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Electrospinning is an adaptable, technologically advanced process of fabricating 

nanofibrous membranes for the water treatment process. The technique can produce 

continuous fibers of nanoscale size, a high specific surface area, and a highly 

interconnected porosity structure. These properties significantly increase the water 

filtration ability of the membrane and the ability of the membrane to separate 

contaminants. It then discusses the electrospinning process and explains how a polymeric 

solution is converted to nanofibers and assembled into a porous membrane for separation, 

purification, and filtration applications. It also details the main physicochemical 

properties controlling membrane effectiveness, including pore structure, permeability, 

and contaminant removal capability. It also discusses theoretical models of membrane 

behavior interpretation (including Darcy's law, the Hagen–Poiseuille equation, and flow 

models through porous media). Porosity and filtration efficiency can then be calculated 

using equations. Additionally, the interaction between membrane operation and 

microstructural behavior (e.g., fiber diameter, pore size distribution, and pore 

connectivity) has a powerful impact on filtration efficiency and fluid flow resistance. 

Finally, this review provides a basis for the scientific optimization of electrospun 

nanofiber membranes (ENMs) and directs further research to develop cheap, 

environmentally friendly, and highly efficient water purification systems able to handle 

microorganisms, suspended solids, and an array of organic and inorganic contaminants. 
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1. INTRODUCTION

Water pollution is arguably among the major environmental 

issues faced by humans today, as it not only causes various 

health problems but also harms the environment  [1]. Human 

activities like rapid population growth, industrialization, 

urbanization, agriculture, and even climate change are 

responsible for causing various pollutants to be discharged in 

water bodies, which include heavy metals  [2], dyes [3], 

pharmaceuticals [4], pathogens [5], etc. The complexity in the 

nature of pollutants demands an effective, economical, and 

versatile approach towards the purification of contaminated 

water as well as addressing the issue of freshwater scarcity  [6, 

7]. 

Water pollutants include organic or inorganic compounds, 

heavy metals, rare earth elements, dyes, oils, greases, and 

radioactive compounds, they originate from sources such as 

textile industries, pharmaceutical industries, petroleum 

industries, food processing units, agricultural practices, and 

mining practices [2, 8], Various conventional techniques like 

coagulation–flocculation, sedimentation, adsorption, 

biological treatment, and advanced oxidation have been used 

extensively in order to remove these pollutants from the 

effluents and contaminated water samples. However, these 

treatments may suffer from various drawbacks like high 

consumption of chemicals, inefficient removal of emerging 

contaminants, sludge formation, and high cost of operation  [9, 

10]. Membrane-based separation techniques have garnered 

significant interest due to their superior selectivity, ease of use, 

low energy consumption, and ability to purify water without 

generating substantial secondary pollution [11, 12]. However, 

conventional membranes created through phase inversion 

techniques and similar processes have been plagued by 

numerous issues such as membrane fouling, poor 

permeability, inadequate anti-fouling capabilities, mechanical 

weakness, and the permeability-selectivity dilemma [6, 11, 

13]. 

To overcome these constraints, there has been an emphasis 

on developing membrane materials with superior surface 

characteristics, controllable porosity, and increased water flux 

[14, 15]. 

Electrospinning, which is considered one of the most 

sophisticated methods of membrane fabrication, enables the 

development of highly customizable and versatile electrospun 
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nanofiber membranes (ENMs). Solution electrospinning refers 

to an approach wherein a charged jet of a polymer solution is 

placed in a strong electric field until it undergoes elongation 

and solidification to form nanosized fibers  [16-18]. As a result, 

ENMs feature such characteristics as nanofiber diameter, 

interconnected pores, high porosity, large surface area, and 

tunable surface chemistry. Consequently, the application of 

ENMs in the context of water treatment benefits from their 

specific properties, such as pore size, hydrophilicity, surface 

charge, and functional groups, which are directly involved in 

the processes of water permeability, filtration efficiency, and 

fouling inhibition  [19, 20]. The properties of electrospun 

membranes may be further improved using techniques like 

polymer blending, surface modification, and introduction of 

nanoparticles [7, 21]. 

The incorporation of nanoparticles, photocatalysts, 

bactericidal materials, carbon-based substances, metal oxides, 

and biopolymers allows for the introduction of adsorption, 

photodegradation, antibacterial, oil/water separation, and 

increased hydrophilicity properties. Hence, ENMs can be used 

to design multifunctional membranes that are able to treat 

contaminated water through a combination of various 

mechanisms, such as size exclusion, adsorption, selective 

wettability separation, catalytic decomposition, and anti-

biofouling [22, 23]. 

In this review, the emphasis will be placed on the use of 

electrospinning as a cutting-edge approach for developing 

nanofibrous membranes for water treatment applications. This 

includes discussing the basic theory of electrospinning, the 

structural characteristics of ENMs, and the connection 

between membrane design and filtration properties [24]. 

Special attention is paid to the influence of fiber diameter, 

porosity, pore size distribution, surface chemistry, wettability, 

and additional functionalities on permeability, selectivity, 

adsorption ability, antifouling properties, and filtration 

efficiency [25]. Also, the review briefly describes the primary 

processes of water purification by means of ENMs, such as 

physical sieving, adsorption, oil–water separation, 

photocatalytic reactions, and antimicrobial activity. Moreover, 

the article covers selected theoretical and mathematical 

approaches describing the water flow, permeability, porosity, 

and fouling processes within ENMs, such as Darcy's law, the 

Kozeny–Carman equation, and traditional fouling models.  

 

 

2. WATER TREATMENT MECHANISMS OF 

ELECTROSPUN NANOFIBER MEMBRANES  
 

The water purification mechanism in ENMs involves 

physical, chemical, and biological processes. In contrast to 

other filters, ENMs consist of nanofibers, porous channels, 

high porosity, a large surface area, and adjustable surface 

chemistry. These properties enable ENMs to regulate water 

and contaminant flow via pore size-based separation, surface 

forces, electrostatic effects, adsorption, catalysis, and 

antimicrobial action [26]. 

