on the collector as a nonwoven membrane.

Advantages of Electrospinning:
e Controllable Parameters: Fiber diameter, pore size, and porosity can be tuned by adjusting parameters
like voltage, flow rate, needle-to-collector distance, and polymer solution properties (viscosity,
concentration, conductivity)[9].

o Material Versatility: A vast range of synthetic (e.g., Polyacrylonitrile (PAN), Polyvinylidene Fluoride
(PVDF)) and natural polymers can be electro spun.

o Functionalization: Active species, such as nanoparticles (e.g., Ag, TiO2), zeolites, or carbon
nanotubes, can be incorporated into the polymer solution before spinning to create mixed matrix
membranes (MMMs) with enhanced functionalities (e.g., antimicrobial properties, photocatalytic
degradation).

2.2 Non-Electrospinning Methods
While electrospinning is dominant, alternative, scalable, and specialized methods are also used[10].
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e Melt blowing: A high-velocity hot air stream attenuates an extruded polymer melt into micro- to sub-
micron fibers. This method offers high throughput but typically yields thicker fibers than ES[11].

o Phase Separation: Involves dissolving a polymer in a solvent, inducing phase separation (e.g., via
temperature change), and subsequent solvent extraction and drying to form a porous nanofibrous
structure[12].

o Template Synthesis: Utilizes nano-porous templates (e.g., porous alumina) to grow nanofibers within
the pores[13].

3 NANOFIBER STRUCTURAL ARRANGEMENTS AND FILTER TYPES

The structural arrangement of nanofibers, specifically how they are laid down, is a fundamental classification
criterion that significantly dictates a filter's performance, primarily impacting its porosity, permeability, and
mechanical strength. Nanofibers can be deposited in a non-woven, random, or highly aligned (unidirectional)
configuration. A randomly oriented structure, typical of electro spun mats, offers high surface area and
tortuosity, which enhances particle capture efficiency (filtration quality) but may increase flow resistance
(lower permeability). Conversely, highly aligned nanofiber structures can create more defined, uniform pore
channels, potentially leading to higher permeability and reduced pressure drop, though their fabrication is
often more complex and their mechanical stability can be anisotropic. Therefore, the chosen structural layout
is a critical design parameter for tailoring nano filters for specific applications, balancing filtration efficiency
and fluid throughput[14].

3.1. Fiber Orientation-Based Types

The arrangement of individual nanofibers is a crucial design parameter that profoundly influences a nano
filter's transport and mechanical properties, allowing for the strategic trade-off between filtration efficiency
(particle capture) and permeability (low pressure drop/high flow rate)[14].

3.1.1 Random Arrangement

In a Random Arrangement, nanofibers form a dense, intertwined, non-woven network. This chaotic structure
creates a highly tortuous path for the fluid (air or liquid) to navigate, characterized by a high packing density
and a complex pore geometry.

o Filtration Performance: The high tortuosity and numerous overlapping fibers maximize the
probability of particle capture via mechanisms like interception, impaction, and diffusion, leading to
exceptionally high filtration efficiency for a wide range of particle sizes, including fine particulate
matter (PM2.5)[14]. This makes them ideal for applications demanding high purification, such as
high-efficiency particulate air (HEPA) filters.

o Flow Resistance: The winding path and low effective porosity increase the hydrodynamic drag on the
fluid, resulting in a relatively higher-pressure drop (or air resistance) across the filter, which translates
to a higher energy consumption for fluid flow[15].

3.1.2 Aligned Arrangement
In an Aligned Arrangement (typically achieved using specialized collectors like rotating drums in
electrospinning), the nanofibers are predominantly oriented in a parallel, unidirectional fashion.
o Flow Resistance: When the fluid flow is directed parallel to the nanofiber alignment axis, the path of
least resistance is established through the relatively straight channels between the aligned fibers. This
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configuration significantly reduces the tortuosity and, consequently, the pressure drop compared to a
random mat of equal thickness and fiber diameter[16]. This feature is highly desirable in applications
requiring high throughput and low energy usage, such as fuel cells or membrane distillation[17].

e Mechanical Properties: Alignment introduces mechanical anisotropy. The filter exhibits enhanced
tensile strength and Young's modulus along the direction of fiber alignment compared to the
perpendicular direction[16]. This improved robustness along one axis is beneficial for industrial
handling processes and in dynamic operating environments.

