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Abstract

:

Aerosol particles, such as the widespread COVID-19 recently, have posed a great threat to humans. Combat experience has proven that masks can protect against viruses; however, the epidemic in recent years has caused serious environmental pollution from plastic medical supplies, especially masks. Degradable filters are promising candidates to alleviate this problem. Degradable nanofiber filters, which are developed by the electrospinning technique, can achieve superior filtration performance. This review focuses on the basic introduction to air filtration, the general aspects of face masks, and nanofibers. Furthermore, the progress of the state of art degradable electrospun nanofiber filters have been summarized, such as silk fibroin (SF), polylactic acid (PLA), chitosan, cellulose, and zein. Finally, the challenges and future development are highlighted.






Keywords:


electrospinning; nanofiber; face mask; biodegradability












1. Introduction


Infectious diseases have brought great disasters to humans for thousands of years, especially the respiratory infections caused by microorganisms, such as tubercle bacillus, SARS coronavirus, and COVID-19, which is highly contagious and has spread worldwide, posing ongoing global concerns. It is reported that hundreds of millions of people were infected by COVID-19, resulting in millions of deaths, according to World Health Organization (WHO).



Since the novel coronavirus can be carried by droplets, gases, aerosols, and contact, the most effective protection to cut off the transmission is personal protective equipment (PPE), including face masks, gloves, gowns, aprons, hoods, eye-shields, and shoe covers [1,2,3,4]. Recommended by WHO to reduce the spread of disease, face masks account for a large proportion of the consumption of PPE, especially single-use face masks (SFMs).



The filter layer of conventional SFM is mainly undegradable petro-based polypropylene melt-blown cloth, capturing ultrafine particles through electrostatic adsorption. Therefore, the filtration efficiency decreases continuously because of the humidity change caused by the moisture breathed out by wearers. Due to the lack of durability and the incredible increase in consumption, the undegradable discarded masks become substantial plastic waste.



It is estimated that about 3.4 billion SFMs are discarded every day during the pandemic worldwide [5]. These plastic wastes pollute the land and pose a threat to the marine environment. Moreover, it is found that facemasks are possible sources of emerging pollutants, which release microplastic fibers into the water [6], aggravating global plastic pollution.



Nanofibrous membrane technology has emerged as a promising alternative to energy-intensive separation processes [7,8,9,10,11,12]. The porous structure with large specific surface areas provides a long-lasting filtration efficacy through physical sieving and is much more energy-efficient, compared to electrostatic adsorption. The particular structural features of nanofibers also lay the foundation for the development of multi-functional membranes used as facemasks, such as nanofibrous membranes with high interception efficiency and antimicrobial property [13].



Based on membrane technology, biodegradable filtration media is a possible solution to serious plastic pollution. Therefore, there is an urgent need to move away from petrochemical-based raw materials and towards greener bio-based resources. Bioderived materials have been widely studied and developed into nanofibers [14], including chitosan [15], β-Cyclodextrin [16], collagen [17], soy protein [18], etc.



As a sort of popular materials, various polymers have a wide range of applications. For example, porous organic polymers can be applied for water purification and sewage treatment [19]. These studies shed light on the possible applications of bio-based nanofiber materials. Moreover, due to their biocompatibility and biodegradability, bio-based fiber materials have more potential to be utilized in the biomedical industry, consisting of drug delivery [20,21], tissue engineering [22], etc.




2. Basic Introductions to Air Filtration


2.1. Filtration Mechanism


Filtration can be defined as the process of separating solid particles from a polluted air environment, thus improving the purity of the coming airflow [23,24,25,26]. When a particle is captured by the filter, there exist several capture mechanisms, such as inertia, diffusion, interception, gravity, and electrostatic deposition [27].



	(1)

	
Interception effect. When a particle flows with the air streamline, it can be captured by the fiber if the distance between the fiber and particle is within one particle radius [28]. Commonly, a strong interception effect prefers the particle with a large size [29].




	(2)

	
Gravity effect. The particles are affected by gravity and fail to deposit on the surface of the filter material with the gas through the pores [28]. As the mass increases, the effect of gravity efficiency will enhance [29].




	(3)

	
Inertia effect. The inertia effect refers to a particle that cannot move along the original path, but is deposited on the fiber due to its inertia [28]. Therefore, the inertia effect would be much more obvious for a fast-moving aerosol particle [30]. Moreover, the strong inertia effect prefers a particle with a large size [31].




	(4)

	
Diffusion effect. When tiny particles move along the streamline near the fiber, the irregular Brownian motion can enhance these particles to hit the fiber [28]. The particle diffusion distance can reach dozens of times larger than the fiber spacing, so the particles contact the fiber surface and deposition [32]. The diffusion effect is mainly reflected in the particles with small sizes. Moreover, low gas velocity can also result in predominant diffusion.




