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Abstract

:

Nanomaterials for air filtration have been studied by researchers for decades. Owing to the advantages of high porosity, small pore size, and good connectivity, nanofiber membranes prepared by electrospinning technology have been considered as an outstanding air-filter candidate. To satisfy the requirements of material functionalization, electrospinning can provide a simple and efficient one-step process to fabricate the complex structures of functional nanofibers such as core–sheath structures, Janus structures, and other multilayered structures. Additionally, as a nanoparticle carrier, electrospun nanofibers can easily achieve antibacterial properties, flame-retardant properties, and the adsorption properties of volatile gases, etc. These simple and effective approaches have benefited from the significate development of electrospun nanofibers for air-filtration applications. In this review, the research progress on electrospun nanofibers as air filters in recent years is summarized. The fabrication methods, filtration performances, advantages, and disadvantages of single-polymer nanofibers, multipolymer composite nanofibers, and nanoparticle-doped hybrid nanofibers are investigated. Finally, the basic principles of air filtration are concluded upon and prospects for the application of complex-structured nanofibers in the field of air filtration are proposed.
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1. Introduction


Air is one of the necessary conditions for human survival and life, covering every corner of the earth. Breathing is an unavoidable primary task in human life, and polluted air affects citizens more than other types of pollution because it is harder to avoid [1]. It is often said that water is the origin of life, but the status of air may be more significant. People can live for 5 days without water, but they can only live for less than 10 min without air—any longer, they will suffocate and die. People need about 1 kg to 2 kg of food and water for normal survival every day, and people need about 15 m3 of air for breathing a day, equivalent to a mass of 15 kg to 17 kg, which is nearly ten times that of water and food [2]. However, rapid economic development will inevitably bring about environmental damage, the continuous acceleration of industrialization has led to more and more particulate matter (PM) in the air, and the living environment of mankind is deteriorating. According to scientific research, air pollution can lead to many diseases, such as cardiovascular disease [3], malignant tumors, dry eyes, osteoporosis, fractures, conjunctivitis, infectious allergic diseases [4], inflammatory bowel disease, increased coagulation in blood vessels, a decreased glomerular filtration rate, and other physical diseases [5]. The serious harm caused by air pollution to the human body has also made air pollution control an urgent problem that needs to be solved. There is increasing concern about air pollution. Currently, it is listed as the most significant issue in the “2030 Agenda”. As one of the concepts of sustainable development, this is a global action plan developed by the United Nations [6]. Therefore, air pollution treatment has become a hot research topic. How to efficiently remove pollutants in the air is one of the difficult problems of air purification.



Air purification treatment is the best way to reduce air pollutants in the human body. The Chinese government has proposed several measures to combat smog, including reducing industrial and automobile emissions, improving the conversion ability of fuel and coal, and implementing artificial rainfall [7]. This pollution is mainly discharged outdoors, and the main living space of people is indoors. The threat of outdoor air to indoor air quality is imminent. Regarding personal physical protection, masks, air conditioning filters, and air purifiers are all common ways to deal with particle pollution. Regarding industrial production, various particulate pollutant capture methods have also been proposed [8]. Filtration can be divided into electrostatic dust collection filters and air filter filtration. The former mainly uses corona discharge technology to ionize the dusty airflow, giving the particles in the airflow a negative charge, and then captures and collects the particles on the dust collection substrate with a positive charge—it is an active filtering method. The latter uses specific materials to capture particles to achieve gas–solid separation [9,10]. Electrostatic dust collection has the advantages of no consumables, a long service life, and small airflow assistance, but its shortcomings are also obvious. In the case of high-voltage discharge, ozone will be generated, causing secondary pollution; the filtering effect of PM (such as PM2.5) is not very nice; and there are few places where it can be used.



Comparatively speaking, air filter membranes are now the research hotspot, as air filter membranes do not cause secondary harm, their filtration performance is controllable, and they have a wide application range. A perfect air filter material should have the following properties: (1) high filtration efficiency, (2) low air resistance, (3) nontoxic and does not cause secondary pollution. The core of filter-screen filtration is the selection and preparation of filter-screen materials. At present, the core functional layer of the filter screen responsible for removing PM is made of nonwoven fibers. The most widely used are melt-blown electret fibers and ultra-fine glass fibers [11]. With the continuous innovation and progress of science and technology, the requirements for air filters are becoming higher and higher. In traditional filter materials, the fiber diameter is usually on a micrometer scale, and the filter layer is usually composed of multiple layers. Although this filter can achieve high particle removal efficiency, it will increase the air resistance and increase the energy consumption of the equipment [12]. Moreover, the service life and dust-holding capacity of the filter membrane are gradually unable to meet the actual demand. Constantly updating the requirements promotes the progress of science and technology, and nanolevel fibers have begun to enter practical application research. Common methods for preparing nanofibers include electrospinning, template synthesis, interfacial polymerization, and self-assembly [13,14,15]. The electrospinning process has been widely used due to its simple and practical operation, and it is also a potential process for preparing air-filtration fiber membranes. The fiber membrane prepared by the electrospinning process has small fiber diameter, a large specific surface area, high porosity (up to 80% or higher), good connectivity, a small pore size, high surface roughness, and a low gram weight [16,17,18]. It can effectively solve the shortcomings of existing filters and more effectively remove the particle pollution in the air.



In order to understand the current research status of air-filter materials prepared by electrospinning, a search was conducted in “Web of Science” focusing on the themes of “air filter” and “electrospinning air filter”. The search outcomes are shown in Figure 1. The number of papers on topics related to “air filter” and “electrospinning air filter” has increased significantly every year. The literature on the subject of “air filter” has remained above 50,000 in the past four years, which shows that air pollution and its filtration and purification have attracted widespread attention. Searching for the subject of “electrospinning air filter “, the number of papers has increased in recent years, and the number of articles remains at more than one hundred, indicating that electrospun nanofiber membranes are becoming a new type of air filtration material with strong potential. This article introduces the research advances and the application potential of electrospun nanofiber membranes in the field of air filtration, and the advantages of electrospinning technology in air filtration materials.




2. PM and PM Filter Materials


2.1. PM


The formation of air pollution can be understood essentially as the inclusion of substances that cannot be metabolized in nature, such as toxic gases or suspended particles. The main sources of air pollutants can be divided into two types: (1) natural disasters (fog and haze caused by sandstorms, volcanic eruptions, fires, etc.)—these natural disasters are the main factors of air pollution in nature; (2) man-made causes (automobile emissions and industrial emissions)—man-made factors are the primary cause of air pollution [19]. The types of air pollution caused by human factors are numerous. From a spatial perspective, the types can be divided into point source, line source, and area source pollution. Point source pollution refers to related pollutant gases that are emitted from a designated point (commonly, factory chimneys, rural chimneys, power plants, etc.); usually, the polluted areas are smaller, but the concentration of the contaminant is high [20]. Line pollution refers to pollution discharged along a line, which is common in various transportation vehicles, such as vehicle emissions and running train track emissions. [21]. Surface pollution is relatively special. It refers to a number of small-scale pollution sources that accumulate over a long time to form serious pollution sources, usually formed by garbage incineration, agricultural incineration, cooking, etc.



Air is the most important source of supply for most organisms on the earth, and air quality directly affects human health [22]. The harm caused by particle pollution can be divided into two aspects:



(1) Harm to the natural environment. The hazards of PM to the natural ecological environment are divided into two types. One is that when PM exist in the air in high concentrations, it has a serious impact on solar lighting, the climate [23], air visibility, and ecosystems [24,25,26]. The second is the impact on agriculture. The suspension of PM affects the intensity of sunlight to a certain extent, leading to the weaker photosynthesis of crops. At the same time, because PM is partially deposited on the surface of crops, affecting their respiration, the combined effect of the two seriously affects the yield of crops [27].



(2) Harm to the human body. When PM reaches a higher concentration, the resulting pollution is the main factor causing human diseases [28,29,30]. PM is a trace air pollutant, which has been clearly recognized as a serious risk factor for premature death [31]. PM2.5 refers to the particles floating in the air whose diameter is less than 2.5 μm, which are small in size, strong in penetration, and easily carry various toxic substances that can cause cell death or organ dysfunction, which is extremely harmful [4,32,33,34]. PM2.5 enters the bronchi directly through the nasal cavity and then connects to the lungs, causing bronchitis, lung cancer, asthma, etc. [35,36]. When PM2.5 enters the human body’s circulation, such as the water circulation, it seriously affects the function of the kidneys and causes kidney failure in severe cases [37]. The destructive power that enters the human blood circulation is even greater. PM affects the transport of oxygen by hemoglobin. At the same time, the toxic substances carried by the PM can induce various cardiovascular diseases. The damage to pregnant women is especially serious, and the probability of abnormalities in infants and young children is increased [38,39].




2.2. Classification of PM Filter Materials


Filter materials are diverse because the requirements of filter materials are not the same in different environments; for example, when working in high-temperature surroundings, there is a need for high-temperature-resistant materials, and in high-humidity conditions, there is a need for hydrophobic air-filter materials. In terms of their development over time, air-filter materials can be roughly divided into the following two categories: (1) traditional filter materials, (2) modern filter materials. See Table 1 below for details.



2.2.1. Traditional Filter Materials


Traditional air-filter materials are mainly particulate-filter materials and micron air-filter materials, such as bamboo charcoal bags and masks. Particle-filter materials are mainly used due to their low price, high-temperature resistance, and corrosion resistance, and they can achieve better results when used in some special environments. Micron-level and millimeter-level filter materials are now the mainstream; most of the materials in this area are used for masks and filters. However, these materials cannot meet the filtering requirements during their use, are easily blocked, and have a short working life. Refer to Table 1 for the specific advantages and disadvantages of different traditional materials.




2.2.2. Modern Filter Materials


In comparison with traditional air-filter materials, modern air-filter materials, such as electrospun air-filter materials, have a high porosity, good pore connectivity, high removal efficiency, and low pressure drop [53,54]. In 2021, Cui et al. [55] used PVA-124 and TA electrospinning to prepare air-filtration fiber membranes. When the filtration efficiency of PVA-TA nanofiber membranes is set to 99.5%, the air passage resistance is 35 Pa. The membranes also performed well in terms of their overall performance. Modern filter materials are also relatively mature in terms of performance optimization, such as fiber filter membranes used in high-temperature conditions. Xie et al. [56] used electrospinning technology to prepare a PI-POSS@ZIF hybrid filter that achieved excellent filtration performance, with a high PM0.3 filter efficiency of 99.28% and an air passage resistance of 49.21 Pa at high-temperature conditions of 280 °C. A certain amount of ZIF was added during the preparation process for hybridization to improve the high-temperature resistance of the material. Common filtering particles include MOF, ZIF, and AgNPs.






3. Electrospinning


In air treatment, polymer membranes show great potential due to their excellent performance. At present, there are many technologies for preparing polymer membranes. Among them, electrospinning is a simple, versatile, and economical technology that can produce continuous nonwoven nanofibers from various polymer solutions [57,58]. Electrospinning is a “top-down” preparation technique in which the structure and size of the nanofibers can be customized using electrospinning parameters and polymer formulations [59]. Electrospinning has drawn attention due to its simple operation, low cost, and ability to produce good continuous fibers with diameters ranging from sub-micrometer to nanometer scale [60]. Therefore, polymer membranes prepared by electrospinning are also the preferred materials for air-filter media [61]. We need to conduct more in-depth research on electrospinning technology.



3.1. Principles and Equipment of Electrospinning


Electrospinning is a method of producing fibers by stretching a polymer by electric field force [48]. It uses the interaction between the medium and the electric field. The preparation of nanofibers by the “top-down” method is a simple, efficient, economical, and flexible method. As shown in Figure 2, four key devices are needed to achieve this process: (1) a high-voltage generator; (2) an infusion pump, which can accurately control the speed of the distribution of the solution or melt; (3) a metal needle or spinneret; and (4) a collector [62]. After the resurgence of electrospinning in 1995, it was considered as a process of continuous splitting in the atomization region to produce nanofibers. After ten years, the unstable atomization region was recorded as a high-frequency jet and curved whipping region. On this basis, the extremely fast stretching/drying process of the working liquid in the electrospinning process was divided into three steps (Taylor cone, linear jet, and unstable region) [63]. The electrospinning process has three stages. (1) the polymer solution in the syringe flows out of the spinneret under the action of the injection pump and forms spherical droplets under the action of gravity, thrust force, and the surface tension of the droplets. (2) At this time, the high-pressure generator is connected, and the surface of the droplet starts to accumulate charges. Under the action of the electric field force, the droplet stretches from a spherical shape to a conical shape. At this point, the droplet surface is subjected to the joint action of the gravitational Coulomb force and surface tension. When the Coulomb force is greater than the surface tension, the formed cone (Taylor cone) emits a straight jet [64]. (3) In the third stage, the linear jet shows instability, which is due to the rapid evaporation of the menstruum of the jet, and the interaction of the positive charge and the electric field on the surface creates whipping and bending, forming polymer fibers.



Electrospinning is a fiber-processing technology with a simple operation but great potential. The diversity of the fiber structures and the adjustable preparation design mean that it is widely used. The advantages can be summarized as the simple experimental conditions, the low experimental cost, the high fiber yield, and the high applicability of the materials [65].




3.2. Influencing Factors


The influencing factors that affect the electrospinning process are divided into three types: system parameters, environmental parameters, and process parameters [66]. As can be seen in Figure 3, the three parameters each contain a variety of different influencing factors, involving the properties of the polymer itself, the environmental impact, and the influence of the equipment and process. By changing the process parameters, such as the electric potential, the flow rate, the polymer concentration, and the distance between the electrodes, a variety of electrospinning products can be obtained, including dense and hollow ones for specific applications and porous structures [66]. The following subsections will discuss the three aspects of the system parameters, the process parameters, and the environmental parameters.



3.2.1. System Parameters


As shown in Figure 3, the system parameters contain the solvent, solution viscosity, surface tension, dielectric constant, electrical solution concentration, and solute molecular weight. These influencing factors do not exist in isolation. For example, in the case of the solution viscosity, the concentration is proportional to the viscosity—the higher the concentration, the higher the viscosity of the solution. The polymer molecular weight also affects the solution viscosity—the polymer molecular weight is generally proportional to the solution viscosity [67]. When other factors are consistent, the viscosity of the solution increases to a certain extent, which is conducive to the preparation of nanofibers with good morphology. However, if the viscosity of the solution is too high or too low, it increases the probability of the formation of beaded fibers [68]. The higher the molecular weight of the polymer, the higher the probability of forming linear fibers, which is partly due to the influence of the molecular weight of the polymer on the viscosity of the solution. The solvent is a significant factor that affects the electrospinning process. The solubility of the solvent for a certain polymer and the volatility of the solvent are two important selection criteria [69]. The adjustment of the solvent can be divided into two aspects: the selection of a single solvent and the adjustment of the ratio of mixed solvents. The selection of single solvents mainly takes into account the solubility of polymers in solvents, while mixed solvents need to consider the ratio of multiple solvents and the effects that mixed solvents can achieve. For example, two solvents with different volatilities can make use of their different evaporation rates to prepare porous structures.



When other factors are not changed, the electrical conductivity also has a greater impact on the formation of fibers. As the electrical conductivity increases, the fiber diameter decreases, and the prepared fiber beads are greatly reduced. However, too high an electrical conductivity causes serious discharge, reduces the uniformity of the fiber diameter distribution, and results in the failure of the electrospinning. Topuz et al. [70] found that after adding a certain amount of ammonium salt into the solution to improve the conductivity of the solution, the solution would undergo a spinning process at a lower concentration. The dielectric constant has a similar effect on the electrospinning process. The dielectric constant mainly refers to the nature of the solvent. Within a certain range, the larger the dielectric constant of the same solvent, the smaller the nanofiber diameter; too high a dielectric constant affects the jet stability.




3.2.2. Process Parameters


The process parameters are related to the electrospinning equipment, including the flow rate, receiver distance, voltage, and spinneret diameter.