o Filtration Performance: While the reduction in tortuosity generally leads to a slightly lower filtration
efficiency compared to random mats, this effect can be mitigated by controlling fiber diameter and
packing density, often achieving an optimal balance between low pressure drop and sufficient particle
capture[18].
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Fig. 4. Fiber Orientation-Based Types; Random Arrangement, Aligned Arrangement

3.2. Filter Layer Structure-Based Types

To overcome the inherent poor mechanical stability and handling difficulties of pure nanofiber mats, which
often possess extremely high surface area but lack robustness, composite and hybrid filter architectures have
become the dominant design strategy in industry[18]. These structures strategically combine the high
efficiency of nanofibers with the durability of supporting materials or the enhanced properties of functional
agents Fig. 5.

3.2.1 Single-Layer Nanofiber Filter

A Single-Layer Nanofiber Filter is composed solely of a pure, freestanding mat of nanofibers.
Characteristics: These mats offer the highest specific surface area and the tightest pore size distribution
achievable through simple electrospinning, translating to maximum initial filtration efficiency.

Drawback: Their primary limitation is poor mechanical strength and low resistance to abrasion and tearing.
They often require extremely careful handling and are typically impractical for high flow rate or high-
pressure drop industrial applications[20].
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3.2.2 Composite Nanofiber Filter (Bilayer)

The Composite Nanofiber Filter is the most common and practical industrial format, typically structured as
a bilayer.

Structure and Function: It consists of a thin, highly effective nanofiber layer deposited directly onto a much
thicker, durable microfiber substrate (e.g., non-woven polypropylene or PET fabric). The thin nanofiber layer
serves as the selective filtration layer, providing the high efficiency necessary for fine particle capture. The
underlying microfiber substrate provides essential structural support, handling high differential pressures and
significantly improving the filter's tear strength and manufacturability[21].

Performance: This design effectively decouples the filtration mechanism from the mechanical requirements,
achieving a superior balance of high filtration efficiency and low pressure drop due to the high permeability
of the thicker, more open substrate[18].

3.2.3 Functional/Hybrid Filters

Functional or Hybrid Filters integrate additional components or modified nanofiber morphology to bestow
new capabilities beyond simple physical sieving[21].

Mixed Matrix Membranes (MMMs): These incorporate active functional agents, such as nanoparticles
(AgNPs, \ TiO2)? or activated carbon, directly into the nanofiber matrix. For instance, incorporating AgNPs
imparts antimicrobial properties to the filter, making it a "self-sterilizing" media for medical or water
treatment applications [21].

Morphological Variations: This category includes structures like Branched Nanofibers or Beaded Nano
fibers. These variations intentionally increase the surface roughness or create a more open, less dense
packing, which can enhance particle loading capacity and contribute to a lower initial pressure drop while
maintaining a high filtration quality[22].
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4. NANO FILTER PERFORMANCE AND APPLICATIONS

Nano filters derived from nanofiber membranes offer superior performance metrics in both gas (air) and
liquid filtration by leveraging the nanoscale fiber diameter and high specific surface area to overcome the
fundamental trade-off between filtration efficiency and pressure drop seen in conventional microfiber
filters[19]. In gas filtration, the small fiber diameter, typically in the 10-500 nm range, significantly increases
the likelihood of capturing fine particulate matter (PM2.5 and smaller) via mechanisms like Brownian
diffusion and interception, resulting in exceptionally high filtration efficiencies (up to 99.9%)[21]. Critically,
the high porosity (often >80%) and interconnected pore structure of nanofiber mats maintain a remarkably
low-pressure drop (air resistance), leading to lower energy consumption compared to traditional filters with
similar efficiency[21]. For liquid filtration (nanofiltration), these membranes offer a selective separation
capability between ultrafiltration and reverse osmosis, possessing a typical Molecular Weight Cut-Off
(MWCO) between 200 and 2,000 Da and pore sizes around 1-10 nm[22]. This allows for the effective
rejection of multivalent ions (Ca2*, Mg®*, SO4*") and large organic molecules while often allowing
monovalent salts (Na*, Cl") to pass, which is ideal for water softening and pre-treatment for desalination, all
while operating at significantly lower applied pressures than reverse osmosis systems.