	(5)

	
Electrostatic effect. The electrostatic effect can greatly improve filtration efficiency; however, the electrostatic effect is often neglected, unless the fibers or particles have been charged [26,33]. A neutral particle can be attracted to a charged fiber, and a charged particle can also be attracted to a neutral fiber. Moreover, because of the coulombic attraction, the electrostatic effect can work when the fiber and particle are oppositely charged.







The above mechanisms can result in the capture of particles by the filter. Additionally, superior filtration performance comes along with the effect of multi-mechanisms [34]. Figure 1a illustrates the filtration mechanisms of particles. Generally, particles in larger sizes prefer to be captured by inertia and the interception effect. Small particles, especially those below 100 nm, are easily captured by the diffusion effect. The collection efficiency of particles with different diameters is shown in Figure 1b.




2.2. Filtration Performance Index


There are three main indicators to evaluate the filtration performance of filter materials, which are filtration efficiency, pressure drop, and quality factor (QF) [36].



2.2.1. Filtration Efficiency


Filtration efficiency is an important index to evaluate the performance of a filter, which reflects the filtration capacity of filter materials [37]. It directly reflects the changes in particle concentration in the airflow before and after filtration, which can be calculated with the following equation:


  η =  (  1 −    N 2     N 1     )  × 100 %  








where  η  is the filtration efficiency;    N 1     (mg/m3) and    N 2    (mg/m3) refer to the particle concentration before and after filtration, respectively.




2.2.2. Pressure Drop


Pressure drop refers to the difference between the pressure before and after the air flow passes through the filter material. For the mask membrane, the pressure drop is an important index for evaluating the wearing comfort, which can be defined as:


  ∆ P =  P 2  −  P 1   








where   ∆ P   is the pressure drop;    P 2    (Pa) and    P 1    (Pa) refer to the pressure before and after filtration, respectively.




2.2.3. Quality Factor


For filters, the improvement of filtration efficiency will commonly increase the pressure drop. Similarly, the reduction of pressure drop will sacrifice filtration efficiency. Therefore, only considering the filtration efficiency or pressure drop cannot make a comprehensive evaluation of the filter [38]. The quality factor (QF) is an index that can take both the filtration efficiency and pressure drop into account to characterize the overall filtration performance of a filter, which can be calculated using the following equation:


  Q F = −   l n  (  1 − η  )    Δ P    








where   Q F    is the quality factor;   η    is the filtration efficiency;   Δ P    is the pressure drop.



The higher the filtration efficiency and the lower the pressure drop of the filter material, the greater the value of the quality factor for a filter.



In addition, the stability, dust capacity, service life, and degradation time of filter materials can also be included in the standards of evaluating the performance of filter materials [39].






3. General Aspects of Face Masks


The face mask has been one of the promising candidates for cutting down on the spread of COVID-19 through respiratory droplets. There are three most commonly used face masks for preventing disease transmission, which are cloth masks, surgical masks, and respirator masks. The introduction to those face masks is discussed in the following sections.



3.1. Cloth Mask


Cloth masks often have two layers and are made of fabrics, including cotton, silk [40], etc. The filtration efficiencies of single cloth layers range from 5% to 95% for different sizes of particles, and the combination of different fabrics exhibited a higher efficiency at 80% (for particles >300 nm) [41]. It is proven that cloth masks are effective at stopping airborne transmission [42]. Though wearing cloth face masks in public effectively slows the spread of respiratory transmitted diseases and viruses, including SARS-CoV-2 [43], it is less efficacious, compared to surgical masks.




3.2. Surgical Mask


Surgical masks are commonly used to protect the wearers from splashes, pathogenic bacteria or sprays of blood, or other forms of body fluids. The masks are typically three layers with two nonwoven fabric layers and a middle layer of melt-blown polymer fabric for filtration [44]. The outer layer is usually water-resistant, while the inner layer is water-absorbing. The polymers commonly used are polyethylene (PE), polypropylene (PP), polyamide (PA), and polyethylene terephthalate (PET) [45]. Surgical masks utilize electrostatic interaction for effective particle capture [46,47], which may also result in the decline of filtration efficiency, caused by the humidity change.




3.3. Respirator Mask


The significant difference between surgical masks and respirators (N95, FFP2, and FFP3) is that respirators are well-designed to protect users from respiratory infections, due to their good sealing properties, which contribute to the significantly higher filtration rate. Different types of respirators conform to different regulations and standards. Take the N95 masks as an example. They are disposable products under class II and approved by both the FDA and NIOSH. N95 masks provide nearly 100% protection from particles ranging from large droplets (>100,000 nm) to inhalable droplets (10−100,000 nm) and nuclear aerosols (<10,000 nm) [47,48,49], and they can filter out at least 95% of particles as small as 300 nm in the air. Moreover, N95 masks can effectively filter airborne biological particles, such as viruses and bacteria, making them irreplaceable in the fight against viruses transmitted through the respiratory tract, such as COVID-19 and SARS-CoV-2.