In the process of electrospinning, the driving force of solvent evaporation and polymer filament formation is the electric field force, and the electric field force is controlled by the voltage. It is found that any electrostatic spinning process requires a minimum starting voltage [71]. In Taylor’s experiment, it was found that when the sum of the surface tension and the gravity of the droplet at the end of the spinneret was less than the sum of the electric field force and the thrust of the syringe pump, the tip of the droplet produced a straight jet. In the study, because the gravity and thrust of the droplet were very small, it could be considered that when the force of the electric field on the droplet was equal to the surface tension, a linear jet produced [72]. It can be concluded that when the voltage is greater than the minimum pressure, the higher the voltage will be, to a specific extent; the faster the solvent will evaporate; the faster the fiber will become filaments; and the thinner the fibers will be. When a certain limit is exceeded, the average diameter does not decrease but increases. For example, in the experiment of Seyed et al. [73], when the voltage reached 28 kV, the average diameter of the prepared glass fibers increased. This may be because the voltage was too high, and after forming a straight jet, the polymer solidified too fast and had not been stretched in the electric field.



The effect of the flow rate is mainly on the fiber diameter and fiber uniformity. A small flow rate can produce finer fibers. A rise in the flow rate increases the diameter of the fiber, but when the flow rate is too high, this results in the formation of a beaded morphology [74]. The receiver distance is the distance from the end of the spinneret to the receiving device. Within a certain acceptance range, the farther away the receiver is, the greater the benefit to the volatilization of the polymer–solvent and the stretching of the electric field force. This forms fibers with better surface morphology and a smaller diameter. Regarding the influence of the spinneret diameter on the fiber, there may be deviations in common sense. It is believed that the spinneret diameter affects the fiber diameter. In the research of He et al. [75], it was found that the solution viscosity of the spinneret with a larger diameter increased at the end of the spinneret, which led to the increase in the fiber diameter. Therefore, the increase in the fiber diameter caused by the increase in the spinneret diameter was essentially due to the increase in the viscosity.




3.2.3. Environmental Parameters


The influence of environmental factors on the electrospinning process is not as great as the previous two factors, which is mainly because both the temperature and humidity can be controlled by instruments. The influence of temperature is closely related to the influence of other parameters; for example, with an increase in the temperature, there is an increase in the solvent volatilization rate, the polymer solidification is faster, and there is a decrease in the fiber diameter. This is reflected in the studies of Cui et al. [76] and Huang et al. [77]. The influence of humidity is mainly reflected in the volatilization rate of the solvent. As the humidity increases, the volatilization rate of the solvent decreases to form a beaded fiber. For some water-absorbing polymers, the influence of humidity is very important, such as polyvinylpyrrolidone (PVP). Therefore, the adjustment of environmental parameters requires the integration of polymer properties and solvent properties, and the impact of environmental factors on different electrospinning fluid systems is quite different.




3.2.4. Other Influencing Parameters


Besides the properties of raw materials and the influencing factors in the preparation process, the post-treatment of products is also an important factor affecting the performance. For example, the heat treatment of products can improve the mechanical properties and stability of materials. In the face of industrial-waste-gas emission at temperatures as high as 260 °C, it is urgent to prepare refined and high-temperature resistant filter materials. Electrospun fibers prepared at room temperature can easily be oxidized at high temperatures, and the filtration efficiency is reduced. By designing heat-treatment conditions, the structure of electrospun fiber membranes was improved to achieve the advantages of a small size effect, an adjusted internal connectivity, improved stability, and enhanced mechanical properties. Chen et al. [78] prepared electrospun nanofibers by blending PA66 and PVB. Through SEM images, it was obvious that the fiber diameter decreased and the arrangement of the fiber structures was more regular. Compared with untreated nanofibers, the filtration efficiency of W-15 G nanofiber membranes for 0.3 μm airborne particles was as high as 99%. The cross-link agent was added in this composite fiber, and the rapid cross-linking of the composite fiber was realized through the heat-treatment process. This method can significantly improve the solvent resistance and mechanical properties of nanofibers. Gui et al. [79] annealed at 170 °C by adding a certain amount of citric acid into the working solution of the electrospinning precursor. When the annealing temperature was 160 °C, the tensile strength of the CS/PEO/CA nanofiber felt was as high as 8.11 Mpa. In addition, for the nanoparticle–nanofiber mixture, heat treatment could not only reduce the fiber diameter but also improve the crystallinity of the nanocrystals. Zhang et al. [80] prepared composite fiber membranes by electrospinning water-soluble PVA/CNCs. The existence of CNCs significantly promoted the growth of PVA crystals under heat treatment. Zhang et al. [81] heat-treated PAN/PMIA composite fiber membranes at 140~220 °C for 30 min. There was no entanglement between the fibers, and the breaking strength of the composite fiber film decreased slightly, while the elongation at the break increased significantly. After heat treatment, the filtration efficiency of PAN/PMIA composite fiber membranes remained above 99%. In summary, heat treatment, as one of the post-treatment methods for materials, can improve the performance of nanofibers after preparation, such as the fiber stability and the mechanical properties. Therefore, the reasonable post-treatment of products is also one of the ways to improve materials’ properties.





3.3. Types of Electrospinning Process


With the progression of time, the electrospinning process has gradually advanced. Electrospinning technology can be divided into single-fluid electrospinning technology and multifluid electrospinning technology, according to the amount of electrospinning solution used. The single-axis electrospinning process has higher requirements for the spinnability of the materials, and it is also subject to greater restrictions in practical applications. Fluid electrospinning technology can be divided into coaxial electrospinning, side-by-side electrospinning, and multistage electrospinning technologies. The fibers prepared by coaxial electrospinning have a core–shell structure [82], as shown in Figure 4f. The nanofibers prepared by side-by-side electrospinning have a Janus structure [82], as shown in Figure 4g.



3.3.1. Single-Fluid Electrospinning


Single-fluid electrospinning is the most basic process. As shown in Figure 4a,e, single-fluid electrospinning only involves one fluid, and the process equipment is relatively simple. All the derived processes of multifluid electrospinning, needle-free electrospinning, and molten electrospinning are based on the single-fluid electrospinning process. Single-fluid electrospinning has greater restrictions on the materials, and the polymer to be prepared is required to have spinnable properties. At present, there are only just over a hundred kinds of spinnable polymer, which greatly limits the development of electrospinning. In addition to preparing nanofibers from a single polymer in the conventional sense, it can also be used for the blending of multiple polymers or the blending of polymers and dopants [83]. In addition, there is also emulsification electrospinning, where the hydrophilic substance is dispersed in the water phase and then dispersed into the oily substance before electrospinning is performed.




3.3.2. Multifluid Electrospinning


(1) Coaxial electrospinning



There are plenty of limitations in the application of uniaxial electrospinning, such as the limited spinnable materials and the single performance. With the continuous innovation of researchers, multifluid electrospinning has been developed to solve these problems. As early as 2002, Loscertales et al. [84] used an electro-hydraulic dynamic (EHD) force to generate a coaxial jet of immiscible liquid with a diameter in the nanometer range to prepare nanofibers with a core–shell structure. This experiment also opened a new chapter for the development of electrospinning technology. Coaxial electrospinning uses a special spinning head, as shown in the concentric circle structure in Figure 4b,f. The two needles are arranged into a core (center needle) and a shell (annulus), and different solvents can be added to the core layer and the sheath layer to achieve the purpose of preparing composite materials. When performing coaxial electrospinning, different electrospinning solutions can be used for the core layer and sheath layer, and the sequence of the core and sheath can be changed to produce a variety of composite materials [85,86,87]. Fiber structure types prepared by coaxial electrospinning include flat ribbon fibers [88] and hollow fibers [89]. The fiber thickness and smoothness can be changed by using coaxial electrospinning. Coaxial electrospinning greatly broadens the application prospects of electrospinning technology and overcomes many problems existing in uniaxial electrospinning. In coaxial electrospinning, the flow of the core liquid and sheath liquid is not completely stable (e.g., instability caused by bending and whipping) and the core liquid may deviate from the center area of the sheath liquid [90]. In extreme cases, the core may be exposed to the environment because it is not completely covered by the sheath [91]. The properties of the two fluids are the key to the preparation of smooth fibers by coaxial electrospinning [92]. Researchers believe that there are forces between the core fluid and the sheath fluid, such as friction and viscous drag, resulting in shear forces between the fluids. When the shear force generated by the viscosity of the sheath fluid is greater than the tension between the core–sheath fluid, the core–sheath fiber can be prepared stably [93].



In the early stages of the development of the coaxial electrospinning process, researchers believed that both the core fluid and the sheath fluid should be spinnable during coaxial spinning. However, in 2010, Yu et al. conducted a series of experiments that disproved this traditional understanding [94] and, for the first time, used a nonspinning solvent as the core solution and a spinnable solution as the sheath to successfully prepare nanofibers. This breakthrough development also brought new vitality to coaxial electrospinning technology, and the problem of material selection was solved. The application of coaxial electrospinning in the experiment could not only prepare core–sheath structure nanofibers, but could also prepare finer uniaxial nanofibers. In the experiment, the use of a pure solvent in the sheath liquid could make the spinning process more stable and reduce the flow cut-off, resulting in a finer and smoother fiber diameter. Meanwhile, the blockage of the spinneret plate could be effectively reduced, and the negative influence brought by the external environment was reduced [95]. The emergence of coaxial electrospinning has largely solved the problem of polymer spinnability, and the superiority of electrospinning technology has also been brought into play. Nowadays, coaxial electrospinning is also booming. For example, Lv et al. [96] used modified coaxial electrospinning technology to prepare core–sheath nanostructure fibers for drug release.



(2) Side-by-side electrospinning



The working principle of side-by-side electrospinning is similar to that of coaxial electrospinning. Side-by-side electrospinning is a kind of multifluid electrospinning technology. To prepare nanofibers with a Janus structure, two different solutions are needed, as shown in Figure 4b,g. The biggest feature of the prepared fiber structure is that the fiber has a Janus structure, and both materials can directly contact the environment. Side-by-side electrospinning technology is one of the most difficult challenges in the field of electrospinning technology [97], and there are currently not many studies on this topic.



As it is traditionally conceived, the side-by-side electrospinning process requires two parallel spinning heads to form a side-by-side spinning plate, as shown in the last case in Figure 4b. However, since the same charge is applied to the two fluids, and due to the principle of like–like repulsion, the two materials are often separated due to repulsion, which poses great operational difficulties. After the researchers’ exploration and innovation, Yu et al. [97,98] proposed methods to improve the spinneret, such as arranging internal capillaries in a circular spinning head to realize side-by-side electrospinning or using an eccentric spinning head that has an elliptical outer nozzle, including an inner circle side and a crescent side. As shown in the eccentric circle in Figure 4b,d, the spinning head is nested, but the center of the circle is not on the same axis. This can be called an eccentric spinning head. The prepared fiber has a Janus structure. From the point of view of equipment, the difference between side-by-side electrospinning and coaxial electrospinning is not large, and fibers with completely different structures can be obtained by changing the structure of the spinneret.



In terms of the experimental conditions, side-by-side electrospinning is stricter than coaxial electrospinning. Usually, the side-by-side electrospinning process can spin normally when the two fluids have good compatibility and viscosity, which greatly limits the popularization of the side-by-side electrospinning process [99]. With the continuous innovation of technology, improvement methods for side-by-side electrospinning have been put forward. For example, in side-by-side electrospinning, a layer of pure solvent is wrapped outside the two electrospinning solutions, which can greatly improve the filament-forming conditions. Research into side-by-side electrospinning is also going on continuously. For example, Li et al. [100] used PVP K90 and EC as a polymer matrix and loaded KET and MB to prepare Janus fibers for controlled drug release.



(3) Triaxial electrospinning



The demand for nanomaterials with complex structures has promoted the development of multifluid electrospinning processes [101]. There are many designs of three-axis electrospinning spinnerets, as shown in Figure 4c. Zhao et al. [102] used modified triaxial electrospinning to prepare a series of functional nanoparticles and nanofiber membranes for the natural degradation of antibiotics. In 2016, Yu et al. [103] used a modified triaxial electrospinning process to prepare core–shell polymer-PL nanocomposites for oral colon-targeted drug delivery, as shown in Figure 5. Then, Yu et al. [104] adopted the sustained-release core–shell fiber prepared by the modified triaxial electrostatic spinning method for the bidirectional release of drugs, and the triaxial materials provided more possibilities for the fiber to carry drugs. In 2020, Wang et al. [105] adopted a new strategy of triaxial electrospinning technology to prepare three-layer nanolibraries, that is, to build drug reservoirs in core–shell nanofibers.



It can be deduced from the fact that electrospinning technology can prepare high-quality nanostructured fibers. In the near future, the technology could be widely used in various fields. The most important problem of electrospinning is how to reasonably combine the working fluid and electric energy [86,106]. The spinneret is the key to the improvement of the electrospinning process and also the focus of the innovative process. The application of single-fluid electrospinning is limited by the materials. Through the multifluid electrospinning process, more diversified nanostructured fibers can be prepared, which can be used in such fields as controlled drug release [96,107,108,109,110], wound dressing [111], food packaging [112,113,114,115], antibacterial materials [116,117], tissue engineering [118], and water treatment [119,120]. However, due to the limitation of polymer spinnability in the early stage, there is little research on the preparation of air-filtration fiber membranes by the multifluid electrospinning process. Multifluid electrospinning solves the materials limitation and can prepare air-filtration fiber membranes with various structures and excellent performance, which has great potential and research value in the field of air purification.






4. Electrospun Fibrous Membranes for Particle Filtration


PM has different manifestations in different scenarios and also needs different filtration methods. For example, factories operating under high-temperature conditions need high-temperature-resistant materials, and normally, due to smog and other conditions, people need masks to travel and filter screens are needed for automobile exhaust treatment. In each of these scenarios, the demand for materials is different. The research on fiber materials is a hotspot now, and most scenarios need to be solved by modifying the properties of the fiber material. Nanofibers prepared by electrospinning technology have excellent properties, including a large specific surface area, high porosity, uniform fiber diameter distribution, and excellent surface adhesion, which are significant for air filters [121,122]. The performance of the air-filter element is closely related to the structural factors of the nanofiber membrane. As mentioned above, the filtration performance and fiber diameter, specific surface area, and fiber thickness are closely related to the filtration efficiency and pressure drop of the fiber membrane.



4.1. Filtration Principle


4.1.1. Single-Fiber Filtration Principle


Air-filtration processes can be divided into two kinds, in theory: the steady-state filtration process and the unsteady-state filtration process [123]. In the steady-state filtration process, as the name implies, the performance of the membrane does not change during air-filtration process, and so the filtration efficiency and pressure drop do not change with time. This is solely dependent on the intrinsic qualities, particle properties, and air velocity of the filter medium. For unsteady-state filtration, the filtration efficiency and flow resistance change with time due to the accumulation of particles on the filter [123,124]. In the 1930s, Freundlich summarized the rules of filtration through research on aerogel filtration and then proposed an air-filtration model based on Brownian motion. In 1936, Kaufmann expanded the idea of air filtration by one step, thanks to advances in theoretical science and technology. He combined Brownian motion and inertial deposition to summarize the mathematical model of fiber filtration [117]. Then, the theory advanced to single-fiber filtration theory, which integrated Brownian motion, inertial deposition, and the interception effect mechanism [123]. In the subsequent theoretical development, it was found that, besides the above reasons, the gravity effect and electrostatic effect have a significant influence on particle filtration. Therefore, five mechanisms are mainly used for fiber filtration to capture particles, as shown in Figure 6a: the interception effect, inertial impaction, diffusion effect, gravity effect, and electrostatic effect [125,126,127].



(1) Interception effect



The fiber film formed by stacking fibers is not regular in its fiber arrangement, and the motion track of fine particles in the airflow around the fibers is streamlined [11,125]. As shown in Figure 6b, if the center of each aerosol particle follows a streamline and does not deviate from the streamline unless there another external force, the pollutant particles do not come into contact with the surface of the fiber filter material [128]. As the gas flow is subjected to van der Waals forces, the fine particles come into contact with the surface of the fibrous filter material to intercept the PM—this is the interception effect [129].



