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Abstract

:

The growing increase in emissions of ultrafine particles or nanoparticles by industries and urban centers has become worrisome due to the potential adverse health effects when inhaled. Particles in this size range have greater ease of pulmonary penetration, being able to access the bloodstream and deposit in other regions of the body. Thus, the development and optimization of equipment and processes aimed at the removal of aerosols of nanoparticles have been gaining importance in this current scenario. Among the equipment commonly used, electrostatic precipitators and filters stand out as being versatile and consolidated processes in the literature. This review explores and analyzes the theoretical bases of these two processes in the collection of such small particles in addition to providing a general overview of the development of technologies and studies on these topics.
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1. Introduction


Sustainability has become a major concern for many companies, organizations, and governments. With the growing appreciation for this concept, the search for technologies to reduce the effect of anthropogenic actions on the environment and society has also increased. In this context, nanotechnology has allowed for the creation of materials that provide significant advances in areas such as energy, electronics, and medicine [1,2,3,4]. These advances are partly associated with the different optical, magnetic, and electrical properties that nanoparticles exhibit when compared with the same material at larger scales, such as micrometric [5,6,7,8]. Based on this, there is concern regarding the potential negative effects that these changes can have on the environment and health and, therefore, there seems to be a paradox between the development and application of nanotechnology [9].



Toxicological studies and environmental effects have shown evidence of the bioaccumulation of nanoparticles and transfer through the food chain in aquatic organisms, as well as changes in the dynamics of soil bacterial communities [10,11,12]. Negative effects are also felt by humans due to the fact of health damage caused by the inhalation of nanoparticles [13,14,15,16]. These nanoparticles, even at a smaller mass, are more numerous, have high surface, neurotoxicity, ease of pulmonary penetration, and ability to be transported through the bloodstream and access other organs, cells, and subcellular structures [17,18,19,20]. Because of this ability, research involving exposure to metal nanoparticles in rats has shown that they can reach the brain, cause stress and decreased cell viability, and increase the incidence of neurodegenerative diseases such as Alzheimer’s, Parkinson’s, mental illness, and reduced intelligence [21,22,23,24,25].



Therefore, with the increase in ultrafine particle emissions (<100 nm) by industries and urban centers, it is necessary to implement efficient means for its removal from the air [14,26,27,28,29]. Another important point is the improvement of processes, not only to mitigate the damage caused by this particle size but also for the recovery of materials that can present added value. Depending on the concentration of emissions, the recovery of ultrafine particles of iron oxides, silver oxides, titanium oxides, and aluminum oxides at an industrial scale could lead to long-term cost reductions in the implementation of emission control equipment [4]. Other processes that would benefit would be the recovery of nanoparticles of gold, silver, zirconia, and palladium at the laboratory and industrial scales [30,31,32,33,34], drugs in the pharmaceutical industry [35,36,37], or nanoparticles in biomedical applications [38,39,40].



Studies aimed at the removal of nanoparticles have proposed the use of equipment such as bubble columns, membrane filters, electrocyclones, diffusion batteries, and electrostatic precipitators, as well as the development of filter media for bag filters [8,41,42,43,44,45,46,47,48,49]. Among these types of equipment, electrostatic precipitators and filters stand out because they are consolidated processes and are widely investigated in the literature [6,50]. The concomitant use of these two types of equipment, so-called hybrid filters, is also interesting in the removal of materials in this size range [51]. This review aims to assist in understanding the behavior and emissions of aerosols at the nanoscale, as well as the applications and health impacts of nanoparticles. Based on this, the theory and studies of the main processes of the removal of nanoparticle material is explored, including electrostatic precipitation and air filtration.




2. Air Pollution and Ambient Particulate Matter (PM)


Air pollution is a global problem that has increased with industrialization and urbanization. The introduction of substances to the atmosphere affects air quality and causes major problems to the environment and public health. Among contaminants, such as nitrogen oxides, sulfur oxides, carbon monoxide, and carbon dioxide, particulate matter (PM) stands out for presenting varied compositions and characteristics, many of which contribute to its dangerousness. Its effects, which are dependent on the toxicity, exposure time, and concentration, are the targets of several studies. Many of these have demonstrated evidence that air pollution is associated with the development of diseases in the lower respiratory and cardiovascular systems, such as allergies, asthma, pneumonia, and cancer [52,53,54].