In ENMs for wastewater purification, the effectiveness of 

the process depends on the association between the membrane 

structure and the pollutants' properties. The factors include 

fiber diameter, pore sizes, membrane thickness, porosity, 

surface charge, wetting capacity, and functional groups that 

dictate whether the contaminants are rejected physically, 

absorbed on the fiber surfaces, chemically reacted, or 

biologically inactivated. Thus, pollutants such as particulates, 

pigments, heavy metals, oils, drugs, and microorganisms can 

be separated by distinct yet possibly overlapping processes 

[27, 28]. 

Due to the porous nature of ENMs, there are always 

continuous channels for water migration, but the passage of 

any contaminants beyond the effective pore size is hindered. 

Simultaneously, the large surface area of the nanofibers 

increases the interaction between contaminants and active 

centers on the membrane surface, leading to enhanced 

adsorption and removal through surface effects [29]. In this 

regard, the mechanisms responsible for water purification 

using ENMs will be addressed in the upcoming sections. The 

mentioned mechanisms include size exclusion, adsorption, ion 

exchange/chelation, wettability-dependent separation, 

chemical reactivity filtration, and antimicrobial/biofouling 

control processes. Table 1 shows these mechanisms and their 

significance for the ENM performance. 

 

2.1 Size exclusion and pore-controlled sieving 

 

Size exclusion, otherwise referred to as sieving, is among 

the major physical processes by which electrospun 

nanofibrous membranes (ENMs) effect particle removal from 

water. Size exclusion involves physical retention of 

contaminants larger than the pore size of the membrane as 

water passes through the interconnected pore network. Unlike 

other common filter materials, ENMs have nanoscale fiber 

diameters, high porosity, and controllable pore size 

distribution, allowing them to offer efficient contaminant 

retention coupled with higher water permeability [30]. Sieving 

activity of ENMs is highly influenced by the membrane 

structure, which includes fiber diameter, fiber packing density, 

thickness, pore size distribution, and tortuosity. Reduced fiber 

diameter and higher fiber packing density typically lower the 

effective pore size, leading to improved rejection, but too high 

packing density causes higher hydraulic resistance and lower 

permeate flow. This makes it important to balance the two 

competing processes during the design of ENM membranes 

[31, 32]. 

Particles larger than the membrane pores will be retained on 

the membrane surface via surface sieving and entrapped in the 

interior pore network by depth filtration. In electrospun 

membranes, the disorganized nature of the fiber arrangement 

leads to interconnected flow paths that help to effectively trap 

particles. The development of pore clogging and cake 

formation is likely when operating the membrane for an 

extended time, thus necessitating the need for proper 

membrane design and adequate cleaning methods [32]. 

This sieving process works well for the removal of 

suspended solids, particles responsible for turbidity, 

microplastics, and some microbial contaminants. The size 

exclusion technique alone is ineffective for the removal of 

dissolved organic pollutants such as dyes, heavy metals, and 

other pharmaceuticals. This makes it necessary to integrate 

size exclusion with other processes such as adsorption, 

electrostatic interactions, ion-exchange reactions, 

photocatalysis, and antimicrobial activities [33]. 

 

2.2 Adsorption 

 

Adsorption is another form of removal through a surface-

based process whereby molecules of contaminants dissolved 

in the water are adsorbed onto active sites on the surface of the 

adsorbent material. For ENMs used in water purification, 
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adsorption serves as a complimentary technique to size 

exclusion in capturing contaminants that are too small or too 

soluble for removal by physical screening, including dyes, 

medicinal drugs, organic pollutants, and heavy metal ions  

[34].  Adsorption differs from adsorption in that adsorption 

takes place on the surface of the material rather than inside the 

bulk phase [35]. 

ENMs are especially suited for adsorption treatment of 

water due to the high specific surface area, porosity, and 

tailorable surface chemistry. Adsorption in ENMs can happen 

due to various forces of interaction, which include van der 

Waals interactions, electrostatic interactions, hydrogen 

bonding, π-π interactions, complexation, and chemisorption, 

among others. All these forces of interaction are dependent on 

the physicochemical characteristics of the pollutants as well as 

the surface chemistry of the material. Carbon-based materials 

like activated carbon can facilitate the adsorption of non-polar 

organic molecules, while metal oxides can provide active sites 

for ion binding by virtue of electrostatic interaction or surface 

complexation [36]. 

Adsorption behavior in ENMs is affected by factors such as 

membrane porosity, fiber diameter, surface area, surface 

charge, functional groups, contaminant concentration, pH 

level, temperature, and contact duration. The functional 

modification of electrospun fibers using adsorbents like 

activated carbon, zeolites, metal oxides, clay minerals, and 

chelating ligands enhances adsorption capabilities by 

increasing the availability of reactive sites and the efficacy of 

eliminating dissolved pollutants [37, 38]. Nevertheless, 

adsorption capacity drops as the reactive sites become 

saturated, necessitating periodic regeneration, replacement, or 

reactivation of the membrane surface. Despite this restriction, 

adsorption is still one of the most commonly employed 

strategies for eliminating dissolved contaminants in aqueous 

solutions, specifically organic molecules, dyes, heavy metal 

ions, and taste-and-odor-causing substances. In an ENM, 

adsorption can occur alongside other processes such as size 

exclusion, electrostatic interactions, catalytic oxidation, and 

microbial inhibition, providing ENMs with the potential to 

perform multiple roles in wastewater remediation applications 

[39]. 

 

2.3 Ion exchange  

 

Ion exchange is a chemical separation approach whereby 

unwanted ions dissolved in water are substituted with other 

ions, which are deemed to be more suitable via a reversible 

reaction with charged sites in the solution. For purposes of 

water purification, this chemical separation approach occurs 

when ion exchange resins are utilized, which are normally 

polymers containing functional groups that can bind specific 

ions [40, 41]. On ENMs, ion exchange can take place through 

the integration of charged polymers, functional additives, or 

modified nanomaterials into the fiber membrane. 