(2) Inertial impact



The stacking of fibers in the fiber membrane is not regular and the arrangement is very complicated [11]. The complex arrangement of the fibers causes reverse, offset, and circulation effects when the airflow flows over the surface of the fibers. When the airflow is not flowing along the streamline, the particles in the air are separated from the airflow due to inertia and then deposited on the surface of the fiber membrane. The effect of inertial deposition is evident when facing particles larger than 0.3–1 μm. This mechanism has become the primary trapping mechanism, especially for larger particles and higher airflow velocities [121,130]. The greater the mass of the PM particles, the faster the airflow, and the more obvious the effect of inertia.



(3) Brownian diffusion



The phenomenon whereby suspended particles never stop making irregular movements is called Brownian motion. The diameter of aerosol particles in the air is very small, and Brownian diffusion is the main form of diffusion. Brownian motion is also an important mechanism in the air-filtration process, and random Brownian motion may also cause particles to collide with fibers, resulting in deposition [121]. Aerosol particles deviate from the original streamline under the action of Brownian diffusion. The effect of Brownian motion is more significant for particles smaller than 0.1 µm in size, resulting in diffusion and deposition around the fiber surface [131,132].



(4) Gravity effect



Aerogels are affected by gravity during their movement, but the particles are too small to be affected by gravity. The settling effect is entirely negligible when the particles are smaller than 0.5 m [133].



(5) Electrostatic effect



The electrostatic effect is a common phenomenon in life. For example, computer screens easily accumulate dust. In air filtration, if there is a charge between the particle and the fiber membrane, the particle’s orbit changes due to the electrostatic effect; the result is to attract particles deposited on the surface of the fibers [134,135]. At the same time, electrostatic adsorption can make particles adhere more firmly to the surface of the fibers. The electrostatic effect is widely used in particle-filter equipment, as electrostatic force can greatly improve the degree of filtration of PM [136].



In the actual fiber filtration process, different filtration mechanisms are specific for contaminants with different particle sizes. The five filtration mechanisms complement each other, combining interception, inertial collision, Brownian diffusion, static electricity, and gravity. In addition to the above mechanisms, the Van der Waals force also has a significant effect on the filtration efficiency. For example, Chen et al. [137] pointed out that the Van der Waals force and coulomb force had a very significant effect on the filtration of 100 nm particles.




4.1.2. Evaluation of Filter Material Performances


We mainly discuss the steady-state filter system. The unsteady state can be analyzed by using the infinitesimal method to decompose it into a steady state. Fine fibers, dense aggregation structures, thickness, the electrostatic effect, and other factors can all help to intercept particles in the air completely. The performance of the particle filter is judged by the following three indexes: (1) filtration efficiency, (2) airflow resistance, and (3) quality factor [138]. The rating of these three indexes is the standard that evaluates air-filter materials.



(1) Filtration efficiency



The filtration efficiency of an air-filtration material refers to the ratio of the number of particles filtered by the filtration fiber membrane to the initial number of particles in the gas as the air with the contaminated particles passes through the filtration fiber membrane. The filtration efficiency is a critical metric for air-filtration materials, as it decides whether they are suitable for practical use. There are a variety of filter efficiency tests available, including the oil mist test, the weight method, the sodium flame method, the colorimetric method, the fluorescence method, the photometer scanning method, and the counting method. The counting approach is the most widely utilized method. The testing of filtration efficiency mainly measures the difference in the number of particles on both sides of the filter membrane. Figure 6c depicts a schematic diagram showing filtration efficiency. The purpose of testing filtration efficiency is achieved by calculating the difference in the number of particles in the gases flowing through the flow meter.



In the actual test, the collection efficiency of the fiber filter medium of the fiber membrane is calculated as follows:


  η =  [  1 −    C 2     C 1     ]  × 100 % ,  



(1)




where C1 is the number of examples detected by flowmeter 1, C2 is the number of examples detected by flowmeter 2, and η is the filtration efficiency of the fiber membrane.



The filtration efficiency of the fiber membrane can be obtained using Formula (1) in the real test, but the relationship between the filtration efficiency and the structure of the fiber membrane cannot be observed in the theoretical analysis. It has been found that the filtration efficiency of the fibers can be predicted based on the well-known Kuwabara model to find the overall particle filtration efficiency (η) of the nanofiber membrane, and the formula is as follows:


  η = 1 − exp  [    − 4  η s  α L   π  d f   (  1 − α  )     ]  ,  



(2)




where ηs is the filtration efficiency of the individual fibers, α represents the fiber volume fraction, df represents the average fiber diameter, and L represents the thickness [121,125,139].



It can be seen from the Kuwabara model that the filtration efficiency of the fiber membrane is directly related to the filtration efficiency, volume fraction, fiber diameter, and thickness of a single fiber. The smaller the diameter, the greater the thickness, and a higher filtration efficiency for a single fiber is beneficial to the filtration efficiency of the fiber membrane. In this model, the effect of electrostatic force on the filtration efficiency is not considered. When the air-filtration fiber membrane is prepared by the electrostatic spinning process, the fiber membrane generates electrostatic force due to high pressure, which is beneficial to the adsorption of particles in the air. However, electrostatic force is gradually lost after the film preparation, and this electrostatic force, as well as other measures of voltage, are needed to assist in the adsorption, so the electrostatic force adsorption is not discussed here.



(2) Pressure drop



The second factor that affects the performance of fiber membrane filtration is the pressure drop, which characterizes the air resistance. The pressure drop refers to the fact that when particles in the air pass through or collide with the fiber membrane, the pressure of the fiber membrane on both sides of the membrane is different, due to the barrier of the membrane. Generally speaking, the pressure decreases after filtration, which is also known as the pressure drop. The decrease in the nanofiber membrane pressure is due to the large gaps between the nanofibers, that is, the high porosity. When the diameter of the nanofibers is comparable to the average free path of the air molecules (66 nm under normal conditions), the gas velocity at the fiber surface is not zero, due to the “slip” effect. Due to the “slip” effect, the resistance from the nanofibers toward the airflow is greatly reduced, thereby greatly reducing the pressure drop [140].



Nanofiber membranes have a small diameter and high porosity, which can promote the flow of gas on the membrane and thus play a role in reducing the pressure drop. A low thickness, porosity, and a low fiber diameter allow air to pass through under reduced pressure. The pressure drop (ΔP) is related to the drag coefficient and can be expressed by the following mathematical model [141]:


   C D  =    2  k 1   μ 2   d f    ρ v L ln  k 2   d b     ,  



(3)







The shape and orientation factors of the fiber are k1 and k2, respectively; μ indicates the dynamic viscosity of the gas, ρ; the orientation factor, v, is the density and velocity of the airflow, respectively; L is the characteristic length of EAFMs; and db represents the distance between adjacent fibers [142,143,144,145,146].



It can be seen that the size of the pressure drop is also inseparable from the structural factors of the fiber, and the diameter, spacing, and thickness of the fiber affect the size of the pressure drop.



(3) Quality factor



By comparing the overall filtration efficiency (η) and the pressure drop (ΔP) of the filtration efficiency, it can be found that the two indexes are contradictory. The influence of structural factors on the pressure drop and filtration efficiency is different. Increased membrane thickness, for example, increases the pressure drop and improves the filtering efficiency. As a result, a quality factor (QF) was established to assess the overall performance of the nanofiber membrane. The mathematical model of QF [13,145,146,147] is as follows:


  Q F =    ln ( 1 − η )   Δ P    ,  



(4)




where η is the filtration efficiency (%) and ΔP is the filtration resistance (Pa).



The QF evaluates the filtration efficiency of the fiber membrane by combining two factors, avoiding only relying on a single characterization, which would cause the actual quality of the fiber membrane to be unclear. To improve the performance of filtration membranes, researchers can start with these two factors and improve another influencing factor by controlling a single variable to be constant. This approach can effectively improve the filtration performance of fiber membranes.





4.2. The Fabrication of Various Nanofibers for Filtration


Electrospun air-filtration fiber membranes are an ideal filtration material. In recent years, the research on the application of electrospun technology for air filtration has been deepening. At present, there are countless polymers used for electrospun air-filtration materials, and filtration materials that solely contain polymers and the interaction of multiple substances are constantly being developed. Polymers, inorganic matter, and metal particles all have different interactions. Yang et al. [148] prepared polymer and silver nanoparticles to manufacture nanofiber air filter membranes, which not only had an excellent filtration performance, but also had an excellent antibacterial performance against Escherichia coli and Staphylococcus aureus. Cui et al. [42] used electrospinning technology to prepare environment-friendly polyvinyl alcohol (PVA)–tannic acid (TA) composite nanofiber membrane filters. At the same time, hydrogen bonds between the TA and PVA polymers improved the mechanical properties of the fiber membrane. In the following subsections, the amount of polymer involved in the preparation of filtration membranes from electrospinning are classified, and the applications of polymer electrospinning in the field of air filtration for single polymers, multiple polymers, and polymer-doped functional particles, respectively, are summarized.



4.2.1. Single-Polymer Nanofibers


At present, in the research on the preparation of air-filtration membranes by the electrospinning process, it is most common that a certain polymer is used for the filtration of PM after being prepared into fiber membranes. The performance of the filtering membrane prepared by electrospinning from a single polymer is mainly dependent on the performance of the material itself and the characteristics of the nanograde materials. For example, Gao et al. [149] used polyvinyl chloride (PVC) to prepare nanofiber filters and successfully realized the removal of particle pollution under conditions of high humidity, which mainly took advantage of the hydrophobicity of PVC. The PVC filtration membrane prepared by Farhangian et al. [150] using the electrospinning process was 1.022 times more effective than common commercial PVC filters, with a higher filtration efficiency and a lower pressure drop, which was mainly attributed to the nanoscale materials prepared by the electrospinning process. The pure polymer air-filter membranes are summarized below, in Table 2.



Compared with traditional filter membranes, air filters prepared by electrospinning have a greatly improved filtration efficiency and pressure drop performance; for example, the filtration efficiency of the PVOH filter membrane prepared by the electrospinning process was improved by more than two times compared with that of the commercial PVOH filter membrane [162]. The environment in which one lives is often not monistic and often involves multiple needs; for example, coal plants require high-temperature resistance and flame-retardant performance, and chemical plants require moisture resistance and chemical corrosion resistance, etc. Filter membranes made of a single polymer often have a single function and cannot meet the needs of complex environments. Therefore, it is concluded that a single polymer can improve its performance after being prepared by the electrospinning process, but it is still not suitable for the demands of all environments.




4.2.2. Multipolymer Composite Nanofibers


The real demand is driving the advancement of process technology, and in order to meet the demands of application in a more complex environment, a variety of polymer materials can handle the problem synergistically. With the real-life complexity of the environment, the demand for air-filtration materials has gradually increased, and materials that meet the requirements of a variety of properties have been continuously studied and produced. There are many ways to prepare air-filter materials by electrospinning various polymers, including the blending, multilayer electrospinning, and multifluid electrospinning processes, as shown in Figure 7. The research on the preparation of composite materials with various polymers has never stopped. Liu et al. [168] prepared core–sheath fibers of TPP and nylon through a coaxial electrospinning process, combining the flame-retardant properties of TPP and the filtration properties of nylon, and applied them to scenarios that are prone to dust explosions and the need to filter particles. In order to solve problems in a complex scenario that filter membranes prepared by a single polymer cannot solve, the research on multiple polymers has also been constantly developing. In the following, the preparation of air-filter materials by the electrospinning process with multiple polymers is summarized and discussed, as shown in Table 3.



The fiber films prepared by the electrospinning of multiple polymers make up for the defect of the singular function of a single polymer to a certain extent, as shown in Table 2. For example, the fiber membrane of lead zirconate titanate/polyvinylidene fluoride (PZT/PVDF) not only has an excellent filtering ability, but also realizes the sensing function of volatile organic compounds (VOCs) [164], and the composite prepared by electrospinning polytetrafluoroethylene–polyamideimide/polyimide (PTEF–PAI/PI) can withstand high temperatures of up to 500 °C and the filtration performance can be adjusted to meet various demands [176]. However, the filter materials prepared by a variety of polymers still cannot meet the growing needs, and the materials still need to be modified, such as by adding antibacterial silver nanoparticles and adsorptive activated carbon.




4.2.3. Nanoparticle-Doped Hybrid Nanofibers


By adding a trace number of functional particles into the materials, the function of the materials is upgraded. Thus, the materials have the capability of meeting different environmental needs. This rule is also followed in the study of preparing air-filter materials by electrospinning. For example, Topuz et al. [177] prepared microporous polyimide metal–organic framework (MOF) nanofiber air-filtration membranes, which greatly improved the trapping ability of VOCs after doping with MOFs. Blosi et al. [178] prepared a filter material of polyvinyl alcohol (PVA) nanofibers doped with trace Ag NPs through an electrospinning process, so that the filter had antibacterial and sterilization abilities on top of the premise of a high filtration efficiency and low air resistance; obviously, the antibacterial performance was due to the addition of the Ag NPs. Materials are modified by adding different functional particles. Common functional particles include Ag NPs, activated carbon, TiO2, ZnO, cinnamon essential oil (CO), titanium nanotubes (TNT), and SiO2 NPs. See Table 4 for details.



The form of these functional particles doped in polymers is not unique, and the common forms are embedded and dispersed in the fibers, as shown in Figure 8a. Fe3O4 NPs are uniformly dispersed in the fibers to form uniform and smooth fibers, as shown in Figure 8b, the functional particles are embedded in the surface of the fibers. Through the modification of functional particles, the functions of electrospun fiber membranes become more diversified, such as by adding Ag to increase the antibacterial performance, adding AC to improve the adsorption of VOCs, and adding SiO2 to improve the mechanical properties.



Polymers have strong plasticity, and nanofibers prepared by electrospinning technology not only have excellent functionality, but are also easier to modify. The synergy of various polymers and the modification of functional particles mean that electrospinning technology shows great potential in the field of air filtration. It should be noted that the addition of functional particles, besides the diversification of functions, has a great influence on the process parameters of the electrospinning process [195].




4.2.4. Multiprocess Composite Preparation


The three nanofibers discussed above are all prepared by the one-step electrospinning process. As shown in Figure 9, a single polymer is used to prepare nanofibers by electrospinning, which mainly display the inherent characteristics of the nanomaterials and the characteristics of the materials, such as a large specific surface area and small diameter. Multipolymer composite nanofibers combine the properties of various materials to improve the shortcomings of a single material. For example, they can improve the mechanical strength of a material or increase the hydrophilicity of a material. Doping polymer nanoparticles makes the material more functional; for example, adding Ag NPs can make the polymer material have antibacterial properties.



In addition to the preparation of a single process, it is also the focus of research to combine various processes to prepare the required materials. For example, Fan et al. [196] prepared an Ag/PT substrate by the in-situ reduction method, producing an electrospun nanofiber membrane in an anisotropic electric field. Stretched and aligned zein fibers were achieved with simultaneous antimicrobial properties, with a ZNF–Ag/PT filter removing up to 99.30% of the PM0.3, as shown in Figure 10a. This was an effective method to realize a multifunctional air filter by combining various methods to achieve the diversification of functions. Cross-linking materials is a common method to improve the mechanical properties of materials. For example, Cui et al. [182] cross-linked PVA with sodium lignosulfonate by a green chemical cross-linking method, effectively improving the mechanical properties of composite nanofibers and still maintaining a high filtration efficiency of 99.38% after 10 cycles. The combination of various electrospinning processes is a way to prepare functional materials. Park et al. [197] sprayed silver nanowires (AgNWs) on the surface of PAN nanofibers by electrospinning and electrospray. Composite nanofibers have an excellent inhibition ability against all microorganisms. The effect achieved by this method is similar to that of doping nanoparticles, but its realization mechanism is simpler. The requirements for compatibility between materials and particles are lower. Post-treatment processing is one means of material modification. Zhang et al. [198] successfully demonstrated that nanofiber membranes had an excellent antibacterial effect on both Gram-positive bacteria and Gram-negative bacteria through electrospinning preparation and post-treatment chlorination, as shown in Figure 10d. The combination of the synthesis process and the preparation process is not uncommon, and through a specific synthesis process, the material can be given special properties. Then, the material is prepared by the electrospinning process to achieve the result of customizing functional materials. For example, Moon et al. [199] synthesized an amphiphilic PVDF-g-POEM double comb copolymer by ATRP. The nanofiber membrane was further prepared by the electrospinning process, and based on the amphiphilic property, the physical and chemical adsorption capacity of the composite fiber membrane was enhanced.