3.4. Functional Face Masks


In addition to the three main types of masks mentioned above, various masks for the general public are currently available or under development to achieve novel functions.



3.4.1. Antibacterial


Antibacterial masks have been widely developed to inhibit the survival of microorganisms and protect the wearers. Several well-known antibacterial agents have been utilized for infection control, such as metal nanoparticles [50] and metal oxide [37]. They are non-toxic, compatible with skin microbiota, and effectively inhibit against a broad spectrum of bacteria, which makes them suitable for applying to masks [45]. It has been revealed by Wang et al. [51] that Ag nanoparticles are effective in killing viruses and bacteria. They fabricated Ag/PI membrane by adding Ag nanoparticles to the original fiber membrane and found that the newly prepared Ag/PI membrane could effectively remove Escherichia coli and Staphylococcus. Xing et al. [52] inoculated the expanded polytetrafluoroethylene (ePTFE) fibrous filters with ZnO nanorods. The ZnO was able to curb the reproduction of Gram-negative and positive bacteria.




3.4.2. Biodegradability


As conventional masks are single-used and non-biodegradable, a large number of discarded masks have posed massive polymeric wastes. Therefore, masks are expected to be made of biodegradable materials to abate plastic pollution. Various bio-based filtration media, made of chitosan, polylactic acid, and cellulose, have been patented and launched as biodegradable surgical masks in recent years [45].




3.4.3. Others


Under severe pandemic conditions, more functions make for a better PPE package [53]. As reported, several fabrications of novel electret filter structures, combined with bulky and open systems, allow for recharging and rejuvenating after disinfection, which is conducive to the development of reusable masks. Furthermore, the thermal comfort filter layers, consisting of polysulfonamide/polyacrylonitrile−boehmite (PSA/PAN−B) composites [45,54], are highly breathable. Yang et al. [55] reported a new barium titanate @polyurethane/polysulfonamide (BaTiO3@PU/PSA) composite nanofibrous membranes that have shown favorable flame-retardancy and sufficient flexibility. Ding et al. [56] have developed highly transparent nanofibrous membranes used as transparent masks.






4. Nanofibers


Nanofiber (in Figure 2a–c) refers to the fiber with a diameter in nanoscale and a large length with a certain aspect ratio. Generally, the diameter of nanofibers is between 1 nm and 100 nm, as shown in Figure 2d,e; however, fibers with a diameter below 1000 nm can also be defined as nanofibers [57]. Nanofibers possess several unique properties and display a quantity of advantages over microfibers, such as [58,59] being lightweight and having high strength, high stiffness, and a large surface area.



Nanofibers exhibit special properties, mainly due to extremely high surface-to-weight ratio and extremely small size [60]. Additionally, it is possible to modify the nanofibers with external physi-chemical properties [61], which make them appropriate for a wide range of applications [62,63], such as environmental, biomedical, and electronic applications.



The electrospinning technique is a facile spinning method for preparing nanofibers by using electrostatic field force [64]. Among various nanofiber fabrication methods, electrospinning has been considered the advanced and extensively used technique [65,66]. An electrospinning unit is composed of a syringe pump, a spinneret, a high voltage supplier, and a collector [67] (in Figure 2f). The morphology and structure of nanofibers can be regulated by polymer solutions, operating parameters [68], and environmental parameters, including temperature and humidity [69].



Due to the versatility of the electrospinning technique, a large number of candidates can be selected for the fabrication of electrospun nanofibers, which include synthetic and natural polymers, metals and oxides, carbon-based materials, etc. [70].
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Figure 2. (a–c) Photographs of a fabricated nanofiber filter that was thin, transparent, and flexible [71]. (d) SEM image of the nanofiber filters with an electrospinning time of 3 h and a nylon concentration of 18%. (e) SEM image of PVA electrospun nanofibers [72]. (f) Schematic of the experimental setup for the electrospinning process [71]. 
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5. Biodegradable Nanofiber Filters


Biodegradable materials can be classified into natural and synthetic materials [73] (e.g., polyvinyl alcohol (PVA), polyethylene oxide (PEO), and polyvinyl pyrrolidone (PVP), etc.). Synthetic materials have better mechanical properties, while natural ones are more biocompatible, which makes them have much more potential to be filtering materials for making facemasks.