The ion exchange approach occurs due to electrostatic 

attraction between the dissolved ions and the oppositely 

charged membrane surfaces. Cation exchange takes place in 

case there are functional groups like carboxyl, sulphonate, or 

other negative ions, which attract positive ions like Ca²⁺, Mg²⁺, 

Pb²⁺, Cu²⁺, Cd²⁺, and others [42]. 

Anion exchange is the process whereby positively 

functionalized functional groups interact with negatively 

charged anionic species like nitrate (NO₃⁻), fluoride (F⁻), 

arsenate (AsO₄³⁻), and chromate, among others [43, 44]. 

In ENMs, the increased surface area and interwoven porous 

network facilitate better access to active sites for ion exchange 

reactions. Additionally, electrospun fibers can be modified 

with amine, carboxyl, hydroxyl, sulfonic, or chelating 

functional groups that increase ion exchange selectivity and 

capacity. The process of ion exchange can also coincide with 

chelation involving coordination of metal ions by functional 

groups located at the membrane surface. Such simultaneous 

ion exchange and chelation reactions are especially valuable 

for heavy metal and radioactive species removal from polluted 

waters  [41]. Various factors affect the effectiveness of ion 

exchange within ENM systems, such as the availability and 

concentration of functional groups, membrane porosity, 

surface charge, pH value, contact time, presence of competing 

ions, and the initial concentration of contaminants. With 

increasing occupation of active sites, the capacity for ion 

exchange progressively reduces, necessitating membrane 

regeneration or substitution. When coupled with other 

processes like adsorption, size exclusion, or catalytic 

degradation, ion exchange ENMs allow for selective and 

flexible water purification [42]. 

 

2.4 Biological interactions and biofouling control in 

electrospun nanofiber membranes  

 

Interactions involving living organisms significantly affect 

the operation of ENMs, especially in terms of microorganism 

removal and biofilm inhibition or development. As stated 

above, in traditional biological filtration, microorganisms 

adsorbed on the filter materials can transform pollutants due 

to their metabolic activities  [45]. However, when applied to 

water purification and treatment, ENMs are mostly considered 

in terms of the capacity to hold or block microorganisms from 

entering the downstream stages of the purification process. 

Functionalization of ENMs can be achieved using 

antimicrobial polymers, metal nanoparticles, metal oxides, 

carbonaceous materials, and bioactive molecules. 

Functionalized ENMs can have antibacterial properties, as 

they could prevent microbial growth by disrupting microbial 

cell walls, generating reactive oxygen species, interfering with 

cell metabolism, or preventing microbial attachment. 

Antimicrobial functionalization can be very helpful in 

designing membranes used in wastewater purification, 

pathogen removal, and other applications that involve 

interaction with biologically active liquid streams [46, 47]. 

Some ENM membranes can be utilized in biologically 

enhanced treatment applications when they are bioactive or 

biofilm-based. In these systems, attached bacterial colonies 

would promote the biodegradation of organic substances, 

ammonia, nitrite ions, and other biodegradable pollutants. 

However, special care must be taken to regulate the supply of 

dissolved oxygen, nutrients, fluid flow, and biomass 

deposition to prevent unwanted biofilm formation on the 

membranes [48]. 

The biological function of ENMs in wastewater treatment 

depends on factors such as membrane morphology, surface 

chemistry, wettability, and the inclusion of antimicrobial or 

bioactive elements. The physical entrapment of 

microorganisms, along with antifouling or antimicrobial 

surfaces, can provide additional benefits in terms of pathogen 

removal, fouling prevention, and overall performance stability 

of advanced wastewater treatment processes.
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2.5 Chemically reactive and catalytic filtration 

 

Chemical filtration is defined as the process of removal or 

reaction of contaminants via the chemical reactions taking 

place on the surface of the filter material. For ENMs, however, 

this term can be better defined as chemically reactive or 

catalytic filtration, wherein the functional groups, reactive 

additives, and nanomaterials contained in the filtration 

medium interact with contaminants, leading to redox 

reactions, precipitation, neutralization, chelation, and catalytic 

degradation  [28, 49]. While mechanical filtration works on 

sieving, chemical filtration targets dissolved and chemically 

active contaminants. 

Chemical reactivity in ENMs can be induced using 

approaches such as surface functionalization of ENMs as well 

as the use of reactive materials that can be incorporated into 

the nanofibers. Examples of such chemicals include metallic 

nanoparticles, metal oxides, carbonaceous materials, and 

photocatalysts, as well as redox chemicals, which could enable 

chemical reactions that would immobilize or degrade 

pollutants within the filter. Redox chemicals may oxidize 

metal ions into less soluble or less mobile forms, which can 

subsequently be immobilized in the membrane or removed 

during downstream filtration  [50]. Chlorine and other reactive 

species can be chemically degraded into less harmful products, 

depending on the nature of the reactive medium. 

In addition to oxidation, precipitation can also be facilitated 

using a reactive medium. Metallic ions such as iron and 

manganese ions, in their soluble states, can be oxidized to 

produce insoluble or particulate ions that can easily be 

captured by the filter. In conventional filtration systems, 

chemicals such as potassium permanganate are used in 

filtration systems. This process is analogous to the use of 

catalytic/oxidative nanomaterials in the ENM-based filtration 

systems [51]. 

Besides the redox process, the ENM is capable of removing 

the contaminant via neutralization, chelation, and surface 

complexing. Various functionalities, such as hydroxyl, 

carboxyl, amine, or metal oxide surface functionalities, may 

react with the contaminant like arsenic, fluoride, heavy metal, 

or other inorganic ions. Activated alumina, iron oxides, and 

other inorganic additives improve the adsorption, chelation, or 

surface complexing processes when integrated or coated onto 

electrospun nanofibers [52, 53]. 