The environmental and health effects and the time that particles remain suspended vary according to their size. In practical terms, PM10 (less than 10 μm) can penetrate the lower respiratory system, while PM2.5 (less than 2.5 μm) can penetrate the gas exchange region of the lung. Special attention should be paid to ultrathin particles such as PM0.1 (less than 100 nm) which, even with a lower mass, are more numerous, with high surface area, ease of pulmonary penetration, and ability to access organs, cells, and subcellular structures [17,18]. Based on this, there is a consensus that particles with smaller diameters have a greater potential to cause adverse effects on human health [14], and nanometric particles have begun to be the target of numerous studies reporting various epidemiological and clinical evidence of the damage caused by their inhalation [13,14,15,16,55,56,57].




3. Ultrafine Particles and Nanoparticles


Ultrafine particles and nanoparticles are particles on the nanometric scale (10−9 m) that present themselves in various forms in the environment. Particles of this size have unique characteristics in relation to macroscopic particles and surfaces [3]. It is important to highlight that the terms nanoparticles (NPs), ultrafine particles (UFPs), and PM0.1 are interchangeably used in the atmospheric field [58], but there are small differences among these definitions. Ultrafine particles refer to particles that are generated incidentally in the environment, generally with a heterogeneous composition and size, often as by-products of fossil fuel combustion, condensation of semivolatile substances, wood burning, and industrial emissions [59,60]. Nanoparticles are manufactured by controlled engineering processes, with a homogeneous composition and size [59,61,62]. More broadly, the term nanoaerosols is used to refer to environmental ultrafine particles and engineering nanoparticles, while PM0.1 is exclusively particles of an aerosol that are less than 100 nm, regardless of the particle type [20,58,63]. The ISO/TS 12025:2012 [5] defines these particles as those that comprise the nanoscale, i.e., between 1 and 100 nm. However, there is no consensus in the literature concerning which aerodynamic diameter can be used to consider a particle as a nanoparticle. Most authors consider nanoparticles to be those smaller than 100 nm [19,26,46,61], while others define them as less than 50 nm [6,64,65], less than 250 nm [47,66,67], or less than 300 nm [68,69].



The intrinsic characteristics of ultrafine particles and nanoparticles guarantee new and unique properties. Such properties are associated with their size at the nanometric scale, greater reactivity and surface groups, solubility, state of aggregation, morphological structure, and characteristics related to their chemical composition, such as purity, crystallinity, and electronic properties [61,62]. Nanotechnology currently appears as one of the technologies with great potential to solve problems involving sustainability and the use of energy resources [9]. The applications of nanomaterials and nanoparticles have allowed for the development of a range of products, such as medicines and drug release techniques, cosmetics, adsorbents, water and soil treatments, and supercapacitors and batteries [2,4,14].



The Nanodatabase portal [70], developed by DTU Environment, the Danish Ecological Council, and the Danish Consumer Council, is a database for information collection and the categorization of nanomaterials used in consumer products. In the inventory, accessed on 13 December 2022, 5286 products containing nanoparticles have been cataloged. The Project on Emerging Nanotechnologies [71], carried out in partnership with the Woodrow Wilson International Center for Scholars and the Pew Charitable Trusts, maintains an online database of consumer nanoproducts (Project on Inventory of Consumer Products for Emerging Nanotechnologies 2009). This platform catalogs consumer products that openly advertise the use of nanocomponents. As of its most recent update, accessed on 13 December 2022, there were 1833 products cataloged. Based on the Woodrow Wilson International Center project, Vance et al. [4] evaluated the inventory launched in October 2013, which included 1814 consumer products from 622 companies in 32 countries. Among the total number of registered products, 42% refer to the category health and good form. In addition, 37% of the products warn of the use of metals and metal oxides, with silver being the most widely used nanomaterial (24%). Other materials include titanium oxides, zinc oxides, silicon oxides, and gold. Among carbonaceous nanomaterials (89 products), carbon nanoparticles are the most used (39 products). However, 49% of the products included in this platform do not provide the composition of the nanomaterial used.