5.1. Silk Fibroin


Silk, which is produced by silkworms, has been commonly used in the textile application for thousands of years, due to its several excellent properties, such as its lightweight features, comfort, flexibility, etc. [74]. There are two types of proteins in silk, which include silk fibroin and silk sericin, respectively. Generally, the percentage of silk fibroin is almost 70–80%, and the rest of silk sericin accounts for 20–30%. As the major component of silk, SF consists of three major proteins: heavy chains (H chains), light chains (L chains), and glycoprotein of P25. The molecular weight of heavy and light chains is about 391 and 26 kDa, respectively. Heavy and light chains are linked with disulfide bonds to form the H-L complex. While the glycoprotein of P25 is hydrophobically linked to H-L complex [75,76]. Generally, sericin is removed by the treatment of a degumming process under boiling alkaline conditions, resulting in only silk fibroin being left [77]. SF exhibited outstanding properties, such as excellent biocompatibility and biodegradability, low toxicity, low cost, and mechanically robust strength, which ensures it as a promising candidate to be used in various applications [78,79,80,81]. Since the high specific surface area and network structure of nanofiber membrane can control PM effectively, it is meaningful to develop a SF nanofiber filter for effective PM control.



As a natural protein, SF contains plenty of functional groups (in Figure 3a), which can enhance the interaction between SF nanofibers and tiny particles. Wang et al. [82] first developed a lightweight SF nanofiber filter with an electrospinning method for air filtration (in Figure 3b,c). The free-standing SF nanofiber air filter exhibited a high PM2.5 filtration efficiency of 98.8%. Furthermore, Bian et al. [83] blended SF into degradable PVA solutions to develop composite electrospun SF/PVA nanofiber filters for enhanced PM capture (in Figure 3d). As can be seen in Figure 3e, the diameter of SF/PVA is around 240 nm. The filtration results confirmed that the developed SF/PVA air filter achieved an extremely high filtration efficiency of 99.11%, which was 10% higher than the pure PVA nanofiber filter. In addition, Alena et al. used the electrospinning method to develop recycled poly (ethylene terephthalate)/silk fibroin (r-PSF) composite fibrous membranes for air filtration [84]. The air permeability of the composite filter can be improved with the increased amount of SF. The developed filter also captured PM effectively, as the filter with the basis weight of 11.15 g·m−2 exhibited a filtration efficiency of 99% and a quality factor of 0.024 Pa−1. Though SF or SF-based nanofiber filters can achieve superior filtration performance, it is still a challenge to improve the mechanical performance. To enhance the mechanical property of the SF membrane, Wang et al. [81] developed a flexible electrospun SF membrane doped with piezoelectric LiNbO3 nanoparticles. The preparation process is shown in Figure 3g, and the scanning electron microscope (SEM) of prepared LN/SF nanofiber membranes is in Figure 3f. Moreover, the adoption of LiNbO3 nanoparticles can enhance the filtration performance of the composite filter based on the electrostatic interaction between the filter and PM pollutants. Figure 3h visualizes the filtration performance of the LN/SF nanofiber membranes.



SF fibers represent outstanding mechanical properties. The aforementioned heavy chains can form stable anti-parallel β-sheet structures, giving SF rigidity and strength, while light chains form amorphous substrates with a low degree of order [85]. The rich secondary structure leads to stability and ultimate performance of SF, which not only provides excellent mechanical strength, but also gives stability in the water.




5.2. PLA


Polylactic acid (PLA) is a biodegradable material derived from renewable plant resources, such as corn and sugar cane [86,87]. Owing to its excellent biodegradability and biocompatibility, PLA has been mostly used in the biomedical field. Recently, PLA has also been regarded as ideal filtration media for achieving outstanding filtration performance.



During electrospinning, porous beaded fibers can be constructed. The developed membrane has a large specific surface area, making high air filtration efficiency possible [88,89]. In addition, nanopores on the surface of the beads help to adsorb the particles [90,91]. Inspired by this fiber morphology, Wang et al. [92] developed porous bead-on-string PLA nanofiber filters for PM control. The bead-like fiber can be controlled by the regulation of the solvent compositions and PLA concentration. The results showed that the larger bead size and higher BMR value reduced the volume fraction of the membrane, which reduced the pressure drop. In addition, the fiber with a small diameter and the additional mesopores in the beads could facilitate the capture of particles. The optimized nanofibrous filter with PLA of 5 wt% can achieve an extremely high filtration efficiency of 99.997% and a relatively low pressure drop of 165 Pa, as shown in Figure 4a–c. Furthermore, Wang et al. [93] designed a multiscale structured electrospun PLA nanofibrous membrane. The resultant filter was composed of two layers, one is the true nanoscale PLA nanofiber with a diameter of 37 nm, and the other is the support layer of PLA nanofiber with a diameter of 187 nm. This novel structure enables the PLA filter to exhibit superior filtration performance, achieving a high PM0.3 removal efficiency of 99.996% and a low pressure drop of 104 Pa, as shown in Figure 4d,e.