Chemical and catalytic functions of the ENM are dependent 

on many parameters, such as the surface area of the membrane, 

availability of the reactive group, pollutant concentration, pH 

level, reaction time, redox level, and stability of the functional 

materials added. The reactive or adsorption site will be 

consumed, deactivated, or saturated during the prolonged use 

and thus may reduce the efficiency of water purification. Thus, 

the chemical and catalytic function needs to be complemented 

by size exclusion, adsorption, ion exchange, or antimicrobial 

function to develop advanced ENMs for water purification 

[54].

 

Table 1. Water filtration mechanisms and their relevance to electrospun nanofiber membranes (ENMs) [31, 35, 43, 55, 56] 

 
Principle Main Target Mechanism Advantages Limitations 

Size exclusion 
Suspended solids, 

turbidity 

Physically blocks particles 

larger than pore size 
Simple, fast, low-cost 

Cannot remove dissolved 

chemicals 

Adsorption 

Dissolved organics, 

chlorine, and some 

metals 

Molecules stick to the 

surface of media via 

physical or chemical forces 

Effective for organics, 

taste, odor 
Saturates over time 

Ion exchange 
Hardness ions, nitrates, 

heavy metals 

Exchanges undesirable 

ions with harmless ones on 

functional sites 

Specific, high capacity for 

target ions 

Sensitive to competing 

ions and fouling 

Antimicrobial 

activity 

Organic matter, 

ammonia, pathogens 

Uses microbes or 

antimicrobial surfaces to 

degrade, consume, or 

inhibit contaminants 

Natural, eco-friendly, good 

for organics 

Slow, sensitive to 

environmental changes 

Chemical filtration 
Metals, chlorine, iron, 

pH correction 

Reacts chemically with 

contaminants to change or 

remove them 

Remove difficult 

contaminants (e.g. Fe, As) 

Require chemical dosing 

and monitoring 

 

 

3. ELECTROSPUN NANOFIBER MEMBRANES  

 

Electrospinning has been commonly used during recent 

decades to fabricate continuous nanofibers, while the scientific 

background of this process can be linked back to the earlier 

studies on liquid jets actuated by electricity. This process was 

first associated with Lord Rayleigh’s study published in 1897, 

while Zeleny made an additional discovery in 1914 by 

explaining the electrospray process under the action of an 

electric field. Anton Formhals made another advance during 

his experiments conducted between 1934 and 1944, 

developing the process of electrospinning for the production 

of textile threads and commercializing electricity-actuated 

fibers [57, 58]. 

Another theoretical advancement in electrospinning was 

achieved by Geoffrey Taylor in the 1960s, explaining the 

deformation of a liquid droplet actuated by an electric field and 

the formation of the cone-like structure, referred to as the 

"Taylor cone." Another important contribution in 

electrospinning was made in 1988 by Simon, who showed that 

the process of electrospinning can produce mats of nanofibers 

from materials like polystyrene and polycarbonate to be used 

as a substrate for in vitro cell cultures. Later on, Reneker and 

Rutledge developed the process of electrospinning into a tool 

for making nanofibers of many types of organic polymers [6]. 

Electrospinning is well-known due to its simplicity, low-

cost process, wide range of polymers, and controllability of 

fiber morphology based on the parameters of processing. 

Electrospun nanofibers are unique since they have nanometer-

scale diameters of fibers, high surface-to-volume ratios, high 

aspect ratios, interconnected porosity, and customizable 

physical and chemical properties. ENMs can be applied in 

different areas such as water purification, biomedical material 

fabrication, sensor preparation, catalysis, and environmental 
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decontamination  [17, 59]. The electrospinning apparatus is 

usually composed of a high-voltage generator, a syringe or 

spinneret equipped with a thin needle, and a grounded 

collector, which could be either a flat surface or a drum, as 

shown in Figure 1(a). In an electrospinning procedure, the 

solution or melt of polymer is subjected to an external electric 

field. In this case, the electrostatic force overcomes the 

polymer solution surface tension, a charged polymer jet is 

extracted from the spinneret. While moving, it experiences 

various forces leading to stretching and thinning of a jet, 

including electrostatic, Coulombic, viscoelastic, surface 

tension, gravitational, and aerodynamic [60, 61]. 

As a result of solvent evaporation or melt solidification 

during the flight, the solidified fibers are collected in the form 

of a nonwoven nanofibrous mat. Bending and whipping 

instability of the charged jet results in elongation of the fibers 

and reduction of their diameter, thereby providing the 

formation of ultrafine fibrous materials  [62]. Jet instabilities 

occur after the initial straight portion of the jet and result in 

lateral oscillations or spiraling of the jet, increasing the 

trajectory path length and fiber elongation, as schematically 

presented in Figure 1(b). Control of the jet instability process 

is crucial for regulation of the fiber diameter, pore structure, 

surface morphology, and uniformity of the resultant 

membranes [63, 64]. 

 

 
 

Figure 1. Schematic illustration of the electrospinning process and nanofiber formation route: (a) the principle of 

electrospinning technique, and (b) the path of nanofiber formation through the electrospinning stages [66] 

 

ENMs possess significant advantages over other membrane 

types in relation to their structure and function that make them 

suitable for water treatment applications. Namely, the highly 

porous nature of electrospun membranes and interconnected 

pore structure may provide an opportunity for efficient water 

flow through the membrane, while nanometer-diameter fibers 

and control of pore size will enable particle retention and 

filtration on the size basis. Moreover, due to the large specific 

surface area, ENMs can have a sufficient active surface for 

adsorption, ion exchange, catalytic reactions, and even 

antimicrobial modifications [65]. 