The recent advances in nanotechnology, while opening up new opportunities for advances in technology and medicine, can also cause adverse health effects upon exposure to humans. Further research is needed to clarify the safety of nanoscale particles, as well as to elucidate the possible beneficial use of these particles in the treatment of diseases [61]. The increase in nanotechnological processes has also increased emissions of nanoparticles [14,26,27,28,29] and has raised concerns regarding how particles so small can interact with the human body and their potential effects on health and the environment [28,29].



The same properties that make nanoparticles so unique can also negatively affect the environment. However, research involving its impacts cannot keep pace with the rapid proliferation of research for the development and application of nanomaterials. This concern for its negative effects comes from problems arising from other materials that have also shown promise in the past. As in the case of asbestos, with its decades of long latency and health effects, there are many legitimate concerns regarding the unknown consequences for the human health of nanomaterials [14,55].



3.1. Emissions of Nanoparticles and Effects on Human Health


Even though the development of nanotechnology is recent, the presence of ultrafine particles in the air is neither recent nor unusual. However, they became a problem with the increase in emissions and the difficulty in characterizing them geographically or over time, since the concentration is influenced by parameters such as humidity and ambient temperature, wind direction, and distance from the emission source [61,72]. In addition, there is also the fact that they have long been difficult to measure, and better results are coming from improvements in measuring equipment. On average, the number of ultrafine particles in urban areas is in the order of 104 particles/cm3, while in rural areas they are in the order of 103 particles/cm3 [73,74]. However, populous or industrial regions have concentrations in numbers with larger orders of magnitude, such as 106 or 107 particles/cm3 [75].



It is important to note that the emission of nanoparticles directly into the atmosphere by anthropogenic processes [14,26,27,28,29] is not the only way they can be present in the environment. Primary emissions of nanoparticles are those emitted directly into the atmosphere and include, for example, brakes and wheels, mineral dust, industrial emissions, black carbon, organics emitted by traffic, organics emitted by cooking, and marine spray aerosol [76,77,78,79]. However, these ultrafine particles are also abundantly formed in the atmosphere (i.e., secondary emissions) by photochemical sources or reactions with various atmospheric oxidants [77,80,81]. For example, so-called secondary organic aerosol is formed from organic gaseous precursors as part of photochemical smog [78,82], secondary inorganic aerosols formed from reactions in the atmosphere [79], in addition to the homogeneous nucleation of new particles [79,80,83].



Many studies involving ultrafine particles focus on urban areas and highways, mainly caused by vehicle emissions [27,84,85,86,87,88,89]. Cheng et al. [85] conducted a study on a toll booth on a Taiwanese highway with the traffic of 227,000 vehicles per day and showed that people working in this region are exposed to concentrations of ultrafine particles in the range of 9.3 × 103–1.6 × 105 particles/cm3. Rönkkö et al. [86] performed measurements of heavy-duty diesel truck and light-duty vehicle emissions during engine braking conditions and demonstrated that there is a contribution of 20–30% of nanoparticles emitted during engine braking (105–108 particles/cm3). Holmén and Ayala [87] identified emissions in the orders of 104 particles/cm3 and 106 particles/cm3 for buses using compressed natural gas and diesel, respectively. Calderón-Garcidueñas and Ayala [27] reported much higher levels for diesel vehicle emissions, in addition to verifying that professional drivers are exposed to ultrafine particles in cabins at concentrations ranging from 17.9 × 103 to 37.9 × 103 particles/cm3. Mayer et al. [88] also observed these orders of magnitude (103 particles/cm3) in the cabs of vehicles that used other fuels.