4.3. The Potential of Multifluid Electrospinning Process in Air Filtration


Searching for the topic of “Core sheath nanofiber air filter” in “Web of science” produced almost no results, and searching for the topic of “Janus nanofiber air filter” also yielded nothing. Derivative technology representing electrospinning has not gained a place in the field of air filtration. The core–sheath structure and Janus structure studied by researchers are currently mostly multilayer structures from the macroscopic point of view. For instance, the Janus structure prepared by Xu et al. [200] is visible on the front and back sides of the macroscopic view, but the nanofiber membrane does not have a Janus structure on the microstructure level, and this can be understood as a two-layer filter membrane. The advantages of the coaxial electrospinning process and parallel electrospinning process are that two or more polymers are organically unified without increasing the thickness of the fiber film; for example, core–sheath fiber membranes prepared by coaxial electrospinning can be designed with the core layer as the quality layer and the sheath layer as the functional adsorption layer, and Janus fibers prepared by electrospinning in parallel can combine two materials with different characteristics that contact the air at the same time to form a synergistic effect. Janus nanofibers made by side-by-side electrospinning have the distinct benefit that when air is filtered, pollutant-laden gas must come into close contact with a filtering membrane. Due to the special structure of Janus nanofibers, both materials with different properties are in contact with the outside and their properties are fully utilized. For example, the combination of the piezoelectricity of the PLLA fiber material and the hydrophobicity of PVDF can improve the active adsorption capacity and service life of fiber membranes. Materials prepared by different processes have different characteristics and can meet the needs of the air-filtration process, and the advantages and disadvantages of their air-filtration performance are inextricably linked to the operation mechanism. The research and development of green materials is the need of the times, and the research on degradable materials in other fields is relatively mature. For example, Zhong et al. [201] used CP/PEO nanofiber mats to demonstrate good suitability for fluid filtration and separation. Topuz et al. [202] used renewable cyclodextrin to extract organic raw materials and prepared a strong nanofiber adsorption membrane by electrospinning, which showed good results in water pollution treatment. Green materials also have good application potential in the field of air filtration, which is one of the development directions of materials in the future.





5. Conclusions and Outlook


The nanofibers prepared by the electrospinning process have many advantages, and the prepared fiber membranes meet various requirements of an air-filtration material, such as a high porosity, high specific surface area, good pore channel connectivity, and small diameter. These properties can meet the requirements of air filtration and realize the preparation of filter materials with a high filtration efficiency and low air resistance. At the same time, with the development of the electrostatic spinning process, the preparation technology of nanofiber membranes with complex structures has also become mature; for example, coaxial electrospinning, side-by-side electrospinning, and multistage electrospinning can prepare nanofibers with core–sheath structures, Janus structures, and multistage structures. At the same time, research into the use of other functional materials to modify the filter materials is also ongoing. In the near future, the use of more complex nanostructured fibrous materials in the field of air filtration is also foreseeable. The application of electrospinning technology in the field of air filtration is our first step. More in-depth research into the application of complex-structured nanofibers in air filtration is about to be carried out. In the future, it is necessary to improve the research into the multifluid electrospinning process for air filtration and provide more possibilities for fiber air-filter materials.







Author Contributions


Y.Z.: methodology, investigation, and writing (original draft preparation). Y.L.: writing (review and editing). M.Z. and Z.F.: visualization. D.-G.Y.: conceptualization and writing (review and editing). K.W.: conceptualization, supervision, writing (review and editing), and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


Shanghai Pujiang Program (No.18PJ1409100) and program for Professor of Special Appointment (Eastern Scholar) at Shanghai Institutions of Higher Learning.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zeng, Y.Y.; Cao, Y.F.; Qiao, X.; Barnabas, C.S.; Tang, Y. Air Pollution Reduction in China: Recent Success but Great Challenge for the Future. Sci. Total Environ. 2019, 663, 329–337. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Li, Y.; Hua, T.; Jiang, P.; Yin, X.; Yu, J.; Ding, B. Cleanable Air Filter Transferring Moisture and Effectively Capturing PM2.5. Small 2017, 13, 1603306. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, A.K.; Soberanes, S.; Lux, E.; Shang, M.; Aillon, R.P.; Eren, M.; Budinger, G.R.S.; Miyata, T.; Vaughan, D.E. Pharmacological Inhibition of PAI-1 Alleviates Cardiopulmonary Pathologies Induced by Exposure to Air Pollutants PM2.5. Environ. Pollut. 2021, 287, 117283. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Wu, T.; Tang, Y.-T.; Chen, T.; Khachatryan, L.; Iyer, P.R.; Guo, D.; Chen, A.; Lyu, M.; Li, J.; et al. Environmentally Persistent Free Radicals in PM2.5: A Review. Waste Dispos. Sustain. Energy 2019, 1, 177–197. [Google Scholar] [CrossRef]

	



Schraufnagel, D.E.; Balmes, J.R.; Cowl, C.T.; De Matteis, S.; Jung, S.H.; Mortimer, K.; Perez-Padilla, R.; Rice, M.B.; Riojas-Rodriguez, H.; Sood, A.; et al. Air Pollution and Noncommunicable Diseases A Review by the Forum of International Respiratory Societies’ Environmental Committee, Part 1: The Damaging Effects of Air Pollution. Chest 2019, 155, 409–416. [Google Scholar] [CrossRef]

	



Ravi, S.K.; Singh, V.K.; Suresh, L.; Ku, C.; Sanjairaj, V.; Nandakumar, D.K.; Chen, Y.; Sun, W.X.; Sit, P.H.L.; Tan, S.C. Hydro-Assisted Self-Regenerating Brominated N-Alkylated Thiophene Diketopyrrolopyrrole Dye Nanofibers-A Sustainable Synthesis Route for Renewable Air Filter Materials. Small 2020, 16, 9. [Google Scholar] [CrossRef]

	



Liu, J.Q.; Jiang, T.; Li, X.H.; Wang, Z.L. Triboelectric Filtering for Air Purification. Nanotechnology 2019, 30, 292001. [Google Scholar] [CrossRef]

	



Park, D.; Kim, M.; Lee, S.; Yoon, I.-J.; Lee, K.; Lee, M.H.; Nah, J. Light-Permeable Air Filter with Self-Polarized Nylon-11 Nanofibers for Enhanced Trapping of Particulate Matters. Adv. Mater. Interfaces 2019, 6, 1801832. [Google Scholar] [CrossRef]

	



Han, K.S.; Lee, S.; Kim, M.; Park, P.; Lee, M.H.; Nah, J. Electrically Activated Ultrathin PVDF-TrFE Air Filter for High-Efficiency PM1.0 Filtration. Adv. Funct. Mater. 2019, 29, 1903633. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, S.C.; Liu, L.F.; Yu, J.Y.; Ding, B. A Fluffy Dual-Network Structured Nanofiber/Net Filter Enables High-Efficiency Air Filtration. Adv. Funct. Mater. 2019, 29, 10. [Google Scholar] [CrossRef]

	



Ding, X.X.; Li, Y.Y.; Si, Y.; Yin, X.; Yu, J.Y.; Ding, B. Electrospun Polyvinylidene Fluoride/SiO2 Nanofibrous Membranes with Enhanced Electret Property for Efficient Air Filtration. Compos. Commun. 2019, 13, 57–62. [Google Scholar] [CrossRef]

	



Bian, Y.; Wang, S.J.; Zhang, L.; Chen, C. Influence of Fiber Diameter, Filter Thickness, and Packing Density on PM2.5 Removal Efficiency of Electrospun Nanofiber Air Filters for Indoor Applications. Build. Environ. 2020, 170, 106628. [Google Scholar] [CrossRef]

	



Huang, Z.-X.; Liu, X.; Zhang, X.; Wong, S.-C.; Chase, G.G.; Qu, J.-P.; Baji, A. Electrospun Polyvinylidene Fluoride Containing Nanoscale Graphite Platelets as Electret Membrane and Its Application in Air Filtration under Extreme Environment. Polymer 2017, 131, 143–150. [Google Scholar] [CrossRef]

	



Al-Attabi, R.; Dumee, L.F.; Schutz, J.A.; Morsi, Y. Pore Engineering towards Highly Efficient Electrospun Nanofibrous Membranes for Aerosol Particle Removal. Sci. Total Environ. 2018, 625, 706–715. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.X.; Li, F.H.; Wang, Y.L.; Zhang, Q.L.; Ma, W.J.; Huang, C.B. Electrospun Nanofiber Membranes for Wastewater Treatment Applications. Sep. Purif. Technol. 2020, 250, 16. [Google Scholar] [CrossRef]

	



Ojstrsek, A.; Fakin, D.; Hribernik, S.; Fakin, T.; Bracic, M.; Kurecic, M. Electrospun Nanofibrous Composites from Cellulose Acetate/Ultra-High Silica Zeolites and Their Potential for VOC Adsorption from Air. Carbohydr. Polym. 2020, 236, 6071. [Google Scholar] [CrossRef]

	



Aydogdu, A.; Sumnu, G.; Sahin, S. Fabrication of Gallic Acid Loaded Hydroxypropyl Methylcellulose Nanofibers by Electrospinning Technique as Active Packaging Material. Carbohydr. Polym. 2019, 208, 241–250. [Google Scholar] [CrossRef]

	



Xue, J.J.; Wu, T.; Dai, Y.Q.; Xia, Y.N. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev. 2019, 119, 5298–5415. [Google Scholar] [CrossRef]

	



Zhang, R.; Liu, C.; Zhou, G.; Sun, J.; Liu, N.; Hsu, P.-C.; Wang, H.; Qiu, Y.; Zhao, J.; Wu, T.; et al. Morphology and Property Investigation of Primary Particulate Matter Particles from Different Sources. Nano Res. 2018, 11, 3182–3192. [Google Scholar] [CrossRef]

	



Bian, Y.; Huang, Z.; Ou, J.; Zhong, Z.; Xu, Y.; Zhang, Z.; Xiao, X.; Ye, X.; Wu, Y.; Yin, X.; et al. Evolution of Anthropogenic Air Pollutant Emissions in Guangdong Province, China, from 2006 to 2015. Atmos. Chem. Phys. 2019, 19, 11701–11719. [Google Scholar] [CrossRef]

	



Fujita, E.M.; Campbell, D.E.; Arnott, W.P.; Johnson, T.; Ollison, W. Concentrations of Mobile Source Air Pollutants in Urban Microenvironments. J. Air Waste Manag. Assoc. 2014, 64, 743–758. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Li, J.Z.; Feng, X.; Li, J.; Hao, Y.C.; Zhang, J.W.; Wang, H.; Yin, A.X.; Zhou, J.W.; Ma, X.J.; et al. Metal-Organic Frameworks with Photocatalytic Bactericidal Activity for Integrated Air Cleaning. Nat. Commun. 2019, 10, 10. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.K.; Lee, S.M. Health Vulnerability Assessment for PM10 due to Climate Change in Incheon. J. Environ. Health Sci. 2017, 43, 240–246. [Google Scholar] [CrossRef]

	



Kelly, F.J. Urban Air Quality and Health: Two Steps Forward, One Step Back. Eur. Respir. J. 2019, 53, 1900280. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Zhang, S.; Hao, J.; Liu, H.; Wu, X.; Hu, J.; Walsh, M.P.; Wallington, T.J.; Zhang, K.M.; Stevanovic, S. On-Road Vehicle Emissions and Their Control in China: A Review and Outlook. Sci. Total Environ. 2017, 574, 332–349. [Google Scholar] [CrossRef]

	



Gao, J.; Woodward, A.; Vardoulakis, S.; Kovats, S.; Wilkinson, P.; Li, L.; Xu, L.; Li, J.; Yang, J.; Li, J.; et al. Haze, Public Health and Mitigation Measures in China: A Review of the Current Evidence for Further Policy Response. Sci. Total Environ. 2017, 578, 148–157. [Google Scholar] [CrossRef]

	



Zhang, R.; Ma, K. The Impact of Climate Factors on Airborne Particulate Matter Removal by Plants. J. Clean. Prod. 2021, 310, 127559. [Google Scholar] [CrossRef]

	



Heft-Neal, S.; Burney, J.; Bendavid, E.; Burke, M. Robust Relationship between Air Quality and Infant Mortality in Africa. Nature 2018, 559, 254. [Google Scholar] [CrossRef]

	



Pope, C.A. Choked Life and Breath in the Age of Air Pollution. Science 2019, 364, 536. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, S.; Liu, L.; Yu, J.; Ding, B. High-Performance PM0.3 Air Filters Using Self-Polarized Electret Nanofiber/Nets. Adv. Funct. Mater. 2020, 30, 1909554. [Google Scholar] [CrossRef]

	



Han, S.; Kim, J.; Ko, S.H. Advances in Air Filtration Technologies: Structure-Based and Interaction-Based Approaches. Mater. Today Adv. 2021, 9, 100134. [Google Scholar] [CrossRef]

	



Chung, M.-C.; Tsai, M.-H.; Que, D.E.; Bongo, S.J.; Hsu, W.-L.; Tayo, L.L.; Lin, Y.-H.; Lin, S.-L.; Gou, Y.-Y.; Hsu, Y.-C.; et al. Fine Particulate Matter-Induced Toxic Effects in an Animal Model of Caenorhabditis Elegans. Aerosol Air Qual. Res. 2019, 19, 1068–1078. [Google Scholar] [CrossRef]

	



Xing, Y.-F.; Xu, Y.-H.; Shi, M.-H.; Lian, Y.-X. The Impact of PM2.5 on the Human Respiratory System. J. Thorac. Dis. 2016, 8, E69–E74. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y. Research on the Harm Degree of PM2.5 Atmospheric Particulate Pollution to Human Health. IOP Conf. Ser.: Earth Environ. Sci. 2021, 692, 032014. [Google Scholar] [CrossRef]

	



Sun, B.; Song, J.; Wang, Y.; Jiang, J.; An, Z.; Li, J.; Zhang, Y.; Wang, G.; Li, H.; Alexis, N.E.; et al. Associations of Short-Term PM2.5 Exposures with Nasal Oxidative Stress, Inflammation and Lung Function Impairment and Modification by GSTT1-Null Genotype: A Panel Study of the Retired Adults. Environ. Pollut. 2021, 285, 117215. [Google Scholar] [CrossRef]

	



He, X.; Zhang, L.; Xiong, A.; Ran, Q.; Wang, J.; Wu, D.; Niu, B.; Liu, S.; Li, G. PM2.5 Aggravates NQO1-Induced Mucus Hyper-Secretion through Release of Neutrophil Extracellular Traps in an Asthma Model. Ecotoxicol. Environ. Saf. 2021, 218, 112272. [Google Scholar] [CrossRef]

	



Li, B.; Qin, S.; Cai, Y.; Zheng, K.; Wang, B.; Li, R.; Huang, H.; Zeng, M.; Xiao, F.; Xu, X. Proteomic Characteristics of PM2.5 -Induced Differentially Expressed Proteins in Human Renal Tubular Epithelial Cells. Environ. Toxicol. Pharmacol. 2021, 86, 103658. [Google Scholar] [CrossRef]

	



Daniel, S.; Kloog, I.; Factor-Litvak, P.; Levy, A.; Lunenfeld, E.; Kioumourtzoglou, M.-A. Risk for Preeclampsia Following Exposure to PM2.5 during Pregnancy. Environ. Int. 2021, 156, 106636. [Google Scholar] [CrossRef]

	



Wang, C.; Wang, Y.; Shi, Z.; Sun, J.; Gong, K.; Li, J.; Qin, M.; Wei, J.; Li, T.; Kan, H.; et al. Effects of Using Different Exposure Data to Estimate Changes in Premature Mortality Attributable to PM2.5 and O3 in China. Environ. Pollut. 2021, 285, 117242. [Google Scholar] [CrossRef]

	