 

 

4. THEORETICAL ASPECTS OF TRANSPORT AND 

FOULING IN ENM FILTRATION  

 

Electrospun membranes have unique physical properties 

that include high porosity, ultrafine diameter, interconnected 

pores, large specific surface area, and modifiable surface 

chemistry. These physical properties significantly impact 

water transport and contaminant adsorption in filtration 

operations  [66]. While empirical models such as the Darcy law 

and Kozeny–Carman equation are commonly applied in 

predicting flow across porous media, their application to 

ENMs is not straightforward due to membrane microstructure, 

pore-size distributions, tortuosity, compressibility, and surface 

effects [67, 68]. 

In ENMs, water transport is not limited by bulk hydraulic 

resistance alone but could also be impacted by the fiber surface 

chemistry, hydrophilicity, surface charges, interfacial 

interaction, and liquid confinement in small pores or tortuous 

pores. Hence, classical filtration models can still provide 

estimates on permeability and structure-transport properties; 

however, the underlying assumptions of these models need to 

be clarified and adjusted accordingly where required. 

 

4.1 Darcy’s law 

 

Darcy’s law is the classical continuum equation that 

represents the steady-state flow of a single-phase 

incompressible fluid through a porous medium. It has been 

developed based on experimental studies on the behavior of 

water flow through sand layers. The equation has now become 

an established relation that explains pressure-driven mass 

transport through porous media and membrane separation 

systems  [69]. In membrane technology, Darcy’s law 

establishes a relationship between the permeate flux and the 

pressure gradient, the viscosity of the fluid, the thickness of 

the membrane, and its intrinsic permeability. 

For a one-dimensional flow through a homogeneous porous 

membrane, Darcy’s law may be written as: 

 

𝐽 =
𝐾 × ∆𝑃

𝜇 ×  𝐿
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where, J is the flux (m³·m⁻²·s⁻¹), K is the intrinsic permeability 

of the membrane (m²), ΔP is the pressure difference across the 

membrane (Pa), μ is the viscosity of fluid (Pa·s), and L is the 

effective flow path length (m).  

On the other hand, when the membrane hydraulic 

permeability is used, Darcy’s law may be written as: 

 

𝐽 = 𝐿𝑃 ×  ∆P  

 

where, Lp is the hydraulic permeability of the membrane 

(m·s⁻¹·Pa⁻¹). 

Darcy's law is normally used in membrane filtration 

processes to predict permeate flux, considering the following 

key aspects: laminar flow of viscous fluid, homogeneous 

porous medium, no concentration polarization, and constant 

membrane permeability. Despite the wide use of the classic 

approach described above in studies on ENMs, caution should 

be exercised since the permeability of ENMs depends 

significantly on the fibrous nature of the membranes. The 

relevant parameters include fiber diameter, porosity, pore-size 

distribution, fiber separation distance, tortuosity, membrane 

wettability, chemical properties of the surface, and membrane 

compression [70]. Numerical and experimental investigations 

have revealed that the permeability of fibrous membranes is 

not always constant and depends upon several fiber properties, 

including morphology, porosity, and surface effects [71]. 

Thus, Darcy's law can be used in the analysis of pressure-

driven filtration through ENMs, while empirical and semi-

empirical corrections may be considered when necessary [70, 

72]. 

 

4.2 Kozeny–Carman model  

 

The Kozeny–Carman equation illustrates the dependence of 

permeability on the properties of the porous medium in terms 

of parameters such as porosity, tortuosity, and specific surface 

area  [73]. When it comes to membrane filtration processes, the 

Kozeny–Carman model is often applied to study the impact of 

pore structure within a membrane on transport phenomena. A 

general expression of the equation may be stated as: 

 

𝑘 =
𝜀3

𝐾 × (1 − 𝜀)2 × 𝑆𝑜2
  

 

where, k is the permeability of the membrane (m²). K is the 

Kozeny constant, a dimensionless empirical factor that 

accounts for the tortuosity (how winding or curved the pores 

are) of the material. ε is the porosity of the membrane (a value 

between 0 and 1). So is the specific surface area per unit 

volume of solid or porous medium (m²/m³). The Kozeny 

constant is a dimensionless empirical parameter that accounts 

for pore geometry and tortuosity. 

Since ENMs are porous and fibrous networks, the Kozeny–

Carman equation could help relate the permeability of these 

structures to their structural features, including porosity, fiber 

diameter, specific surface area, and tortuosity  [74]. Porosity 

and specific surface area can be measured using membrane 

morphology to determine fluid permeability through ENMs 

[75]. The Kozeny–Carman equation is quite helpful in 

predicting permeability, analyzing flow behavior, and 

designing membranes. Using the equation, fluid movement 

can be calculated from the microstructural characteristics of 

ENMs. The Kozeny–Carman equation helps establish a 

correlation between the membrane's structure and its filtration 

performance. The equation is instrumental in optimizing 

electrospinning parameters that include concentration, 

voltage, flow rate, and collector configuration, which 

determine permeability among other properties. 

But there is a need for care when applying the Kozeny–

Carman model directly to ENMs. K, the Kozeny constant, 

varies depending on membrane structure, fiber orientation, 

pore interconnectivity, and tortuosity. Since ENMs typically 

possess more complex structures than traditional packed beds 

and porous materials, their permeability may need to be 

estimated based on experimentally determined values of K or 

using K values obtained from similar fibrous structures [76]. 

 

4.3 Hagen–Poiseuille model  

 

The Hagen–Poiseuille equation gives a theoretical relation 

for the flow of a Newtonian fluid through a cylindrical pipe 

driven by a pressure difference. The equation is frequently 

used in theory to calculate the flow rate as a function of pore 

radius, pressure difference, viscosity, and pore length. In the 

case of membrane filtration, it can be helpful to estimate the 

flow rate of fluid in an ideal cylindrical pore system; but in the 

case of ENMs, it cannot be applied directly due to their 

complex pore structure  [77]. The classical Hagen–Poiseuille 

equation is expressed as: 

 

𝑄 =
𝜋  𝑟4∆𝑃

8𝜇𝐿
  

 

where, Q is the volumetric flow rate (m³/s), r is the radius of 

the cylindrical pore (m), ΔP is pressure difference across the 

pore (Pa), μ is dynamic viscosity of the fluid (Pa·s), and L 

represent the length of the pore (m). 

