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Abstract 

This thesis develops innovative, high-performance, melt-blown nonwoven materials for air 

filtration. The first chapter presents a two-step process to create nano-porous, compostable 

PLA nonwovens with high porosity for particulate capture. First, PLA is melt-blended with 

polyethylene glycol (PEG) of varying molecular weights to enhance melt flow index (MFI), 

producing blends with MFI values ranging from 56 g/10 min to 238 g/10 min. These blends 

are processed into microfibers, with diameters from 1.05 to 2.64 µm, using a twin-screw 

extruder. The second step involves boiling water etching to remove PEG and form nanopores 

(50–200 nm), achieving approximately 85% particulate capture efficiency for 0.3 µm NaCl 

particles. This eco-friendly method shows potential for air and water filtration and battery 

separators. 

The second chapter addresses the limitations of conventional face masks, which lack 

antibacterial or antiviral properties. To improve mask functionality, advanced melt-blown 

filters are created using polypropylene (PP) and Rose bengal (RB), a photosensitizer. The study 

investigates the impact of processing temperature on fiber morphology, filtration efficiency, 

and antibacterial properties. The optimized filters show superior antibacterial performance, 

particulate filtration efficiency, and breathability, offering significant improvements for 

personal protective equipment (PPE), with enhanced antimicrobial protection and durability. 
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Chapter 1 

Introduction 

1.1 Motivation  

The COVID-19 pandemic has highlighted critical public health challenges, from widespread 

morbidity and mortality to the heightened demand for effective personal protective equipment 

(PPE). Concurrently, air pollution and the transmission of airborne pathogens continue to pose 

significant threats, particularly in high-risk settings such as hospitals, public spaces, and 

industrial environments. Conventional air filtration systems, though generally effective at 

capturing particulate matter, often fall short in neutralizing harmful microorganisms like 

bacteria and viruses and sometimes struggle with inadequate particle filtration. These 

shortcomings have driven the demand for high-performance, multifunctional filters. 

Filters with enhanced porosity offer superior particulate capture and airflow efficiency, 

addressing key limitations of traditional systems. When combined with antimicrobial agents, 

such as Rose Bengal (RB), these advanced filters gain the ability to deactivate pathogens, 

significantly improving their functionality. This work focuses on developing next-generation 

filtration systems by integrating innovative material designs and fabrication techniques to 

achieve high porosity and robust antimicrobial performance, meeting the demands of modern 

public health and environmental challenges. 

1.2 Research objectives 

The primary objective of this thesis is to develop and characterize advanced air filtration 

systems. The first study focuses on the development of porous nonwoven mats made from PLA 

and PEG. By incorporating PEG of varying molecular weights into PLA through melt blending 
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and melt-blowing, this research aims to investigate how the PEG component influences the 

structural and functional properties of the filters. The porous structure, achieved through a 

water-etching process that removes the sacrificial PEG, is evaluated for its potential in air 

filtration.  

The second study explores the integration of Rose Bengal, a well-known photosensitizer, into 

PP nonwoven fibers to create antimicrobial air filters. By optimizing fabrication conditions, 

such as processing temperature and fiber morphology, the research aims to ensure uniform RB 

incorporation without compromising the filter’s structural integrity. The antimicrobial 

properties of these filters are evaluated in conjunction with their particulate filtration 

efficiency, providing insights into their performance and potential applications in 

environments with high biological risks. 

1.3 Thesis outlines 

The structure of this thesis is organized as follows: Chapter 2 provides a comprehensive 

overview of porous structures for air filtration applications, with a focus on their fabrication 

methods and sustainability. It highlights melt-blowing as an effective technique for producing 

nonwovens, which are crucial for air filter applications, and explores their environmental 

impact and potential for sustainable solutions. Chapter 3 explores the design and fabrication of 

highly porous, compostable networks for use in air filtration. It focuses on the porous network 

properties, fabrication phases, and performance characteristics that make these networks 

suitable for advanced air filtrations. Chapter 4 presents a research study on production methods 

for antibacterial melt-blown nonwovens. The focus is on optimizing the production process for 
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large-scale manufacturing while maintaining high filtration efficiency and antimicrobial 

properties, ensuring their effectiveness in medical and high-risk environments. 
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Chapter 2 

Literature review 

2.1 Introduction 

Filters with high filtration efficiency are crucial because they can capture a greater percentage 

of harmful particles, such as dust, pollen, bacteria, and viruses, from the air [1]. This is 

especially important in protecting human health, reducing the spread of airborne diseases, and 

maintaining cleaner air in sensitive environments like hospitals and cleanrooms [2]. High 

particulate filtration efficiency (PFE) filters effectively capture harmful particulate matter 

(PM), including fine particles (PM2.5) and ultrafine particles (PM0.1), which are known to 

cause respiratory issues and other health problems [1]. High filtration efficiency also 

contributes to better indoor air quality, which is essential for respiratory health, particularly for 

people with allergies or asthma [1]. Furthermore, these filters are vital in industrial and 

environmental applications where strict air purity standards must be met to ensure safety and 

compliance [1]. Several factors influence the filtration efficiency of air filters, including the 

fiber diameter, pore size, and material composition [2]. Finer fibers and smaller pores typically 

result in higher filtration efficiency, as they create a more surface area for particles to pass 

through [2]. However, increasing the efficiency often comes at the cost of increased airflow 

resistance [3], which can negatively affect energy consumption [4].  

In real-world applications, such as High-Efficiency Particulate Air (HEPA) filters used in air 

purifiers and N95 masks, achieving a balance between high efficiency and acceptable airflow 

is crucial [5]. These filters are designed to capture particles as small as 0.3 microns, ensuring 
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protection against harmful pollutants and pathogens [5]. Energy consumption is a major 

consideration in air filtration systems, particularly in large-scale applications such as heating, 

ventilation, and air conditioning (HVAC) systems in buildings or industrial filtration setups 

[5]. As air passes through a filter, resistance to the airflow, known as pressure drop, causes the 

system to work harder, leading to higher energy consumption [5]. Increased pressure drop 

across air filters necessitates higher fan power consumption as the fan works harder to sustain 

the desired airflow, leading to higher overall energy consumption and diminished system 

efficiency [5]. Achieving a balance between filtration efficiency and pressure drop is crucial 

for optimizing filter performance. While nanofiber filters typically exhibit higher pressure 

drops due to their finer fiber diameters [6], they often achieve an improved figure of merit (Q), 

which considers both efficiency and pressure drop [5]. This makes them an effective choice 

for applications where the trade-off between pressure drop and filtration efficiency needs to be 

carefully managed. Techniques such as pleating or folding the filter material, as seen in HEPA 

filters [7], help reduce resistance, which lowers pressure drop and minimizes the energy 

demand [5].  

In addition to removing airborne particles, high-performance air filters are increasingly being 

designed to have antibacterial and antimicrobial properties [8]. This is especially important in 

healthcare settings, public spaces, and other environments where the spread of bacteria and 

viruses poses a significant risk. Antibacterial filters can inhibit the growth of microorganisms 

on their surface, ensuring that they do not become breeding grounds for harmful pathogens. 

Several methods can be used to enhance the antibacterial properties of air filters. One common 



 

 6 

technique is to incorporate antimicrobial agents, such as silver nanoparticles or copper ions, 

into the filter material [9]. These agents actively kill or inhibit the growth of bacteria and 

viruses on the filter's surface. Another approach is to modify the filter surface using plasma 

treatment or coating it with bioactive compounds that provide long-lasting antibacterial effects 

[10]. Recent advancements in air filtration technology have also introduced self-cleaning filters 

that are capable of killing bacteria and viruses without the need for external cleaning [11]. Such 

innovations are particularly valuable in settings where frequent filter replacement is 

impractical. Porous nonwoven materials or porous fibers are a proper choice for high-

performance air filters (Figure 2-1) due to their ability to trap particles while maintaining 

airflow [12].  

 

Figure 2-1 Porous nonwovens using in surgical masks and HEPA filters for air filtration. 

Generated through OpenAI’s ChatGPT platform [13]. 

Three common methods for fabricating these materials are electrospinning, solution blowing 

and melt blowing, each with distinct advantages and limitations. Electrospinning is a process 
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that uses an electrical charge to draw ultrafine fibers from a liquid polymer solution. These 

fibers, typically in the nanometer range, form a nonwoven mat with a high surface area and 

very fine pore structure [14]. The key advantage of electrospinning is its ability to produce 

exceptionally fine fibers making it ideal for applications where high filtration efficiency is 

required. However, electrospinning is relatively slow and costly, limiting its scalability for 

large-scale production [15]. 

Solution blow spinning is another method used to fabricate porous materials, in which a 

polymer solution is extruded through a nozzle and blown by a high-velocity gas stream, 

resulting in fiber formation [16, 17]. Solution blowing can produce fibers with diameters 

comparable to those achieved by electrospinning but with greater scalability and without the 

need for high-voltage equipment. This method also allows a broader range of polymer 

solutions to be used, including those that are not suitable for melt blowing due to their high 

melting temperatures. Compared to electrospinning, solution blowing is more versatile and 

cost-effective, while still capable of producing fine fibers, making it suitable for a variety of 

filtration and biomedical applications [18]. However, the use of solvents in this process may 

present environmental and safety concerns, depending on the type of solvent required for the 

polymer solution [18]. 

Melt blowing on the other hand, is a process where molten polymer is extruded through small 

nozzles and blown by high-speed air jets to form fibers. Melt-blown fibers are generally larger 

than electrospun fibers, but the process is much faster and more scalable. Melt-blown materials 

are widely used in commercial applications, including N95 masks and industrial filters, due to 
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their cost-effectiveness and rapid production capability [19]. However, melt-blown filters may 

have less control over fiber size and pore structure compared to electrospun filters. The SEM 

images in Figure 2-2 (a-c) reveal visual differences in pore and fiber size uniformity, and also 

fiber density across the morphological scales of the three nonwoven samples produced by the 

three different fabrication methods including solution blowing, melt blowing and 

electrospinning respectively. The fiber size and pore size variations impact the performance 

characteristics of each sample, influencing factors like filtration efficiency and airflow 

resistance [20]. Table 2-1 also shows a comparative analysis of the three fiber fabrication 

methods.  

 

Figure 2-2 Morphological comparison of three nonwoven fabrication methods at 50 

micrometers scale bars with PVDF as the main substrate (a) solution blowing. Adapted from 

ref. [21] with permission from Journal of Applied Polymer. Copyright © 2005; (b) melt-

blowing. Adapted from ref.  [22] with permission from Sage Journals. Copyright © 2003; (c) 

electrospinning [23]  

Traditional filter materials, such as polypropylene (PP), are derived from fossil fuels and 

contribute to plastic waste [24]. In response, researchers and manufacturers are exploring 
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biodegradable and compostable alternatives, such as filters made from polylactic acid (PLA) 

(Figure 2-3), a biopolymer derived from corn starch [25].  

Table 2-1 Comparative summary of fiber fabrication methods for air filtration. 

 

 

Figure 2-3 Sustainability and ecosystem benefits of PLA, a compostable corn-based polymer 

with environmentally friendly properties. Generated through OpenAI’s ChatGPT platform 

[13].  

2.2 Introducing and Analyzing Major Fabrication Techniques of Porous Nonwovens 

The production of micro- and nanofibers has garnered significant attention in recent years due 

to their porosity and exceptional properties and diverse applications in fields such as filtration, 

Fabrication 

Method 

Fiber 

Diameter 

(nm) 

Production 

Rate 

Cost 

Efficiency 

Environmental 

Impact 
Applications 

Electrospinning 

[26, 27] 
100-500 Low High 

Moderate-toxic 

solvents 

N95 masks, HEPA filters, 

advanced filtration 

Solution 

Blowing [28] 
200-1000 Medium Moderate 

Dependent on 

solvent 

Biomedical, filtration, 

industrial filters 

Melt-blowing 

[29, 30] 
500-2000 High Low Low 

Industrial filters, masks 

(N95), HVAC 
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biomedical engineering, and advanced materials [31–33]. In this section, common fabrication 

methods of porous nonwoven is explained in details.  

2.2.1 Electrospinning 

Electrospinning is a prominent technique for producing nanofibers, known for its capacity to 

create fibers with diameters ranging from a few nanometers to several micrometers [34]. The 

process involves applying a high-voltage electric field to a polymer solution, resulting in the 

formation of ultra-fine fibers [35]. Electrospinning is known for its ability to produce highly 

uniform nanofibers, and it allows for precise control over fiber diameter and morphology [36]. 

Despite being limited by a narrow range of compatible polymers, this method is highly 

adaptable for creating nanostructures suited for specialized applications, including biomedical, 

tissue engineering, scaffolds, and sensors [37]. 

2.2.1.1 Process Overview 

The electrospinning process begins with the preparation of a polymer solution, which is 

typically dissolved in a suitable solvent. The solution is then loaded into a syringe equipped 

with a needle. Upon applying a high voltage between the needle and a collector [34], an 

electrostatic charge is induced at the tip of the needle, leading to the formation of a Taylor 

cone. As the electric field increases, the repulsive forces overcome the surface tension of the 

polymer solution, causing a continuous jet of polymer to be ejected from the cone. As the 

polymer jet travels toward the collector, it undergoes elongation and solvent evaporation, 

resulting in the formation of fine fibers [38]. The collector can take various forms, such as a 

flat plate or rotating drum, to influence the fiber orientation and morphology (Figure 2-4). The 



 

 11 

key parameters affecting fiber formation include voltage, flow rate, distance between the 

needle and collector, and environmental conditions like humidity and temperature [39, 40]. 

 

Figure 2-4 Electrospinning process for fabrication of nanofibers [38]. Generated through 

OpenAI’s ChatGPT platform [13]. 

2.2.1.2 Advantages of Electrospinning 

One of the primary advantages of electrospinning is its ability to produce fibers with high 

surface area-to-volume ratios, which enhances their performance in applications such as 

filtration, tissue engineering, and drug delivery [40]. Additionally, the technique allows for the 

incorporation of various additives, such as nanoparticles or bioactive agents, enabling the 

fabrication of multifunctional fibers tailored for specific applications [41, 42]. Moreover, 

electrospinning offers exceptional control over fiber diameter and morphology by adjusting 

processing parameters, facilitating the design of materials with desired characteristics. This 

flexibility makes electrospinning an attractive option for researchers seeking to develop 

advanced materials for cutting-edge applications [36]. 
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2.2.1.3 Challenges and Limitations 

Despite its advantages, electrospinning faces several challenges that hinder its widespread 

industrial adoption. The technique is often limited by low production throughput, which can 

be attributed to the continuous nature of the electrospinning process and the time required for 

solvent evaporation. Furthermore, the use of toxic solvents poses safety and environmental 

concerns, necessitating the exploration of greener alternatives [43]. Additionally, while 

electrospun fibers exhibit unique properties, they may suffer from issues related to uniformity 

and reproducibility. The influence of environmental factors, such as humidity and temperature, 

can significantly impact fiber morphology, complicating the scaling-up process [44]. 

2.2.1.4 Recent Developments and Modifications in Electrospinning 

Recent advancements in electrospinning technology have focused on enhancing fiber 

production efficiency, improving material properties, and expanding the range of applications. 

In the following, various modifications to the traditional electrospinning setup and process 

have been explored to address the limitations of conventional methods and capitalize on the 

unique advantages of electrospun fibers. 

Nanofiber Hybridization and Composite Materials 

Recent studies have emphasized the development of hybrid and composite nanofibers by 

incorporating nanoparticles, graphene, or carbon nanotubes into the polymer matrix during the 

electrospinning process. Zhang et al. reported the successful incorporation of silver 

nanoparticles into polyvinyl alcohol (PVA) fibers, resulting in enhanced antibacterial 

properties and mechanical strength [45]. This approach not only enhances the mechanical 
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properties and conductivity of the fibers but also imparts additional functionalities, such as 

electromagnetic interference shielding. Composite electrospun fibers have shown promising 

results in applications spanning electronics, biomedical engineering, and environmental 

remediation, demonstrating the versatility of modified electrospun materials [46]. 

Co-electrospinning Techniques 

Co-electrospinning has emerged as a promising modification, allowing for the simultaneous 

spinning of two or more polymer solutions. This technique facilitates the creation of core-shell 

or segmented fibers, enabling the encapsulation of active agents within the fiber core while 

maintaining a protective outer layer [47]. Researchers developed core-shell fibers using 

polycaprolactone (PCL) as the shell and an antibacterial agent as the core [48], achieving 

controlled release of the active agent. Such structures can enhance drug delivery systems, 

improve stability, and enable the controlled release of bioactive substances, making them ideal 

for various medical applications. 

Solvent-Free and Green Electrospinning 

In response to environmental concerns associated with toxic solvents, recent developments in 

electrospinning have shifted towards solvent-free and green electrospinning techniques [49]. 

Innovations such as melt electrospinning and electrospinning from water-based or 

biodegradable solvents are gaining traction. Scientists demonstrated the feasibility of melt 

electrospinning using PLA without the use of organic solvents, resulting in fibrous mats with 

desirable mechanical properties [50]. These methods not only reduce the environmental 
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footprint but also simplify the fiber production process, making it more sustainable and safer 

for industrial applications. 

Process Optimization and Real-Time Monitoring 

Advancements in process optimization have led to the development of automated 

electrospinning systems equipped with real-time monitoring capabilities. Researchers 

employed a feedback control system that adjusted voltage and flow rate in real time, improving 

fiber uniformity and production rates. This literature [51] has highlighted the use of machine 

learning algorithms to predict and optimize fiber characteristics based on processing 

parameters. It presents a closed-loop control system for electrospinning, integrating a high-

speed camera, NI image processor, controller, signal amplifier, and high-voltage supplier. 

Using model predictive control, it regulates fiber diameter under disturbances, ensuring 

stability and consistency. The system improves the precision of micro electrical components 

and supports manufacturing complex structures like island-bridge microstructures for sensors 

and tissue engineering [51]. 

Electrospinning for 3D Structures 

Recent explorations into 3D electrospinning techniques have expanded the versatility of 

electrospun fibers in creating complex structures. By modifying collector geometries and 

utilizing techniques such as multi-jet or rotary electrospinning, researchers can fabricate three-

dimensional fibrous scaffolds with controlled architectures. A study by Liu et al. [52] 

demonstrated the creation of 3D fibrous scaffolds for tissue engineering, which significantly 

improved cell adhesion and proliferation compared to traditional 2D scaffolds. These 3D 
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structures are particularly advantageous in tissue engineering and regenerative medicine, 

providing a conducive environment for cell growth and differentiation. 

Integration with other Fabrication Techniques 

Integrating electrospinning with other fabrication techniques, such as additive manufacturing 

or surface modification processes, has been used for creating multifunctional materials [53]. 

Recent studies have reported the successful combination of electrospinning and 3D printing to 

produce composite scaffolds that leverage the unique properties of both techniques. 

Researchers integrated electrospun fibers into 3D-printed structures to enhance mechanical 

strength and bioactivity, resulting in materials suitable for bone tissue engineering. This hybrid 

approach enables the combination of the unique properties of electrospun fibers with the 

precision of other manufacturing techniques, allowing for the design of materials with 

enhanced functionalities tailored for specific applications [54]. 

Advances in Scalability and Production Techniques 

To improve scalability, one promising approach is the use of multi-spinneret systems, which 

allow for parallel spinning of multiple fibers simultaneously [55]. Researchers demonstrated a 

multi-spinneret electrospinning system that achieved an output of over 500 grams per hour, 

showcasing the potential for high-volume production [56]. 

Additionally, the introduction of rotary electrospinning has gained traction as a scalable 

alternative to traditional electrospinning. This technique involves the use of a rotating drum as 

the collector, allowing for continuous fiber collection and increased production rates [57]. 
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Moreover, researchers have explored the use of continuous-flow electrospinning systems, 

which enable uninterrupted fiber production by employing a feed mechanism that continuously 

supplies polymer solution to the spinning apparatus [58]. This approach has been shown to 

enhance production efficiency and reduce downtime associated with conventional batch 

processes.  

Recent developments are broadening the scope of electrospun materials, making them 

increasingly relevant across various industries, including biomedical, environmental, and 

energy sectors. Electrospinning remains a powerful method for producing micro- and 

nanofibers with diverse applications, offering notable advantages in fiber properties and 

customization. However, challenges related to scalability and environmental impact persist, 

prompting continued research toward optimizing this technique and exploring complementary 

methods [59].  