PLA electrospun air filters also showed excellent biodegradability, which is superior to single-use face masks. Wang et al. [93] confirmed the enzymatic and natural degradation of PLA nanofibers. As shown in Figure 4f,g, the filter was completely decomposed with enzymatic degradation after 16 h. When the PLA air filter was buried in the soil, it would take 150 days for the final degradation. Compared with commercial masks or respirators, the use of PLA as personal protective equipment is expected to alleviate the environmental pollution and resource waste caused by abandoned masks, paving the way for the protection of the ecosystem.



Overall, mask filters using PLA as a raw material exhibited comprehensive properties, including robust PM removal capability and low air resistance. More importantly, PLA nanofiber filters have been confirmed to show great biodegradability, which could serve as green candidates for the development of protective equipment.




5.3. Chitosan


Chitosan is a polysaccharide acquired by the N-deacetylation of chitin, and it is made of glucosamine and N-acetylglucosamine units [94]. Owing to its biological non-toxicity, excellent biodegradability, biocompatibility, and antibacterial properties, it has considered a green natural macromolecule material for environmental protection [95]. Additionally, the advantages of chitosan make it a research hotspot in biomedical applications [73]. Due to the versatility of electrospinning, it is also desirable to develop chitosan nanofibers, as shown in Figure 5a. Recently, chitosan has been selected as a promising filtration material for enhancing PM removal. For example, Zhang et al. [96] proposed a facile method of in situ electrospinning of chitosan nanofibers directly into a polluted environment. Owing to the strong polarity and positively charged functional groups on chitosan, the developed chitosan nanofiber can capture PM effectively (in Figure 5b,c). Moreover, the lightweight property of chitosan electrospun fiber could provide more opportunities to combine with PM.



Owing to the low stability and high viscosity of chitosan solutions, it is also common to employ blending polymers to improve the processability of electrospun nanofibers. The compatibly used blending polymers could be polyurethane (PU), polyvinyl alcohol (PVA), and polyethylene (PEO), etc. [97]. For example, Wang et al. [98] used PVA to blend with quaternized chitosan for the development of composite electrospun nanofiber (in Figure 5d). The proposed chitosan/PVA air filter exhibited a filtration efficiency of 86% for PM2.5. To enhance the filtration performance, Pan et al. [99] used an electrospinning technique to produce chitosan/PEO nanofiber first (in Figure 5e). Then, they embedded the growth of MOF-5 on the platform of composite chitosan/PEO membranes. The functionalized chitosan-based air filter exhibited a high PM2.5 removal efficiency of 99.95% and an initial pressure drop of 44 Pa (in Figure 5f). The addition of MOF-5 not only enhances the overall filtration performance, but also improves the mechanical property, compared with the pure chitosan/PEO filter. For instance, the Young modulus of the chitosan/PEO@MOF-5 membrane is 2.53 MPa, which is much larger than that of chitosan/PEO membrane (in Figure 5g). Therefore, it can be seen that a load of functional materials in a chitosan-based membrane can improve the overall filtering performance.



Moreover, Li et al. [100] used a one-step electrospinning technique to fabricate PLA/chitosan composite air filters with highly porous structures, as shown in Figure 5h,i. The proposed environmentally friendly composite fibrous filter achieved a high removal efficiency of 98.99% for particles around 300 nm and a relatively low pressure drop of 148 Pa. The developed filter also demonstrated excellent antibacterial performance for Escherichia coli at 99.4% and Staphylococcus aureus at 99.5%, respectively (in Figure 5j,k).



Chitosan provides many advantages and disadvantages. As a biomaterial form, chitosan can be made into the forms of hydrogels, sponges, and films, which appear in 3D forms, as well as a porous membrane, which appears in the 2D form and exhibits specific applications [101,102]. Generally, chitosan nanofibers can be developed into filters with high porosity and tunable pore structure, which is applicable to be used for air filtration [103].
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Figure 5. (a) SEM micrograph of chitosan nanofibrous matrix [104]. (b) Schematic illustration of the mechanism for high-efficiency PM2.5 capture using polymer nanofibers via in situ electrospinning. Inset: deposition of PM2.5 on the surface of the nanofibers with high magnification. (c) SEM image of the electrospun chitosan nanofibers in the polluted air [96]. (d) SEM photograph of HTCC nanofiber membrane [98]. (e) High magnification SEM of chitosan/PEO@MOF-5 membrane, growth of time 30 s. (f) Schematic representation of the polluted air passing through chitosan/PEO@MOF-5 filter for PM removal; (g) The stress–strain curves of the freestanding electrospun chitosan/PEO membrane and chitosan/PEO@MOF-5 membrane [99]. (h,i) FE-SEM images of the PLA/chitosan fibrous membranes prepared at concentration: 8 wt% PLA, 2 wt% CS. (j) Antibacterial activity of the fibrous membranes against S. aureus. The samples fibrous are membranes with 8 wt% PLA and 2.5 wt% CS. (k) Antibacterial activity of the fibrous membranes against E. coli. The samples are fibrous membranes with 8 wt% PLA and 2.5 wt% CS [100]. 
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5.4. Cellulose