4.1 High Filtration Efficiency and Low Pressure Drop
The ability of nanofiber filters to simultaneously achieve high filtration efficiency (1) and low-pressure drop
(A P) is their most distinctive and performance-defining feature, quantified by the Quality Factor (QF = -In

(1- )/ A P) [19]. This optimal balance, which overcomes the classical filtration trade-off, is primarily due to
the nanofibers' ultra-small diameter (typically 10-500 nm) and the resulting aerodynamic slip flow effect.
The small diameter greatly enhances the capture of fine particles, especially those below 0.1um, by
maximizing the efficacy of Brownian diffusion and interception mechanisms over a short path length[23].
Concurrently, when the fiber diameter (dy) is comparable to or smaller than the mean free path of air molecules
(A = 67nm), the Knudsen number (Kn = 24 /dg becomes high, inducing the slip flow effect[25]. This
phenomenon, where air molecules slip past the fiber surface, significantly reduces the drag force on the
individual nanofibers compared to classical flow theory (which assumes a no-slip boundary), thus lowering
the overall air resistance and achieving a minimal pressure drop for a given efficiency[25]. Furthermore, the
common composite filter architecture—a thin, dense nanofiber layer supported by a thick, highly porous
microfiber substrate—enables surface loading and minimizes the overall filter thickness, further contributing

to low A P while maintaining high capture 1.

4.2 Water Purification Applications

Nanofiltration (NF) membranes derived from nanofiber structures are essential in water purification
applications because they bridge the gap between energy-intensive Reverse Osmosis (RO) and less-selective
Ultrafiltration (UF). With pore sizes typically ranging from 1 to 10 nanometers and operating at moderate
pressures (4-30 bar), NF selectively removes multivalent ions (Ca>*, Mg?*), color-causing organic molecules,
pesticides, and microbial contaminants (including many bacteria and viruses). This selective separation
capacity is governed by both size exclusion and electrostatic repulsion (especially for charged contaminants
like sulfates and natural organic matter). This capability is critical for water softening, where hardness-
causing ions are removed while maintaining a partial concentration of beneficial monovalent ions (Na*, CI
), resulting in better-tasting water with lower energy cost than full desalination by RO. Furthermore,
functionalized nano filters, such as Mixed Matrix Membranes (MMMs) incorporating active agents like silver
nanoparticles (AgNPs or graphene oxide, provide advanced capabilities, including antimicrobial self-
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disinfection and enhanced fouling resistance, making them ideal for decentralized drinking water systems,
industrial wastewater reuse, and pharmaceutical purification.

5. CHALLENGES AND FUTURE PERSPECTIVES

The widespread commercialization and large-scale industrial adoption of nano filters are contingent upon
effectively addressing several critical challenges that currently limit their cost-effectiveness and operational
longevity.

Scalability and Cost

The primary obstacle to commercial viability is the low throughput of conventional, single-nozzle
electrospinning, which significantly drives up the manufacturing cost compared to melt-blown or non-woven
microfiber processes[14]. To meet industrial demands, focus has shifted to developing high-throughput
electrospinning (HTE) techniques. These methods, such as multi-nozzle arrays, needleless (e.g., roller-based
or wire-based) electrospinning, and solution-blowing, aim to increase the fiber collection rate
exponentially[20]. Specifically, roller-based systems can process vast amounts of polymer solution
simultaneously over a large area, dramatically lowering the production cost per square meter, making nano
filters competitive for mass-market applications like HVAC systems and large-scale water treatment
facilities[24].

Mechanical and Chemical Stability

Pure nanofiber mats often possess insufficient mechanical strength (low tensile strength and poor abrasion
resistance) and chemical stability, which limits their operation in high-pressure liquid filtration or exposure
to aggressive cleaning agents (e.g., strong acids, bases, or chlorine) [23]. To enhance durability, several
strategies are employed: Composite fabrication (as discussed previously) involves depositing the nanofiber
layer onto a mechanically robust microfiber substrate, offering macro-scale support. For chemical resilience,
cross-linking treatments (physical or chemical) are applied to the polymer chains within the nanofibers, which
irreversibly link them, significantly improving the dimensional stability and resistance to swelling or
dissolution in harsh solvents.