2.2.2 Solution Blowing 

2.2.2.1 Process Overview 

Solution blowing is an innovative fiber production technique that leverages the principles of 

air flow to create fine polymer fibers. The process begins with dissolving a polymer in a 

suitable solvent to form a viscous solution. This solution is then extruded through a spinneret, 

where a high-velocity air stream is applied to the emerging filament. The air stream helps in 

rapidly evaporating the solvent, stretching the polymer, and forming continuous fibers (Figure 

2-5). The resulting fibers can vary in diameter, typically from nanometers to micrometers, 

depending on the specific parameters of the solution and process. The flexibility of solution 
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blowing allows for precise control over fiber characteristics. Factors such as polymer 

concentration, solution viscosity, air temperature, and pressure can be manipulated to achieve 

desired fiber morphologies [60]. 

 

Figure 2-5 Solution blowing process schematic. Adapted from ref. [48] with permission 

from Springer Nature. Copyright © 2022.  

2.2.2.2 Recent Developments and Modifications 

Recent advancements in solution blowing technology have significantly enhanced its 

versatility and effectiveness in producing high-performance fibers. One notable area of 

development is the incorporation of bio-based additives into the polymer matrix. Research by 

Zhang et al. highlighted the use of cellulose nanocrystals as reinforcing agents in PLA fibers 

[61]. The study found that the addition of cellulose nanocrystals improved both the tensile 

strength and thermal stability of the resulting fibers, demonstrating that hybrid materials can 

enhance performance while promoting sustainability. Moreover, the optimization of process 

parameters has been a critical focus in recent research. Lee et al. [62] conducted a systematic 

investigation into how various conditions, such as air pressure and temperature, influence fiber 

formation. Their findings revealed that optimizing the solvent evaporation rate is crucial for 
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producing uniform nanofibers. This research underscores the importance of fine-tuning 

process parameters to achieve consistent fiber characteristics, which is vital for industrial 

applications. The exploration of hybrid techniques has also gained momentum, where solution 

blowing is combined with other fiber production methods. Liu et al. [63] introduced a novel 

approach that integrates solution blowing with electrospinning to create core-shell fibers. This 

method allows for the encapsulation of bioactive agents within a protective polymer shell, 

enhancing the functionality of the fibers. Such hybrid materials are particularly useful in 

biomedical applications, where controlled release and protective properties are desired. 

Environmental considerations have prompted researchers to explore the use of alternative, eco-

friendly solvents in the solution blowing process. Researchers investigated the feasibility of 

using biodegradable solvents for solution blowing. This study [64] explores solution blow 

spinning for producing PCL fibers, focusing on reducing solvent toxicity for green and 

biomedical applications. Traditional chlorinated solvents such as chloroform, are replaced with 

less toxic alternatives: acetic acid, acetone, and their mixtures. Results show that acetone alone 

does not degrade PCL but cannot produce fibers independently, while acetic acid degrades 

PCL chains. The acetic acid/acetone mixture effectively produces PCL fibers, with the solvent 

ratio influencing fiber morphology and orientation. This green solvent system offers tailored 

fiber production for specific applications, advancing environmentally friendly solution blow 

spinning techniques. The results indicated that fibers produced with these solvents maintained 

desirable mechanical properties while significantly reducing the environmental impact 

associated with traditional organic solvents. Recent innovations have also focused on 

improving the scalability of solution blowing by developing new configurations and equipment 
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to enhance fiber production rates. [65]. For example, advancements in multi-nozzle setups 

enable simultaneous processing of multiple fibers, effectively increasing throughput [66].  

2.2.2.3 Advantages and Disadvantages 

Solution blowing presents several advantages that make it a compelling choice for fiber 

production. The ability to produce fibers with precise control over diameter and morphology 

allows for tailored material properties suitable for various applications. The process is 

generally more scalable than electrospinning, which has traditionally faced challenges in 

scaling up for industrial production. Additionally, solution blowing can utilize a wide range of 

polymer materials, including biodegradable options, providing versatility in material selection. 

However, the process poses challenges, particularly due to the use of organic solvents, which 

raise significant environmental and health concerns. Although advancements are being made 

towards using green solvents, the need for proper handling and disposal of solvents remains a 

consideration [67]. Furthermore, achieving consistent fiber quality can be difficult, as minor 

variations in process parameters can lead to significant differences in fiber morphology. This 

necessitates careful monitoring and optimization during production. 

2.2.2.4 Applications 

In the biomedical field, solution-blown fibers have emerged as promising materials for various 

applications, including wound dressings and drug delivery systems [68]. The tunable properties 

of these fibers allow for customized designs that can enhance healing and therapeutic effects. 

For instance, research has demonstrated the successful use of solution-blown scaffolds [69] in 

tissue engineering, where their porous structure promotes cell adhesion and proliferation. This 
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study prepares a nylon 6 nanofibrous membrane using solution blowing and hot-pressing for 

nanofiltration applications. Hot-pressing parameters and areal densities were optimized, 

enhancing fiber morphology and membrane strength. 

2.2.3 Melt-blowing 

2.2.3.1 Process Overview 

Melt blowing is a fiber production technique widely recognized for its efficiency in generating 

micro- and nanofibers. The process involves extruding molten polymer through nozzle with 

fine holes, where a high-velocity hot air stream rapidly cools and stretches the extruded fibers. 

This results in the formation of fine fibers that can be collected as a nonwoven fabric (Figure 

2-6). Melt-blown fibers typically exhibit diameters ranging from 1 to 10 micrometers, 

providing unique properties such as high surface area, low density, and excellent filtration 

capabilities [70]. The melt blowing process can accommodate various thermoplastic polymers, 

including PP, polyethylene (PE), and bio-based polymers, making it versatile for different 

applications [71]. The control of process parameters such as polymer flow rate, air temperature, 

and die configuration allows to produce fibers with tailored characteristics, suitable for diverse 

industries. 

2.2.3.2 Recent Developments and Modifications 

Researchers developed compostable nonwovens using PLA and its blends, achieving desirable 

mechanical properties while maintaining biodegradability. The fibers produced demonstrated 

significant potential for applications in packaging and hygiene products, highlighting an 

environmentally friendly alternative to traditional plastics [72]. 
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Figure 2-6 Schematic of the fiber attenuation after exiting the die in Melt-blowing process 

[73] 

In addition to sustainability, the incorporation of antibacterial and antimicrobial agents into 

melt-blown fibers has garnered attention for applications in medical and protective textiles. 

Recent work by scientists investigated the addition of silver nanoparticles to melt-blown PP 

fibers, demonstrating effective antibacterial activity against common pathogens [42]. This 

modification enhances the utility of melt-blown nonwovens in medical applications, such as 

surgical masks and gowns, where hygiene is paramount. Moreover, the exploration of melt-

blown scaffolds for biomedical applications has shown promising results. There is a recent 

study focused on creating three-dimensional (3D) melt-blown scaffolds from PCL for tissue 

engineering [74]. The scaffolds exhibited favorable biocompatibility and mechanical 

properties, making them suitable for cell culture and tissue regeneration applications. The 

automotive and textile industries are also leveraging the advantages of melt-blown technology. 

In automotive applications, melt-blown nonwovens are utilized for sound absorption and 

thermal insulation. Researchers demonstrated that melt-blown PP nonwovens could effectively 

reduce cabin noise while providing lightweight insulation, making them an attractive option 
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for automotive manufacturers seeking to enhance vehicle comfort and performance [75]. In the 

textile and fashion sectors, melt-blown fibers are increasingly incorporated into functional 

textiles that offer properties such as water repellency and breathability. Research on fabrics 

explored the use of melt-blown fibers in developing lightweight, breathable, and water-

resistant textiles for activewear [76].  

2.2.3.3 Advantages and Disadvantages 

Melt blowing offers several advantages; the process is highly scalable, enabling the production 

of large quantities of fibers with relative ease [77]. The ability to use various thermoplastic 

polymers expands its application range, and the resulting fibers possess excellent filtration 

capabilities, making them ideal for hygiene products and filtration media. One significant 

limitation is the dependency on polymer characteristics and processing conditions, such as melt 

flow index, which can affect the uniformity and quality of the fibers [78]. Additionally, while 

melt-blown nonwovens exhibit desirable properties for many applications, their mechanical 

strength may not always match that of other fiber production methods, such as spun bonding 

[79]. The versatility of melt-blown fibers has led to their widespread use in numerous 

applications across various industries [80]. Melt-blown nonwovens are critical in producing 

personal protective equipment (PPE), such as face masks and gowns. Studies have shown that 

melt-blown fibers treated with silver nanoparticles demonstrate effective bacterial filtration 

efficiency, making them suitable for medical and surgical applications [81]. 

In the realm of filtration, melt-blown nonwovens serve as a primary component of HEPA filters 

used in various air purification applications. Their fine fiber structure allows for efficient 
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filtration of airborne particles [6]. Additionally, melt-blown layers in face masks significantly 

enhance their filtration capabilities, providing effective protection against airborne viruses and 

pollutants. Melt-blown nonwovens are also utilized in HVAC systems as filter media to capture 

airborne contaminants. Their high surface area and low resistance to airflow make them ideal 

for maintaining efficient air circulation while improving indoor air quality [82]. 

With growing concerns over plastic waste, melt-blown technology has been explored for 

developing compostable nonwovens. These materials can replace traditional plastics in 

packaging and hygiene products, contributing to sustainability goals and reducing 

environmental impact. Melt-blown nonwovens with fine fibers are widely recognized for their 

exceptional filtration capabilities, commonly used in air and liquid filtration applications [83], 

including HVAC systems, air purifiers, and water treatment filters.  

2.2.4 Comparative Analysis of the Fabrication Methods 

The choice of fiber production method significantly influences the functionality and 

application of the finished products. This analysis evaluates electrospinning, solution blowing, 

and melt blowing techniques across several critical factors: functionality of finished products, 

porosity of nonwovens, production rate, ease of processing, and material versatility. 

2.2.4.1 Functionality of Finished Products 

The functionality of finished products produced through these fiber fabrication techniques 

varies greatly. Electrospun fibers typically exhibit unique surface characteristics, high surface 

area-to-volume ratios, and finer diameters compared to fibers produced by other methods. 

These attributes enhance their performance in applications such as drug delivery systems, 
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where the release rate of therapeutic agents can be finely controlled. Kharaghani et al. 

demonstrated that electrospun PCL fibers loaded with curcumin exhibited a sustained release 

profile, showing significant potential for biomedical applications [84]. Similarly, Zhang et al. 

highlighted the use of electrospun nanofibers as scaffolds for tissue engineering, where their 

high porosity and surface area facilitate cell attachment and proliferation [85]. 

In contrast, melt-blown and solution-blown fibers are characterized by their bulkier structures, 

which lend themselves to applications where higher filtration efficiencies and durability are 

required, such as in PPE and industrial filters [86].  

Furthermore, solution-blown fibers have gained traction in various sectors due to their unique 

properties. A recent study explored the potential of solution-blown nanofibers for use in energy 

storage applications, highlighting how their fine structures could enhance ionic conductivity 

and charge transfer rates [87]. This versatility emphasizes the critical role that each production 

method plays in defining the end-use functionality of nonwoven products. 

2.2.4.2 Porosity  

Porosity is a critical parameter that affects the performance of high functional nonwovens in 

various applications [88]. Electrospinning can achieve a high degree of porosity due to the 

extremely fine fibers produced, which enables the formation of interconnected voids and 

enhances permeability while maintaining structural integrity. Researchers reported that 

electrospun nanofibers with high porosity facilitated effective moisture wicking [89] and 

oxygen transport in wound dressings [90], making them highly effective for managing exudate 

in clinical settings. Melt-blown fibers typically exhibit lower porosity than electrospun fibers; 
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however, they possess a higher bulk density. Researchers demonstrated that by optimizing the 

air temperature and polymer feed rate in the melt blowing process, the porosity could be 

increased, leading to improved filtration performance in HVAC applications. Solution blowing 

offers a middle ground between electrospinning and melt blowing, producing fibers with 

customizable porosity levels that can be adjusted based on polymer concentration and solvent 

evaporation rate [91]. 

2.2.4.3 Production Rate 

Production rate is a crucial factor influencing the industrial applicability of these fiber 

fabrication methods. Melt blowing is recognized for its high throughput capabilities, allowing 

for the rapid production of large volumes of nonwoven materials. The melt blowing process 

can produce meters of fabric per minute, making it ideal for applications requiring bulk 

quantities, such as hygiene products and industrial filters. Advances in melt blowing 

technology, such as the development of nozzles with customizable holes numbers have further 

enhanced production efficiency, enabling manufacturers to meet the increasing demand for 

nonwoven materials [92]. In comparison, electrospinning is limited by its relatively low 

production rate, often constrained by the need for precise control over fiber morphology. 

Recent research suggests that while traditional electrospinning setups yield fibers at rates 

suitable for niche applications, innovations like rotational electrospinning have shown promise 

in increasing throughput, potentially transforming the scalability of the technique for industrial 

use [93]. Solution blowing offers a balance between production rate and fiber quality, typically 

achieving higher throughput than electrospinning while still producing fibers with desirable 
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properties. However, the production rate may not reach the levels of melt blowing, making it 

a suitable option for applications where moderate quantities and specific fiber characteristics 

are required [94]. The dual capability of producing both fibers and films through solution 

blowing further broadens its applicability [95]. 

2.2.4.4 Ease of Processing 

Melt blowing is often regarded as user-friendly, with straightforward equipment requirements 

and operational procedures. The process can accommodate a range of thermoplastic polymers 

without significant modifications, allowing for efficient scaling up from lab to production 

levels. The straightforward nature of the melt blowing process, combined with its high 

production rates, contributes to its widespread use in the manufacturing of nonwovens for 

various applications [96]. Electrospinning, while offering remarkable fiber properties, is more 

complex and requires careful control of multiple parameters, including voltage, distance 

between the spinneret and collector, and solution viscosity. The intricacy of the electrospinning 

setup can pose challenges for scaling up production, necessitating advanced equipment and 

process optimization to achieve consistent quality in larger batches [97]. Recent studies are 

investigating simplified electrospinning setups and alternative approaches, such as coaxial 

electrospinning, which can improve process control and fiber functionality while simplifying 

operations [98]. Solution blowing strikes a balance between the simplicity of melt blowing and 

the sophistication of electrospinning. It generally requires less stringent conditions than 

electrospinning and can be more easily adapted for different polymers and applications. This 

flexibility makes solution blowing an attractive option for researchers and manufacturers 
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seeking to explore innovative fiber applications without the extensive setup required for 

electrospinning [99]. 

2.2.4.5 Raw Material Versatility 

Melt blowing and solution blowing techniques can process a wide range of thermoplastic 

polymers, including biodegradable and renewable materials, facilitating the development of 

sustainable nonwovens. Melt-blown nonwovens can be manufactured from various materials 

such as polypropylene, polyethylene, and even bio-based polymers like PLA, allowing 

manufacturers to tailor properties according to specific application needs [100]. 

Electrospinning is somewhat more limited in terms of material selection, as it primarily 

accommodates specific polymers that can form stable solutions or melts suitable for the 

process. However, advancements in electrospinning have expanded its material versatility, 

enabling the incorporation of polymers blended with nanoparticles or other additives to 

enhance fiber functionality. Recent research highlighted the incorporation of bioactive glass 

nanoparticles into electrospun fibers to improve osteo-conductivity in bone tissue engineering 

applications, showcasing the technique's potential for diverse materials [101].  

2.2.5 Sustainability  

The increasing global emphasis on environmental responsibility has led to a growing interest 

in sustainable practices within the fiber manufacturing sector. The production methods 

employed for micro and nanofibers must consider ecological impacts, particularly in the 

context of material selection, process efficiency, and waste management [102]. This section 



 

 28 

delves into sustainable practices in fiber manufacturing, the development of polymer 

formulations, and essential safety and environmental considerations. 

2.2.5.1 Sustainable Practices in Fiber Manufacturing 

Sustainable practices in fiber manufacturing focus on minimizing the ecological footprint 

associated with production processes. This includes adopting renewable raw materials, 

improving energy efficiency, and reducing waste. One approach gaining traction is the use of 

bio-based and biodegradable polymers, such as PLA and polyhydroxyalkanoates (PHAs), 

which can significantly lower the carbon footprint compared to traditional petrochemical-

derived polymers. Recent studies highlight the potential of PLA in various applications, 

including textiles and medical devices, due to its excellent mechanical properties and 

biodegradability [103]. In addition to material selection, optimizing manufacturing processes 

is crucial for sustainability. For instance, advancements in melt blowing technology have 

enabled higher energy efficiencies, allowing manufacturers to produce nonwovens at lower 

energy costs. Recent research illustrated that adjusting process parameters, such as air flow 

rates and temperatures, could lead to reductions in energy consumption while maintaining 

product quality [104].  

Furthermore, a study showing waste management practices in solution blowing addresses 

Polystyrene (PS) waste management by recycling expanded PS into value-added hydrophobic 

fibers using an eco-friendly solution blow spinning process [105]. This sustainable approach 

repurposes low-density plastic waste, reducing environmental impact and promoting circular 
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economy principles. The resulting fibers show promising applications in oil-water separation, 

highlighting a practical pathway for waste reutilization and sustainability.  

2.2.5.2 Compostable Formulations 

Compostable materials break down into natural substances within a composting environment 

(landfill or marine environments) (Figure 2-7), offering an eco-friendly alternative to 

traditional fibrous nonwoven materials. Recent research has explored various biopolymer 

blends, such as PLA combined with starch or natural fibers, to enhance mechanical properties 

while ensuring compostability [106]. Studies indicate that the incorporation of additives, such 

as plasticizers and modifiers, can improve the performance of compostable fibers. For 

example, adding plasticizers like glycerol to PLA formulations enhances flexibility and 

processability [107], making them suitable for applications in hygiene products and 

agricultural films. Furthermore, innovative approaches, such as using microbial enzymes to 

break down synthetic polymers, have shown promise in developing more efficient compostable 

formulations that can degrade within months [108]. Traditional nonwovens predominantly 

utilize petroleum-based polymers, such as PP, which significantly contribute to environmental 

pollution. In response, researchers are exploring biodegradable and compostable alternatives, 

including PHA, polybutylene adipate terephthalate (PBAT), polybutylene succinate (PBS), 

and polybutyrate adipate (PBA), as well as novel marine compostable polymers [109]. This 

shift towards sustainable materials has sparked increased interest in compostable melt-blown 

nonwovens, particularly for applications that commonly involve single-use products, such as 

PPE. Table 2-2 shows a list of compostable and melt processable polymers.  
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A notable study by Wang et al. (2024) highlighted the feasibility of producing compostable 

melt-blown filters from PLA [110]. These filters not only achieved high filtration efficiency 

but also demonstrated the ability to degrade under composting conditions, thereby supporting 

sustainability initiatives in the medical and hygiene sectors. In the following some known 

compostable and biodegradable polymers will be discussed.  

 

Figure 2-7 Contribution of marine and landfill compostable polymers, such as PHA, in 

surgical masks to reducing environmental pollution across marine and terrestrial ecosystem. 

Generated through OpenAI’s ChatGPT platform [13]. 

Polyhydroxyalkanoates (PHAs)  

PHA represents a family of polyesters produced via microbial fermentation and is considered 

one of the most promising biopolymers due to its complete biodegradability in natural 

environments, including marine ecosystems [111]. PHAs are known for their thermoplastic 

properties, making them suitable for melt-blown and spun bond nonwoven production [15]. 

Notably, PHAs, particularly polyhydroxybutyrate (PHB), have mechanical properties 

comparable to PP and PE, exhibiting a relatively high melting point (~175°C), crystallinity, 

and rigidity, which makes them suitable for creating strong, durable nonwoven fabrics [112]. 