Hubadillah, S.K.; Othman, M.H.D.; Matsuura, T.; Ismail, A.F.; Rahman, M.A.; Harun, Z.; Jaafar, J.; Nomura, M. Fabrications and Applications of Low Cost Ceramic Membrane from Kaolin: A Comprehensive Review. Ceram. Int. 2018, 44, 4538–4560. [Google Scholar] [CrossRef]

	



Kim, C.; Lee, H.; Juelfs, A.; Haynes, C.L.; Pui, D.Y.H. The Effect of Filtered Nanoparticles on Gas Filtration Efficiency of Granular Activated Carbons. Carbon 2017, 121, 63–71. [Google Scholar] [CrossRef]

	



Wang, L.-Y.; Yong, W.F.; Yu, L.E.; Chung, T.-S. Design of High Efficiency PVDF-PEG Hollow Fibers for Air Filtration of Ultrafine Particles. J. Membr. Sci. 2017, 535, 342–349. [Google Scholar] [CrossRef]

	



Wang, L.-Y.; Yu, L.E.; Lai, J.-Y.; Chung, T.-S. Developing Ultra-High Gas Permeance PVDF Hollow Fibers for Air Filtration Applications. Sep. Purif. Technol. 2018, 205, 184–195. [Google Scholar] [CrossRef]

	



Li, M.; Feng, Y.; Wang, K.; Yong, W.F.; Yu, L.; Chung, T.-S. Novel Hollow Fiber Air Filters for the Removal of Ultrafine Particles in PM2.5 with Repetitive Usage Capability. Environ. Sci. Technol. 2017, 51, 10041–10049. [Google Scholar] [CrossRef]

	



Wang, L.Y.; Yu, L.E.; Lai, J.-Y.; Chung, T.-S. Effects of Pluronic F127 on Phase Inversion and Membrane Formation of PAN Hollow Fibers for Air Filtration. J. Membr. Sci. 2019, 584, 137–147. [Google Scholar] [CrossRef]

	



Zhang, W.; Deng, S.; Wang, Y.; Lin, Z. Dust Loading Performance of the PTFE HEPA Media and Its Comparison with the Glass Fibre HEPA Media. Aerosol Air Qual. Res. 2018, 18, 1921–1931. [Google Scholar] [CrossRef]

	



Hajra, M.G.; Mehta, K.; Chase, G.G. Effects of Humidity, Temperature, and Nanofibers on Drop Coalescence in Glass Fiber Media. Sep. Purif. Technol. 2003, 30, 79–88. [Google Scholar] [CrossRef]

	



Zhang, J.; Chen, G.; Bhat, G.S.; Azari, H.; Pen, H. Electret Characteristics of Melt-Blown Polylactic Acid Fabrics for Air Filtration Application. J. Appl. Polym. Sci. 2020, 137, 48309. [Google Scholar] [CrossRef]

	



Zhang, H.; Liu, J.; Zhang, X.; Huang, C.; Jin, X. Design of Electret Polypropylene Melt Blown Air Filtration Material Containing Nucleating Agent for Effective PM2.5 Capture. RSC Adv. 2018, 8, 7932–7941. [Google Scholar] [CrossRef]

	



Roche, R.; Yalcinkaya, F. Electrospun Polyacrylonitrile Nanofibrous Membranes for Point-of-Use Water and Air Cleaning. ChemistryOpen 2019, 8, 97–103. [Google Scholar] [CrossRef]

	



Lu, T.; Cui, J.; Qu, Q.; Wang, Y.; Zhang, J.; Xiong, R.; Ma, W.; Huang, C. Multistructured Electrospun Nanofibers for Air Filtration: A Review. ACS Appl. Mater. Interfaces 2021, 13, 23293–23313. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wang, D.; Xu, G.; Qiao, L.; Li, Y.; Gong, H.; Shi, L.; Li, D.; Gao, M.; Liu, G.; et al. ZIF-8/PI Nanofibrous Membranes With High-Temperature Resistance for Highly Efficient PM0.3 Air Filtration and Oil-Water Separation. Front. Chem. 2021, 9, 810861. [Google Scholar] [CrossRef] [PubMed]

	



Buivydiene, D.; Krugly, E.; Ciuzas, D.; Tichonovas, M.; Kliucininkas, L.; Martuzevicius, D. Formation and Characterisation of Air Filter Material Printed by Melt Electrospinning. J. Aerosol Sci. 2019, 131, 48–63. [Google Scholar] [CrossRef]

	



Zulfi, A.; Hapidin, D.A.; Munir, M.M.; Iskandar, F.; Khairurrijal, K. The Synthesis of Nanofiber Membranes from Acrylonitrile Butadiene Styrene (ABS) Waste Using Electrospinning for Use as Air Filtration Media. RSC Adv. 2019, 9, 30741–30751. [Google Scholar] [CrossRef]

	



Cui, J.; Wang, Y.; Lu, T.; Liu, K.; Huang, C. High Performance, Environmentally Friendly and Sustainable Nanofiber Membrane Filter for Removal of Particulate Matter 1.0. J. Colloid Interface Sci. 2021, 597, 48–55. [Google Scholar] [CrossRef]

	



Xie, F.; Wang, Y.; Zhuo, L.; Ning, D.; Yan, N.; Li, J.; Chen, S.; Lu, Z. Multiple Hydrogen Bonding Self-Assembly Tailored Electrospun Polyimide Hybrid Filter for Efficient Air Pollution Control. J. Hazard. Mater. 2021, 412, 125260. [Google Scholar] [CrossRef]

	



Pant, B.; Park, M.; Park, S.J. Drug Delivery Applications of Core-Sheath Nanofibers Prepared by Coaxial Electrospinning: A Review. Pharmaceutics 2019, 11, 305. [Google Scholar] [CrossRef]

	



Pant, B.; Park, M.; Park, S.-J.; Kim, H.Y. High Strength Electrospun Nanofiber Mats via CNT Reinforcement: A Review. Compos. Res. 2016, 29, 186–193. [Google Scholar] [CrossRef]

	



Topuz, F.; Uyar, T. Electrospinning of Cyclodextrin Functional Nanofibers for Drug Delivery Applications. Pharmaceutics 2019, 11, 6. [Google Scholar] [CrossRef]

	



Hou, J.S.; Yang, J.K.; Zheng, X.L.; Wang, M.L.; Liu, Y.N.; Yu, D.G. A Nanofiber-Based Drug Depot with High Drug Loading for Sustained Release. Int. J. Pharm. 2020, 583, 8. [Google Scholar] [CrossRef]

	



Kadam, V.V.; Wang, L.J.; Padhye, R. Electrospun Nanofibre Materials to Filter Air Pollutants—A Review. J. Ind. Text. 2018, 47, 2253–2280. [Google Scholar] [CrossRef]

	



Ning, T.; Zhou, Y.; Xu, H.; Guo, S.; Wang, K.; Yu, D.-G. Orodispersible Membranes from a Modified Coaxial Electrospinning for Fast Dissolution of Diclofenac Sodium. Membranes 2021, 11, 802. [Google Scholar] [CrossRef] [PubMed]

	



He, H.; Wu, M.; Zhu, J.; Yang, Y.; Ge, R.; Yu, D.-G. Engineered Spindles of Little Molecules Around Electrospun Nanofibers for Biphasic Drug Release. Adv. Fiber Mater. 2021, 3, 1–13. [Google Scholar] [CrossRef]

	



Mingjun, C.; Youchen, Z.; Li, H.; Li, X.; Ding, Y.; Bubakir, M.M.; Weimin, Y. An Example of Industrialization of Melt Electrospinning: Polymer Melt Differential Electrospinning. Adv. Ind. Eng. Polym. Res. 2019, 2, 110–115. [Google Scholar] [CrossRef]

	



Wang, M.X.; Wu, Y.L.; Qiu, M.; Li, X.; Li, C.P.; Li, R.L.; He, J.B.; Lin, G.G.; Qian, Q.R.; Wen, Z.H.; et al. Research Progress in Electrospinning Engineering for All-Solid-State Electrolytes of Lithium Metal Batteries. J. Energy Chem. 2021, 61, 253–268. [Google Scholar] [CrossRef]

	



Kumar, P.S.; Sundaramurthy, J.; Sundarrajan, S.; Babu, V.J.; Singh, G.; Allakhverdiev, S.I.; Ramakrishna, S. Hierarchical Electrospun Nanofibers for Energy Harvesting, Production and Environmental Remediation. Energy Environ. Sci. 2014, 7, 3192–3222. [Google Scholar] [CrossRef]

	



Ghorani, B.; Tucker, N. Fundamentals of Electrospinning as a Novel Delivery Vehicle for Bioactive Compounds in Food Nanotechnology. Food Hydrocoll. 2015, 51, 227–240. [Google Scholar] [CrossRef]

	



Luraghi, A.; Peri, F.; Moroni, L. Electrospinning for Drug Delivery Applications: A Review. J. Control. Release 2021, 334, 463–484. [Google Scholar] [CrossRef]

	



Haider, A.; Haider, S.; Kang, I.-K. A Comprehensive Review Summarizing the Effect of Electrospinning Parameters and Potential Applications of Nanofibers in Biomedical and Biotechnology. Arab. J. Chem. 2018, 11, 1165–1188. [Google Scholar] [CrossRef]

	



Topuz, F.; Satilmis, B.; Uyar, T. Electrospinning of Uniform Nanofibers of Polymers of Intrinsic Microporosity (PIM-1): The Influence of Solution Conductivity and Relative Humidity. Polymer 2019, 178, 121610. [Google Scholar] [CrossRef]

	



Wen, Y.; Kok, M.D.R.; Tafoya, J.P.V.; Sobrido, A.B.J.; Bell, E.; Gostick, J.T.; Herou, S.; Schlee, P.; Titirici, M.-M.; Brett, D.J.L.; et al. Electrospinning as a Route to Advanced Carbon Fibre Materials for Selected Low-Temperature Electrochemical Devices: A Review. J. Energy Chem. 2021, 59, 492–529. [Google Scholar] [CrossRef]

	



Kim, K.; Kim, J.; Shim, H. Fiber Formation Model for PVP (Polyvinyl Pyrrolidone) Electrospinning. I. Critical Voltage. Fibers Polym. 2017, 18, 493–501. [Google Scholar] [CrossRef]

	



Najafi, S.J.; Nosraty, H.; Shokrieh, M.M.; Gharehaghaji, A.A.; Bahrami, S.H. The Effect of Electrospinning Parameters on the Morphology of Glass Nanofibers. J. Text. Inst. 2020, 111, 941–949. [Google Scholar] [CrossRef]

	



Zong, X.; Kim, K.; Fang, D.; Ran, S.; Hsiao, B.S.; Chu, B. Structure and Process Relationship of Electrospun Bioabsorbable Nanofiber Membranes. Polymer 2002, 43, 4403–4412. [Google Scholar] [CrossRef]

	



He, H.; Kara, Y.; Molnar, K. Effect of Needle Characteristic on Fibrous PEO Produced by Electrospinning. Resolut. Discov. 2019, 4, 7–11. [Google Scholar] [CrossRef]

	



Cui, Q.-N.; Li, Y.; Liu, F.-J. Effect of Temperature on the Morphology of Bubble-Electrospun Nanofibers. Therm. Sci. 2014, 18, 1707–1709. [Google Scholar] [CrossRef]

	



Huang, F.; Wei, Q.; Wang, J.; Cai, Y.; Huang, Y. Effect of Temperature on Structure, Morphology and Crystallinity of PVDF Nanofibers via Electrospinning. e-Polymers 2008, 8, 1758–1765. [Google Scholar] [CrossRef]

	



Chen, J.; Cheng, Z.; Yuan, Y.; Zhang, J.; Cao, J. Shape-Controllable Nanofibrous Membranes with Well-Aligned Fibers and Robust Mechanical Properties for PM2.5 Capture. RSC Adv. 2019, 9, 17473–17478. [Google Scholar] [CrossRef]

	



Xing, G.; Shao, L.; Du, Y.; Tao, H.; Qi, C. Citric Acid Crosslinked Chitosan/Poly(Ethylene Oxide) Composite Nanofibers Fabricated by Electrospinning and Thermal Treatment for Controlled Drug Release. Cellulose 2021, 28, 961–971. [Google Scholar] [CrossRef]

	



Zhang, Q.; Li, Q.; Zhang, L.; Wang, S.; Harper, D.P.; Wu, Q.; Young, T.M. Preparation of Electrospun Nanofibrous Poly(Vinyl Alcohol)/Cellulose Nanocrystals Air Filter for Efficient Particulate Matter Removal with Repetitive Usage Capability via Facile Heat Treatment. Chem. Eng. J. 2020, 399, 125768. [Google Scholar] [CrossRef]

	



Zhang, H.; Xie, Y.; Song, Y.; Qin, X. Preparation of High-Temperature Resistant Poly (m-Phenylene Isophthalamide)/Polyacrylonitrile Composite Nanofibers Membrane for Air Filtration. Colloid. Surface. A 2021, 624, 126831. [Google Scholar] [CrossRef]

	



Han, D.; Steckl, A.J. Coaxial Electrospinning Formation of Complex Polymer Fibers and Their Applications. ChemPlusChem 2019, 84, 1453–1497. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.; Hou, S.; Chen, X.; Yu, D.G.; Wang, L.; Li, X.; Williams, G.R. Energy-saving electrospinning with a concentric Teflon-core rod spinneret to create medicated nanofibers. Polymers 2020, 12, 2421. [Google Scholar] [CrossRef] [PubMed]

	



Loscertales, I.G.; Barrero, A.; Guerrero, I.; Cortijo, R.; Marquez, M.; Gañán-Calvo, A.M. Micro/Nano Encapsulation via Electrified Coaxial Liquid Jets. Science 2002, 295, 1695–1698. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Xiao, X.; Fu, J.; Huan, C.; Qi, S.; Zhan, Y.; Zhu, Y.; Xu, G. Novel Smart Textile with Phase Change Materials Encapsulated Core-Sheath Structure Fabricated by Coaxial Electrospinning. Chem. Eng. J. 2019, 355, 532–539. [Google Scholar] [CrossRef]

	



Khalf, A.; Madihally, S.V. Recent Advances in Multiaxial Electrospinning for Drug Delivery. Eur. J. Pharm. Biopharm. 2017, 112, 1–17. [Google Scholar] [CrossRef]

	



Zhang, M.; Chen, J.; Chen, B.; Cao, J.; Hong, M.; Zhou, C.; Xu, Q. Fabrication of Polystyrene Fibers with Tunable Co-Axial Hollow Tubing Structure for Oil Spill Cleanup. Appl. Surf. Sci. 2016, 367, 126–133. [Google Scholar] [CrossRef]

	



Ma, Q.L.; Wang, J.X.; Dong, X.T.; Yu, W.S.; Liu, G.X. Flexible Ribbon-Shaped Coaxial Electrical Conductive Nanocable Array Endowed with Magnetism and Photoluminescence. RSC Adv. 2015, 5, 2523–2530. [Google Scholar] [CrossRef]

	



Halaui, R.; Zussman, E.; Khalfin, R.; Semiat, R.; Cohen, Y. Polymeric Microtubes for Water Filtration by Co-Axial Electrospinning Technique. Polym. Adv. Technol. 2017, 28, 570–582. [Google Scholar] [CrossRef]

	



Jiang, H.; Hu, Y.; Li, Y.; Zhao, P.; Zhu, K.; Chen, W. A Facile Technique to Prepare Biodegradable Coaxial Electrospun Nanofibers for Controlled Release of Bioactive Agents. J. Control. Release 2005, 108, 237–243. [Google Scholar] [CrossRef]

	



Zussman, E.; Yarin, A.L.; Bazilevsky, A.V.; Avrahami, R.; Feldman, M. Electrospun Polyacrylonitrile/Poly (Methyl Methacrylate)-Derived Turbostratic Carbon Micro-/Nanotubes. Adv. Mater. 2006, 18, 348–353. [Google Scholar] [CrossRef]

	



Rathore, P.; Schiffman, J.D. Beyond the Single-Nozzle: Coaxial Electrospinning Enables Innovative Nanofiber Chemistries, Geometries, and Applications. ACS Appl. Mater. Interfaces 2021, 13, 48–66. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, J.; Yang, H.-S.; Lee, B.-S.; Yu, W.-R. Recent Progress in Coaxial Electrospinning: New Parameters, Various Structures, and Wide Applications. Adv. Mater. 2018, 30, 1704765. [Google Scholar] [CrossRef]