Cellulose, which is derived from plants and marine animals [105], is a macromolecular polysaccharide composed of glucose [106]. Its fibrous structure plays an essential role in the structure of plant cell walls [107]. As a carbohydrate polymer, the molecular structure enables the cellulose specific properties. Due to its versatility and biodegradability, cellulose can be regarded as a potential material for the development of disposable membranes. The size of the nanocellulose and its high specific surface area (up to 101.8 m2/g) [108] provide thin filter media with high porosity and better breathability, as well as an ability to capture and absorb small particles. In addition, with the aid of physical or chemical modification, cellulose fiber also achieves various functional groups.



Ma et al. [109] studied the feasibility of using an electrospinning technique to prepare cellulose nanofiber net from cellulose acetate (CA) solution. The diameter of the developed CA nanofiber ranged from 200 nm to 1 μm. Hierarchically structured nanofibers are gaining attention in the field of the filter. Balgis et al. [110] accomplished the formation of well-mixed nano- and submicron-size cellulose−polyvinylpyrrolidone (PVP) nanofiber composites. Figure 6 shows that the Taylor cone stability was affected by the sign and value of the voltage applied to the needle. The application of a positive voltage to the needle may affect the stability of the Taylor cone. Aerosol filtration measurements show that the multilayer air filter has an incredibly high performance, as shown by the high QF of 0.117 Pa−1, which is 10 times that of commercial HEPA filters.



Sun et al. [111] developed an in situ approach to modify bacterial cellulose (BC) into N-acetyl BC (AcNBC) as filters for the removal of PM (in Figure 7a,b). The filtration results indicated that an AcNBC filter showed a higher PM removal efficiency than that of pristine BC and met the qualification of the high-efficiency standard of 95% under an environment with a high concentration of PM. Moreover, the BC-based filters after filtration showed favorable biodegradation in a real soil environment, as shown in Figure 7c,d. The degradation of the cellulose-based membrane was also confirmed by Hardian et al. [112]. The developed cellulose/chitosan membrane showed good degradability under enzyme degradation.



In general, cellulose contains hydrogen bonds and is insoluble in neither water nor ordinary organic solvents, so it is relatively stable at room temperature. Cellulose molecules are polar and interact strongly with each other, belonging to the semi-rigid material. The tensile strength, flexural strength, and dimensional stability of cellulose are stronger with a greater degree of crystallinity. Additionally, cellulose has excellent biodegradability and a high specific surface area, which can support it as a good filtration material.




5.5. Zein


Zein is the main storage protein of maize, commonly extracted from corn endosperm [113]. As a plant-derived protein, it has been widely utilized in the food and biomedical industry because of its biocompatibility and biodegradability [114]. Additionally, zein possesses abundant functional groups [115], which can facilitate the interaction with air pollutants (such as PM) [116,117]. Moreover, the excellent film-forming ability gives zein broad application prospects in the field of air filtration.



In recent years, the development of zein electrospun nanofibers as air filtration media has been widely studied. For example, Tian et al. [118] demonstrated zein nanofiber membranes as high-performance filters for PM control. The zein air filter was fabricated with the aid of polyethylene oxide (PEO), which could be blended with zein for the development of electrospun nanofibers (in Figure 8a–c). The hydrophobicity of zein embeds the filter’s excellent water-resistance. Regarding the filtration performance, the fabricated zein air filter showed a high removal efficiency of 99.5% for submicron particles. To further improve the moisture resistance of the zein filter, Tian’s group [119] used glutaraldehyde to cross-link with zein-based nanofibers (in Figure 8d). The cross-linked zein membrane also achieved improved mechanical properties.



For the design of an efficient zein-based air filter, it is appealing to modify the fiber morphology and membrane structure. For example, Hu et al. [120] steered the fiber morphology by controlling the ratio of mixture solvent and obtained the round or flat ribbon zein fibers. They also conducted a biodegradation test and confirmed that the zein fiber was almost decomposed within 42 h via enzymatic degradation, as shown in Figure 8e–g. Additionally, Fan et al. [121] developed a metastable zein solution to fabricate nanofibers with ribbon morphology (Figure 9a). The proposed cotton-candy-like zein filter with a loose structure achieved superior filtration performance in both pressure drop and filtration efficiency. Furthermore, they [116] fabricated a hierarchically structured filter by exploiting wood pulp (WP) as a frame to hold cellulose nanofibers (CNF)/zein nanoparticles. The developed composite filter exhibited a high-performance for PM control, as WP fibers reduced the pressure drop and the functional CNF/zein nanoparticles improved the filtration efficiency (in Figure 9b). In addition, Liu et al. [122] fabricated a bi-layered air filter, shown in Figure 9c, combining a thin layer of protein nanofibers with the zein-functionalized cotton fibers via an evaporation-controlled strategy, which showed a remarkable PM filtration efficiency of 99%. Fu et al. [123] designed a bimodal protein-blend filter, as shown in Figure 9e via multi-jet electrospinning. The developed gelatin/zein composite air filter (in Figure 9f,g) exhibited remarkable filtration efficiencies of 99.67% for PM2.5 and 98.80% for PM0.3 (in Figure 9h), yielding an ultra-low pressure drop of 38 Pa.