 

 31 

However, PHAs are inherently brittle, posing a challenge in applications requiring flexibility 

[113]. To counteract this, copolymers such as polyhydroxybutyrate-co-valerate (PHBV) are 

often used to enhance flexibility without sacrificing biodegradability [15]. Importantly, PHAs 

also demonstrate marine compostability, degrading rapidly in the presence of marine 

microorganisms within months under optimal conditions [114]. This unique property makes 

PHA nonwovens highly attractive for products likely to end up in aquatic environments 

(Figure 2-8), such as disposable wipes [115], biodegradable fishing gear [116], and packaging 

for foods [117]. Studies indicate that PHA nonwovens can fully degrade in marine 

environments, significantly reducing the impact of plastic pollution on marine ecosystems 

[118]. 

 

Figure 2-8 Marine compostable PHA used in surgical masks, offering a sustainable solution 

to reduce marine pollution. Generated through OpenAI’s ChatGPT platform [13]. 
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Poly(butylene adipate-co-terephthalate) (PBAT) 

PBAT is a synthetic copolymer known for its excellent biodegradability, flexibility, and 

processability. It is derived from fossil resources but is fully compostable, breaking down 

under industrial composting conditions [119]. PBAT exhibits high elongation at break, making 

it highly flexible and tear-resistant, which is critical for nonwoven applications requiring 

durability, such as packaging materials and agricultural nonwovens [120]. The mechanical 

properties of PBAT can be tailored by blending it with other biodegradable polymers, such as 

PLA or starch-based materials, to improve strength while maintaining compostability [121]. 

While PBAT is primarily known for its industrial compostability, research has indicated that 

it can also biodegrade in marine environments, though at a slower rate compared to PHAs 

[122]. This makes PBAT nonwovens suitable for applications in coastal protection, agriculture 

[123] (e.g., erosion control mats), and marine packaging, where rapid biodegradation after use 

is crucial. However, the degradation rate in marine settings is contingent on specific 

environmental conditions, such as microbial activity [124]. 

Poly(butylene succinate) (PBS) 

PBS is an aliphatic polyester synthesized from succinic acid and 1,4-butanediol, recognized 

for its biodegradability in composting conditions. PBS has a lower melting point (114°C) than 

PHAs and PBAT, facilitating processing through conventional nonwoven production methods 

like melt blowing [125]. It exhibits moderate mechanical properties, including good flexibility, 

tensile strength, and thermal stability [126]. While PBS is primarily compostable in industrial 

settings, ongoing research suggests that it may degrade in marine environments with sufficient 
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microbial action, albeit more slowly than PHAs or modified PBAT formulations [127]. PBS 

nonwovens are suitable for packaging, agricultural textiles, and hygiene products [128]. Their 

degradation rates are slower than those of PBAT in natural environments, making them more 

appropriate for applications requiring a longer service life, such as geotextiles and construction 

materials. The exploration of PBS blends and copolymers may further enhance its performance 

and degradation profiles [129]. 

Poly(butylene acrylate) (PBA) 

PBA is another biodegradable polyester like PBAT, often blended with other polymers to 

optimize properties for nonwoven applications. PBA offers excellent flexibility, toughness, 

and processability [130]; however, its low thermal stability can limit its use in applications 

requiring high temperatures [131]. In marine environments, PBA's compostability is limited, 

but some studies have explored its potential to degrade in specific conditions [132]. Generally, 

PBA requires more time and conditions promoting microbial degradation, such as elevated 

temperatures and nutrient presence, to break down effectively.  

Marine Compostable Polymers 

Recent developments in marine compostable polymers include next-generation materials 

specifically designed to degrade in seawater. These polymers, such as PHA-derived 

copolymers or bio-polyesters modified for marine environments, are engineered to break down 

within weeks or months after exposure to seawater [114]. They exhibit flexibility and strength 

similar to PBAT, while maintaining rapid biodegradability in marine conditions [133]. These 

new polymers can be used for a wide range of nonwoven applications, including marine-based 
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hygiene products (such as wipes and diapers intended for use on ships or in coastal areas), 

disposable fishing gear, or nonwovens used in marine biology applications like biodegradable 

sample collection nets or ocean cleanup technologies [134]. 

Table 2-2 Melt processable and Compostable Polymers 

2.2.5.3. Requirements for Compostability and Marine Compostability 

Fiber Compostability Requirements 

Compostability of fibers refers to their ability to decompose into natural substances under 

specific conditions in a composting environment. Key criteria include a biodegradation rate 

similar to that of organic materials, typically requiring 90% biodegradation within 90 to 180 

days, and complete disintegration into small fragments (less than 2 mm) within 12 weeks [139]. 

Additionally, the final compost must be ecotoxicity-free, ensuring it poses no harmful effects 

on plant growth or soil ecosystems, with tests demonstrating that germination rates of plants 

grown in the compost are at least 90% of those grown in standard soil [140]. Standards such 

as ASTM D6400 and EN 13432 outline these requirements [141], evaluating factors like 

Polymer Compostability Typical Applications Reference 

PLA Industrial compostable Masks, single-use filters, packaging [135] 

PHA 
Marine and landfill 

compostable 
Biodegradable masks, packaging, textiles [136] 

PBAT Industrial compostable Blend with PLA for flexible films, bags [137] 

PBS Industrial compostable Packaging films, agricultural mulch, bags [105, 123] 

PBA Limited  
Biodegradable packaging, agricultural 

films 
[138] 
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organic content (at least 70% of the final product) and physical characteristics to ensure 

materials do not interfere with the composting process [142]. 

Marine Compostability Requirements 

Marine compostability, on the other hand, focuses on the degradation of materials in marine 

environments, requiring them to break down rapidly within approximately six months, with 

some studies indicating a complete biodegradation rate of 90% within 180 days when subjected 

to specific marine conditions [143]. The disintegration must leave no harmful residues, and the 

breakdown products should be non-toxic to marine life, with studies showing that mortality 

rates for marine organisms exposed to leachate from degraded materials should be below 10%. 

Standards for marine compostability, such as ASTM D6691, are evolving to assess these 

criteria, considering factors like biodegradation rates (ideally over 90% in less than six 

months), microbial activity, and environmental conditions unique to the ocean [144]. The 

incorporation of these materials into nonwoven production offers a sustainable alternative to 

conventional petrochemical-based nonwovens, which contribute significantly to 

environmental pollution [145]. However, challenges remain, including cost, mechanical 

performance, processing challenges, and the need for proper composting infrastructure to 

maximize the environmental benefits of these materials [146].  

2.2.5.4. Process Safety and Environmental Considerations 

Ensuring safety and environmental protection during fiber manufacturing is paramount. Each 

production method presents unique safety challenges that must be addressed to minimize risks 

to workers and the environment [147]. For instance, electrospinning processes may involve the 
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use of solvents and high-voltage equipment, necessitating stringent safety protocols to prevent 

chemical exposure and electrical hazards [139, 140]. Research by Kumar et al. emphasized the 

importance of implementing comprehensive safety training and risk assessment strategies in 

electrospinning facilities to mitigate potential hazards [149]. In contrast, melt blowing and 

solution blowing processes typically require high temperatures and pressures, which pose 

thermal and mechanical risks [150]. Manufacturers are increasingly adopting measures to 

minimize emissions and effluents, incorporating advanced filtration systems to capture 

particulates and volatile organic compounds (VOCs) generated during production [151]. 

Research study demonstrated that integrating air and water treatment systems in fiber 

production facilities could significantly reduce the environmental impact and enhance 

sustainability [152]. In conclusion, the transition toward sustainable practices in fiber 

manufacturing, the development of compostable formulations, and robust safety protocols are 

critical for minimizing environmental impacts and promoting responsible production [153]. 

2.3 Nonwovens as Air Filters 

The properties of nonwoven materials produced from the melt blowing process have been 

extensively studied due to their diverse applications in filtration, medical textiles, and hygiene 

products [154]. Melt-blown nonwovens have gained significant attention in recent 

advancements, particularly in air filtration applications, due to their fine fiber diameter and 

porosity [155].  
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2.3.1 Properties of Melt-blown Nonwovens  

One of the most notable features of melt-blown nonwovens is the fine diameter of the fibers 

they consist of, typically ranging between 1 to 5 micrometers [155]. This fine fiber diameter is 

achieved through the high-velocity hot air used in the process, which stretches the molten 

polymer into ultrathin fibers [156]. As a result, melt-blown nonwovens have a high surface 

area-to-volume ratio, which is especially useful in filtration applications, as it allows for 

effective particle capture. Porosity is another defining characteristic of nonwovens produced 

through melt blowing. Due to the random arrangement of fibers, melt-blown nonwovens 

exhibit a high level of porosity, with a wide distribution of pore sizes [157]. This high porosity 

is particularly beneficial for applications that require a balance between airflow permeability 

and particle filtration. In air filtration, for instance, this allows melt-blown nonwovens to offer 

high filtration efficiency while maintaining a low pressure drop, which is a critical factor in 

applications like HVAC filters or face masks, where both effective filtration and breathability 

are essential  [149, 150]. Despite these benefits, the mechanical strength of melt-blown 

nonwovens is generally lower compared to other nonwoven materials, such as those produced 

through spun bonding. The fine fibers in melt-blown nonwovens contribute to this reduced 

strength. However, the softness and flexibility that result from the low tensile strength make 

melt-blown nonwovens particularly suitable for certain applications, such as medical gowns, 

disposable wipes, and surgical masks [160]. Melt-blown nonwovens also demonstrate 

beneficial surface energy and chemical resistance properties, largely because they are often 

made from polymers like PP. The low surface energy of polypropylene renders these fibers 

hydrophobic, which makes them suitable for water-repellent applications [161]. Additionally, 
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melt-blown nonwovens exhibit excellent resistance to chemical degradation, further expanding 

their applicability in industrial and medical settings where exposure to harsh chemicals is 

common [162]. 

2.3.2 Melt-blown Nonwovens as Air Filters 

In terms of air filtration, melt-blown nonwovens have emerged as one of the most effective 

materials, particularly when designed to capture fine particulates, including bacteria, viruses, 

and submicron dust particles. The filtration efficiency of melt-blown nonwovens is largely 

attributed to the fine fiber structure and high porosity, which allow them to trap small particles 

effectively. Moreover, the use of electrostatic charging in the production process further 

enhances particle capture [163]. For example, by applying a corona charge to the fibers, melt-

blown nonwovens gain an electrostatic property that attracts and captures particles, 

significantly boosting filtration performance. This electrostatic enhancement has become 

crucial in HEPA filters and N95 respirators, which require high levels of filtration efficiency 

[164]. In addition to filtration efficiency, maintaining a low pressure drop across the filter is 

critical, as it ensures that airflow is not overly restricted. Melt-blown nonwovens excel in this 

aspect, as their porous structure allows air to pass through while capturing particles. Multilayer 

nonwoven materials, such as those that combine melt-blown and spun bond layers, have been 

developed to optimize both filtration efficiency and mechanical strength, further enhancing the 

utility of melt-blown nonwovens in various filtration applications such as surgical masks [165]. 

Recent advancements in the field have focused on improving the sustainability of melt-blown 

air filters. For instance, there is growing interest in using biodegradable polymers, such as 
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polylactic acid (PLA), PHA, Polyhydroxybutyrate (PHB), PBS, PBAT in the melt-blown 

process to produce more environmentally friendly air filters [166]. Furthermore, surface 

treatments to impart antibacterial properties have become a topic of significant research, 

particularly for filters used in medical environments. These treatments help reduce the risk of 

bacterial contamination and extend the lifespan of the filter, adding another layer of 

functionality [167]. 

2.3.3 Melt-blowing Process 

The melt-blown process itself, which involves extruding polymer melt through small nozzles 

and using high-speed hot air jets to attenuate the polymer into fine fibers, has also seen 

advancements aimed at improving the efficiency of fiber production [168]. One key area of 

development is in the selection of polymers and the control of processing parameters, such as 

temperature and airflow. While PP remains the most common polymer used in the melt 

blowing process due to its low cost and favorable properties, other polymers, including 

polyesters and biodegradable options like PLA, are increasingly being explored to enhance the 

material properties for specific applications. Control over temperature and airflow during the 

melt blowing process is critical, as these parameters directly influence the fiber diameter and 

uniformity of the final material [169].  

In addition to traditional fiber production, researchers have begun exploring ways to produce 

even finer fibers, including nanofibers, through modified melt blowing techniques [73]. These 

nanofiber materials are particularly effective in capturing ultrafine particles, making them ideal 

for air filtration systems designed to protect against viruses or fine dust. Another recent trend 
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in the melt blowing process is the move toward greater sustainability. Researchers are 

investigating ways to reduce the energy consumption of the process and exploring options for 

recycling melt-blown nonwovens [170]. For example, the use of renewable polymers are 

making melt blowing more environmentally friendly. Sustainability considerations have 

become especially relevant in the wake of global health crises, where the demand for PPE 

surged, leading to concerns about the environmental impact of disposable nonwoven products 

[171]. 

In addition to sustainability, there have been innovations aimed at adding functionality to melt-

blown nonwovens. By incorporating additives, surface treatments, or coatings, these materials 

can be tailored for specific uses, such as adding antimicrobial properties for medical textiles 

or flame retardancy for industrial applications. Multilayer and hybrid structures have also 

become increasingly popular. For instance, the combination of melt-blown and spun bond 

layers (known as SMS structures) offers a balance between filtration performance, mechanical 

strength, and cost-effectiveness. Researchers are investigating "smart" filters made from melt-

blown nonwovens. These smart filters are designed to respond to environmental changes, such 

as fluctuations in humidity or particulate concentration. By embedding sensors or using smart 

materials, these filters can provide real-time feedback on air quality or filter performance, 

offering exciting possibilities for future air filtration systems [172]. 

2.3.3.1 Recent Applications of Porous Melt-blown Nonwovens 

The integration of smart technologies into melt-blown nonwovens has led to the development 

of materials with the ability to sense, respond, and adapt to environmental stimuli such as 
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temperature, humidity, pressure, and particulate concentration. These innovations have 

widespread implications, particularly in fields such as air filtration, medical textiles, and 

environmental monitoring [173]. 

Functionalization with Sensors and Smart Fibrous Materials 

Melt-blown nonwovens have been functionalized with electronic sensors that can monitor real-

time changes in air quality or filter performance. These sensors detect particles or pollutants in 

the air and send signals that allow for automated adjustments in filtration systems [174]. Smart 

melt-blown air filters with embedded sensors are particularly useful in industrial environments, 

hospitals, and public transportation systems, where maintaining clean air is crucial. Recent 

research has focused on flexible electronics that can be integrated into the porous structure of 

melt-blown fibers without compromising the material's filtration efficiency or breathability 

[175]. Moreover, smart textiles that incorporate electrospun nanofibers with melt-blown 

substrates are capable of improving filtration performance while offering functionalities like 

self-cleaning and antimicrobial properties. Self-cleaning filters, for example, can reduce 

maintenance and extend the lifespan of the material, particularly in harsh environments where 

dust accumulation is a major issue [176]. 

Temperature and Humidity Responsive Fibrous Textiles 

Another exciting development in smart melt-blown textiles involves materials that respond to 

changes in temperature and humidity [177]. Researchers have explored melt-blown 

nonwovens embedded with shape memory polymers (SMPs), which can change shape in 

response to heat [178, 179]. These materials are ideal for adaptive air filtration systems that 
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adjust airflow and filtration efficiency based on temperature variations. Such smart nonwovens 

could be highly effective in environments where climate control is critical, such as HVAC 

systems in buildings, hospitals, and laboratories. Similarly, melt-blown nonwovens have been 

designed to react to changes in humidity. For instance, the use of hydrophilic polymer coatings 

on fibers allows the material to adjust its permeability in response to moisture in the air [180]. 

These smart humidity-responsive materials can be applied in fields such as wound care, where 

moisture management is crucial for healing [181]. Researchers are also investigating these 

smart materials for packaging that responds to humidity levels to preserve the freshness of 

perishable good [180].  

Antibacterial and Antiviral Functionalities 

The integration of antibacterial and antiviral properties into melt-blown fibers is another key 

area of research, particularly given the heightened focus on public health and hygiene 

following global health crises such as the COVID-19 pandemic. Smart melt-blown nonwovens 

have been developed with surfaces that can actively kill or deactivate pathogens upon contact 

[182]. Several studies have focused on applying nanoparticles, such as silver, copper, or zinc 

oxide, (Table 2-3) to the surface of melt-blown fibers to provide continuous antimicrobial 

action [183]. Silver nanoparticles, for instance, have been shown to disrupt bacterial cell 

membranes, providing long-lasting protection in medical masks, gowns, and filters [62, 158]. 

In combination with melt-blown nonwovens, these materials create a multifunctional filter that 

not only captures pathogens but also neutralizes them. Another approach involves 

incorporating photoactive coatings into melt-blown nonwovens, where exposure to light 



 

 43 

triggers the generation of reactive oxygen species (ROS) that degrade viral and bacterial 

particles [184]. These types of smart textiles are particularly valuable for applications in 

healthcare settings, where PPE and air filtration systems can benefit from enhanced protection 

against pathogens [185]. 

Table 2-3 Melt Processable and Antimicrobial Materials Incorporated into Fibers 

Antimicrobial agents  Description Mechanism of Action Applications 

Silver Nanoparticles [186] 

Nanoscale particles of 

silver with broad-spectrum 

antimicrobial properties 

Disrupts bacterial cell 

membrane and DNA 

Medical textiles, 

sportswear, wound 

dressings 

Copper Nanoparticles [187] 

Copper-based particles with 

effective antibacterial and 

antiviral activity 

Generates reactive oxygen 

species (ROS) 

Hospital fabrics, wound 

care products 

Zinc Oxide Nanoparticles 

[41] 

White pigment with 

antibacterial, antifungal, 

and UV-protective 

properties 

Disrupts microbial cell wall 

and membrane 

Clothing, UV-protective 

fabrics, face masks 

Graphene Oxide [188] 

Graphene-based material 

with high antibacterial 

efficiency against a range 

of pathogens 

Mechanical damage and 

oxidative stress to microbes 

Antibacterial coatings, 

medical garments 

N-halamines [189] 

Chemical class with long-

lasting antimicrobial effect, 

regenerated after washing 

with bleach 

Oxidizes cell proteins 
Hospital textiles, protective 

clothing 

Cationic Polymers [171, 

172] 

Positively charged 

polymers that adhere to 

negatively charged 

microbial cell walls, 

causing cell rupture 

Cell membrane disruption 
Medical and industrial 

textiles 
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A study by Kim [192] is highlighting the antifungal effectiveness of photosensitizers RB (rose 

bengal), PB (phthalocyanine blue), TBO (toluidine blue O), and AA (acid orange 7) grafted 

onto nanofiber-based fabrics and microfiber-based fabrics. Nanofiber-based fabrics 

consistently demonstrated higher inhibition rates compared to their microfiber counterparts, 

largely due to their significantly larger surface area (29 m²/g vs. 1.4 m²/g). Among the 

photosensitizers, RB exhibited the highest antifungal activity, followed by PB, TBO, and AA 

in decreasing order. RB-treated nanofiber fabrics achieved the highest inhibition rates, with up 

to 92% growth reduction and maximum inhibition rates of 3.7 × 10⁻² L/μmol·min against P. 

cinnamomi (Phytophthora cinnamomi) and 3.5 × 10⁻² L/μmol·min against T. viride 

(Trichoderma viride) [193]. In contrast, M. grisea (Magnaporthe grisea), with its larger spore 

size and ergosterol-dominated membrane, showed the highest resistance, requiring a multi-hit 

process by singlet oxygen (¹O₂) to achieve inhibition. The mode of action involves singlet 

oxygen (¹O₂) produced by the photosensitizers, which primarily targets lipids in fungal 

membranes. Pathogens with high levels of polyunsaturated fatty acids, such as P. cinnamomi 

(rich in arachidonic acid and eicosapentaenoic acid), were highly susceptible due to 

photooxidation of these lipids. In contrast, fungi with larger spore sizes or ergosterol-

dominated membranes, such as M. grisea, were less affected [194]. A direct relationship 

between spore surface area and inhibition percentage was observed, with larger spores 

exhibiting greater resistance. Overall, nanofiber-based fabrics treated with RB demonstrated 

the highest inhibition rates across all tested fungi, indicating its superior photodynamic 

efficiency and grafting performance. These results underscore the importance of surface area, 

lipid composition, and photosensitizer properties in enhancing antifungal activity, suggesting 
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the potential for tailored antimicrobial applications using photosensitizer-functionalized 

fabrics [195].  