	



Kang, S.; Zhao, K.; Yu, D.G.; Zheng, X.; Huang, C. Advances in Biosensing and Environmental Monitoring Based on Electrospun Nanofibers. Adv. Fiber Mater. 2022, 4, 1–11. [Google Scholar] [CrossRef]

	



Zhou, K.; Wang, M.; Zhou, Y.; Sun, M.; Xie, Y.; Yu, D.-G. Comparisons of Antibacterial Performances between Electrospun Polymer@drug Nanohybrids with Drug-Polymer Nanocomposites. Adv. Compos. Hybrid Mater. 2022, 5, 1–13. [Google Scholar] [CrossRef]

	



Lv, H.; Guo, S.; Zhang, G.; He, W.; Wu, Y.; Yu, D.-G. Electrospun Structural Hybrids of Acyclovir-Polyacrylonitrile at Acyclovir for Modifying Drug Release. Polymers 2021, 13, 4286. [Google Scholar] [CrossRef]

	



Hou, J.; Yang, Y.; Yu, D.-G.; Chen, Z.; Wang, K.; Liu, Y.; Williams, G.R. Multifunctional Fabrics Finished Using Electrosprayed Hybrid Janus Particles Containing Nanocatalysts. Chem. Eng. J. 2021, 411, 128474. [Google Scholar] [CrossRef]

	



Zhang, M.; Song, W.; Tang, Y.; Xu, X.; Huang, Y.; Yu, D. Polymer-based Nanofifiber-Nanoparticle Hybrids and Their Medical Applications. Polymers 2022, 14, 351. [Google Scholar] [CrossRef]

	



Madhugiri, S.; Dalton, A.; Gutierrez, J.; Ferraris, J.P.; Balkus, K.J. Electrospun MEH-PPV/SBA-15 Composite Nanofibers Using a Dual Syringe Method. J. Am. Chem. Soc. 2003, 125, 14531–14538. [Google Scholar] [CrossRef]

	



Li, D.; Wang, M.; Song, W.-L.; Yu, D.-G.; Bligh, S.W.A. Electrospun Janus Beads-On-A-String Structures for Different Types of Controlled Release Profiles of Double Drugs. Biomolecules 2021, 11, 635. [Google Scholar] [CrossRef]

	



Aidana, Y.; Wang, Y.B.; Li, J.; Chang, S.Y.; Wang, K.; Yu, D.G. Fast Dissolution Electrospun Medicated Nanofibers For Effective Delivery Of Poorly Water Soluble Drugs. Curr. Drug Deliv. 2022, 19, 422–435. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, K.; Lu, Z.-H.; Zhao, P.; Kang, S.-X.; Yang, Y.-Y.; Yu, D.-G. Modified Tri-Axial Electrospun Functional Core-Shell Nanofibrous Membranes for Natural Photodegradation of Antibiotics. Chem. Eng. J. 2021, 425, 131455. [Google Scholar] [CrossRef]

	



Yang, C.; Yu, D.-G.; Pan, D.; Liu, X.-K.; Wang, X.; Bligh, S.W.A.; Williams, G.R. Electrospun PH-Sensitive Core–Shell Polymer Nanocomposites Fabricated Using a Tri-Axial Process. Acta Biomater. 2016, 35, 77–86. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Xu, X.; Li, S.; Song, W.-L.; Yu, D.-G.; Annie Bligh, S.W. The Effect of Drug Heterogeneous Distributions within Core-Sheath Nanostructures on Its Sustained Release Profiles. Biomolecules 2021, 11, 1330. [Google Scholar] [CrossRef]

	



Wang, M.; Hou, J.; Yu, D.-G.; Li, S.; Zhu, J.; Chen, Z. Electrospun Tri-Layer Nanodepots for Sustained Release of Acyclovir. J. Alloy. Compd. 2020, 846, 156471. [Google Scholar] [CrossRef]

	



Mehta, P.; Haj-Ahmad, R.; Rasekh, M.; Arshad, M.S.; Smith, A.; van der Merwe, S.M.; Li, X.; Chang, M.-W.; Ahmad, Z. Pharmaceutical and Biomaterial Engineering via Electrohydrodynamic Atomization Technologies. Drug Discov. Today 2017, 22, 157–165. [Google Scholar] [CrossRef]

	



Xu, X.; Zhang, M.; Lv, H.; Yang, Y.; Yu, D.G. Electrospun polyacrylonitrile-based lace nanostructures and their Cu(II) adsorption. Sep. Purif. Technol. 2022, 288, 120643. [Google Scholar] [CrossRef]

	



Mohammad, M.; Mark, R.P. Electrospun Transdermal Patch for Contraceptive Hormone Delivery. Curr. Drug Deliv. 2019, 16, 577–583. [Google Scholar] [CrossRef]

	



Feng, X.R.; Li, J.N.; Zhang, X.; Liu, T.J.; Ding, J.X.; Chen, X.S. Electrospun Polymer Micro/Nanofibers as Pharmaceutical Repositories for Healthcare. J. Control. Release 2019, 302, 19–41. [Google Scholar] [CrossRef]

	



Yu, D.; Wang, M.; Ge, R. Strategies for Sustained Drug Release from Electrospun Multi-Layer Nanostructures. WIREs Nanomed. Nanobiotechnol. 2022, 14. [Google Scholar] [CrossRef]

	



Liu, X.; Xu, H.; Zhang, M.; Yu, D.-G. Electrospun Medicated Nanofibers for Wound Healing: Review. Membranes 2021, 11, 770. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.Y.; Duan, G.G.; Zhang, G.Y.; Yang, H.Q.; He, S.J.; Jiang, S.H. Electrospun Functional Materials toward Food Packaging Applications: A Review. Nanomaterials 2020, 10, 150. [Google Scholar] [CrossRef] [PubMed]

	



Topuz, F.; Uyar, T. Antioxidant, Antibacterial and Antifungal Electrospun Nanofibers for Food Packaging Applications. Food Res. Int. 2020, 130, 108927. [Google Scholar] [CrossRef] [PubMed]

	



Altan, A.; Aytac, Z.; Uyar, T. Carvacrol Loaded Electrospun Fibrous Films from Zein and Poly(lactic acid) for Active Food Packaging. Food Hydrocoll. 2018, 81, 48–59. [Google Scholar] [CrossRef]

	



Zhang, C.; Li, Y.; Wang, P.; Zhang, H. Electrospinning of Nanofibers: Potentials and Perspectives for Active Food Packaging. Compr. Rev. Food Sci. Food Saf. 2020, 19, 479–502. [Google Scholar] [CrossRef]

	



Boschetto, F.; Ngoc Doan, H.; Phong Vo, P.; Zanocco, M.; Zhu, W.; Sakai, W.; Adachi, T.; Ohgitani, E.; Tsutsumi, N.; Mazda, O.; et al. Antibacterial and Osteoconductive Effects of Chitosan/Polyethylene Oxide (PEO)/Bioactive Glass Nanofibers for Orthopedic Applications. Appl. Sci. 2020, 10, 2360. [Google Scholar] [CrossRef]

	



Kang, Y.; Wang, C.L.; Qiao, Y.B.; Gu, J.W.; Zhang, H.; Peijs, T.; Kong, J.; Zhang, G.C.; Shi, X.T. Tissue-Engineered Trachea Consisting of Electrospun Patterned ScPLA/GO-g-IL Fibrous Membranes with Antibacterial Property and 3D-Printed Skeletons with Elasticity. Biomacromolecules 2019, 20, 1765–1776. [Google Scholar] [CrossRef]

	



Nie, K.; Han, S.; Yang, J.; Sun, Q.; Wang, X.; Li, X.; Li, Q. Enzyme-Crosslinked Electrospun Fibrous Gelatin Hydrogel for Potential Soft Tissue Engineering. Polymers 2020, 12, 1977. [Google Scholar] [CrossRef]

	



Liao, Y.; Loh, C.-H.; Tian, M.; Wang, R.; Fane, A.G. Progress in Electrospun Polymeric Nanofibrous Membranes for Water Treatment: Fabrication, Modification and Applications. Prog. Polym. Sci. 2018, 77, 69–94. [Google Scholar] [CrossRef]

	



Zhang, Z.-M.; Gan, Z.-Q.; Bao, R.-Y.; Ke, K.; Liu, Z.-Y.; Yang, M.-B.; Yang, W. Green and Robust Superhydrophilic Electrospun Stereocomplex Polylactide Membranes: Multifunctional Oil/Water Separation and Self-Cleaning. J. Membr. Sci. 2020, 593, 117420. [Google Scholar] [CrossRef]

	



Zhu, M.; Han, J.; Wang, F.; Shao, W.; Xiong, R.; Zhang, Q.; Pan, H.; Yang, Y.; Samal, S.K.; Zhang, F.; et al. Electrospun Nanofibers Membranes for Effective Air Filtration. Macromol. Mater. Eng. 2017, 302, 1600353. [Google Scholar] [CrossRef]

	



Nam, C.; Lee, S.; Ryu, M.; Lee, J.; Lee, H. Electrospun Nanofiber Filters for Highly Efficient PM2.5 Capture. Korean J. Chem. Eng. 2019, 36, 1565–1574. [Google Scholar] [CrossRef]

	



Freshwater, D.C. Air Filtration: CN Davies, Published by Academic Press. Chem. Eng. J. 1973, 6, 80. [Google Scholar] [CrossRef]

	



Nandana, B.; Subhas, C.K. Electrospinning: A Fascinating Fiber Fabrication Technique. Biotechnol. Adv. 2010, 28, 325–347. [Google Scholar] [CrossRef]

	



Li, P.; Wang, C.; Zhang, Y.; Wei, F. Air Filtration in the Free Molecular Flow Regime: A Review of High-Efficiency Particulate Air Filters Based on Carbon Nanotubes. Small 2014, 10, 4543–4561. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.B.; Soenen, S.J.; Rejman, J.; Lucas, B.; Braeckmans, K.; Demeester, J.; De Smedt, S.C. Stimuli-Responsive Electrospun Fibers and Their Applications. Chem. Soc. Rev. 2011, 40, 2417–2434. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Cao, C.; Huang, J.; Chen, Z.; Chen, G.; Lai, Y. Progress on Particulate Matter Filtration Technology: Basic Concepts, Advanced Materials, and Performances. Nanoscale 2020, 12, 437–453. [Google Scholar] [CrossRef]

	



Yang, C.F. Aerosol Filtration Application Using Fibrous Media-An Industrial Perspective. Chin. J. Chem. Eng. 2012, 20, 1–9. [Google Scholar] [CrossRef]

	



Wang, C.S.; Otani, Y. Removal of Nanoparticles from Gas Streams by Fibrous Filters: A Review. Ind. Eng. Chem. Res. 2012, 52, 5–17. [Google Scholar] [CrossRef]

	



Barhate, R.; Ramakrishna, S. Nanofibrous Filtering Media: Filtration Problems and Solutions from Tiny Materials. J. Membr. Sci. 2007, 296, 1–8. [Google Scholar] [CrossRef]

	



Gu, G.Q.; Han, C.B.; Lu, C.X.; He, C.; Jiang, T.; Gao, Z.L.; Li, C.J.; Wang, Z.L. Triboelectric Nanogenerator Enhanced Nanofiber Air Filters for Efficient Particulate Matter Removal. ACS Nano 2017, 11, 6211–6217. [Google Scholar] [CrossRef] [PubMed]

	



Ramarao, B.V.; Chi, T.; Mohan, S. Calculation of Single Fiber Efficiencies for Interception and Impaction with Superposed Brownian Motion. J. Aerosol Sci. 1994, 25, 295–313. [Google Scholar] [CrossRef]

	



Jiang, W.; Cheung, C.S.; Chan, C.K.; Zhu, C. The Aerosol Penetration through an Electret Fibrous Filter. Chin. Phys. 2006, 15, 1864–1870. [Google Scholar] [CrossRef]

	



Tan, W.K.; Araki, Y.; Yokoi, A.; Kawamura, G.; Matsuda, A.; Muto, H. Micro- and Nano-Assembly of Composite Particles by Electrostatic Adsorption. Nanoscale Res. Lett. 2019, 14, 297. [Google Scholar] [CrossRef]

	



Sahay, R.; Kumar, P.S.; Sridhar, R.; Sundaramurthy, J.; Venugopal, J.; Mhaisalkar, S.G.; Ramakrishna, S. Electrospun Composite Nanofibers and Their Multifaceted Applications. J. Mater. Chem. 2012, 22, 12953–12971. [Google Scholar] [CrossRef]

	



Wang, C.S. Electrostatic Forces in Fibrous Filters—A Review. Powder Technol. 2001, 118, 166–170. [Google Scholar] [CrossRef]

	



Chen, K.; Wu, J.; Yarin, A.L. Electrospun Membranes Filtering 100 Nm Particles from Air Flow by Means of the van Der Waals and Coulomb Forces. J. Membr. Sci. 2022, 644, 120138. [Google Scholar] [CrossRef]

	



Souzandeh, H.; Wang, Y.; Netravali, A.N.; Zhong, W.H. Towards Sustainable and Multifunctional Air-Filters: A Review on Biopolymer-Based Filtration Materials. Polym. Rev. 2019, 59, 651–686. [Google Scholar] [CrossRef]

	



Xu, B.; Yu, X.; Wu, Y.; Lin, Z. Experimental Investigation of Air Pressure Affecting Filtration Performance of Fibrous Filter Sheet. Environ. Technol. 2017, 38, 558–565. [Google Scholar] [CrossRef]

	



Bin, D.; Eiji, K.; Tomokazu, S.; Shiro, F.; Seimei, S. Fabrication of Blend Biodegradable Nanofibrous Nonwoven Mats via Multi-Jet Electrospinning. Polymer 2004, 45, 1895–1902. [Google Scholar] [CrossRef]

	



Qin, X.H.; Wang, S.Y. Filtration Properties of Electrospinning Nanofibers. J. Appl. Polym. Sci. 2006, 102, 1285–1290. [Google Scholar] [CrossRef]

	



Wang, X.F.; Ding, B.; Sun, G.; Wang, M.R.; Yu, J.Y. Electro-Spinning/Netting: A Strategy for the Fabrication of Three-Dimensional Polymer Nano-Fiber/Nets. Prog. Mater. Sci. 2013, 58, 1173–1243. [Google Scholar] [CrossRef] [PubMed]

	



Hung, C.H.; Fong, W.W. Filtration of Nano-Aerosol Using Nanofiber Filter under Low Peclet Number and Transitional Flow Regime. Sep. Purif. Technol. 2011, 79, 34–42. [Google Scholar] [CrossRef]

	



Zhao, X.; Wang, S.; Yin, X.; Yu, J.; Ding, B. Slip-Effect Functional Air Filter for Efficient Purification of PM2.5. Sci. Rep. 2016, 6, 35472. [Google Scholar] [CrossRef]

	



Li, Y.; Yin, X.; Yu, J.; Ding, B. Electrospun Nanofibers for High-Performance Air Filtration. Compos. Commun. 2019, 15, 6–19. [Google Scholar] [CrossRef]

	



Givehchi, R.; Li, Q.; Tan, Z. Quality Factors of PVA Nanofibrous Filters for Airborne Particles in the Size Range of 10–125 nm. Fuel 2016, 181, 1273–1280. [Google Scholar] [CrossRef]

	



Liu, F.; Li, M.; Shao, W.; Yue, W.; Hu, B.; Weng, K.; Chen, Y.; Liao, X.; He, J. Preparation of a Polyurethane Electret Nanofiber Membrane and Its Air-Filtration Performance. J. Colloid Interface Sci. 2019, 557, 318–327. [Google Scholar] [CrossRef]

	



Yang, W.; Li, L.; Wang, S.; Liu, J. Preparation of Multifunctional AgNPs/PAN Nanofiber Membrane for Air Filtration by One-Step Process. Pigment Resin Technol. 2020, 49, 355–361. [Google Scholar] [CrossRef]

	