Due to the abundant functional groups and superior film-forming ability, zein-based nanofibers have a good potential as “green” materials for multifunctional and high-efficiency air filtration materials [119]. Additionally, zein is gaining more attention because of its multifunctionality and biodegradability. However, an optimal solvent system and a much greener and simpler electrospinning process are still under development.





6. Conclusions


The ongoing respiratory disease has posed a great threat to human health, which sparked a huge consumption of personal protective equipment (e.g., face masks). In this review, we have emphasized the significance of the development of biodegradable nanofiber filters for efficient PM capture. The filtration mechanisms of fibrous filters, including inertia, diffusion, interception, gravity, and electrostatic interaction, are introduced in detail. Regarding the evaluation of filtration performance, several parameters, including filtration efficiency, pressure drop, and quality factor, would be used for the assessment. Furthermore, the current personal protective equipment of masks is discussed. The discarded masks can generate a large amount of plastic waste to endanger the ecosystem, which makes it urgent for the development of biodegradable membranes as face masks. Here, we have summarized the most attractive biodegradable nanofiber filters and discussed their fabrication, characterization, and filtration performance (in Table 1).



Though biodegradable nanofiber filters have been considered promising candidates for PM capture, there still existed several challenges that need to be addressed. The currently used biodegradable filters are limited, so it is necessary to discover more types of biodegradable materials for effective PM capture. Instead of using a single biodegradable component to fabricate nanofiber membranes, an air filter with multi-components is the development trend in the future. The resulting composite filter could exhibit outstanding filtration performance, to which it can be ascribed that the doped functional materials embedding the filter achieve the optimized filter structure and more physic-chemical properties. Additionally, the degradable filters tend to be degraded, and the long-term stability should be taken into consideration. Furthermore, the fabrication process of biodegradable filters still needs simplification



Nanofiber filtration membranes made of biodegradable materials have many advantages, but there are also defects that need attention. Currently, the most severe obstacle to biodegradable materials is their production costs. Because of the complex extraction process from nature, the production costs of biodegradable materials may be more expensive than those of similar conventional plastics or recycled plastics. Secondly, many biodegradable membranes only degrade quickly under certain conditions. For example, PLA is one of the most productive degradable materials and can only achieve rapid degradability under enzymatic conditions.



Owing to growing awareness of the negative effects of traditional practices on the environment and health, green manufacturing has emerged across industries. Electrospinning is a ubiquitous manufacturing method in the biomaterials industry for producing nanoscale to microscale fiber webs that resemble natural tissues, but the process has traditionally used solvents that are environmentally harmful, and poses a significant barrier to industrial expansion and clinical conversion. Therefore, as a new production technology, green electrospinning has relatively broad development and application prospects. Mosher et al. [124] developed the green electrospinning process with acetic acid as the green solvent by systematic testing of bio-benign solvents. The resulting green fibers and composites are comparable to conventional grids, in terms of composition, chemistry, structure, mechanical properties, and biocompatibility. Interestingly, the material properties of green synthetic fibers are more in imitation than traditional electrospun fibers, doubling their ductility. David et al. [125] prepared collagen/hydroxyapatite composite nanofiber scaffolds by gentle solvent electrospinning. They had shown that green electrospinning could be used to generate nanocomposite scaffolds with potential biomedical applications. Furthermore, green electrospinning also focuses on the perspective of materials. The materials reviewed in this paper are green and pollution-free and non-chemically synthesized, such as silk fibroin (SF), polylactic acid (PLA), chitosan, cellulose, and zein. In addition, the biodegradable nature of these materials is also green and pollution-free.