In another study by Safaa Abd Zaid Abd Ali [196], the filters were loaded with organic 

particles derived from micronized rice. The particle size distribution of the micronized rice 

was designed to be representative of PM10 particles, with the intent of providing nutrients to 

support microbial growth. The loading of filters with micronized rice particles was done in a 

vertical filtration column, utilizing a rotating brush particle generator (RBG 1000, Palas) at a 

rate of 5 m³/h for 2 minutes. The average particle concentration generated during this process 

was around 1.5 g/h. The micronized rice naturally contained the fungus Penicillium 

chrysogenum (P. chrysogenum), with a concentration of 2250 ± 850 CFU/g of rice. The size 

distribution of the particles was characterized using an optical particle counter (WELAS 2100), 

with a mass median diameter of 7.4 µm and a number median diameter of 0.6 µm. After the 

particles were loaded, the filters were further contaminated with the microbial consortium 

(containing P. chrysogenum and two bacterial species) in the filtration device [197]. The 

quantity of P. chrysogenum contributed by the micronized rice during the 2-minute loading 

was estimated to be a maximum of 10² CFU. This was considered negligible compared to the 

larger quantities coming from the microbial suspension nebulized upstream of the filters, which 

amounted to 10¹² CFU. 

Once contaminated with the microbial consortium, the filters (whether new or loaded with 

particles) were incubated in airtight containers for 8–10 days at 25°C and either 50% or 90% 

relative humidity (RH) to promote microbial growth. The two humidity conditions were 
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selected to reflect typical conditions in HVAC systems (50% RH) and to ensure significant 

microbial growth (90% RH). The incubation period simulated a common scenario in HVAC 

systems where ventilation might stop during extended periods like nights or vacations, 

allowing for microbial growth on the filters [198]. During the incubation, the filters were not 

subjected to airflow, allowing for microbial growth under controlled conditions. After the 

conditioning period, microbial concentrations on the filters were quantified by colony-forming 

unit (CFU) counting. The microorganisms were extracted by stirring the filters in a solution of 

magnesium sulfate (MgSO₄) and Tween-20, followed by ultrasonic treatment. This extraction 

method recovered 80-85% of the microorganisms from the filter media. The extracted solutions 

were then diluted and plated on agar media specific to the microbial species including P. 

chrysogenum: Rose Bengal Chloramphenicol agar (incubated at 25°C for 5 days), 

Staphylococcus epidermidis: Chapman agar (incubated at 37°C for 24 hours), Serratia 

marcescens: Nutrient agar (incubated at 30°C for 48 hours) [199]. The microbial concentration 

was expressed as CFU per filter surface area, with a limit of quantification (LQ) set to 10 

CFU/cm². This study also evaluated the influence of zinc pyrithione (ZPT) on the filtration 

performance and microbial behavior on the tested filters. The ZPT treatment did not affect the 

filtration efficiency of the filters, with both new and loaded filters performing similarly in terms 

of particle collection. The filtration efficiency during the clogging process was similar for both 

filters, and the antimicrobial treatment did not degrade their performance [200]. Filtration 

efficiency was consistently above 96% for all particle sizes and throughout the clogging stages. 

After incubation at 90% RH, the results demonstrated the effectiveness of the ZPT treatment 

in preventing fungal growth. For new filters, the antimicrobial treatment significantly reduced 
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the growth of P. chrysogenum, with no growth observed. Bacterial survival was also impacted, 

with S. epidermidis showing a 99.99% reduction and S. marcescens showing a 90% reduction. 

However, for the loaded filters, P. chrysogenum growth was not entirely inhibited, although 

bacterial populations still showed significant reductions, similar to those seen with the new 

filters. At lower humidity (50% RH), microbial survival was limited across all filters, with 

most bacteria and fungi showing significant reductions in population, especially for the 

bacterial strains. The survival of P. chrysogenum was also reduced under these conditions, but 

not as drastically as with higher humidity levels. In summary, it was demonstrated that filters 

with zinc pyrithione (PP/ZPT filters) performed similarly to untreated filters in terms of 

particle filtration efficiency, even when loaded with organic particles [201]. The antimicrobial 

treatment was effective in limiting fungal growth, especially at high humidity (90% RH), 

where bacterial survival was significantly reduced, and fungal growth was inhibited. In 

contrast, at low humidity (50% RH), the survival of microorganisms on both new and loaded 

filters was significantly limited, with a notable reduction in both bacterial and fungal 

populations. Additionally, the results indicated that the loading of filters with organic particles, 

such as micronized rice containing P. chrysogenum, had a minor effect on microbial survival 

when compared to the antimicrobial treatment. The presence of the organic particles did, 

however, influence microbial behavior, particularly in the case of fungal growth. The findings 

suggest that the inclusion of antimicrobial treatments like ZPT can be an effective strategy to 

prevent microbial contamination in HVAC systems, especially in environments prone to high 

humidity [202]. 
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Filtration Performance Monitoring 

By embedding real-time particulate sensors into melt-blown nonwovens, filters can detect 

when they are becoming clogged or saturated with particles and signal when they need to be 

replaced. This advancement has important implications for energy efficiency in HVAC 

systems and industrial air purifiers, where filters typically need to be replaced based on 

estimated schedules rather than actual performance data  [186, 187]. These sensors can also 

detect changes in airborne contaminants, such as sudden increases in pollution levels or the 

presence of harmful chemicals. Smart filters are being designed to respond by adjusting their 

filtration capacity in real-time, improving air quality while reducing energy consumption 

[205]. 

Smart Medical Applications 

In the healthcare sector, melt-blown nonwovens are being developed for smart wound 

dressings that can monitor the healing process and adjust conditions to promote faster recovery 

[206]. For example, smart dressings can incorporate pH sensors to detect infections in wounds 

[190, 191]. These dressings may also release antimicrobial agents or adjust moisture levels 

based on real time data, creating a dynamic and responsive wound healing environment [209]. 

Additionally, researchers are exploring the use of melt-blown nonwovens in drug delivery 

systems, where smart textiles can deliver therapeutic agents in response to stimuli such as 

temperature or moisture [210]. This technology has the potential to revolutionize wound care, 

bandaging, and drug administration, offering more personalized and efficient treatment 

methods [211]. 
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Environmental Sensing and Adaptation 

Materials that respond to the presence of specific gases, particulates, or hazardous chemicals 

can be integrated into protective clothing, air filters, and industrial filtration systems. These 

smart textiles can trigger warnings or initiate protective measures when harmful substances are 

detected in the air. For example, smart air filters designed for industrial applications can sense 

when the concentration of a particular chemical exceeds a safe threshold, automatically 

increasing the filtration capacity or shutting down air intakes. These applications are 

particularly relevant in industries where worker safety is a priority, such as chemical 

manufacturing, mining, and construction [212]. 

Energy Harvesting from Airflow 

Another emerging area of research is the integration of energy harvesting capabilities into melt-

blown nonwovens [213]. Some studies have focused on using the constant airflow passing 

through melt-blown filters to generate small amounts of energy. For example, triboelectric 

nanogenerators (TENGs) can be incorporated into the fiber structure to harvest energy from 

the mechanical motion caused by airflow. This energy can be used to power sensors embedded 

in the filter or stored for other purposes. Smart melt-blown textiles with energy-harvesting 

capabilities have significant potential in self-powered systems, where the filter itself can 

monitor performance without relying on external power sources. These innovations hold 

promise for autonomous environmental monitoring systems or remote filtration devices in 

areas where access to energy is limited [214]. 
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2.4 Case Study 

The following case study is based on the work of Liu et al. (2015), exploring the application 

of polyacrylonitrile (PAN) nanofibrous filters as a promising solution for urban air filtration, 

highlighting their efficiency in capturing PM 2.5 while maintaining high transparency and low 

airflow resistance [215]. In recent years, the increasing levels of particulates in urban 

environments have raised significant health concerns, prompting the need for effective air 

filtration solutions. Transparent air filters made from advanced nanofibrous materials present 

a promising alternative to regular filters by providing essential particulate capture while 

allowing natural light transmission. This study also investigates the performance of various 

transparent air filters, particularly focusing on their particulate capture efficiency, light 

transmittance, and airflow characteristics.  

2.4.1 Fabrication Method 

The fabrication method used in this study was electrospinning, where a 6 wt.% PAN solution 

in dimethylformamide (DMF) is processed along with additives like Polyvinylpyrrolidone 

(PVP), Polyvinyl alcohol (PVA), and Polystyrene (PS). The solution was electrospun onto a 

copper-coated fiberglass wire mesh to form nanofibrous filters with diameters ranging from 

100 to 500 nm. Key parameters such as polymer concentration, voltage, and collection distance 

were controlled to optimize fiber structure for high surface area, porosity, and effective 

particulate matter filtration. 
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2.4.2 Performance of Transparent Air Filters 

The performance of the transparent air filters was evaluated based on key parameters: capture 

efficiency, light transmittance, and airflow. The air filters demonstrated varying transmittance 

levels of approximately 85%, 75%, 55%, 30%, and 10%. Using photographs, it was shown that 

filters with transmittance above 50% enable sufficient light penetration, enhancing natural 

lighting and visibility. The PM2.5 capture efficiencies of the different polymer nanofibrous 

filters were assessed at various transmittance levels. An increase in the thickness of the fibrous 

filters generally led to enhanced PM2.5 capture efficiencies across all filter types (PAN, PVP, 

and PVA). The PAN filter achieved remarkable capture efficiencies, with over 95% removal 

at approximately 90% transmittance and greater than 99% at around 60%. Similarly, PVP and 

PVA filters demonstrated more than 95% capture efficiency at lower transmittance levels of 

around 60% and 30%, respectively. In contrast, PS fibers, commonly used in commercial 

filters, did not show significant improvements in PM2.5 capture efficiency with increased 

thickness. For larger particles (PM10–2.5), all polymer air filters exhibited higher removal 

efficiencies than PM2.5, often exceeding the 95% efficiency standard, with PAN maintaining 

the highest performance relative to the other materials. The airflow through the PAN filter was 

demonstrated using an electric fan at a wind velocity of 3 m/s. The setup showed that the 

transparent filter facilitated efficient air exchange. A quantitative analysis of pressure drop 

across the filters highlighted that at a face velocity of 0.21 m/s, the pressure drops for the 85% 

and 75% transmittance filters were only 133 Pa and 206 Pa, respectively, which is a minor 

fraction (<0.2%) of atmospheric pressure, comparable to that of a blank window screen. The 

pressure drop increased with greater filter thickness and lower transmittance, but the overall 
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performance, measured by the quality factor (QF), indicated that the PAN filter outperformed 

commercial alternatives by significant margins. 

To further investigate the dynamics of PM capture, in situ optical microscopy (OM) and 

scanning electron microscopy (SEM) were utilized on a PAN nanofibrous filter with a fiber 

diameter of approximately 200 nm. The study depicted the filter's performance over time (5, 

120, and 600 seconds) in capturing PM, illustrating a progressive accumulation of particles. 

Initially, PM particles adhered tightly to the fibers, subsequently aggregating to form larger 

clusters. The SEM images revealed that the PM particles wrapped around the nanofibers, 

deforming and stabilizing into spherical shapes, demonstrating a strong affinity between the 

PM and PAN fibers. In explaining the differential performance of various fibrous filters, the 

composition and surface chemistry of smoke PM were characterized. X-ray photoelectron 

spectroscopy (XPS) revealed that carbon (C), oxygen (O), and nitrogen (N) comprised the 

primary components of smoke PM. The functional groups present included C–C, C–O, C=O, 

and C–N, with ratios indicating a predominance of C–C and C–O bonds. Fourier transform 

infrared spectroscopy (FTIR) further confirmed the presence of various functional groups 

associated with organic carbon in the PM. Transmission electron microscopy (TEM) and 

electron energy loss spectroscopy (EELS) were also utilized to visualize the morphology of 

PM on PAN fibers and analyze the chemical distribution. EELS demonstrated that polar 

functional groups (C–O, C=O, and C–N) were concentrated on the PM surface, enhancing the 

filter's dipole interactions, which likely contributed to its higher capture efficiencies. The long-

term efficacy of the PAN filter with approximately 75% transmittance was evaluated under 
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hazardous conditions (PM2.5 index >300). After 100 hours, the filter maintained high removal 

efficiencies of 95–100% for PM2.5 and PM10–2.5, with minimal pressure drop increases (from 

~2 to ~5 Pa), indicating robust long-term performance. Post-test SEM images depicted 

aggregated PM particles forming larger domains (20–50 μm), without any noticeable 

detachment during cleaning attempts, affirming the filter's stability. 

A field test conducted in Beijing under hazardous PM conditions aimed to assess the real-world 

performance of the filters. PAN filters with varying transmittances (~77%, ~54%, ~40%) 

achieved PM2.5 removal efficiencies of 98.69%, 99.42%, and 99.88%, respectively. For 

PM10–2.5, efficiencies were similarly high. In contrast, PS filters exhibited significantly lower 

efficiencies, and commercial masks with PP fibers performed poorly, highlighting PAN's 

superior performance as a transparent air filter. Additionally, the study examined how 

environmental factors influenced filter performance under different wind forces and humidity 

levels. PAN filters maintained high removal efficiencies (>96%) across all wind speeds, 

demonstrating an increasing trend in efficiency with wind velocity. Humidity levels also 

improved PM capture, particularly for PS filters. 

2.4.3 Conclusion and Future Direction of the Case Study 

PAN nanofiber filters are highly effective as transparent air filters, offering high PM removal 

efficiency, low pressure drop, and long-term durability. They can be used in applications where 

both filtration and transparency are needed, such as on windows, providing an efficient solution 

for reducing indoor air pollution. One primary direction for future research would be enhancing 

the lifespan and durability of the filters, especially under extreme environmental conditions 
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such as high humidity or heavy pollution levels, possibly by applying coatings or treatments 

that increase resistance to environmental damage. Since materials like PVP and PVA suffered 

degradation under humid conditions, it would be beneficial to explore methods to prevent such 

issues and enhance the overall durability of PAN filters. Another important area for 

improvement is optimizing the electrospinning process itself. Fine-tuning parameters such as 

polymer concentration, voltage, and fiber diameter can significantly influence the performance 

and structural integrity of the filters. Additional research could explore the impact of these 

parameters on the efficiency of PM filtration under varying airflow conditions. Additionally, 

testing different polymer blends or composite materials could lead to improvements in specific 

properties like hydrophobicity, mechanical strength, or flexibility, further improving the filters' 

performance in real-world applications. Exploring the use of biodegradable polymers or 

natural fibers could also be a promising direction for future work and might offer similar or 

superior performance. Research into hybrid materials or nanocomposites, incorporating 

elements like carbon nanotubes or graphene, could also enhance the electrostatic properties of 

the filters and further improve their ability to capture fine particulate matter. Incorporating self-

cleaning technologies into the filters could be another area of development. Approaches such 

as photothermal, photochemical, or electrostatic regeneration could allow the filters to 

maintain high efficiency over time by removing accumulated particles without the need for 

manual cleaning or replacement. This could drastically improve the convenience and longevity 

of the filters, making them more suitable for long-term use in real-world environments. 

Partnerships with industries such as HVAC systems, automotive, and personal protective 

equipment manufacturers could facilitate the integration of transparent PAN filters into various 
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consumer products like air purifiers, windows, and face masks, broadening their potential 

applications. Additionally, understanding the long-term effects of exposure to various 

pollutants, including VOCs and ozone, on filter performance and degradation would be crucial 

for refining their effectiveness in diverse settings. Finally, quantifying the health benefits of 

using transparent PAN filters in indoor environments could provide valuable evidence for their 

widespread adoption. Research that directly measures improvements in air quality and health 

outcomes for vulnerable populations (such as children, the elderly, or those with respiratory 

conditions) would provide compelling data to support the integration of these filters into public 

health strategies. 

2.5 Conclusion and Future Direction 

Among the three methods evaluated—electrospinning, solution blowing, and melt blowing—

melt blowing emerges as the most feasible and practical choice for air filtration applications. 

It offers significant advantages in terms of cost-efficiency, production speed, ease of operation, 

adaptability to existing technologies, scalability, sustainability, filtration performance and 

safety. These factors make melt blowing a highly competitive method for large-scale fiber 

production in air filtration. The primary limitation of melt blowing lies in its ability to produce 

ultrafine fibers. However, advancements in nozzle technology have shown promise in 

overcoming this challenge. Improved nozzle mechanics and innovative designs are enabling 

the production of fine fibers comparable to those achieved through electrospinning, without 

the associated safety concerns and complexities of the electrospinning process. Further 

enhancements to melt blowing could focus on expanding its compatibility with a broader range 
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of polymers, particularly those with lower melt flow indices (MFI). As polymer manufacturing 

evolves, specially toward the production of sustainable polymers, incorporating high-

performance polymers into the melt blowing process will be crucial for advancing the 

functionality and performance of fiber-based filtration materials. Additionally, integrating melt 

blowing with complementary methods like solution blowing could unlock new possibilities for 

producing high-performance fibers with diverse functionalities. Such hybrid approaches may 

address specific challenges in air filtration, leading to innovative solutions that combine the 

strengths of multiple fabrication techniques. 
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Chapter 3 

Nano-porous melt-blown poly (lactic acid) fiber mat air filters for high 

efficiency particulate capture 

This chapter introduces a two-step technique for developing nano-porous, compostable melt-

blown nonwovens with high porosity, specifically engineered for high-performance particulate 

capture in air filter applications. The first step entails creating a high melt flow index (MFI) 

material by melt-blending low-viscosity polylactic acid (PLA) with a sacrificial additive, 

polyethylene glycol (PEG), of varying molecular weights. Rheological, compatibility, and 

thermal analyses are conducted on the sample blends. The MFI of the resulting blends ranges 

from 56 g/10 min (baseline PLA) to 238 g/10 min (PLA/PEG 400 – 10%), confirming their 

suitability for the melt-blowing process. These blends are then formed into nonwoven mats 

using a twin-screw extruder, producing microfibers with diameters between 1.05 and 2.64 µm. 

The second step involves boiling water etching to remove PEG, creating nanopores within the 

fibers. This etching process leaves a network of nanopores (50 to 200 nm in size), distributed 

throughout the microfiber structure. The PLA/PEG 2000 sample exhibits optimal properties, 

achieving approximately 85% particulate capture efficiency for 0.3 µm NaCl particulates 

during air filtration testing. This study represents an innovative and eco-friendly approach for 

creating nano-porous nonwoven mats with potential applications in air filtration, water 

filtration, and battery separators, where high porosity is beneficial. 
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3.1 Introduction 

Particulate matter filtration typically involves the employment of porous materials, including 

nonwovens that are engineered with specific properties like pore size, fiber structure, and 

mechanical behavior [216]. This customization enables them to achieve characteristics such as 

high porosity, hydrophilicity, hydrophobicity [217], and antimicrobial activity [218]; making 

them ideal for applications including air filtration. Other applications of fibrous porous 

materials include battery separators, medical dressings, hygiene products [40], spill mitigation 

materials [219]. Electrospinning and melt-blowing are the leading techniques for producing 

porous nonwovens. Electrospinning is renowned for generating nonwovens with fine fibers 

but is constrained by low throughput and limited polymer compatibility which restricts its 

suitability for large-scale commercial production [220]. Additionally, electrospun nonwovens 

often exhibit reduced mechanical strength and durability, which can limit their practical 

applications [155]. 

Contrary to electrospinning, melt-blowing offers enhanced structural integrity, higher 

and more efficient production rates, and is a more cost-effective method for large-scale 

manufacturing [221]. While electrospinning typically employs organic solvent media’s that 

makes it less eco-friendly, melt-blowing is inherently safer and avoids the use toxic and/or 

organic solvents [222, 223]. Melt-blown nonwovens, with their enhanced structural integrity 

often bestows superior mechanical properties and durability onto the final product [224, 225]. 