Gao, X.; Wen, S.; Yang, B.; Xue, J.; Wang, H. Enhanced Air Filtration Performance under High-Humidity Condition through Electrospun Membranes with Optimized Structure. Chin. J. Chem. Eng. 2020, 28, 1788–1795. [Google Scholar] [CrossRef]

	



Farhangian, M.; Dehghan, S.F.; Jafari, M.J.; Pirposhteh, E.A.; Khalilinejad, A.; Tavakol, E. Feasibility Study on the Application of Electrospun Nanofiber Webs for the Air Sampling of Crystalline Silica. Ind. Health 2021, 59, 415–426. [Google Scholar] [CrossRef]

	



Kao, T.-H.; Su, S.-K.; Su, C.-I.; Lee, A.-W.; Chen, J.-K. Polyacrylonitrile Microscaffolds Assembled from Mesh Structures of Aligned Electrospun Nanofibers as High-Efficiency Particulate Air Filters. Aerosol Sci. Technol. 2016, 50, 615–625. [Google Scholar] [CrossRef]

	



Huang, J.J.; Tian, Y.; Wang, R.; Tian, M.; Liao, Y. Fabrication of Bead-on-String Polyacrylonitrile Nanofibrous Air Filters with Superior Filtration Efficiency and Ultralow Pressure Drop. Sep. Purif. Technol. 2020, 237, 116377. [Google Scholar] [CrossRef]

	



Al-Attabi, R.; Morsi, Y.; Schutz, J.A.; Cornu, D.; Maghe, M.; Dumee, L.F. Flexible and Reusable Carbon Nano-Fibre Membranes for Airborne Contaminants Capture. Sci. Total Environ. 2021, 754, 142231. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.-J.; Park, S.J.; Park, C.S.; Le, T.-H.; Lee, S.H.; Ha, T.H.; Kim, H.; Kim, J.; Lee, C.-S.; Yoon, H.; et al. Surface-Modified Polymer Nanofiber Membrane for High-Efficiency Microdust Capturing. Chem. Eng. J. 2018, 339, 204–213. [Google Scholar] [CrossRef]

	



Fan, Q.; Liang, W.; Fan, T.-T.; Li, X.; Yan, S.-Y.; Yu, M.; Ning, X.; Long, Y.-Z. Polyvinylidene Fluoride Composite Nanofibrous Filter for High-Efficiency PM2.5 Capture. Compos. Commun. 2020, 22, 100533. [Google Scholar] [CrossRef]

	



Zheng, G.; Shao, Z.; Chen, J.; Jiang, J.; Zhu, P.; Wang, X.; Li, W.; Liu, Y. Self-Supporting Three-Dimensional Electrospun Nanofibrous Membrane for Highly Efficient Air Filtration. Nanomaterials 2021, 11, 2567. [Google Scholar] [CrossRef] [PubMed]

	



Niu, Z.; Bian, Y.; Xia, T.; Zhang, L.; Chen, C. An Optimization Approach for Fabricating Electrospun Nanofiber Air Filters with Minimized Pressure Drop for Indoor PM2.5 Control. Build. Environ. 2021, 188, 107449. [Google Scholar] [CrossRef]

	



Bian, Y.; Zhang, L.; Chen, C. Experimental and Modeling Study of Pressure Drop across Electrospun Nanofiber Air Filters. Build. Environ. 2018, 142, 244–251. [Google Scholar] [CrossRef]

	



Xu, J.; Liu, C.; Hsu, P.-C.; Liu, K.; Zhang, R.; Liu, Y.; Cui, Y. Roll-to-Roll Transfer of Electrospun Nanofiber Film for High-Efficiency Transparent Air Filter. Nano Lett. 2016, 16, 1270–1275. [Google Scholar] [CrossRef]

	



Nazir, A.; Khenoussi, N.; Hussain, T.; Abid, S.; Schacher, L.; Adolphe, D.; Zahir, A.; Qadir, M.B.; Khaliq, Z.; Shahzad, A. Enhanced Filtration and Comfort Properties of Nonwoven Filtering Facepiece Respirator by the Incorporation of Polymeric Nanoweb. Polym. Bull. 2020, 77, 5155–5173. [Google Scholar] [CrossRef]

	



Cao, J.; Cheng, Z.; Kang, L.; Lin, M.; Han, L. Patterned Nanofiber Air Filters with High Optical Transparency, Robust Mechanical Strength, and Effective PM2.5 Capture Capability. RSC Adv. 2020, 10, 20155–20161. [Google Scholar] [CrossRef]

	



Su, W.; Hui, L.; Ma, X.; Yang, Q.; Sun, W. Filtration Efficiency Improvement of Air Filter Paper for Fine Particles by Electrospinning Technology. Bioresources 2021, 16, 5220–5233. [Google Scholar] [CrossRef]

	



Zhang, J.X.; Gong, S.B.; Wang, C.C.; Jeong, D.Y.; Wang, Z.L.; Ren, K.L. Biodegradable Electrospun Poly(Lactic Acid) Nanofibers for Effective PM2.5 Removal. Macromol. Mater. Eng. 2019, 304, 1900259. [Google Scholar] [CrossRef]

	



Cho, M.; Hiremath, V.; Seo, J.G. Triboelectrification-Based Particulate Matter Capture Utilizing Electrospun Ethyl Cellulose and PTFE Spheres. Atmospheric Environ.-X 2021, 12, 100138. [Google Scholar] [CrossRef]

	



Chattopadhyay, S.; Hatton, T.A.; Rutledge, G.C. Aerosol Filtration Using Electrospun Cellulose Acetate Fibers. J. Mater. Sci. 2016, 51, 204–217. [Google Scholar] [CrossRef]

	



Gao, H.; He, W.; Zhao, Y.-B.; Opris, D.M.; Xu, G.; Wang, J. Electret Mechanisms and Kinetics of Electrospun Nanofiber Membranes and Lifetime in Filtration Applications in Comparison with Corona-Charged Membranes. J. Membr. Sci. 2020, 600, 117879. [Google Scholar] [CrossRef]

	



Bonfim, D.P.F.; Cruz, F.G.S.; Bretas, R.E.S.; Guerra, V.G.; Aguiar, M.L. A Sustainable Recycling Alternative: Electrospun PET-Membranes for Air Nanofiltration. Polymers 2021, 13, 1166. [Google Scholar] [CrossRef]

	



Liu, K.; Liu, C.; Hsu, P.-C.; Xu, J.; Kong, B.; Wu, T.; Zhang, R.; Zhou, G.; Huang, W.; Sun, J.; et al. Core–Shell Nanofibrous Materials with High Particulate Matter Removal Efficiencies and Thermally Triggered Flame Retardant Properties. ACS Cent. Sci. 2018, 4, 894–898. [Google Scholar] [CrossRef]

	



He, W.; Guo, Y.; Zhao, Y.-B.; Jiang, F.; Schmitt, J.; Yue, Y.; Liu, J.; Cao, J.; Wang, J. Self-Supporting Smart Air Filters Based on PZT/PVDF Electrospun Nanofiber Composite Membrane. Chem. Eng. J. 2021, 423, 130247. [Google Scholar] [CrossRef]

	



Shen, H.; Zhou, Z.; Wang, H.; Zhang, M.; Han, M.; Durkin, D.P.; Shuai, D.; Shen, Y. Development of Electrospun Nanofibrous Filters for Controlling Coronavirus Aerosols. Environ. Sci. Technol. Lett. 2021, 8, 545–550. [Google Scholar] [CrossRef]

	



Feng, J.P.; Wang, J.; Hwang, W.T.; Jo, Y.M. Characterization of Filter Media Prepared from Aligned Nanofibers for Fine Dust Screen. J. Appl. Polym. Sci. 2019, 136, 48166. [Google Scholar] [CrossRef]

	



Lakshmanan, A.; Gavali, D.S.; Thapa, R.; Sarkar, D. Synthesis of CTAB-Functionalized Large-Scale Nanofibers Air Filter Media for Efficient PM2.5 Capture Capacity with Low Airflow Resistance. ACS Appl. Polym. Mater. 2021, 3, 937–948. [Google Scholar] [CrossRef]

	



Wang, L.; Kang, Y.; Xing, C.-Y.; Guo, K.; Zhang, X.-Q.; Ding, L.-S.; Zhang, S.; Li, B.-J. Beta-Cyclodextrin Based Air Filter for High-Efficiency Filtration of Pollution Sources. J. Hazard. Mater. 2019, 373, 197–203. [Google Scholar] [CrossRef] [PubMed]

	



Bian, Y.; Wang, R.; Ting, S.H.; Chen, C.; Zhang, L. Electrospun SF/PVA Nanofiber Filters for Highly Efficient PM2.5 Capture. IEEE Trans. Nanotechnol. 2018, 17, 934–939. [Google Scholar] [CrossRef]

	



Wang, C.; Yan, K.; Wang, J.; Chen, S.Y.; Cui, J.M.; Zhang, R. Electrospun Polyacrylonitrile/Polyvinyl Pyrrolidone Composite Nanofibrous Membranes with High-Efficiency PM2.5 Filter. J. Polym. Eng. 2020, 40, 487–493. [Google Scholar] [CrossRef]

	



Li, D.; Liu, H.; Shen, Y.; Wu, H.; Liu, F.; Wang, L.; Liu, Q.; Deng, B. Preparation of PI/PTFE-PAI Composite Nanofiber Aerogels with Hierarchical Structure and High-Filtration Efficiency. Nanomaterials 2020, 10, 1806. [Google Scholar] [CrossRef]

	



Topuz, F.; Abdulhamid, M.A.; Hardian, R.; Holtzl, T.; Szekely, G. Nanofibrous Membranes Comprising Intrinsically Microporous Polyimides with Embedded Metal–Organic Frameworks for Capturing Volatile Organic Compounds. J. Hazard. Mater. 2022, 424, 127347. [Google Scholar] [CrossRef]

	



Blosi, M.; Costa, A.L.; Ortelli, S.; Belosi, F.; Ravegnani, F.; Varesano, A.; Tonetti, C.; Zanoni, I.; Vineis, C. Polyvinyl Alcohol/Silver Electrospun Nanofibers: Biocidal Filter Media Capturing Virus-Size Particles. J. Appl. Polym. Sci. 2021, 138, 51380. [Google Scholar] [CrossRef]

	



Kim, J.; Hong, S.C.; Bae, G.N.; Jung, J.H. Electrospun Magnetic Nanoparticle-Decorated Nanofiber Filter and Its Applications to High-Efficiency Air Filtration. Environ. Sci. Technol. 2017, 51, 11967–11975. [Google Scholar] [CrossRef]

	



Borojeni, I.A.; Jenab, A.; Sanjari, M.; Boudreault, C.; Klinck, M.; Strong, S.; Riahi, A.R. Effect of Nanoclay Addition on the Morphology, Fiber Size Distribution and Pore Size of Electrospun Polyvinylpyrrolidone (PVP) Composite Fibers for Air Filter Applications. Fibers 2021, 9, 48. [Google Scholar] [CrossRef]

	



Orlando, R.; Gao, Y.; Fojan, P.; Mo, J.; Afshari, A. Filtration Performance of Ultrathin Electrospun Cellulose Acetate Filters Doped with TiO2 and Activated Charcoal. Buildings 2021, 11, 557. [Google Scholar] [CrossRef]

	



Cui, J.; Lu, T.; Li, F.; Wang, Y.; Lei, J.; Ma, W.; Zou, Y.; Huang, C. Flexible and Transparent Composite Nanofibre Membrane That Was Fabricated via a “Green” Electrospinning Method for Efficient Particulate Matter 2.5 Capture. J. Colloid Interface Sci. 2021, 582, 506–514. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Li, Q.; Young, T.M.; Harper, D.P.; Wang, S. A Novel Method for Fabricating an Electrospun Poly(Vinyl Alcohol)/Cellulose Nanocrystals Composite Nanofibrous Filter with Low Air Resistance for High-Efficiency Filtration of Particulate Matter. ACS Sustain. Chem. Eng. 2019, 7, 8706–8714. [Google Scholar] [CrossRef]

	



Canalli Bortolassi, A.C.; Guerra, V.G.; Aguiar, M.L.; Soussan, L.; Cornu, D.; Miele, P.; Bechelany, M. Composites Based on Nanoparticle and Pan Electrospun Nanofiber Membranes for Air Filtration and Bacterial Removal. Nanomaterials 2019, 9, 1740. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira Santos, R.P.; Hao, J.; Frollini, E.; Savastano Junior, H.; Rutledge, G.C. Aerosol Filtration Performance of Electrospun Membranes Comprising Polyacrylonitrile and Cellulose Nanocrystals. J. Membr. Sci. 2022, 650, 120392. [Google Scholar] [CrossRef]

	



Son, B.C.; Park, C.H.; Kim, C.S. Fabrication of Antimicrobial Nanofiber Air Filter Using Activated Carbon and Cinnamon Essential Oil. J. Nanosci. Nanotechnol. 2020, 20, 4376–4380. [Google Scholar] [CrossRef]

	



Lee, W.J.; Lee, J.; Kim, M.H.; Aguilar, L.E.; Park, C.H.; Kim, C.S. Investigation of Composite Nano Air Filter for Improving Antimicrobial Activity and Reducing VOCs Using a High Speed Upward Electrospinning System. J. Nanosci. Nanotechnol. 2019, 19, 697–700. [Google Scholar] [CrossRef]

	



Wong, D.; Hartery, S.; Keltie, E.; Chang, R.; Kim, J.S.; Park, S.S. Electrospun Polystyrene and Acid-Treated Cellulose Nanocrystals with Intense Pulsed Light Treatment for N95-Equivalent Filters. ACS Appl. Polym. Mater. 2021, 3, 4949–4958. [Google Scholar] [CrossRef]

	



Victor, F.S.; Kugarajah, V.; Bangaru, M.; Ranjan, S.; Dharmalingam, S. Electrospun Nanofibers of Polyvinylidene Fluoride Incorporated with Titanium Nanotubes for Purifying Air with Bacterial Contamination. Environ. Sci. Pollut. Res. 2021, 28, 37520–37533. [Google Scholar] [CrossRef]

	



Li, Y.; Cao, L.; Yin, X.; Si, Y.; Yu, J.; Ding, B. Ultrafine, Self-Crimp, and Electret Nano-Wool for Low-Resistance and High-Efficiency Protective Filter Media against PM0.3. J. Colloid Interface Sci. 2020, 578, 565–573. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, S.; Shin, Y.R.; Choi, Y.-N.; Yoon, J.; Ryu, M.; Lee, J.W.; Lee, H. Durable Superhydrophobic Poly(Vinylidene Fluoride) (PVDF)-Based Nanofibrous Membranes for Reusable Air Filters. ACS Appl. Polym. Mater. 2022, 4, 338–347. [Google Scholar] [CrossRef]

	



Li, D.; Shen, Y.; Wang, L.; Liu, F.; Deng, B.; Liu, Q. Hierarchical Structured Polyimide-Silica Hybrid Nano/Microfiber Filters Welded by Solvent Vapor for Air Filtration. Polymers 2020, 12, 2494. [Google Scholar] [CrossRef] [PubMed]

	



Ju, Y.; Han, T.; Yin, J.; Li, Q.; Chen, Z.; Wei, Z.; Zhang, Y.; Dong, L. Bumpy Structured Nanofibrous Membrane as a Highly Efficient Air Filter with Antibacterial and Antiviral Property. Sci. Total Environ. 2021, 777, 145768. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Xu, H.; Li, H.; Liu, X.; Du, Z.; Yu, W. Electrospun Polyurethane/Zeolitic Imidazolate Framework Nanofibrous Membrane with Superior Stability for Filtering Performance. ACS Appl. Polym. Mater. 2021, 3, 710–719. [Google Scholar] [CrossRef]

	



Topuz, F.; Abdulhamid, M.A.; Holtzl, T.; Szekely, G. Nanofiber Engineering of Microporous Polyimides through Electrospinning: Influence of Electrospinning Parameters and Salt Addition. Mater. Des. 2021, 198, 109280. [Google Scholar] [CrossRef]

	