It was assumed that there is uniform, incompressible, and 

laminar flow; a constant diameter of the cylindrical pore; a 

Newtonian fluid; and a no-slip boundary condition at the pore 

wall. With no slip, the solid surface velocity is zero. Although 

no-slip assumptions work well for a majority of conventional 

porous membranes, exceptions can occur in very small pores 

and for those with particular interfacial characteristics, 

especially those where surface wetting, charge, roughness, or 

hydrophobicity affects fluid transport  [78, 79]. With ENMs, 

the transport pathways are dependent on fiber diameter, pore 

size distribution, distance between fibers, tortuosity, porosity, 

and surface chemistry. Thus, the hydraulic behavior of ENMs 

can rarely be accurately described using the concept of an ideal 

cylindrical pore. Sometimes, interfacial phenomena, like 

partial slip, can reduce hydraulic resistance and increase 

permeate fluxes relative to predictions obtained from the 

classic no-slip Hagen–Poiseuille relation. Interfacial 

phenomena of this type can be expected more often in cases 

where fluid-solid interactions can affect the velocity profile in 

highly restricted pores or hydrophobic substrates [80]. 

Slip length has been traditionally defined as the theoretical 

distance from the solid surface where the fluid velocity 

becomes zero. The slip length varies based on several 

parameters, such as surface wetting ability, fluid viscosity, 

channel geometry, surface roughness, and the interaction 

between liquid molecules and the solid surface. For ENMs, the 

increased surface area, surface chemistry, and pore size 

ranging from nanometers to submicrometers could impact the 

interfacial flow; nevertheless, the degree of slip must be 

quantified and proven experimentally or numerically  [81]. 
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Water flow through confined or hydrophobic porous media 

has been experimentally or computationally shown to exhibit 

enhanced transport, possibly due to slip effects or wettability-

dependent flow mechanisms [82]. 

Computational fluid dynamics (CFD) simulation tools can 

investigate the effects of pore geometry, fiber diameter, 

porosity, and surface hydrophobicity on local velocity 

distribution and effective membrane permeability [83, 84]. 

Hence, although the Hagen–Poiseuille equation offers insights 

into pressure-driven flow, the filtering process of ENMs 

necessitates more sophisticated models accounting for the 

effects of complex pore network structures, surface chemistry, 

tortuosity, and possibly slip mechanisms [77]. 

 

4.4 Liquid nanoconfinement and interfacial effects  

 

In classical transport theory, the Knudsen number (Kn) is 

generally used to classify flow regimes based on the ratio 

between the mean free path (λ) of the molecule and a 

characteristic length scale (L) [85, 86]. The expression for the 

Knudsen number is: 

 

𝐾𝑛 =
𝜆

𝐿
 

 

 

where, λ is the mean free path of the molecule, and L is the 

characteristic length of the flow system. This classification 

method has found extensive use in studies involving gas 

transport and rarefied flows to characterize continuum flow, 

slip flow, transition flow, and free molecular flow regimes 

[87]. Nevertheless, direct use of this concept in the case of 

transport of liquid water in ENMs should be approached with 

care owing to the dominance of intermolecular forces and 

other physicochemical processes in liquid transport. 

In relation to the case of filtration of a liquid in ENMs, the 

appropriate way of explaining the transport processes should 

be via liquid confinement, wettability of the surface, surface 

charge, hydration, interfacial friction, pore tortuosity, and even 

possible slip effect. The interaction between the flowing fluid 

and the surface of the fibers can have a great effect on the 

velocity distribution, hydraulic resistance, and permeability of 

the material. This becomes even more prominent when the 

membrane is hydrophobic, contains charged functional 

groups, or even exhibits submicron or nanoscale pores [88, 

89]. Hence, while a Knudsen approach provides some 

advantageous insights regarding the role of characteristic 

length scales, one should not rely only on the concept of the 

Knudsen regime applicable to the flows of gases. Rather, the 

deviations from the behavior defined by the Hagen–Poiseuille 

or Darcy equations should be explained in light of surface-

induced liquid transport phenomena [90, 91]. It is worth noting 

that a few studies have emphasized the necessity of 

considering interfacial phenomena in flux estimation to avoid 

any erroneous conclusions drawn from incorrect membrane 

performance analysis, especially in scenarios where pore size, 

surface properties, and hydrophobicity play a significant role 

[67, 92]. 
 

4.5 Tortuosity, pore size distribution, and effective 

porosity  
 

ENMs have high porosity, well-connected pores, and 

adjustable pore size distribution, and each of these features 

plays a crucial role in determining their filtration 

characteristics. In regard to structural properties that impact 

transport phenomena in ENMs, pore size distribution, 

tortuosity, and effective porosity (ϕₑ) deserve special attention 

as they contribute to permeability, selectivity, hydraulic 

resistance, and contamination retention. 

According to Akhavan-Mahdavi and Mirbagheri, 

electrospun membranes usually have lower tortuosity than 

phase-inverted membranes due to their open and connected 

pore structure. Nevertheless, tortuosity highly depends on 

fiber orientation, fiber diameter, pore connection, and fiber 

density [92]. Fashandi and Karimi state that effective porosity 

represents the part of pore volume responsible for the flow of 

fluid and might be different from total porosity when closed 

and dead-end pores exist in the porous structure. The value of 

effective porosity was determined in electrospun polystyrene 

fibers by means of mercury intrusion and gas adsorption 

methods [93]. 

Tortuosity (τ) that reflects the degree of fluid path 

complexity inside the membrane is another crucial parameter 

resulting from pore morphology. High tortuosity arises in 

tightly connected pores with greater entanglement and results 

in a membrane where the fluid path length becomes much 

higher than the membrane thickness. Tortuosity directly 

impacts diffusion and flow resistance, becoming one of the 

main factors of membrane transport properties [94].  