This makes them highly customizable for demanding applications such as air filtration [226], 

water filtration [227], battery separators, and geotextiles [228]. Previously, the melt-blown 

process was limited to polypropylene (PP) due to its high melt flow index (MFI) and low 
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viscosity [229]. However, recent improvements within the polymer industry, particularly 

toward high MFI and advanced polymer production, have broadened the selection of melt-

processable materials for the melt-blown process [230, 231]. This helps in enabling more 

advanced and diverse applications for melt-blown products. Among these polymers, 

poly(lactic acid)(PLA) has notably gained significant attention for its renewability and 

compostability [232].  The growth in demand for air filters for surgical masks, as the 

environmental impact of discarded masks and single use residential air purifiers becomes a 

more pressing global issue, especially during and following the COVID-19 pandemic [233] 

and driven innovation in new material options. The discovery and employment of sustainable 

produced and biodegradable material alternatives for single-use applications is an important 

area of research and aligns well with the United Nations (UN) sustainable development goals 

(SDG) associated with sustainable communities, consumption and production (SDGs 11, 12).  

High porosity nonwovens offer superior properties across various industries, including air and 

water filtration for usage in high efficiency particulate air (HEPA) filters [219] and wastewater 

treatment [234, 235] as well as within the medical [236], food packaging [237] and electronics 

industries [38]. Specifically for air filtration, high porous nonwovens work to efficiently 

capture fine particulate matter (i.e. dust, pollen, and airborne pathogens) across diverse 

settings, including hospitals, laboratories, industrial facilities, and residential spaces [237]. 

These filtration systems provide critical protection for the end users and patients all the while 

maintaining breathability and comfortability through a low pressure drop during prolonged 

usage [38]. However, filtration systems like HEPA filters have a major limitation which is their 

finite particle capture capacity, necessitating costly, frequent, and inconvenient maintenance 
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or replacement due to their significant efficiency drop with particles smaller or larger than 0.3 

microns [238]. Additionally, many HEPA filters are also made from non-biodegradable 

materials, contributing to non-degradable plastic waste generation. To overcome these key 

issues, increasing the filter's surface area by decreasing the fiber dimension or incorporating 

porosity within the fibrous structure significantly boosts particles capture and enhances filter 

capacity [227].  

Therefore, this study aims to address the current demands for advanced air filtration by 

introducing a novel approach for generating nanopores within a low molecular weight PLA 

(high melt flow rate) based- melt-blown fibrous network. In this approach, polyethylene glycol 

(PEG), a water-soluble additive, was selected as a sacrificial blend additive for its compatibility 

with PLA, excellent phase change properties, non-toxicity, low cost, and chemical stability. 

The PEG was later etched via a simple washing process to leave behind a porous structure. The 

effects of the PEG additive were examined at three different molecular weights (400 g/mol, 

2000 g/mol, 4000 g/mol) and two weight concentrations (5 and 10 wt.%) to determine how 

these parameters influence the size and distribution of the generated pores. The morphology of 

the non-woven mats was analyzed in detail, before and after etching. The approach employed 

in this study is notable for its effectiveness, sustainability, and safety, offering a practical 

solution for industries such as air filtration that require high-porosity materials while upholding 

environmental responsibility. 
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3.2 Materials and processing methods 

3.2.1 Materials 

The primary substrate used in this study was compostable PLA grade 040, supplied by Total 

Corbion, with an MFI of 56 g/10 min at 190 °C/0.325 kg. Three different molecular weights 

of polyethylene glycol (PEG) with 400 g/mol (liquid), 2000 g/mol (flakes), 4000 g/mol (flakes) 

were procured form Sigma-Aldrich (Oakville, ON, Canada) were used in this study as a 

sacrificial agent and plasticizer.  

3.2.2 Melt blending and injection molding 

To develop highly porous and compostable melt-blown nonwovens, PLA was selected as the 

primary substrate. PEG was employed as both a pore-forming sacrificial agent and plasticizer. 

To evaluate the effect of PEG's molecular weight on its compatibility with PLA and the 

resulting porosity of the fibers, six distinct PLA/PEG formulations were prepared (see Table 

3-1). These formulations incorporated three different PEG molecular weights (400, 2000, and 

4000 g/mol) at two concentrations (5 and 10 wt.%); all the while, maintaining a consistent PLA 

composition across all samples. After dry-mixing the individual components, the composition 

was melt-blended using via Rheomix a torque mixer from (HAAKE PolyLab QC). The mixing 

was conducted at 190 °C and 100 rpm for four minutes. The processed samples were then 

cooled, dried (80 °C overnight), and pelletized.  Injection molding was conducted using a 

HAAKE Mini-Jet Pro from Thermo-Fisher Scientific, set to 190 °C with an injection pressure 

of 750 bar and a packing time of 1 second, to produce rheology discs for rotational rheometry 

experiments. 
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Table 3-1 Formulation breakdown for the processed blends 

Formulations PLA wt.% PEG 400-wt.% PEG 2000-wt.% PEG 4000-wt.% 

PLA 100 - - - 

PEG 400-5% 95 5 - - 

PEG 400-10% 90 10 - - 

PEG 2000-5% 95 - 5 - 

PEG 2000-10% 90 - 10 - 

PEG 4000-5% 95 - - 5 

PEG 4000-10% 90 - - 10 

 

3.2.3 Melt-blowing 

The pelletized PLA/PEG polymer blends were processed with a twin-screw extruder equipped 

with a melt-blowing die (diameter 1 mm), in which the temperature, pressure, and airflow 

rates, were optimized [219]. The employed temperature profile in the seven heating zones was 

(Die) 195-195-195-195-195-185-110 (Feeder) with an extrusion speed of 100 rpm. This 

process parameters optimization aimed to ensure a consistent melt flow from the nozzle and 

achieve high-quality fiber formation. Other parameters included a motor voltage of 95 V 

(equivalent to 273 °C air temperature) to produce heated air for the extruded polymer, an air 

pressure of 6.8 psi, a rotating material collector with speed of 39 rpm, and a die-to-collector 

distance of 40 cm. The set up ensured uniform dispersion of the melt-blown fibers generating 

a uniform nonwoven, porous, PLA fibrous mat. 
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3.2.4 Etching process 

To enhance pores within the melt-blown fibrous network and generate nanopores along fiber 

strands, PEG was removed from the PLA/PEG blend nonwoven mats through an etching 

process using boiling water. For this, the nonwoven mats were encased in a meshed fabric and 

immersed in boiling water for 30 min to dissolve and remove PEG, and the process was 

repeated three times with the use of clean water. This treatment effectively removed PEG from 

the fiber matrix, leaving behind nanopores on the melt-blown fibers. To meshed encasing 

maintained the structural integrity of the nonwoven samples, prevent fiber breakage, and eased 

the nonwoven separation post etching.  After the etching was completed, the mats were dried 

in a convection oven (60 °C for 24 h) to ensure thorough drying. Fourier transform infrared 

spectroscopy (FTIR) analysis was employed to ensure complete removal of PEG from the PLA 

nonwovens.  

3.2.5 Characterizations 

3.2.5.1 Compatibility analysis 

The compatibility of PLA with PEG was evaluated at two concentrations (5% and 10%) and 

with different molecular weights of PEG (400 g/mol, 2000 g/mol, and 4000 g/mol). This 

analysis employed Gibbs free energy calculations for mixing using Eq.1 to determine the 

interactions between the polymer components [239, 240]. 

∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚 (Eq.1) 
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∆𝐺𝑚 reflects the stability of the blend, with a negative value indicating favorable mixing 

between PLA and PEG. The enthalpy of mixing, ∆𝐻𝑚, was calculated using the relationship 

in equation (2) [239, 240]: 

∆𝐻𝑚 = (𝛿1 − 𝛿2)2𝛷1𝛷2 (Eq.2) 

 

In Eq.2, delta 𝛿 represents the solubility parameters, and 𝛷1 and 𝛷2 denotes the volume 

fractions of PLA and PEG in the mixture. This equation indicates that the enthalpy of mixing 

is directly influenced by the difference in solubility parameters and the concentration of each 

polymer, allowing for an assessment of the thermodynamic favorability of blending. The 

solubility parameters were further characterized by their relation to density (𝜌), group molar 

attraction constants (∑ 𝐺𝑚), and molecular weight of monomer as shown in equation (3) [239, 

240]: 

𝛿 =
𝜌. ∑ 𝐺𝑚

𝑀
 (Eq.3) 

3.2.5.2 Scanning electron microscopy (SEM) 

SEM (Phenom Desktop SEM, Thermofisher Scientific USA) was used to examine the size and 

morphology of the melt-blown nonwovens. Post PEG removal, the fiber morphology, pore 

size, shape, and distribution of the resulting nanopores within the fibrous structure was 

evaluated using a high-resolution field-emission SEM (FESEM) (FEI Quanta Feg 250, Oxford 

Instrument, UK). For the high-resolution SEM, the samples were gold coated prior to the 

evaluation. 



 

 65 

3.2.5.3 Attenuated total reflection - Fourier transform infrared spectroscopy (ATR-FTIR) 

FTIR analysis (Nicolet 6700 NEXUS, Thermo-Fisher Scientific) with an attenuated total 

reflectance (GladiATR from Pike technologies) was used to analyze the chemical structure and 

functional groups of samples. The FTIR was operated in the transmittance mode, recording 

spectra from 500 to 4000 cm-1 at a resolution of 4 cm-1 over 32 scans.  

3.2.5.4 Thermal stability analysis  

The thermal stability and decomposition behavior of the samples was analyzed using 

thermogravimetric analysis (TGA) (TGA 550, TA Instrument Co. Ltd., New Castle, USA). 

The analysis was performed by ramping the temperature from room temperature to 500 °C at 

a rate of 20 °C/min under a nitrogen atmosphere. The nitrogen gas flow rate was 40 mL/min.  

3.2.5.5 Thermal properties 

The thermal properties of the samples were investigated using differential scanning calorimetry 

(DSC) (DSC 2500, TA Instrument Co. Ltd., New Castle, USA). Each sample was first heated 

from 10 to 200 °C at a rate of 10 °C/min under a nitrogen atmosphere (20 mL/min), followed 

by cooling to 10 °C at the same rate, and second heating to 200 °C. All analyses were performed 

using data from the second heating cycle. The information obtained from the 1st heating cycle 

from the DSC was used to model the glass transition temperature (Tg), as the 1st heating cycle 

resembles PLA’s crystalline state of the blends, by using a linear relationship (Eq.4) and the 

Fox equation (Eq.5). 

𝑇𝑔 =  𝑤𝐴𝑇𝐺𝐴 +  𝑤𝐵𝑇𝐺𝐵 (Eq.4) 
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1

𝑇𝐺𝑀
=  

𝑤𝐴

𝑇𝐺𝐴
+ 

𝑤𝐵

𝑇𝐺𝐵
 (Eq.5) 

3.2.5.6 Air filtration testing 

The filtration performance including the particulate filtration efficiency (PFE) and pressure 

drop (dp) of the nonwoven samples was evaluated using the TSI 8130A Automated Filter 

Testing System (TSI Company, Minnesota, USA). The testing was performed using a 0.3 µm 

NaCl aerosol, at a flow rate of 10.5 fpm which is specifically appropriate for evaluating high-

efficiency particulate arresting (HEPA) filter performance. 

3.2.5.7 Melt flow index (MFI)  

The melt flow index (MFI) was measured using a Dynisco Melt-flow indexer model 4002 in 

accordance with ASTM D1238 at a temperature of 190 °C and a load of 0.325 kg. The half die 

(1 mm) and piston were heated for 15 minutes at the set temperature prior to testing. For all 

samples, the material was passed through the MFI machine within approximately 7 min, with 

sample collection occurring halfway through during laminar flow. 

3.2.5.8 Capillary rheometer  

A NETZSCH twin-bore ROSAND RH2200 capillary rheometer was used to examine the melt 

rheology behavior of the polymer blends. For the twin-bore rheometer, two different dies 

(capillary and orifice) were used simultaneously to compensate for the pressure drop and 

conduct the Bagley end correction. The capillary die had an L/D (length/diameter) of 16 with 

a 1 mm inner diameter opening, while the orifice die had an L/D of 0.25 with a 1 mm inner 

diameter opening. The testing temperature was set to 200 °C to evaluate the desired melt 
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blowing temperature with shear rates of 100, 300, 1000, and 3200 s⁻¹. The apparent shear stress 

(τₐₚₚ) and apparent shear rate (γ'ₐₚₚ) are represented in (Eq.6) and (Eq.7), respectively [241, 

242]. 

𝜏𝑐𝑜𝑟𝑟 =
𝑅∆𝑃

2𝐿
 (Eq.6) 

𝛾′𝑐𝑜𝑟𝑟 =
4𝑄

𝜋𝑅3
 (Eq.7) 

Where the parameter R is denoted as the die’s radius, P is ascribed to the die’s pressure drop, 

L is the die’s length, and lastly, Q is the volumetric flow rate of the polymer melt. Following 

this, the values were corrected using the parameters found by applying the Bagley (Eq.8) and 

Rabinowitsch (Eq.9) end corrections to obtain the true or corrected shear stress (τcorr) and rate 

(γ’corr), respectively [241, 242]. 

𝜏𝑐𝑜𝑟𝑟 =
∆𝑃

2(
𝐿
𝑅 + 𝑛)

 (Eq.8) 

𝛾′𝑐𝑜𝑟𝑟 =
3𝑛′ + 1

4𝑛′
𝛾′𝑎𝑝𝑝 (Eq.9) 

Where n is assigned to be the Bagley factor; while n’ represents τapp’s slope against γ’app when 

fitted with the Rabinowitch correction. As such, the corrected or true shear viscosity is Where 

n is assigned to be the Bagley factor; while n’ represents τapp’s slope against γ’app when fitted 

with the Rabinowitch correction. As such, the corrected or true shear viscosity is defined by 

(Eq.10) [241, 242]. 

𝜂𝑐𝑜𝑟𝑟 =
𝜏𝑐𝑜𝑟𝑟

𝛾′𝑐𝑜𝑟𝑟
 (Eq.10) 
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3.2.5.9 Parallel plate rheometer 

To measure the flow properties within the molten phase, a HAAKE MARS III rheometer with 

parallel plate geometry was employed following ASTM D4440, using samples with a thickness 

and diameter of 2.5 mm and 25 mm, respectively. The rheological analysis involved a 

frequency sweep, constant strain, constant gap distance, and set temperature parameters of 0.1 

to 100 s⁻¹ (0.6283 to 628.3 rad/s), 0.01%, 1 mm, and 190 °C, respectively. For further analysis 

into complex viscosity of the blends, the zero-shear viscosity value was obtained by curve 

fitting the Cross model (Eq.11). 

𝜂 =  (
𝜂0

(1 + (𝜏0𝛾)𝑚)
) (Eq.11) 

3.3 Results and Discussion 

3.3.1 Compatibility analysis  

Theoretical miscibility analysis between PLA with PEG was carried out to predict the 

possibility of obtaining fine dispersion of PEG in PLA during the melt blending processes. 

Since the PLA and PEG are fairly large macromolecules, the entropy of mixing (∆𝑆𝑚) was 

assumed to be negligible, and the primary factor determining miscibility was considered as the 

enthalpy of mixing (∆𝐻𝑚). For miscibility to occur, Gibbs free energy (∆𝐺𝑚) must be negative, 

which implies that ∆𝐻𝑚 should be small or negative. In our case none of the ∆𝐻𝑚 was negative 

but they were small, as low as 0.7 J/cm3. The calculations results are tabulated in Table 3-2. 

Based on the Table 3-2, as the concentration of PEG increases (from 5% to 10%), ∆𝐻𝑚 values 

increase slightly, but remain small. This means a higher concentration of PEG still leads to 

certain level of miscibility, especially for PEG-2000 and PEG-4000. The Hildebrand solubility 
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parameters indicate that PLA and PEG-400 have a larger gap in their solubility parameters 

(PLA = 25.12, PEG-400 = 19.83), leading to higher ∆𝐻𝑚 values, and thus less compatibility. 

On the other hand, PEG-2000 and PEG-4000 have solubility parameters closer to that of PLA, 

reducing ∆𝐻𝑚 and improving miscibility. Based on the results of the Table 3-2, PEG-2000 

and PEG-4000 at both 5% and 10% concentrations exhibit better miscibility with PLA due to 

their closer solubility parameters and lower enthalpy of mixing values. PEG-400 shows less 

compatibility, especially at higher concentrations. 

Table 3-2 Solubility parameters and mixing enthalpies of PLA and PEG variants. 

Formulation δ J1/2 cm-3/2 ∆H J/cm3 (5%PEG) ∆H J/cm3 (10%PEG) 

PLA 25.12 NA NA 

PEG - 400 19.83 1.33 2.52 

PEG - 2000 21.23 0.72 1.36 

PEG - 4000 21.06 0.79 1.49 

 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 

Figure 3-1((a) to (c)) presented the ATR-FTIR results for the PLA/PEG nonwoven samples 

with three different molecular weights of PEG, all at a loading of 10 wt.%, before and after the 

PEG etching process. From Figure 3-1 (a) to (c), the typical PLA spectra were shown, where 

the typical assignments of -CH- and CH2 from 2950 to 3000 cm⁻¹, -C=O at 1750 cm⁻¹, -C-O- 

at 1180 cm⁻¹, and -C-O-C- at 1050 to 1120 cm⁻¹ were identified [243–246]. The general 

spectrum of PEG was denoted by peaks at 3420, 2866, 1690, 1092, and 900 cm⁻¹, which were 
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representative of O-H stretching vibrations, C-C stretching and bending vibrations, C-O 

stretching, C-H stretching, and C-H bending, respectively [243–246]. When examining the 

spectra of the blend formulations, the spectra followed the dominant phase of PLA, with the 

generation of a few new peaks from the PEG phase, in addition to the superposition of blend 

peaks. The most significant shift was observed at the 1690 and 1750 cm⁻¹ carbonyl peaks from 

PEG and PLA, respectively, where the peaks coalesced into a single, more intense peak, 

indicating interaction between the two components. 

 

Figure 3-1 ATR-FTIR Spectras of nonwovens; (a) PLA/PEG 400-10%, (b) PLA/PEG 2000-

10%, (c) PLA/PEG 4000-10%, prior and after etching of PEG content. 

Examining Figure 3-1(c), pronounced changes between the pre- and post-etching process were 

observed. As shown in Figure 3-1(c), certain functional groups were completely removed, 
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such as the peak at 1050 cm⁻¹ (C-H stretching) and the region from 1150 to 1400 cm⁻¹ (C-O-

C), along with some partial removal of functional groups around 1700 cm⁻¹ (C=O and COO-) 

and 1950 to 2100 cm⁻¹ (C-C). This indicated that the water etching process was mostly 

effective in removing PEG, however, residual PEG is still lingering on the PLA nonwoven 

mats [247, 248].  

3.3.3 Thermal properties 

DSC analysis of the PLA/PEG nonwoven samples before and after PEG removal is shown in 

Figure 3-2 and Table 3-3. The results illustrate how PEG molecular weights and 

concentrations influenced the phase transitions and thermal behavior of the samples by shifting 

the melting temperature (TM), glass transition temperature (TG), and cold crystallization 

temperature (TCC), as well as the heat of fusion (HF). Before etching (Figure 3-2b), the DSC 

first heating cycle for pristine PLA showed distinct TG, TCC, and TM peaks at 59.5, 83.7, and 

168 °C, respectively, reflecting its semi-crystalline nature. After the addition of PEG 400, the 

5% concentration displayed negligible changes relative to pristine PLA due to its low 

molecular weight and concentration in the PLA matrix, acting more as impurities rather than 

as a true blend component. However, the 10% PEG 400 concentration significantly affected 

the blend's TG, as the external plasticization of PLA with PEG influenced its crystallization 

and nucleation abilities, shifting TG from 59.5 °C (for PLA) to 44.6 °C, a reduction of 28.6%. 

In general, the 10 wt.% PEG-containing blends, regardless of PEG's molecular weight, showed 

significant shifts from the pristine PLA sample in TG and TCC zones due to the high PEG 

concentrations, while Tm remained minimally affected. This effect resulted from PEG's ability 
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to plasticize PLA by disrupting its crystalline structure, increasing the amorphous regions 

[249]. The PEG 2000 and PEG 4000 samples showed similar values due to the proximity of 

their molecular weights and similar thermal properties (TM of ~51 and ~61 °C, respectively), 

in contrast to PEG 400 (TM ~6 °C) [250, 251]. 

Table 3-3 Thermal properties of PLA and the PLA+PEG blends obtained from DSC. 