Antifouling Performance

In liquid filtration, particularly in wastewater treatment and desalination, membrane fouling—the
accumulation of colloids, organic matter, and microorganisms (biofouling) on the membrane surface—is the
most significant factor degrading performance and increasing maintenance costs. To mitigate this long-term
issue, the material surface properties must be intrinsically modified. Developing membranes with an
intrinsically hydrophilic surface (high affinity for water) creates a stable hydration layer that acts as a physical
barrier, repelling hydrophobic foulants. Even more effective are zwitterionic surfaces (containing both
positive and negative functional groups), which create strong localized hydration, providing near-neutral
surfaces that effectively resist the adhesion of both proteins and bacteria, dramatically improving the flux
recovery ratio after cleaning.

6. CONCLUSION

The conclusion correctly identifies nanofiber-based nano filters as a major leap forward in separation science.
Their superior performance metrics are directly attributable to their unique structural architecture: the
constituent fibers are deliberately engineered at the nanometer scale (typically < 500 in diameter), resulting
in an extraordinary surface area-to-volume ratio and exceptionally high porosity (often exceeding 80%). This
interconnected, porous structure is distinct from traditional membranes; it allows for high flux (flow rate) at
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relatively low transmembrane pressures, directly reducing the energy consumption required for separation
processes. Furthermore, the small, yet highly controllable, pore sizes (in the 1to 10 nm range) enable high-
precision separation, effectively sieving out contaminants like viruses, nanoparticles, multivalent heavy metal
ions, and trace organic pollutants, positioning these filters above traditional microfiltration and ultrafiltration
systems in terms of selectivity and efficiency.

The enabling technology for this advancement is electrospinning, which is justly noted as the primary
fabrication method. This technique employs a high-voltage electric field to draw a polymeric fluid jet,
resulting in the deposition of solid, continuous nanofibers onto a collector. Its dominance stems from its
versatility and controllability, allowing researchers to tailor nearly every aspect of the final membrane. This
tailoring includes the choice of material—spanning synthetic polymers (e.g., polyacrylonitrile,
polyvinylidene fluoride) to natural and biodegradable ones (e.g., cellulose, chitosan)—and, critically, the
functionalization of the fibers. Functionalization, often achieved by incorporating specific active agents (such
as photocatalytic metal oxides or selective adsorption ligands) into the spinning solution, allows the
membranes to not only physically filter but also to chemically degrade or specifically bind target pollutants,
addressing complex air and water purification challenges like neutralizing biological aerosols or removing
pharmaceutical residues.

In addressing specific environmental challenges, nano filters excel in both air and water purification. For air
filtration, the low fiber diameter and high slip flow conditions enable the fabrication of membranes with low
air drag, achieving a high-Quality Factor (QF). This translates to exceptional removal efficiency for fine
particulate matter (PM ) and pathogens (like viruses) with minimal pressure drop, making them ideal for
high-efficiency respirators and industrial exhaust capture. For water purification, nano filters operate in the
critical regime between ultrafiltration and reverse osmosis, offering high rejection rates for small dissolved
organic molecules and divalent ions. They also demonstrate superior anti-fouling characteristics a notorious
weakness in conventional membrane system which can be engineered through surface modifications (e.g.,
increasing hydrophilicity or surface charge) to repel organic and biological foulants, thus extending the
membrane lifespan and ensuring long-term operational sustainability.

Finally, the realization of nano filters as "broad, sustainable solutions" hinges on overcoming current
commercialization bottlenecks, namely high-throughput production and stability issues. Lab-scale single-
needle electrospinning is costly and slow; therefore, the industry is rapidly maturing high-throughput
methods like needleless and centrifugal electrospinning, which can produce square meters of nanofiber
membranes per minute, drastically lowering manufacturing costs. Concurrently, efforts are focused on
enhancing the long-term performance and mechanical robustness of the often-delicate nanofiber mats.
Strategies such as cross-linking the polymer chains, or creating robust composite membranes where the
nanofiber layer is supported by a highly durable porous substrate, are essential for ensuring the membranes
can withstand the high operating pressures and aggressive chemical environments required for industrial and
municipal-scale applications. Once these mature, nano filters are genuinely poised to offer an energy-efficient
and scalable technology necessary for addressing critical global water scarcity and air quality issues.
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