Tortuosity can be defined as the ratio between the real 

(effective) fluid path length inside the membrane and its linear 

thickness: 

 

𝜏 =
𝐿𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

𝐿
 

 

 

where, Leffective is the actual (twisted) path length inside the 

porous material, while L is the linear thickness of the 

membrane. 

Pore size distribution is equally important in defining the 

relationship between permeability and selectivity. Smaller 

pore size distributions can result in enhanced contamination 

rejection; however, that also causes high hydraulic resistance 

and low effective porosity. On the other hand, an open fibrous 

network will promote effective flow of fluids through the 

system; nevertheless, it may have larger pore sizes, which 

affect selectivity [93, 94]. 

Porosity-tortuosity correlations can be established 

empirically as follows: 

 

τ = φ−𝑛      𝑜𝑟         τ = 1 + b(1 − φ)  

 

where, ϕ is a fraction ranging from 0 to 1 that represents 

porosity, while n and b are empirical constants (usually, 0.5 ≤ 

n ≤ 1 .5). 

Understanding the concept of pore size distribution, 

tortuosity, and effective porosity plays an important role in 

maximizing the potential of ENMs in their application as filter 

membranes. Typically, having high effective porosity, low 

tortuosity, and pore size distribution is preferred to enhance 

water flow while providing good contaminant rejection. On 

the other hand, the effect of these parameters has been 

demonstrated by Zhang et al. [95], who developed electrospun 

THV (tetrafluoroethylene-hexafluoropropylene-vinylidene 

fluoride) membranes using membrane distillation. The 

electrospun THV membranes showed higher effective 

porosity and lower tortuosity compared to traditional PVDF 

membranes, leading to enhanced water flow with high salt 

rejection.  

267



 

4.6 Hermia model  

 

The Hermia model is a classic theoretical approach 

employed for analyzing membrane fouling under pressure-

driven filtration operations. Four major fouling modes have 

been considered using this method as shown in Figure 2 and 

briefly presented in Table 2, namely, pore plugging mode, 

pore plugging mode type I, pore plugging mode type II, and 

cake buildup mode. The Hermia fouling modes are generally 

determined through correlating experimental flux or filtrate 

data against the Hermia equations. Despite the fact that the 

Hermia model was developed for traditional filtration 

techniques [93], this modeling technique has been extensively 

used for ENMs due to their porous nature, highly connected 

pore system, and significant surface area. It is possible for 

fouling to develop via several mechanisms in ENM filtration, 

such as organic deposition, bacterial attachment and 

biofouling, inorganic scaling, and particle deposition on the 

nanofibrous structures. The use of this technique by Liu et al. 

[70] on electrospun PAN membranes suggests that fouling 

could develop via the normal or intermediate pore blocking 

mechanisms at first but would increasingly involve cake layer 

formation. Later on, Sanaei and Cummings combined the 

principles of both pore-blocking and cake formation to 

enhance the use of the Hermia-type model to describe filtration 

through fibrous and nanofibrous membranes [96]. 

Due to the good permeability and controllability of the 

ENMs, it seems that their high accessibility to water could 

make them vulnerable to fouling. Biofouling, organic fouling, 

and inorganic scaling could clog their pores, thus increasing 

hydraulic resistance and decreasing permeation rates. Studies 

conducted using experimental methods as well as simulations 

have indicated the need to modify Hermia-type models to 

describe more accurately the decline in membrane flux due to 

fouling [88, 97]. 

Under constant pressure filtration, Hermia’s general fouling 

equation can be expressed as: 

 

𝑑2𝑡

d𝑉2
= 𝐾 (

𝑑𝑡

dV
)𝑛 

 

 

where, t is the filtration time, V is the filtrate volume, K is the 

fouling constant, and n is the fouling index, which 

characterizes the nature of the prevailing fouling mechanism. 

The fouling index n is generally set as n = 2 for complete 

blocking, n = 1.5 for standard blocking, n = 1 for partial 

blocking, and n = 0 for cake formation [84, 98]. 

Considering the decrease in permeate flux at constant 

pressure conditions, the four classical Hermia models can be 

stated as their usual linearized equations in the following form: 

• Complete blocking: ln(J) =  ln(𝐽𝑜) − 𝐾𝑏 𝑡  

• Standard blocking: 
1

𝐽0.5 =  
1

𝐽𝑜
0.5 + 𝐾𝑠 𝑡 

• Intermediate blocking: 
1

𝐽
=  

1

𝐽𝑜
+ 𝐾𝑖  𝑡 

• Cake filtration: 
1

𝐽2 =  
1

𝐽𝑜
2 + 𝐾𝑐  𝑡 

where, J denotes the permeate flux at time t, J0 represents the 

initial permeate flux, while Kb, Ks, Ki, and Kc represent the 

apparent fouling constants for complete blocking, standard 

blocking, intermediate blocking, and cake filtration, 

respectively. The fouling constants depend on the properties 

of the membrane, the composition of the feed solution, the 

applied pressure, and the nature of the interaction between the 

foulant and membrane. 

ENMs are extensively studied due to their high porosity, 

interconnected pores, and high specific surface area [98]. In 

addition, such membranes can easily get fouled by feed 

solution components due to their porous nature. As a result, 

the Hermia model analysis technique is frequently used to 

determine the fouling rate, predict the predominant fouling 

mechanisms, and evaluate the performance of anti-fouling 

membranes. 

 

 
 

Figure 2. Main fouling types [99] 

 

Table 2. Fouling mechanism description [100, 101] 

 
Mechanism Model Order (n) Description 

Complete blocking 2 Each particle blocks a pore completely. 

Standard blocking 1.5 Particles enter pores and deposit along walls. 