Formulation TG (°C) TCC (°C) TM (°C) HF (J/g) 

PLA 59.5 83.7 168.3 51.6 

400-5 49.8 70.8 168.1 53.9 

400-10 44.6 80.9 170.0 48.4 

2000-5 54.7 81.3 169.7 52.3 

2000-10 51.7 99.9 171.1 49.9 

4000-5 54.8 82.2 169.7 48.9 

4000-10 53.0 99.8 170.9 47.7 

 

After etching (Figure 3-2c), PLA displayed two melting peaks, attributed to the generation of 

imperfect crystalline regions (β-crystals) formed through processing and etching operations. 

This shift resulted in most PLA chains melting at 156 °C instead of the previous 168 °C (7%) 

[252, 253]. Additionally, the TCC peak of the neat PLA nearly disappeared along with the TG, 

further indicating a disruption in crystal formation and content and the formation of new 

amorphous regions imparted from the PEGs [252, 253]. Across all blended samples, regardless 

of PEG concentrations and molecular weights, the TG and TCC information was lost after the 
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etching of PEG, essentially restoring the blends to a state more closely resembling that of the 

pristine PLA sample. 

Upon examining the model fitting of the blend’s TG to the linear (Eq.4) and Fox equation 

(Eq.5), as shown in Figure 3-2(d) and Table 3-3, it was evident that the linear equation 

provided a better fit with the experimental data. In contrast, the Fox equation tended to 

overestimate the matrix's TG prediction as noted from the significant differences in the 

theoretical and experimentally obtained TG values of the base components. In all cases, the 

linear model (Eq.4) showed an almost exact match with the experimental data; however, the 

Fox equation demonstrated poor fit accuracy, particularly with the 10 wt.% PEG 

concentrations, making it a less suitable model. 

The thermal stability/degradation of PLA/PEG nonwoven samples was analyzed using TGA, 

both before and after PEG removal. As can be seen in Figure 3-3. the pristine PLA followed 

typical degradation behavior, displaying a single-step degradation that began around 339 °C 

through the loss of end groups from the main chain or ester groups [245, 254]. With the 

inclusion of PEG, the onset degradation temperature has reduced irrespective of the molecular 

weigh of the PEG, reflecting the low thermal stability of PEGs. As reported in the literature, 

the onset degradation temperatures of PEG 400, 2000, and 4000 are within 250 to 280 °C 

range, which is lower than pristine PLA (340 °C) [254–256]. Regarding the loading amount, 

the 5 wt.% samples tended to be more thermally stable due to the higher PLA content compared 

to the 10 wt.%. Additionally, plasticization tended to reduce the sample’s total crystallinity, 
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which made the blend much easier to degrade [254–256]. Lastly, regardless of the sample’s 

composition, the residual ash content was negligible as expected. 

 

Figure 3-2 (a) GPC for the PLA L040 from Totalenergies corbion, (b) Before etching PEG 

DSC for the first heating cycle of PLA, PEG 400-5%, PEG 400-10%, PEG 2000-5%, PEG 

2000-10%, PEG 4000-5%, PEG 4000-10% nonwoven samples, (c) After etching PEG. As well 

as (d) model fitting for the changes within the blends TG. 

Following the etching of PEG to produce nanopores on the PLA fibers, the resultant samples 

showed significant deterioration in thermal stability, with reductions ranging from 12 to 35% 

due to physical and physicochemical changes. After partial or complete PEG etching, as shown 

in Figure 3-3, the reduction in thermal stability was due to three contributing factors. The first 

was the generated micropores trapping air, which would lead to quicker heat transfer through 
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the fiber's thickness; the second was the type and amount of PEG used [257, 258]. Thirdly, the 

generation of more amorphous regions resulted from the blending of PEG into PLA. 

 

Figure 3-3 (a) TGA prior to etching PEG, (b) Derivative of weight loss prior etching PEG, 

(c) TGA after etching PEG, (d) Derivative of weight loss after etching PEG. 

3.3.4 Physio-chemical properties 

The viscosity and hence MFI of polymer resins are critical parameters for their use in melt-

blowing operations that requires low viscosity and correspondingly high MFI [230]. As 

demonstrated in Figure 3-4(a), the addition of PEG clearly showed a significant impact on 

PLA’s melt flow ratio or index (MFI), with PEG 400-10% having the most pronounced effect, 

resulting in a 237% increase from PLA. Although PEG 400 had a significant effect on MFI, 
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both PEG 2000 and PEG 4000 produced similar results to one another due to their similarity 

in molecular weights (MW) (e.g. 2000 and 4000 g/mol), which were 5x and 10x greater than 

PEG 400’s MW, respectively; however all of the PEG’s MWs are still well below that of the 

PLA’s weight average MW (wMW) of 81.2 kDa with a PDI of 1.71 (see Figure 3-2a). When 

comparing the wMW of the PEGs to that of the PLA’s, found by GPC, it is be understood the 

inclusion of a lower molecular weight compound (PEG) to a higher one (PLA) the amount of 

will dilute the baseline properties of the PLA such as the blend’s TG, the blend’s viscosity, and 

mechanical properties. Overall, it was noted that the blending of low concentration of PEG 

with PLA increased the MFI, which is a desirable attribute for melt-blowing process.  

Examining the difference between 5 and 10 wt.% PEG loading level, regardless of PEG’s MW 

variability, the 10 wt.% PEG formulations resulted in greater plasticization effects due to the 

higher inclusion of a high MFI compound, a trend also noted in the literature, resulting in more 

amorphous regions [259, 260]. Overall, the addition of PEG into the PLA matrix enhances the 

molecular mobility of the PLA structure, resulting in an increase in MFI, which indicated a 

reduction in the matrix's viscosity and thus affecting the interactions of molecular chains [259].  

Examining the shear viscosity (Figure 3-4b), the viscosity of the PEG-containing blends fell 

below that of the baseline PLA. Moreover, similar to the MFI tests, the PEG 400-10% system 

had the lowest shear viscosity. Through examination of the shear viscosity, it is clear that a 

linear decrease occurred with increasing shear rates in both the baseline PLA and the blends, 

indicating shear-thinning characteristics. It is typically accepted that a reduction in a system’s 

shear viscosity represents a reduction in chain entanglement as well as orientation along the 
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flow direction when polymer melts are exposed to increasing shear rates [261]. At exceedingly 

high shear rates, the disentanglement and orientation phenomenon become more noticeable 

[261]. 

The corrected shear stress, shown in Figure 3-4(c), followed the same trend as the shear 

viscosity and the MFI, with pristine PLA having the highest resistance to flow due to the 

highest shear stress, and the PEG 400-10% blend displaying the least flow resistance. 

Additionally, it can be observed that there is a linear relationship between log τ and log γ, 

indicating that these materials can be described as power law fluids, as shown in (Eq.12) and 

Table 3-4, where K is the consistency of the polymer melt and n is the non-Newtonian index 

[261]. Since the value of K is associated with melt viscosity, a high level of K indicates higher 

melt viscosity and overall pseudoplasticity. As the overall blend’s viscosity decreases, so 

should the K parameter [261]. This means that pristine PLA acts more as a pseudoplastic fluid, 

but after the addition of PEG, its pseudoplasticity decreased.  

𝜏 = 𝐾𝛾𝑛 (Eq.12) 

When examining the relationship between angular frequency and complex viscosity in Figure 

3-4(d), all blends exhibited a Newtonian plateau from 0.1 to approximately 100 rad/s, after 

which they all experienced shear-thinning characteristics [262, 263]. Again, PEG 400-10% had 

the most severe reduction in complex viscosity compared to the baseline PLA sample. 

Regardless of the PEG molecular weight, the complex viscosity drastically decreased, which 

is correlated with changes in the total free volume and chain mobility, as melt viscosity is 

overly sensitive to macromolecular changes [259, 264]. For the quantitative examination of 
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the complex viscosity, the zero-shear viscosity was found using the Cross model from (Eq.10). 

The zero-shear viscosity results align with the previous discussion, indicating that the addition 

of PEG caused a significant reduction in the material’s viscosity due to the plasticization effect, 

with the most significant drop found in the PEG 400 blends.  

 

 

Figure 3-4 (a) MFI for PLA and the various PLA PEG blends, (b) Shear viscosity from 

capillary rheometry for PLA and the various PLA PEG blends, (c) Shear Stress from capillary 

rheometry for PLA and the various PLA PEG blends, and (d) Complex viscosity from dynamic 

rheometry for PLA and the various PLA PEG blends. 
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Figure 3-5 (a) Storage modulus curve (G’), from parallel plate, for PLA and its various PEG 

blends, (b) Loss modulus curve (G”), from parallel plate, for PLA and its various PEG blends, 

(c) Torque rheometer curves for PLA and its various PEG blends while melt blending, and (d) 

PLA blending schematic with PEG and different MW contents [263]. 

As shown in Figure 3-5(a), the storage modulus (G’) continuously increased with each 

subsequent rise in angular frequency, with the majority of the PEG blends falling below that 

of the pristine PLA. This is due to the reduction in intermolecular forces of the PLA as it is 

plasticized, decreasing the chain entanglement density of the polymer and resulting in greater 

free volume [259, 262, 263]. However, it can be seen that PEG only had a pronounced effect 

at low to intermediate angular frequencies, while at high angular frequencies, the G’ values 

were similar. This non-terminal characteristic behavior is attributed to changes in the shape of 
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the discrete phase of the polymer system during deformation processes (e.g., shape relaxation) 

[264]. The low to mid region indicates the material’s stress relaxation response and the motion 

of the polymer as a whole, suggesting that PEG is enabling structural changes [264]. 

Table 3-4 Calculated K and n values for PLA and its PEG blends at 190 °C. 

Formulation η0, Zero-shear viscosity (Pa•s) K (kPa▪s) n R2 

PLA 40 21.90 0.0219 0.9616 

PEG 400-5% 33 14.18 0.0142 0.9818 

PEG 400-10% 14 8.84 0.0088 0.9819 

PEG 2000-5% 26 12.51 0.0125 0.9975 

PEG 2000-

10% 

20 16.90 0.0169 0.9985 

PEG 4000-5% 21 21.29 0.0213 0.9851 

PEG 4000-

10% 

19 11.07 0.0111 0.9961 

As shown by the G’ silhouette in the Loss modulus curve (G”) in Figure 3-5(b), all samples' 

loss modulus remained above that of the G’, indicating that all samples followed viscous 

behavior at low frequencies. Note that the silhouette was used to simplify and declutter the 

graphs for easier and quicker analysis. Similar to the G’, but to a lesser extent, all samples' G” 
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values rose with increasing angular frequency. It should be noted that there were no moduli or 

frequency crossover points between individual samples' G’ and G”, providing no insight into 

changes within the systems' MW. 

When examining Figure 3-5(c), it was found that the PLA had the highest residual torque after 

four minutes of mixing, with PEG 400-10% having the lowest and the others falling in 

between. This is better explained by Figure 3-5(d), where a schematic rendering shows how 

the PEG penetrates the PLA chains to increase its free volume and chain mobility. PEG 400, 

having a 5 to 10x lower MW, is able to easily penetrate through adjacent PLA chains and 

increase the space between them, while the larger PEG chains have a comparatively higher 

difficulty in penetrating the PLA chains [263]. The torque rheometry curves also revealed that 

at 190 °C and between 1.5 to 4 mins, the torque of both the PLA and the blends decreased 

slightly from its initial fall, indicating that the blends were well melted under the set processing 

parameters [265–267]. The PEG blends had significantly lower torque values compared to the 

pristine PLA due to their lower melt viscosity, indicating better flow and less pseudoplastic 

behavior, which is consistent with the capillary rheometer results [266]. 

3.3.5 Fiber morphology 

The SEM images in Figure 3-6 (a - g) illustrate the fiber morphology and fiber distributions 

of PLA and PLA/PEG nonwoven blends before etching. These images collectively 

demonstrate how varying the PEG MW and content in the PLA matrix influences the fiber 

structure and integrity, such as mean fiber diameter and distribution. As noted in Figure 3-6(a 

- g), all formulations generated smooth and fairly dense non-wovens, with uniform distribution. 
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Overall, the melt-blown non-wovens demonstrate fiber diameters in the range of 1.05 – 2.91 

μm.  The low molecular PLA (Mn 47,418 g/mol, Figure 3-2a) with high melt flow rate of 56 

g/10 min at 190 °C (Figure 3-4a) allowed the generation of fine fibers via the melt blowing 

process. The incorporation of PEG in the PLA has plasticized the PLA and led to lower 

viscosity (Figure 3-4c) and high MFI (Figure 3-4a). Sample with the highest MFI, the 

PLA/PEG 400-10% (Figure 3-4a) provided the finest morphology (Figure 3-6c) with average 

fiber diameter of 1.05 μm.  On the other hand, PLA/PEG 400 – 5% with lower MFI showed 

increased fiber size and broader distribution.  

 

Figure 3-6 SEM images and fiber distributions of non-etched samples (a) Pristine PLA; (b) 

PLA/PEG 400-5%; (c) PLA/PEG 400-10%; (d) PLA/PEG 2000-5%; (e) PLA/PEG 2000-10%; 

(f) PLA/PEG 4000-5%; (g) PLA/PEG 4000-10%. 
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Small fiber diameter attributed to the high MFI of the blend is noticeable in PLA/PEG 400 – 

10% and PLA/PEG 4000 – 10% samples. However, during the etching of the PEG to generate 

porous melt blown non-wovens in the subsequent process led to fiber breakage (Figure A1 in 

appendix A). The PEG serves as a scarifying agent in the PLA matrix, designed to be removed 

during the etching process in order to generate pores in the absence of PEG molecules. During 

the etching process, the PEG is dissolved in water and removed from the structure, leaving 

behind numerous pores, as depicted in Figure 3-7 and 3-8. Figure 3-7(a-g) displays the 

morphology of fibers after the etching removal of PEG. In the low molecular weight loaded 

PLA melt blown nonwovens, i.e. PLA/PEG 400 – 5% and PLA/PEG 400 – 10%, an increase 

in the pore size and number was noted. The PEG-2000 based samples displayed a much clearer 

pore structure (Figure 3-7c & d). The increase in the PEG content from 5% to 10% lead to a 

highly porous structure that resembles a crocodile skin. On the other hand, while the PLA/PEG 

4000 – 5% melt blown nonwovens displayed rough and porous surface structure, an increase 

in PEG to 10% led to weak and brittle fibers. This is likely due to the high MFI of the PLA/PEG 

– 10% formulation (Figure 3-4a) in conjunction with the enhanced compatibility (Table 3-2). 

The enhanced compatibility, which could have led to improved dispersive and distributive 

mixing of the PEG in the PLA, could have caused weakened fibers upon the leaching out the 

PEG from the fiber structure.  

The SEM micrographs in Figure 8 illustrates a zoomed image of nanopores creation along 

entire single fiber strand within the PLA/PEG 400-10% fibrous network. Figure 3-8(a) shows 

a single fiber strand of PLA containing PEG 400-10%, demonstrating a solid, non-porous 

structure within the nonwoven matrix prior to etching. After etching removal of PEG, 
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numerous pores were generated (Figure 3-8b) over the fiber surface. This pore formation was 

consistent across all formulations (Figure 3-7) with a significant increase in the fiber porosity 

 

Figure 3-7 Post-etching SEM images and fiber distributions of (a) PLA/PEG 400-5%, (b) 

PLA/PEG 400-10%, (c) PLA/PEG 2000-5%, (d) PLA/PEG 2000-10%, (e) PLA/PEG 4000-

5%, and (g) PLA/PEG 4000-10%. 

and likely the surface area making it appealing for practical applications, including air 

filtration, water filtration, CO2 capture, etc.  To demonstrate its application in practical The 

SEM micrographs in Figure 3-8 illustrates a zoomed image of nanopores creation along entire 

single fiber strand within the PLA/PEG 400-10% fibrous network. Figure 3-8(a) shows a 
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single fiber strand of PLA containing PEG 400-10%, demonstrating a solid, non-porous 

structure within the nonwoven matrix prior to etching. After etching removal of PEG, 

numerous pores were generated (Figure 3-8b) over the fiber surface. This pore formation was 

consistent across all formulations (Figure 3-7) with a significant increase in the fiber porosity 

and likely the surface area making it appealing for practical applications, including air 

filtration, water filtration, CO2 capture, etc.  To demonstrate its application in practical 

materials, the air filtration efficiency of selected non-etched and etched (porous) melt blown 

fabrics were investigated and presented in the subsequent section.  

  

Figure 3-8 The effect of PEG etching process on PLA/PEG 400-10% fibers causing PEG 

removal from the substrate and resulting in creating nanopores within a single fiber strand. 

SEM image of PLA/PEG 400-10% (a) Perior etching off the PEG; (b) After etching the PEG. 

3.3.6 Air filtration performance and pressure drop 

The air filtration performance and pressure drop (filter backpressure) of three selected 

nonwoven samples, PLA, PLA/PEG 400-10%, and PLA/PEG 2000-10% (before and after 

etching) was evaluated to assess how generating pores and enhancing porosity affected their 
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filtration capabilities. The filtration setup and possible mechanism of the aerosol filtration is 

displayed in Figure 3-9 (a-c). For the non-etched samples, the three selected samples showed 

filtration efficiency (PFE) of 57.24 – 64% (Figure 3-9d). The slightly higher filtration 

efficiency of the PLA/PEG 400-10% sample (64%) could be attributed to the finer fiber 

morphology (average fiber diameter 1.05 µm) and compaction of the non-woven mat, which 

was also noted as a slightly increased pressure drop (Figure 3-9e) due to resistance to air flow.  

As noted in Figure 3-6c and Figure A1a (Appendix A), the etching caused substantial fiber 

breakage to PLA/PEG 400-10%, due to its finer fiber dimension. As a result, the nonwoven 

mat of the etched PLA/PEG 400-10% presented inferior filtration efficiency (50.44%) and 

caused very small pressure drop (Figure 3-9d & e) despite the observed porosity.  On the other 

hand, the PLA/PEG 2000-10% displayed outstanding particulate filtration efficiency (~85%) 

without any further surface treatment. This is attributed to the fine and numerous pore 

formation on the fiber of the resulting nonwoven mats (Figure 3-7d). The pore distribution on 

the individual fibers constituting the nonwoven mats after the PEG etching is presented in a 

magnified SEM image presented in Figure 10 (a – b).  

The etched PLA/PEG 2000-10% fibers formed dense, uniformly distributed, and small pores 

(0.12 ± 0.05 µm) which are capable of capturing the 0.3 µm particulates employed in this study 

(Figure 3-10a). While the etched PLA/PEG 400-10% fibers also displayed appealing pore 

sizes (0.46 ± 0.2 µm), the relatively inferior filtration efficiency is related to the fiber damage 

due to the etching process (Figure 3-10b) that compromised the nonwoven mats integrity.  
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Figure 3-9 Schematics of (a) bulk non-woven mats capturing microparticles, (b) porous non-

woven mats capturing microparticles, (c) schematic representation of air filter testing system, 

(d) particle filtration efficiency of nonwoven mats, and (e) pressure drop. 

The rheology variation between the PEG grades (MW) and PLA (Section 3.1) is a crucial 

parameter in determining the phase morphology of the blend that affects the porous structure 

and PFE of the fibers post etching. The PEG 2000, with its larger MW and viscosity compared 

to PEG 400, interacts better with the PLA and distributes better in the PLA phase [268, 269]. 

The enhanced dispersion of the PEG 2000 improves the fibers bulk properties, creating pores 
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that extend beyond the fiber surface and improve particle capture (Figure 3-9b). In contrast, 

PEG 400, with its lower MW, has inferior compatibility with PLA (Table 3-2) and tend to 

have inferior distribution (and agglomeration) in the PLA phase, leading to catastrophic fiber 

damage during the etching process. As a result of smaller and deeper pores, the high PFE value 

of PLA/PEG 2000-10% is accompanied by a significant pressure drop as this will result in 

higher airflow resistances [270]. In contrast, the pristine PLA and the non-etched samples of 

PLA/PEG 400-10% and PLA/PEG 2000-10% exhibited a moderate pressure drop. These 

results underscore the potential of the PLA/PEG 2000-10% formulation in achieving superior 

particulate filtration performance, making it a promising candidate for HEPA filter 

applications. 