Fan, X.; Rong, L.; Kong, L.; Li, Y.; Huang, J.; Cao, Y.; Zhong, W.-H. Tug-of-War-Inspired Bio-Based Air Filters with Advanced Filtration Performance. ACS Appl. Mater. Interfaces 2021, 13, 8736–8744. [Google Scholar] [CrossRef]

	



Park, K.; Kang, S.; Park, J.; Hwang, J. Fabrication of Silver Nanowire Coated Fibrous Air Filter Medium via a Two-Step Process of Electrospinning and Electrospray for Anti-Bioaerosol Treatment. J. Hazard. Mater. 2021, 411, 125043. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, L.; Wang, L.; Nie, J.; Ma, G. Multilayer Electrospun Nanofibrous Membranes with Antibacterial Property for Air Filtration. Appl. Surf. Sci. 2020, 515, 145962. [Google Scholar] [CrossRef]

	



Moon, J.; Bui, T.T.; Jang, S.; Ji, S.; Park, J.T.; Kim, M.-G. A Highly Efficient Nanofibrous Air Filter Membrane Fabricated Using Electrospun Amphiphilic PVDF-g-POEM Double Comb Copolymer. Sep. Purif. Technol. 2021, 279, 119625. [Google Scholar] [CrossRef]

	



Xu, W.; Chen, Y.; Liu, Y. Directional Water Transfer Janus Nanofibrous Porous Membranes for Particulate Matter Filtration and Volatile Organic Compound Adsorption. ACS Appl. Mater. Interfaces 2021, 13, 3109–3118. [Google Scholar] [CrossRef]

	



Zhong, T.; Liu, W.; Liu, H. Green Electrospinning of Chitin Propionate to Manufacture Nanofiber Mats. Carbohydr. Polym. 2021, 273, 118593. [Google Scholar] [CrossRef] [PubMed]

	



Topuz, F.; Holtzl, T.; Szekely, G. Scavenging Organic Micropollutants from Water with Nanofibrous Hypercrosslinked Cyclodextrin Membranes Derived from Green Resources. Chem. Eng. J. 2021, 419, 129443. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 01077 g001 550] 





Figure 1. Literature search statistics using the themes “air filter” and “electric spinning and electrospinning air filter” on the “Web of Science” platform. 
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Figure 2. Schematic diagram of electrospinning process and equipment. 
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Figure 3. Influencing factors, environmental parameters, process parameters, and environmental parameters of the electrospinning process. 
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Figure 4. Comparison of electrospinning with different processes: (a) single-fluid spinneret; (b) two-fluid spinneret; (c) three-fluid spinneret; (d) real-life photograph and schematic diagram of the eccentric spinning head; (e) single-fluid electrospinning schematic diagram; (f) coaxial electrospinning diagram; (g) parallel electrospinning diagram. 
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Figure 5. Modified triaxial electrospinning. Adapted with permission from [103]. Copyright, 2016 Elsevier. (a) spinneret connections to power and working fluid (left), and spinneret image (inset); (b) digital photograph of the triaxial process (left), droplet (upper right), and compound Taylor cone (lower right) before application of 15 kV voltage; (c) modified triaxial electrostatic spinning process and its use in the preparation of core–shell drug-loaded nanofibers. 
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Figure 6. Five mechanisms of fiber filtration: (a) filtration mechanisms in the air filtration process; (b) aerosol particle motion flowlines; (c) filtration test diagram. 






Figure 6. Five mechanisms of fiber filtration: (a) filtration mechanisms in the air filtration process; (b) aerosol particle motion flowlines; (c) filtration test diagram.



[image: Nanomaterials 12 01077 g006]







[image: Nanomaterials 12 01077 g007 550] 





Figure 7. Preparation of air-filter membrane by electrospinning of various polymers: (a) blending of various polymers; (b) preparing a filter membrane by multiple jets. 
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Figure 8. Existing forms of functional particles in fibers: (a) Fe3O4 is uniformly dispersed in fibers Adapted with permission from [179]. Copyright, 2017 American Chemical Society; (b) SiO2 particles are embedded on the surface of fibers Adapted with permission from [11]. Copyright, 2019 Elsevier. 
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Figure 9. Comparison of preparation processes of single-polymer nanofibers, multiple-polymer composite nanofibers, and nanoparticle-doped hybrid nanofibers. 






Figure 9. Comparison of preparation processes of single-polymer nanofibers, multiple-polymer composite nanofibers, and nanoparticle-doped hybrid nanofibers.



[image: Nanomaterials 12 01077 g009]







[image: Nanomaterials 12 01077 g010 550] 





Figure 10. Multiprocess collaborative preparations: (a) preparation of Ag/PT substrate by in situ reduction method. Adapted with permission from [196]. Copyright, 2021 American Chemical Society; (b) preparation of composite nanofibers by green cross-linking method. Adapted with permission from [182]. Copyright, 2021 Elsevier; (c) two-step process of electrostatic spinning and electrospray. Adapted with permission from [197]. Copyright, 2021 Elsevier; (d) antibacterial fiber membrane. Adapted with permission from [198]. Copyright, 2020 Elsevier; (e) comparison of adsorption efficiency. Adapted with permission from [199]. Copyright, 2021 Elsevier. 
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Table 1. Classification of air-filter materials.
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Type

	
Category

	
Examples

	
Advantages

	
Disadvantages

	
Refs.






	
Traditional filter materials

	
Granular filter materials

	
Coal ash, activated carbon, diatomite, volcanic rock

	
1. High-temperature resistance

2. Chemical corrosion resistance

3. Low cost

	
1. Low filtration efficiency

2. High air resistance

3. Serious deficiencies in the filtration of fine particles with particle size <5 μm

	
[40,41]




	
Porous-membrane filter materials

	
CS/PVA PVDF/PEG PES

PVDF/SiO2 PAN/F127

	
1. High filtration efficiency

2. Small aperture

	
1. Low porosity

2. Poor hole connectivity

3. High air resistance

4. High energy consumption

	
[42,43,44,45]




	
Micron-grade filter materials

	
Ultrafine glass fiber air-filter materials

	
1. High-temperature resistance

2. Corrosion resistance

3. Mechanical wear resistance

4. High filtration efficiency

	
1. Smooth and brittle surface

2. Difficult to process

3. Low bonding strength with the base materials

	
[46,47]




	
Melt-blown electret micron-fiber air-filter materials (PLA, PP, PE)

	
1. Charge storage capacity

2. High filtration efficiency

	
1. Limited and easily decayed charge storage capacity

2. Filtration efficiency greatly affected by the charge storage

	
[48,49]




	
Modern filter materials

	
Electrospinning nanofiber filter materials

	
PAN, PCL, PP, PVDF

	
1. Small aperture

2. Uniform fiber diameter

3. Good tunnel connectivity

4. High porosity

5. High filtration efficiency

6. Small pressure drop

7. Simple process

	
1. Low production capacity

2. Industrial production has not been fully achieved

	
[50,51]




	
Functional filter materials

	
PVDF/AgNPs

PP/PVA/ZIF-8

PI/ZIF-8

	
1. High filtration efficiency

2. Strong addition ability

	
1. Industrial production is difficult

2. High cost

	
[52]
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Table 2. Common pure polymer air-filter membranes prepared by electrospinning.






Table 2. Common pure polymer air-filter membranes prepared by electrospinning.





	
Polymer

	
Solvents

	
Special Features

	
Characteristics

	
Refs.






	
PAN

	
DMF

	
/

	
1. Under the airflow rate of 4.2 cm/s, the low pressure drop is 27 Pa, and the efficiency of the PAN filter can easily reach over 99%

2. Realizes a HEPA filter with low bulk density

	
[14,54,151,152]




	
Carbonization modification

	
1. Excellent thermal stability to temperatures up to 450 °C, supporting the development of autoclaved and recyclable membranes

2. Adsorbs volatile and biological pollutants

	
[153]




	
Surface modification (functional group)

	
1. PM2.5 removal efficiency of 94.02%, pressure drop of 18 Pa

2. Adsorption performance is enhanced

	
[154]




	
PVDF

	
DMF

	
/

	
1. The filtration efficiency is stable for 98.137% to 96.36%

2. The electrospun PVDF fiber also has a certain hydrophobicity, which can effectively improve the service life of the composite filter

3. Charge storage ability and piezoelectricity

	
[155,156]




	
PVC

	
DMF:THF = 1:1

	
Beaded structure

	
1. Hydrophobicity

2. The structure improves the filtration efficiency

	
[149]




	
/

	
1. Filtration efficiency is 1.022 times higher than that of a commercial PVC filter membrane

2. Lower pressure drop

	
[150]




	
Nylon

	
88% formic acid

	
/

	
1. High stability

2. The filtration efficiency reaches 99%

	
[12,157,158]




	
PA6

	
99% formic acid

	
/

	
1. The dipole moment of the repeating unit in nylon-6 is 3.67

2. The filtering efficiency of the filter is significantly increased to 200% of the original

	
[159,160]




	
PA66

	
99% formic acid

	
/

	
1. Good light transmittance

2. The filtering efficiency of PM0.3 reaches 99.99%

	
[161]




	
Polyvinyl alcohol (PVOH)

	
H2O

	
/

	
1. The performance of repeated use is strong, and it is still good after three uses

2. The filtration efficiency of electrospun PVOH is obviously higher than the original filtration efficiency (3.4 times)

	
[162]




	
PLA

	
DCM/DMF

	
/

	
1. The electrostatic charge generated by PLLA nanofibers can significantly improve the application of air filters

2. The efficiency of the PLLA fiber filter is as high as 99.3%

3. Piezoelectricity and degradability

	
[163]




	
EC

	
DMAc/THF

	
Triboelectricity

	
1. Friction generates static electricity, which enhances the filtering ability

2. The filtration efficiency reaches 100%

	
[164]




	
CA

	
Ac:DMAc = 3:1

	
/

	
1. The electrospinning filter shows good performance at lower thickness

2. Low thickness

	
[165]




	
PMMA

	
DMF

	
/

	
1. Strong charge stability

2. The electrospinning film has longer charge retention time and stronger filtration performance stability

	
[166]




	
PET

	
TFA/DCM

	
/

	
1. Good mechanical performance, up to 4 MPa

2. High porosity (96%), high collection efficiency (about 100%), and low pressure drop (212 Pa)

	
[167]
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Table 3. Multipolymer air-filtration membranes prepared by common electrospinning.






Table 3. Multipolymer air-filtration membranes prepared by common electrospinning.





	Polymers
	Solvents
	Technique
	Characteristics
	Refs.





	PZT/PVDF
	DMF/Ac
	Blend
	1. SSSAF has a high filtration efficiency for submicron particles

2. The sensing function of VOC is realized
	[169]



	PVA/TA
	H2O
	Blend
	1. The PM1.0 filtration efficiency reaches 99.5%, and the pressure drop is only 35 Pa

2. The existence of an intermolecular hydrogen bond between PVA and TA improves the mechanical properties of nanofiber membrane
	[42]



	PVDF/PEI or PVDF/PVA
	DMF:Ac = 7:3
	Dip and dry coating
	1. Captures up to 99.9% of coronavirus aerosols and exhibits superior performance over many commercial masks

2. Virus capture capability
	[170]



	PAN/PA6
	DMF/formic acid
	Sequential electrospinning
	1. Prepares a plurality of fiber filter screens with different structures (random structure, arranged structure, orthogonal structure, and nanofiber network) by electrospinning

2. Filtration efficiency is improved to 59.46%
	[171]



	PAN/CTAB
	DMF
	Blend
	1. Removal efficiency of PM2.5 reaches 99.9%

2. The pressure drop is only 11 Pa

3. The quality factor reaches 0.469 PA1
	[172]



	β-CD/PVA
	H2O
	Blend
	1. The filtration efficiency is high (about 99%) and the air permeability is good (the pressure drop is only 45 Pa)

2. Low pressure drop after long-term use
	[173]



	SF/PVA
	H2O
	Blend
	1. SF effectively improves surface properties

2. The filtering effect reaches 99.11%, which is improved by about 10% compared with that of a pure PVA filter core

3. Air drag coefficient reduced to 90% compared with commercial air filters
	[174]



	PAN/PVP
	DMF
	Blend
	1. The removal rate of fine particles can reach 96.8%

2. Pore structure is improved by heat treatment
	[175]



	PTEF–PAI/PI
	DMAc/H2O
	Blend/compound
	1. Withstands high temperatures up to 500 °C

2. Filtering behavior can be adjusted to meet the requirements of various applications
	[176]
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Table 4. Electrospun filter materials doped with functional particles.






Table 4. Electrospun filter materials doped with functional particles.





	Polymer
	Functional Particles
	Solvents
	Characteristics
	Refs.





	PVP
	Fe3O4
	Ethanol
	1. Efficient removal of metal oxide dusts

2. The filtration efficiency reaches 97% and the pressure drop is only 17 Pa
	[179]



	PVP
	Nanoclay
	95% ethanol
	1. Increase in conductivity

2. Combination of coarse and fine fibers
	[180]



	CA
	AC/TiO2
	AC/ethanol/2-propanol
	1. The pressure drop of ultra-thin filter membrane is 63.0~63.8 Pa

2. CA can be degraded

3. Compared with the undoped filter, the adsorption of charged particles reaches 82% (0.3–0.5 μm)
	[181]



	PVA
	Sodium lignosulfonate (LS)
	H2O
	1. After 10 rounds of circulating filtration, the good air filtration performance is still maintained

2. PVA–LS composite nanofiber membrane shows excellent mechanical properties and transparency
	[182]



	PVA
	Ag NPs
	H2O
	1. Strong antibacterial performance

2. Compared with ordinary commercial products, the filtration efficiency is enhanced
	[178]



	PVA
	Cellulose nanocrystals (CNCs)
	H2O
	1. PVA and CNCs are nontoxic and biodegradable

2. The mechanical strength and the surface charge density of electrospinning solution are increased by CNC doping and thus the fiber diameter is decreased
	[183]



	PAN
	TiO2/ZnO/Ag NPs
	DMF
	1. The diameter of obtained fiber is the smallest by doping TiO2, and the filtration efficiency is close to 100%

2. Ag NP-doped fiber has good antibacterial performance
	[148,184]



	PAN
	CNCs
	DMF
	1. The mechanical properties are improved by two times

2. High filtration efficiency
	[185]



	PU
	AC/CO
	DMF:THF = 1:1
	1. The nanofiber mat has antibacterial activity

2. AC–CO–PU nanofiber air-filter media can be used in antibacterial fibers, personal masks, air purification devices, and other fields
	[186]



	PU
	Ag NPs/AC
	/
	1. The adsorption efficiency of volatile gas (VOC) is very high

2. Has an antibacterial effect
	[187]



	PU
	CNCs
	DMF
	1. The tensile strength and elongation at break increase

2. The filtration efficiency is 99.77%
	[188]



	PVDF
	Titanium nanotubes (TNTs)
	MeOH/DMF
	1. The bacterial filtration efficiency of 15 wt% TNT/PVDF is 99.88%, which provides greater application potential for clean air management
	[189]



	PVDF
	LiCl
	DMF
	1. Realization of self-crimping and in situ charging of nanofibers

2. Excellent filtration efficiency (PM0.3 > 99.995%) and low air resistance (55 Pa)
	[190]



	PVDF
	SiO2 NPs
	DMF
	1. High filtration performance

2. High mechanical strength

3. Reusability
	[191]



	PI
	SiO2 NPs
	DMF/DMAc
	1. The tensile strength of PI pure film is increased by 33%, and the tensile strength after solvent steam treatment is increased by 70%

2. High particle (0.3–1.0 µm) filtration efficiency (close to 100%) and stable pressure drop across 20 filtration cycles
	[192]



	PA6
	Ag NPs
	Acid
	1. The filtration efficiency of PM 2.5 is as high as 99.99%, and the pressure drop is 31 Pa

2. Simultaneously removes various aerosol pollutants, such as SOx, NOx, toluene, and l-nicotine

3. Excellent antibacterial performance against Escherichia coli (Gram-negative bacteria) and Staphylococcus aureus (Gram-positive bacteria)
	[193]



	PU
	ZIF-15
	DMF/methanol
	1. High filtering efficiency of PM2.5

2. Excellent heavy-metal adsorption performance

3. Excellent mechanical properties
	[194]
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