Intermediate blocking 1 Some particles block pores; others deposit randomly. 

Cake filtration 0 
Particles accumulate on the membrane surface, forming a cake 

layer. 

Nevertheless, generally speaking, the Hermia model 

presents a valuable theoretical basis for the analysis of fouling 

in ENMs; however, the application of such a model requires 

consideration of the structure complexity of nanofibrous 

membranes. Factors, like fiber diameter, pore size distribution, 

tortuosity, surface wettability, surface charge, and 

functionalization of membranes, can affect the fouling process 

and its flux reduction behavior. Hence, some modifications of 

the Hermia model could be necessary to predict fouling 

successfully [97, 101]. 

5. CHALLENGES AND FUTURE PROSPECTS  

 

Water purification employing ENMs still encounters many 

problems, including efficiency, sustainability, and scalability 

issues. Firstly, the growing number of emerging contaminants, 

including pharmaceuticals, microplastics, and per- and 

polyfluoroalkyl substances (PFAS), is becoming increasingly 

challenging to deal with through traditional methods. These 

pollutants might harm human health and the environment 

while remaining tough to remove from drinking water sources. 
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Although the traditional membrane-based technology, reverse 

osmosis, is useful for removing most pollutants, it tends to be 

susceptible to fouling and scaling problems. As a result, the 

flux declines, reducing the effectiveness of the process and 

raising the cost of operation. 

Other advanced treatments, such as advanced oxidation 

processes (AOPs), ultraviolet radiation disinfection, and 

nanomaterial-based technologies, can help address the 

problem of persistent pollutants. Nevertheless, they require 

excessive amounts of energy, making them expensive and 

impractical, especially in poor areas. The deterioration of the 

water supply network in rural or low-income communities due 

to aging infrastructure contributes to increased water loss and 

contamination. Moreover, climate change challenges, such as 

droughts and floods, combined with the lack of clear 

regulations, might exacerbate water quality management 

problems. In these types of situations, no real-time detection 

of water quality in the water body limits the detection/response 

to fast-moving pollution events. Addressing these 

multidimensional issues will require a systemic, 

comprehensive strategy : 

1) Advances in technology: It is possible to integrate 

advanced oxidation techniques involving LED-based 

systems, nanomaterials, and assisted membrane 

purification techniques to enhance the elimination of 

persistent pollutants like PFAS, pharmaceuticals, and 

microplastics. 

2) Real-time monitoring and process control: The intelligent 

sensors, real-time monitoring techniques, and advanced 

analysis tools could enable the identification of 

contamination of the wastewater, adjustment of treatment 

process parameters, optimal performance of the process, 

and anticipation of failures. 

3) Regulatory changes: The regulation of a wider range of 

known hazardous impurities and enforcement of the 

‘polluter pays’ concept also has to be expanded into an 

array of any discharge category.   

4) Green, Scalable Materials: It is a requirement that bio-

based adsorbents, energy-efficient membranes and low-

cost nanotechnology be developed and deployed to obtain 

broad accessibility and sustainability.   

5) Investing in robust infrastructure: By improving water 

supply and sanitation infrastructures, losses of water 

resources can be minimized, and the potential for 

secondary contamination can be reduced, especially in 

places that are heavily burdened or lacking resources. 

6) Public participation and source water protection: 

Community education, watershed management, and 

source water protection measures are essential for 

sustainable water consumption, pollution prevention, and 

water security. 

With such approaches, water purification technology can be 

resilient, efficient, and sustainable. The aim of future work is 

to focus on next-generation technology for purification that is 

sustainable, cost-effective, and that addresses both well-

established and novel non-conventional contaminants. 

Important themes include;   

▪ Designing antifouling, self-cleaning, and stimuli-

responsive structure membranes, for example, 

nanocomposites or metal-organic frameworks (MOFs). 

▪ Developing waste-derived or biodegradable materials to 

eliminate heavy metals, dyes and pharmaceuticals in an 

eco-friendly, economical manner. The environmental 

safety, the scalability and the life cycle effects of 

nanomaterials and MOF-based approaches need to be 

verified with studies. 

▪ Integration of AI coupled with sensor-based networks to 

observe contamination, optimize treatment protocols, and 

predict operational failures.   

▪ Designing, building, and building up of integrated 

systems where integrated systems integrating the physical 

filtration system, photocatalysis, and biological treatment 

technologies to achieve high-resolution pollutant removal 

at low energy costs and in solution with large-scale 

contaminant removal at low energy input for wide-

spectrum contaminant removal.   

▪ Conducting evaluations in the field, especially in low-

resource settings, to verify lab innovations and assure 

acceptance in low-resource settings.   

 

 

6. CONCLUSIONS 

 

Up to this time, electrospinning has been recognized as a 

highly reliable and versatile form of nanofiber membrane 

fabrication for water purification. It has the benefit of very 

small fibers with a high surface-to-volume ratio and an 

intercommunicating network, which can promote the 

efficiency of the filtration and separation of the membrane. 

Unsurprisingly, the efficiencies are closely linked to their 

inner structure. The structure of these pores, fiber diameter, 

pore size, and interconnectivity of these pores can affect water 

permeability and the pollutant removal performance at the 

physical level. Many physical models, including Darcy's law, 

the Hagen–Poiseuille equation and theories of flow in porous 

materials serve to illustrate the phenomenon of fluid 

movement through this type of membrane. These modeling 

approaches could be utilized to illustrate the flow resistance 

and predict the behavior of membranes while in operation in 

order to estimate the resistance to flow. The optimization of 

membrane performance is very closely related to control of the 

electrospinning parameters, and the choice of the polymer, as 

it influences the final shape and behavior of a membrane. 

Despite their great capability for removing diverse organic and 

inorganic impurities, electrospun membranes require more 

experimental work, particularly in terms of mechanical 

strength, fouling resistance, and long-term operational 

stability before they can be utilized as reliable industrial water 

treatment devices. 
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