 

Figure 3-10 Post etching SEM images and histograms of (a) PLA/PEG 400-10% (c) PLA/PEG 

2000-10%. 
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3.4 Conclusions 

This study investigated the design of porous nonwoven mats via a scalable melt-blowing 

process. A water-soluble polymer, PEG, was incorporated into high melt-flow rate PLA as a 

sacrificial additive through melt blending. Due to the low molecular weight and high MFI of 

the PEG variants (MW 400 g/mol, 2000 g/mol, and 4000 g/mol), the resulting blends exhibited 

low viscosity and high MFI, making them well-suited for melt-blowing into nonwoven mats. 

The melt-blown fibers were subsequently etched with water to remove the sacrificial PEG, 

generating porous PLA nonwoven mats. The post-etching mat integrity varied depending on 

the compatibility of each PEG grade with PLA, with PLA/PEG 2000 (5% and 10%) yielding 

high-quality porous mats due to a balanced compatibility and efficient PEG removal. SEM 

analysis confirmed that the PEG removal produced numerous nanopores, as small as 50 nm, 

distributed throughout each fiber strand in the PLA/PEG 2000 – 10% samples. Air filtration 

tests further validated the success of this approach, showing that the porous PLA/PEG 2000 – 

10% nonwoven filters achieved ~85% filtration efficiency for 0.3 µm particles without any 

surface charging treatment, substantially outperforming baseline PLA and non-etched 

counterparts. This enhanced filtration efficiency is attributed to the optimized pore structure 

and increased surface area, facilitating effective particle capture. Overall, this approach 

represents a significant advancement in creating highly porous, robust, and sustainable 

nonwovens for particulate air filtration, with promising potential for other applications such as 

battery separators and water treatment membranes. 

 



 

 90 

Chapter 4 

Towards scalable antimicrobial air filters: rose bengal/polypropylene melt- 

blown nonwoven filters 

The COVID-19 pandemic has highlighted the limitations of conventional face masks, which 

primarily function as aerosol physical filters without inherent antibacterial or antiviral 

properties. Surgical masks, which depend on electrostatic filtration, lose their efficacy as these 

charges dissipate within a few hours of use. This study aims to address these shortcomings by 

developing advanced melt-blown nonwoven filters using polypropylene (PP) and Rose bengal 

(RB) as a photosensitizer. The impact of varying processing temperatures during the 

fabrication of melt-blown nonwoven’s fiber morphology, filtration efficiency, and 

antibacterial properties was systematically investigated. The incorporation of RB is intended 

to enhance antibacterial activity. Results show that processing temperature significantly 

influences fiber diameter, with optimized filters demonstrating superior antibacterial 

performance, particulate filtration efficiency (PFE) and breathability compared to conventional 

masks. These filters with advanced functionality present promising improvements in 

antimicrobial protection from the ambient environment and durability, contributing to the 

development of more effective and long-lasting personal protective equipment (PPE). 

4.1 Introduction 

The urgent need for effective air filtration and infection control technologies has gained 

significant attention, particularly following the COVID-19 pandemic. While traditional masks 

and filtration systems primarily target particulate matter, they often lack the ability to actively 
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deactivate or eliminate pathogens [271]. The pandemic has demonstrated the critical role of face 

masks in safeguarding public health by preventing the spread of airborne pathogens. Although 

effective at filtering aerosols, conventional surgical masks do not possess inherent antibacterial 

and antiviral properties, limiting their capacity to provide comprehensive protection against 

microbial threats [272]. Enhancing the antimicrobial performance of masks has therefore 

emerged as a priority, offering an additional layer of defense, especially in high-risk 

environments, such as hospitals, crowded public spaces, and quarantine facilities. By integrating 

antimicrobial properties, surgical masks could actively kill or destroy susceptible bacteria and 

viruses on contact, thereby reducing the risk of cross-contamination and extending the lifespan 

of the mask [273].  

Several methods have been proposed to bolster the antimicrobial capabilities of surgical masks. 

A common approach involves coating the fibers with antimicrobial agents, such as silver 

nanoparticles [274], copper ions [275], or natural extracts like chitosan [276]. These materials 

have been shown to inhibit bacterial growth and provide some degree of antiviral activity. 

Another strategy focuses on incorporating electrostatic charges to enhance particle capture, 

indirectly reducing microbial transmission [277]. However, the masks that are reliant on 

electrostatic charge decreasing effectiveness as these charges dissipate within a few hours of 

use, particularly in humid conditions [278]. Researchers have also explored embedding 

photosensitizers, such as RB, which generate reactive oxygen species (ROS) when exposed to 

light, effectively deactivating pathogens on the mask's surface [279]. Recent advancements in 

research on new-generation surgical masks have highlighted the usage of various materials and 
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adoption of different methods [280] to enhance both filtration efficiency and antimicrobial 

properties on the disposable masks. These innovations not only improve protective equipment 

but also inform advancements in broader air filtration technologies. 

One notable innovation is the fabrication of hybrid hydrophobic composite air filtration 

membranes that incorporate aluminum oxide nanoparticles alongside silver nanoparticles, 

achieving high particulate filtration efficiency (PFE) and substantial antibacterial activity [281]. 

These membranes effectively detoxify chemical contaminants such as volatile organic 

compounds (VOCs) like formaldehyde and benzene, although a slight increase in resistance 

occurs with higher Al2O3 concentrations [282]. Such developments demonstrate the importance 

of multifunctional materials in addressing both air quality and health concerns that are developed 

from particulate virulent pathogens present in the ambient air. Alongside, the development of 

biodegradable nanofibers and innovative functional nanofibers, embedding the RB dye 

represents another promising avenue in functional air filtration for masks or air filters [283]. 

One of the studies reported that the cellulose acetate nanofibers embedding the RB exhibit 

significant antiviral efficacy against the φx174 virus under visible light irradiation, showcasing 

the potential of photosensitizers to enhance the base material’s performance [283]. Investigation 

into photosensitized electrospun membranes has demonstrated RB's ability to effectively capture 

and inactivate airborne viruses, achieving over 97% inactivation of mouse hepatitis virus (MHV-

A59) within just 15 minutes of light exposure [284]. This dual-action approach not only 

enhances filtration capabilities but also addresses the critical need for additive materials that 

actively disinfect pathogens. As global demand for effective and safe filtration solutions 
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continues to rise, understanding how functional additives like RB interact with base polymers 

such as PP is crucial. In this research the synthesis of effective antiviral agents by integrating 

RB into melt-blown PP nonwoven fabrics is investigated. By incorporating RB as a 

photosensitizer, the study investigates its effects on material properties, including antibacterial 

performance, melt flow index (MFI), mechanical strength, thermal stability, and filtration 

performance. This research provides critical insights into the interactions between functional 

additives and base polymers, paving the way for more effective and environmentally friendly 

filtration materials. 

4.2 Materials and Processing methods 

4.2.1 Materials 

The primary substrate utilized in this study was polypropylene (PP), grade PP6936G2, powder, 

(MFI 1550 g/10 min ASTM D1238) supplied by ExxonMobil. Rose bengal (RB), a photoactive 

dye with a molecular weight of 1017.64 g/mol, sourced from Sigma-Aldrich (Oakville, ON, 

Canada) was incorporated in the PP to enhance antibacterial properties of the melt-blown 

nonwovens. Agar powder (bacteriological grade), phosphate-buffered saline (PBS), and 

Dulbecco's phosphate buffer saline solution were sourced form Sigma-Aldrich (Oakville, ON, 

Canada).  

4.2.2 Melt-blown processing 

PP and PP/RB melt-blown nonwovens were produced using an in-house melt-blown extrusion 

system. Pristine PP melt-blown nonwoven samples were fabricated and served as the control, 

establishing a baseline for fiber morphology and structural comparison (Figure 4-1 (a)). 
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Blends of PP with 2% RB were fed into the extruder, where process parameters including melt 

zone temperatures, nozzle temperatures, air temperature, air pressure, and screw speed were 

optimized (Table 4-1). Due to the novel nozzle design feature of the meltblown process, we 

could use higher air temperature (270°C) for fiber attenuation, making the fiber creation 

feasible by presence/addition of the Rose Bengal. Typically, the operating meltblown air 

temperature is lower. To evaluate the impact of RB incorporation, the PP/RB nonwovens were 

produced at three different nozzle temperatures (210 °C, 220 °C, and 240 °C) shown in Figure 

4-1 (b - d), while maintaining the other process parameters constant. 

Table 4-1 Melt-blown process parameters for the fabrication of PP/RB nonwovens. 

Formulations 

Melt zones 

temp (°C) 

Nozzle 

temp (°C) 

Air temp 

(°C) 

Distance 

(in) 

Flow rate 

(SCFM) 

Air pressure 

(psi) 

 PP (100%) 180 – 190 210 270 5 in 2 100 

PP/RB (2%) 180 – 190 210 270 5 in 2 100 

PP/RB (2%) 180 – 190 220 270 5 in 2 100 

PP/RB (2%) 180 – 190 240 270 5 in 2 100 

4.2.3 Characterization 

4.2.3.1 Parallel plate rheology 

To evaluate the flow properties in the molten phase, a HAAKE MARS III rheometer with 

parallel plate geometry was used in accordance with ASTM D4440. The samples had a 
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thickness of 2.5 mm and a diameter of 25 mm. The rheological analysis involved a frequency 

sweep at constant strain and gap distance, with temperature set at 190 °C and a strain rate 

ranging from 0.1 to 100 s⁻¹ (0.6283 to 628.3 rad/s), applied at a strain of 0.01% and a gap of 1 

mm. 

 

Figure 4-1 Melt-blown nonwovens fabricated at different nozzle temperatures (a) Pristine PP 

at 210 °C, (b) PP/RB at 210 °C, (c) PP/RB at 220 °C, (d) PP/RB at 240 °C. 

4.2.3.2 Melt flow index (MFI) 

The MFI was evaluated with a Dynisco Melt flow Indexer model 4002 at a temperature of 230 

°C and a load of 2.16 kg. The half die (1 mm) and piston were preheated for 15 minutes at the 

designated temperature before testing. Each sample was run through the MFI machine in about 

7 min, with sample collection taking place during laminar flow, approximately halfway 

through the process. 

4.2.3.3 Thermal properties 

The thermal stability of the polymers was evaluated with thermogravimetric analysis (TGA), 

which was carried out using a TA Instrument 550 (New Castle, DE, USA) to evaluate the 
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thermal stability and decomposition behavior of the samples. The temperature was ramped 

from room temperature to 500 °C at a rate of 20 °C per minute in a nitrogen atmosphere. The 

nitrogen flow rate was adjusted to 60 ml/min, complemented by a balanced flow of 40.03 

mL/min. 

The thermal transitions were evaluated using a DSC (2500, TA Instrument Co. Ltd., New 

Castle, DE, USA). Samples were subjected to an initial heating from 10 to 200 °C at a rate of 

10 °C/min in a nitrogen atmosphere with a flow rate of 20 mL/min, followed by a cooling 

phase back to 10 °C at the same rate. The analysis was conducted based on data collected 

during the second heating cycle. 

4.2.3.4 Fourier transform infrared spectroscopy (ATR-FTIR) 

FTIR analyze (Nicolet 6700 NEXUS, Thermo-Fisher Scientific) with an attenuated total 

reflection (GladiATR from Pike technologies) technique was used to analyze the chemical 

functional groups. The FTIR was operated in transmittance mode, recording spectra from 500 

to 4000 cm-1 at a resolution of 4 cm-1 over 32 scans. 

4.2.3.5 Scanning electron microscopy (SEM) 

The fiber morphology of the melt-blown nonwovens was analyzed using a Phenom desktop 

SEM (ThermoFisher Scientific Inc, Waltham, MA, USA). This examination focused on 

observing the resulting fibrous mat with the RB incorporated into the PP.  



 

 97 

4.2.3.6 Tensile testing 

The mechanical properties of PP and PP/RB nonwovens, including the tensile strength, tensile 

modulus, and elongation at break, were assessed using a Universal Testing Machine (UTM, 

AGS-X series, Shimadzu, Japan). Testing was conducted in the tensile mode at room 

temperature, with specimens measuring 50 mm in gauge length and 10 mm in width. A 500 N 

load cell was employed, and the strain rate was set to 100 mm/min. The reported values 

represent the mean and standard deviation (SD) from a minimum of five tested specimens. 

4.2.3.7 Air filtration test 

The filtration performance, including particulate filtration efficiency (PFE) and pressure drop 

(dp), of the nonwoven samples was assessed using the PALAS PMFT 1000 system. Testing 

was conducted with a 0.3 µm NaCl aerosol at a flow rate of 85 L/min, a widely used condition 

for evaluating surgical mask filter efficiency. 

Antimicrobial tests 

The antimicrobial effects of the Rose Bengal (RB) in polypropylene (PP) based nonwoven for 

mask applications were tested against a Gram-negative Escherichia coli (E. coli; MG1655) 

and Gram-positive Bacillus subtilis (B. subtilis; 168) bacteria. Here, we followed the procedure 

mentioned in our previous work [285], with minor modifications as necessary. Two modes of 

antimicrobial tests were conducted to evaluate the nonwovens’ antimicrobial efficacy: the 

dynamic shake flask tests and the static contact surface tests. Regardless of the modes of the 

utilized tests, overnight cultures of E. coli and B. subtilis were prepared at first by the addition 

of starter culture to a 25 mL lysogeny broth (LB), where the LB consisted of 10 g L−1 tryptone, 
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5 g L−1 yeast extract, and 10 g L−1 NaCl in sterilized distilled water. The agar media for the 

static contact test consisted of similar ingredients mentioned above but supplemented with 

15 g L−1 of Agar powder (bacteriological grade, Sigma Aldrich). All culture media, including 

broth and bacteriological agar solution, buffers, Erlenmeyer flasks, bacterial colony spreader 

(metal), and pipette tips were sterilized by autoclaving for 20 min at 120°C. Additionally, the 

transfer of all media and set-up of all experiments were conducted using an aseptic technique 

under a Class II A2 Biosafety Cabinets (BSC, Labconco®). 

4.2.3.8 Dynamic shake flask tests 

The PP-based melt-blown nonwovens were precisely cut into optimized squares of 4 cm x 4 

cm dimension and sterilized under UV for 30 min at room temperature (RT) within the Class 

II A2 BSC. The post-sterilized nonwoven samples were then placed into pre-sterilized flasks 

containing 16 mL of sterilized LB broth to maintain a surface area to volume ratio of 1 

cm2 mL−1. The flasks were then inoculated with 0.64 mL cultures of bacteria (each bacterium 

in separate sets of experiments) and incubated at 37 °C and 150 rpm for 24h, with light in the 

Eppendorf Innova® S44i incubator shaker. 1 mL sample of the LB media was withdrawn at 

every 2 h intervals for the first 8 h followed by a final sample of 1 mL LB media after the 24th 

h mark, without replenishing the fresh sterilized LB for any withdrawals. The optical density 

(OD) at 600 nm was observed using a Beckman Coulter DU 530 Life Science UV/Vis 

spectrophotometer to track the dynamic growth of the bacterium in each withdrawn sample. 

The experiments were carried out in duplicate for each nonwoven sample on each bacterium, 
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along with an additional test conducted in parallel, called ‘control’ for each bacterium without 

the fabric sample. 

4.2.3.9 Contact Surface Test 

For this mode of antibacterial tests, the PP-based nonwovens were cut into squares of 2 cm x2 

cm and sterilized using UV (30 min in a Class II A2 BSC). An arbitrarily small portion of the 

overnight culture of each bacterium was diluted with the sterile LB broth to result in an OD-

600 between 0.07 and 0.08 (Beckman Coulter DU 530 Life Science UV/Vis 

spectrophotometer). Each of the sterilized nonwoven samples was then placed in a sterile 

aluminum dish and 0.15 mL (150 µL) of the diluted bacterial culture was pipetted on the 

surface of the nonwoven. They were then placed in an airtight container at room temperature 

under light along with an extra aluminum dish containing DI water to prevent evaporation of 

inoculum. After 24 h, 50 µL of the inoculum was withdrawn from the aluminum dishes and 

diluted with sterile phosphate-buffered saline (PBS) using dilution factors between 10−1 and 

10−9. Lastly, 0.1 mL aliquots of the dilutions were seeded onto sterile agar plates prepared 

using 25 mL agar media and incubated for 24 h at 37°C. The plates were chosen based on the 

number of evolved colonies in the range of 15 – 250 and the chosen plates were then counted 

for analysis. All the experiments were performed in duplicate for each nonwoven sample on 

each bacterium. 
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4.3 Results and discussion 

4.3.1 Parallel Plate Rheology and Melt flow index (MFI) 

An amplitude sweep test was performed over a frequency range of 0.1 to 100 Hz to evaluate 

the viscoelastic behavior of the PP and PP/RB. The complex viscosity (|η*|) (Figure 4-2 (a)) 

of the PP/RB decreases as the frequency increases, exhibiting typical shear-thinning behavior. 

This trend is also observed for PP, though its viscosity remains lower than that of the PP/RB 

blend across the entire frequency range. The higher viscosity in the PP/RB suggests that RB 

enhances resistance to deformation [286] potentially due to changes in the internal structure. 

Based on the rheological data, both PP and PP/RB exhibit shear-thinning behavior (viscosity 

decreases as frequency increases) but introducing RB to PP matrix leads to a higher overall 

viscosity. Overall, the incorporation of RB into the PP matrix significantly increases both the 

elastic and viscous properties, as well as the overall viscosity. This suggests that RB 

contributes to a more rigid material, through increased polymer entanglement, and modified 

molecular interactions [287]. 

 

Figure 4-2 Parallel plate rheological analysis (a) complex viscosity as a function of frequency 

for Pristine PP and PP/RB (b) MFI of the Pristine PP and PP/RB 
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The MFI analysis (Figure 4-2 (b)) reveals that the MFI values for both PP and PP/RB are 

relatively close, with PP exhibiting an MFI of 1100 g/10 min and PP/RB showing a slightly 

lower value of 1085 g/10 min. This minor reduction in MFI for the PP/RB blend suggests that 

the addition of RB has a subtle impact on the flowability of the polymer. The close MFI values 

align with the observations from the parallel plate rheology, where the viscosity profiles for 

both materials showed similar behavior, with only slight differences in the lower frequency 

range. The reduced MFI in the PP/RB blend is due to the modified viscosity and flow 

characteristics caused by the presence of RB, which appears to slightly increase resistance to 

flow, as seen in the horizontal trend in the viscosity-frequency curve (Figure 4-2 (a)) at lower 

shear rates. As the MFI is a key indicator of polymer processability in the melt-blown system, 

these results suggest that while the addition of RB modifies the polymer's flow behavior, it The 

MFI analysis (Figure 4-2 (b)) reveals that the MFI values for both PP and PP/RB are relatively 

close, with PP exhibiting an MFI of 1100 g/10 min and PP/RB showing a slightly lower value 

of 1085 g/10 min. This minor reduction in MFI for the PP/RB blend suggests that the addition 

of RB has a subtle impact on the flowability of the polymer. The close MFI values align with 

the observations from the parallel plate rheology, where the viscosity profiles for both 

materials showed similar behavior, with only slight differences in the lower frequency range. 

The reduced MFI in the PP/RB blend is due to the modified viscosity and flow characteristics 

caused by the presence of RB, which appears to slightly increase resistance to flow, as seen in 

the horizontal trend in the viscosity-frequency curve (Figure 4-2 (a)) at lower shear rates. As 

the MFI is a key indicator of polymer processability in the melt-blown system, these results 

suggest that while the addition of RB modifies the polymer's flow behavior, it does not 
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significantly impair processability, maintaining a melt flow comparable to that of pristine PP 

[18, 19]. 