Furthermore, biodegradable electrospun nanofibers have the potential to be developed into smart face masks. Smart material needs innovative technology. Fibers with a high surface-to-volume ratio, high porosity, exceptional mechanical properties, and stability can be fabricated by the electrospinning technique [126], which is versatile and applied to a wide range of raw materials, making it possible to design functional devices with unique chemical–physical characteristics. Sio et al. [127] reported how to realize non-disposable and highly comfortable respirators with a light-triggered self-disinfection ability by bridging bioactive nanofiber properties and stimuli-responsive nanomaterials. Additionally, the feasibility of developing smart face masks with biodegradable materials has been initially verified [128]. Overall, degradable nanofiber filters would be of great significance for the design of green face masks.
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Figure 1. (a) Schematic showing of filtration mechanisms. (b) Collection efficiency of particles with different diameters [35]. 
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Figure 3. (a) Molecular formula of silk protein made from silkworm cocoons. (b) Schematic diagram of the preparation of SF nanofibers by electrostatic spinning. (c) SEM image of SF nanofibers [82]. (d) Simulated filtration demonstration of SF/PVA composite electrostatic spun nanofiber filter set blocking PM contamination diffusion [83]. (e) SEM image of SF/PVA nanofiber filters with the diameter of around 240 nm. (f) SEM image of LN/SF nanofiber membranes. The inserted image shows the transmission electron microscopy image of LN/SF nanofiber. (g) Schematic diagram of the process of preparing LN/SF nanofiber films. (h) Demonstration of air filtration with commercial haze detectors simulating LN/SF nanofiber membranes [81]. 
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Figure 4. SEM images of (a) the porous bead-on-string PLA fibers fabricated from 5 wt% PLA solutions in 10/1 DCM/DMAC by weight, and (b) a corresponding highly magnified image, and (c) multi-scale structured membranes with the number of spinning unit ratio of 2/4 [92]. (d) Filtration performance and (e) quality factor of multi-scale structured membranes with the different number of spinning unit ratios of TN−PLA to S−PLA. (f) Time-dependent enzymatic degradation images of the MSM−PLA (3/3, 15 mg) and (g) Images showing the soil burial degradation of the MSM−PLA (3/3, 40 mg) under natural conditions [93]. 
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Figure 6. SEM images of the spun precursor containing 8 wt% PVP and 0.2 wt% CNFs with various needle and collector voltages: (a) 4 and−8 kV, (b) 6 and−6 kV, (c) 8 kV and ground, (d) −4 and 8 kV, (e) −6 and 6 kV, and (f) −8 kV and ground [110]. 
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Figure 7. (a,b) Molecular model and the corresponding dipole moments of BC and AcNBC. (c) Photographs of the commercial mask, BC, and AcNBC filters at different incubation times in the soil. (d) Biodegradable rate of the BC, AcNBC filters, and commercial masks by calculating the area of the filters [111]. 
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Figure 8. (a) SEM image of zein nanofiber membrane before filtration. (b,c) SEM images of zein nanofiber membrane after filtration [118]. (d) Schematic preparation and design of the filter based on hydrophobic cross-linked zein nanofibers [119]. (e–g) Images of enzymatic degradation testing [120]. 
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Figure 9. (a) Schematic showing metastable zein solution generating cotton-candy-like loose fabric [121]. (b) SEM image of F-Z15 air filter [116]. (c) SEM image showing the morphology of zein nanofiber. (d) Removal efficiencies for particles at different sizes of various air filters [122]. (e) Schematic of a bimodal protein-blend fabric. (f,g) SEM images of bimodal protein-blend fabric. (h) PM2.5 and PM0.3 removal efficiencies of the protein-blend fabric air-filters prepared with different concentrations [123]. 
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Table 1. Summary of biodegradable nanofiber filters for air filtration.






Table 1. Summary of biodegradable nanofiber filters for air filtration.














	Materials
	PM/μm
	Air Velocity
	FE/%
	Pressure Drop/Pa
	QF/Pa−1
	Ref





	LiNbO3/SF
	0.3–10
	0.142 m/s
	98.1
	102
	0.039
	[81]



	SF
	2.5
	0.531 m/s
	98.8
	98
	0.045
	[82]



	SF/PVA
	2.5
	0.5 m/s
	99.11
	50
	0.094
	[83]



	r-PET/SF
	0.12–2.46
	0.053 m/s
	92.93
	61.2
	0.043
	[84]



	PLA
	0.260
	0.058 m/s
	99.997
	165.3
	0.064
	[92]



	PLA
	2.5
	32 L/min
	99.996
	104
	0.097
	[93]



	Chitosan/PVA
	2.5
	0.5 m/s
	86
	52
	0.038
	[98]



	Chitosan/PEO
	2.5
	
	99.95
	44
	0.0737
	[99]



	Chitosan/PLA
	0.3
	0.014 m/s
	98.99
	147.60
	0.031
	[100]



	Cellulose/PVP
	0.3–0.5
	
	86.4
	17
	0.117
	[110]



	Cellulose
	0.3–10
	0.02 m/s
	95
	120
	0.025
	[111]



	Zein
	0.3–10
	
	99.6
	175
	0.032
	[118]



	Zein
	0.3
	0.0533 m/s
	99
	109
	0.042
	[120]



	Zein/gelatin
	2.5
	0.062 m/s
	99.67
	38
	0.150
	[123]
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