Thermal stability 

Figure 4-3 presents the TGA (a), and DTGA (b) analyses of PP nonwoven and PP/RB 

nonwovens processed at 210°C, 220°C and 240°C, identified as PP/RB@210°C, 

PP/RB@220°C, and PP/RB@240°C respectively. The PP/RB processed at 240 °C shows the 

earliest onset of weight loss, suggesting that the higher processing temperature accelerates 

thermal degradation, due to increased thermal stress on the polymer matrix [290] and its 

interaction with RB. Additionally, this sample exhibits more pronounced weight loss at lower 

temperatures indicating more extensive degradation or potential phase separation between PP 

and RB and also degradation of RB at the processing temperature of 240°C. In contrast, the 

samples processed at lower temperatures (210°C and 220°C) demonstrate a delayed onset of 

thermal degradation compared to the PP/RB@240°C sample, reflecting improved thermal 

stability. These samples also show lower weight loss rates and a more gradual degradation 

process, which indicates that the blends are more stable when processed at reduced 

temperatures (210°C and 220°C). As expected, pristine PP follows a single-step [291] thermal 

degradation mechanism, with an onset temperature higher than any of the PP/RB blends. The 

weight loss for pristine PP occurs at higher temperatures and follows a more uniform and 

slower degradation pattern compared to the modified blends. 
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Figure 4-3 (a) TGA (b) DTGA of the PP and PP/RB nonwovens processed at 210°C, 220°C, 

240°C 

4.3.2 FTIR-DSC 

Figure 4-4 (a) displays the FTIR spectra for PP and the PP/RB composites processed at 

different nozzle temperatures (210°C, 220°C, and 240°C). The PP/RB samples processed at 

210°C and 220°C exhibit characteristic peaks at 1453 cm⁻¹ and 1375 cm⁻¹, which can be 

attributed to C–H bonding and C=C stretching vibrations associated with the aromatic structure 

of RB [292]. Additionally, a peak at 2914 cm⁻¹ is observed, corresponding to C–H stretching 

vibrations typical of the polymer backbone. Interestingly, the PP/RB sample processed at 

240°C shows a significant similarity to the spectrum of pristine PP. This observation suggests 

that the higher processing temperature of 240°C has led to thermal degradation of the RB in 

the PP/RB matrix, resulting in a diminished presence of its characteristic peaks. The DSC 

analysis (Figure 4-4 (b)) reveals slight differences in the thermal behavior of pristine PP and 

PP/RB composites. The melting peak for PP occurs at the lowest temperature (154°C), 

indicating that it melts first and demonstrates the typical thermal properties of a pure polymer. 
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In contrast, the PP/RB composites processed at 210°C and 220°C exhibit higher melting 

temperatures than pristine PP (158°C). This increase suggests that the incorporation of RB 

enhances the thermal stability of the material, due to interactions between the PP matrix and 

the RB dye, which strengthen the overall structure aligning with the rheological analysis, which 

indicates that the addition of RB improves the elastic properties of the composites, enhancing 

their ability to store elastic energy.  

 

Figure 4-4 (a) FTIR and (b) DSC of the PP and PP/RB nonwovens 

4.3.3 Fiber morphology 

The SEM results (Figure 4-5) reveal a significant impact of RB incorporation on the fiber 

morphology of PP nonwovens. Pristine PP (Figure 4-5 (a)) has a mean diameter of 4.36 µm, 

while the PP/RB samples (Figure 4-5 (b), (c), (d)) display mean diameters of 12.96 µm, 20.26 

µm, and 18.45 µm processed at 210°C, 220°C, and 240°C, respectively. By addition of RB to 

the PP, the mean fiber diameter notably increases, which correlates with the observed rise in 

viscosity. The enhanced viscosity arises from the interactions between PP and RB, as supported 
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by the rheological analysis. Specifically, the samples which containing RB and processed at 

210°C and 220°C exhibit a marked increase in fiber size, with mean values of 12.96 µm and 

20.26 µm, respectively. This trend does not align with the general principle that higher 

temperature promotes thinner fibers during the melt-blowing process [293] and as seen in the 

SEM images (Figure b-d) this increase in diameter is due to the bundling/fusion that has 

happened during the blowing process. However, the sample processed at the highest 

temperature of 240°C experiences less fusion compared to Figure b and c, showing a mean 

diameter of 18.45 µm. This observation can be attributed to the degradation of RB at elevated 

temperatures (240°C) (Figure 4-3), and as evidenced by the noticeable shift in its natural color 

from pink to a yellowish hue, which reduces its reinforcing effect in the polymer matrix. 

Consequently, the influence of PP on fiber formation becomes more pronounced, resulting in 

a finer fiber diameter compared to the PP/RB@220°C nonwoven sample, as the high MFI of 

PP contributes more to its fiber attenuation. 

 

Figure 4-5 Analysis of fiber morphology and histograms of melt-blown nonwovens for (a) 

Pristine PP, (b) PP/RB@210°C, (c) PP/RB@220°C, (d) PP/RB@240°C 
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4.3.4 Mechanical properties  

The tensile strength analysis (Figure 4-6 (a)) reveals a clear trend among the tested 

nonwovens, with PP exhibiting the lowest tensile strength. The PP/RB nonwovens processed 

at 210°C and 220°C demonstrate increased tensile strength compared to PP. Notably, the 

tensile strengths of these two samples are quite close, suggesting that the specific processing 

temperature within this range has a minimal impact on the mechanical properties. The 

rheological data also indicate that PP/RB composites exhibit higher elastic and viscous 

properties than that of PP, reinforcing the idea that the addition of RB significantly contributes 

to structural integrity and significantly enhances the tensile strength of the PP/RB nonwovens. 

The higher elongation at break (Figure 4-6 (b)) observed in the PP comparing to the rest of 

the PP/RBs indicates its ductility, which is compromised in the RB-containing samples. The 

reduction in elongation at break, particularly in the PP/RB@240°C sample, suggests that while 

the processing temperature can enhance some mechanical properties, it also leads to brittleness 

due to thermal degradation and altered fiber morphology. The PP/RB@220°C sample exhibits 

the highest modulus (Figure 4-6 (c)), indicating a stiff structure likely due to proper dispersion 

and interaction of RB within the PP matrix. The 240°C sample, while also showing a high 

modulus, reflects a complex interplay between increased stiffness from denser fiber formation 

and reduced ductility from degradation effects. The lower modulus in the 210°C sample 

suggests insufficient interaction, leading to a more flexible yet less rigid structure, while 

pristine PP exhibits the lowest modulus, highlighting the enhancing effect of RB on mechanical 

properties. 
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4.3.5 Air Filtration 

The particulate filtration efficiency (PFE) results (Figure 4-7 (a)) reveals a clear trend 

influenced by the incorporation of RB and the processing temperatures, which subsequently 

affect the fiber diameter of the nonwoven samples. The pristine PP nonwoven sample exhibits 

the highest PFE at 75%, demonstrating its effectiveness in capturing particulate (0.3 µm). In 

contrast, the PFE decreases for the PP/RB samples, with values of 63%, 48%, and 55% for 

those processed at 210°C, 220°C, and 240°C, respectively. This decline in filtration efficiency 

of the PP/RB@2100C and the PP/RB@2200C can be attributed to the increased fiber diameters 

2.97-4.65 times thicker in the RB-containing samples, which reduces the effective surface area 

available for filtration. Furthermore, the dp results (Figure 4-7 (b)) indicate that higher PFE 

values correspond to increased dp, highlighting a trade-off between filtration efficiency and 

breathability. Notably, the sample processed at 220°C displays the largest fiber diameter (20.26 

µm), corresponding to its lowest PFE (48%) and lowest dp (8.5 mmH2O).  

 

Figure 4-6 Mechanical properties of the PP and PP/RB@210, PP/RB@220, PP/RB@240 

nonwovens (a) Tensile strength (b) Elongation at break (c) Elastic modulus 
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4.3.6 Antibacterial properties 

Common use of PP-based melt-blown fabrics includes filtration (air, water, oil), reusable or 

disposable masks, insulation, and absorption. In this study, the PP polymer was melt-blown 

along with the Rose Bengal (RB) as a functional additive (photosensitizer), to instill value-

added functionality, i.e. antimicrobial effects due to the incorporation of the RB photosensitizer 

(PS) throughout the microfibers of the nonwoven fabrics. RB is a well-known hydrophobic 

anionic dye and photosensitizer [283, 284, 294–296]. The US-Food and Drug Agency (FDA) 

approved RB in 1971 as an injectable drug for use as a diagnostic tool to assess liver function 

[297].  Additionally, the FDA has designated RB as an orphan drug for the treatment of certain 

cancers [298].  Recently, it has been extensively used in biomedical applications, such as 

photodynamic antimicrobial therapy [299–301], tissue repairs[302], and diagnostic 

imaging.[303] In this study, we evaluated the antimicrobial efficiencies of the PP/RB-based 

fabrics on two different classes of bacteria, gram-positive (B. subtilis) and gram-negative (E. 

coli).  

 

Figure 4-7 (a) Particulate filtration efficiency (b) pressure drop of PP, PP/RB@210°C, 

@220°C, @240°C nonwovens 
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Numerous literature [297, 298, 304–312] described that the RB dye, a photosensitizer, 

predominantly works through the type-II mechanism, which is also schematically shown in 

Figure 4-8. Most Gram-positive and Gram-negative bacteria possess a porous outer layer of 

the lipid-bilayer cytoplasmic membrane, known as the cell wall, composed of peptidoglycan 

[294]. In Gram-positive bacteria, the cell wall consists of multiple layers of such 

peptidoglycan, giving them a rigid and thicker structure, and making them strongly anionic 

and primarily hydrophobic [294]. Several studies have reported the ease with which anionic 

photosensitizers (PS), such as rose Bengal (RB), or other neutral PSs can penetrate the 

relatively porous peptidoglycan layer surrounding the cytoplasmic membrane of Gram-

positive bacteria [313]. In Gram-negative bacteria, the cell wall includes an additional outer 

membrane and several layers of peptidoglycan. These outermost layers are strongly anionic 

and predominantly hydrophobic, restricting the permeability of bioactive molecules of interest 

[43, 44]. The results from the antimicrobial tests (Figures 4-9 and 4-10) on the nonwoven 

samples align with literature-reported findings, indicating the ease of RB molecules 

penetration through Gram-positive bacterial cell walls, resulting in higher bactericidal 

efficiency. Conversely, the reduced bactericidal efficiency against Gram-negative bacteria is 

attributed to the limited permeability of RB through their cellular barriers.  

The bacterial growth trends over 24 h, obtained from OD-600 data, are presented in Figure 4-

9. The results clearly demonstrate that the PP/RB@210°C and PP/RB@220°C samples 

containing the RB photosensitizer, exhibited excellent antibacterial effects against B. subtilis 

as seen from the cessation of growth in the plot (Figure 4-9). A similar cessation trend was 
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observed for the Gram-negative bacterium (E. coli) with these samples. On the other hand, 

PP/RB@240°C seemed ineffective against both bacterial strains studied bacteria likely due to 

the degradation of the RB photosensitizer as a result of the elevated processing temperature. 

 

Figure 4-8 Schematic illustrations of the mechanism of action of Rose Bengal (RB), a 

photosensitizer, for its antibacterial action under light. RB molecules get activated to their 

excited states under illumination by visible light or near-IR spectral region. The RB molecules 
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in their excited states (active) then work via two different types of mechanisms to kill the 

susceptible bacteria [313]. 

The findings of this study indicate that the growth cessation trends of Gram-positive versus 

Gram-negative bacteria for the PP/RB@210°C and PP/RB@220°C samples align with the 

known ease of RB molecule penetration through the relatively porous peptidoglycan layer of 

Gram-positive bacterial cell walls [313, 314]. 

The antibacterial actions of the RB, possessing both anionic and hydrophobic properties, is not 

solely dependent on its cellular entry. Several studies have reported that RB interacts with 

different bacterial cell walls, such as Salmonella typhimurium (Salmonella enterica) and E.coli 

through association with the outer membrane rather than intracellular interactions [313]. As a 

result, RB tends to remain localized at the subcellular surface of the cell walls [313]. Figure 

4-9 (a and c) shows that the composite melt-blown fabrics (all three PP/RB samples) leach the 

RB molecules in aqueous media that are loosely bound to the surfaces of the formed fibres 

during the melt-blown process. This is because the RB was not conjugated to the PP matrix 

via a chemical bond, and the physical entrapment achieved during the melt-processing was not 

sufficient to keep the relatively small RB molecule in the PP matrix during soaking. Based on 

the characterization results (TGA, FTIR, rheology, mechanical properties), it was evident that 

higher processing temperatures (240°C) degraded the RB additive in the PP. As a result, the 

antimicrobial properties of the (PP/RB@240°C) were inferior to the samples processed at 

lower temperatures (PP/RB@210°C and PP/RB@220°C).    
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Figure 4-9 Turbidity measurement of bacterial culture media withdrawn after 24 hours in 

cuvettes forecasting bacterial growth or cessation of growth due to treatment with samples i) 

PP, ii) PP/RB@210°C, iii) PP/RB@220°C and iv) ii) PP/RB@240°C for a) Bacillus subtilis 

(Gram-positive) and c) Escherichia coli. The data of OD-600 are plotted showing the growth 

trends for all the experimental nonwoven PP/RB samples on b) B. subtilis and d) E. coli. 

Although the PP/RB@220°C nonwoven sample has a smaller diameter than the 

PP/RB@210°C as shown in the SEM images, the microfibers of the nonwoven sample 

PP/RB@220°C, exhibited a slightly compacted morphology (as seen in the SEM) formed 

during the melt-blowing process. This compacted structure could be one of the potential 
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reasons for the greater leaching of RB from sample PP/RB@210°C compared to 

PP/RB@220°C. Meanwhile sample PP/RB@240°C showed negligible RB leaching, despite 

having a smaller mean fiber diameter than PP/RB@210°C. This was likely because the RB 

was already degraded during the elevated temperature processing in the PP/RB@240°C sample 

generation. Leaching tests were conducted for all the modified samples (PP/RB@220°C, 

PP/RB@220°C and PP/RB@220°C) with data provided in the Supplementary information 

section (Figure A2 in appendix B). It appears that the leached RB molecules were primarily 

responsible for the antimicrobial efficiencies of the PP/RB@210°C and PP/RB@220°C.  

Similar results were observed in the static contact plate modes of antimicrobial tests, as shown 

in Figure 4-10. In such agar plate methods, the PP/RB@210°C and PP/RB@220°C samples 

demonstrated strong antibacterial efficiency against both Gram-positive and Gram-negative 

bacteria at various specific dilutions of the elute used for seeding. Interestingly, the 

PP/RB@240°C samples showed fewer colonies on the agar plates compared to the CFUs on 

the control plates, indicating moderate to strong antimicrobial effects, particularly against 

Gram-negative E. coli. Further studies are needed to better understand the mechanisms 

underlying the antimicrobial activity exhibited by the PP/RB@240°C samples. 
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Figure 4-10 Bacterial colony growth tests in agar plates seeded from the bacterial culture 

media withdrawn from the elute collected after 24 h of contact with fresh diluted culture of 

each bacterium with the fabrics. The CFU counts on the agar plates (i—iv: PP, PP/RB@210°C, 

PP/RB@220°C, and PP/RB@240°C respectively) are shown indicating potential antibacterial 

activities of the RB-modified melt-blown fabrics in a) For Bacillus subtilis (Gram-positive), 

and in b) For Escherichia coli. c) The corresponding results from the CFU data are plotted 

showing the antibacterial efficacies for all the experimental fabric samples on both bacteria. 
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4.4 Conclusion 

This study highlights the promising potential of incorporating Rose Bengal into polypropylene 

melt-blown porous mats with potential air filter applications to significantly enhance their 

antibacterial properties, achieving an increase in antibacterial efficacy of up to 99%, especially 

for gram-positive bacteria. The findings reveal that melt-blowing temperatures are one of the 

crucial parameters in optimizing this effectiveness in terms of filtration efficiencies of MPPS 

and antimicrobial action. Specifically, samples processed at 210 °C and 220 °C demonstrated 

superior antibacterial performance, with PFE values of 63% and 48%, respectively, benefiting 

from the stability of RB. In contrast, the sample processed at 240°C exhibited minimal or no 

antibacterial activity due to insignificant leaching of RB molecules as well as the possible 

fractional RB degradation during processing, resulting in a PFE of 55%. The inclusion of RB 

resulted in reduced melt flow behavior and hence increased fiber diameters, with mean 

diameters of 12.96 µm for the 210 °C processed sample and 20.26 µm for the 220°C processed 

sample, which influenced both mechanical properties and filtration efficiency. Despite the 

increase in fiber diameter, the primary objective of enhancing antibacterial performance was 

successfully achieved at these lower processing temperatures. This underscores the potential 

of RB as a valuable additive for the development of advanced air filters that not only provide 

effective filtration capabilities but also offer antimicrobial protection against airborne 

pathogens. 
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Chapter 5 

Concluding Marks 

This study explored the design and development of porous non-woven mats using a scalable 

Melt-blowing process, incorporating a water-soluble polymer, PEG, into high melt-flow rate 

PLA. The low molecular weight and high MFI of the PEG variants (MW 400 g/mol, 2000 

g/mol, and 4000 g/mol) allowed for the creation of blends with low viscosity and high MFI, 

ideal for melt-blowing. The water-etching process successfully removed the sacrificial PEG, 

generating porous PLA nonwoven mats. Among the different PEG variants, PLA/PEG 2000 

(5% and 10%) demonstrated the best compatibility, resulting in high-quality porous mats. SEM 

analysis revealed nanopores as small as 50 nm within the fibers, with the PLA/PEG 2000 – 

10% samples showing a uniform distribution. Air filtration tests confirmed the effectiveness 

of this method, with the PLA/PEG 2000 – 10% mats achieving approximately 85% filtration 

efficiency for 0.3 µm particles. This performance surpassed that of both baseline PLA and non-

etched filters, attributed to the optimized pore structure and enhanced surface area, which 

facilitated improved particle capture. The findings highlight the potential of this approach for 

creating robust, sustainable nonwoven materials for air filtration and extendable applications, 

including battery separators and water treatment membranes.  

In parallel, the other study demonstrates the significant potential of incorporating Rose Bengal 

(RB) into polypropylene melt-blown air filters to enhance their antibacterial properties. The 

inclusion of RB resulted in a notable increase in antibacterial efficacy, achieving up to 99% 

effectiveness, particularly against gram-positive bacteria. The study identified processing 
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temperature as a critical factor in optimizing both filtration efficiency and antimicrobial action. 

Samples processed at 210°C and 220°C exhibited superior antibacterial performance, with 

Particle Filtration Efficiency (PFE) values of 63% and 48%, respectively, benefiting from the 

stability of RB. In contrast, the sample processed at 240°C showed reduced antibacterial 

activity due to limited RB leaching and potential degradation during processing, with a PFE of 

only 55%. Additionally, the incorporation of RB led to an increase in fiber diameter, with mean 

diameters of 12.96 µm and 20.26 µm for the 210°C and 220°C processed samples, respectively. 

Although fiber diameter increased, the study successfully met the primary goal of improving 

antibacterial performance. These findings highlight the potential of RB as a valuable additive 

for developing advanced air filters that combine effective filtration capabilities with 

antimicrobial protection against airborne pathogens. 

Future work 

For the porous PLA fiber mats produced via PEG etching, research could focus on optimizing 

the compatibility and concentration of PEG variants to fine-tune pore size and distribution, as 

well as improve the mechanical properties of the mats post-etching. Expanding the application 

potential, future studies could assess the use of these mats in areas like water treatment and 

battery separators. Additionally, investigating other sacrificial additives with tailored 

degradation profiles could enable the production of even more intricate pore structures. For the 

RB-enhanced polypropylene melt-blown mats, future research could explore strategies to 

mitigate RB degradation at higher processing temperatures, such as employing thermal 

stabilizers or alternative encapsulation techniques. Furthermore, optimizing the balance 
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between fiber diameter and filtration efficiency could yield mats with improved mechanical 

strength and broader filtration capabilities. Finally, combining the porous PLA approach with 

RB incorporation for HEPA filter applications could lead to advanced multifunctional 

nonwovens, merging high filtration efficiency and antibacterial activity. 
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Appendix A 

 

 

Figure A1: Reference solutions of RB (1 to 20 ppm, 80% w/w dye content) for calibration 

plot preparation and the constructed calibration plot (left). The leaching of RB dyes from the 

PP-RB fabrics at room temperature in 25 minutes of dipping in DI water without shaking and 

the amount of leached RB determined from the constructed calibration curve. 
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Appendix B 

 

 

Figure A2 