In industrial processes, the increase in particles in this size range is also expressive. Cheng et al. [90] showed that the concentrations of ultrafine particles in an iron foundry were between 2.07 × 104 and 2.82 × 105 particles/cm3. In a study by Heitbrink et al. [69], in a machining and engine assembly facility, the concentrations of ultrafine particles were 7.5 × 105 particles/cm3 when natural gas heaters were used and 3 × 105 particles/cm3 when steam heaters were used. Wheatley and Sadhra [91] reported, through parallel measurements of diesel smoke levels in the air in tanks using diesel-powered forklifts, an exposure of ultrafine particles in the range of 5.8 × 104–2.3 × 105 particles/cm3. Jiayuan Wu et al. [92] collected samples from representative coal-fired power plants in China and verified emissions in the order of 107 particles/mg, mainly from Fe, Ti, and toxic metals. They also noted that nanoparticles have a remarkable contribution when evaluated by number and not by mass/volume.



Elihn and Berg [93] studied the characteristics of ultrafine particles in seven industrial plants and measured the concentrations in ten work activities, such as welding, laser cutting, casting, core manufacturing, molding, concreting, grinding, sieving, and washing. Concentrations of 1.5 × 104 to 8.8 × 104 particles/cm3 were obtained in activities with steel welding, grinding, and washing of cast steel, from 2.5 × 104 to 3.9 × 104 particles/cm3 for iron casting, from 5.0 × 104 to 1.3 × 105 particles/cm3 for steel casting, from 1.2 × 104 to 2.2 × 104 particles/cm3 for concrete constructions, and from 1.2 × 104 to 9.6 × 104 particles/cm3 for molding and sieving steel powders.



Nanoparticle emissions are a real problem and are present in various places and sectors of society. Although only the amount of these emissions were evaluated here, the compounds involved can further increase the dangerousness and its effects on human health. Several studies have demonstrated worrisome and known health-damaging compounds, such as metals and toxic metals [92,94,95], arsenic [96], mercury [95], and magnetite [97]. In general, inhalation is one of the most dangerous access routes for nanoparticles. The presence of nanoparticles in atmospheric air is worrisome due to the fact of their high lung deposition efficiency, long service life in the atmosphere, and ability to be transported for thousands of kilometers and remain in the air for several days. Studies show that after being inhaled, nanoparticles can reach the gas exchange region, cross the air–blood barrier, access the bloodstream, and redistribute in other parts of the body, such as different organs (e.g., kidneys, heart, liver, and brain [15,16,18,20,22,97,98]) and secondary tissues, causing systemic health effects [13,14,15,20]. This occurs because the particles are extremely small, which allows them to translocate by diffusion through the lipid bilayer of the cell walls of alveolar epithelial cells [59,99]. In any case, a large part is retained in the lungs, where it can cause inflammatory responses [16,57,100]. For example, in the brain, nanoparticles can cause neuroinflammation and neurodegeneration [24,25], increasing the likelihood of developing diseases such as Parkinson’s disease, Huntington’s disease, primary brain tumors [23], and Alzheimer’s disease [22].



Thus, it is important to consider that research is still needed to conclusively affirm the effects that nanoparticles and ultrafine particles can have on human health. However, with the available data, it can be inferred that nanoparticles are a problem that deserves attention and forms of mitigation to ensure robustly and validated nanosecurity for processes and people. As a result, research involving the development of nanoscale particle removal equipment is important to ensure sustainable development and reduce the negative impact on people’s health. Therefore, it is important to know the behavior and characteristics of these small particles in order to understand the impact of their collection by atmospheric emission control equipment.




3.2. Characteristics of Nanoparticles


Particle aerosols at the nanoscale are more dynamic and have unique characteristics in relation to micrometric particles due to the fact of their greater sensitivity to physical effects, such as Brownian diffusion [5,6,7,8]. To explain these effects, two concepts should be understood: gas mean free path and Brownian motion. The mean free path (λ) is defined as the average distance that the gas molecule travels between successive collisions (Equation (1)), and Brownian motion is the random and irregular movement of particles caused by collisions of gas molecules against the particles [6,101,102].


  λ =  μ  0.499 P     8 M / π R T     0.5      



(1)







In this equation, μ is the gas viscosity (Kg/ms), P is the pressure (Pa), M is the molecular weight, and T is the absolute temperature (K).



Particles with a micrometric magnitude, on average, will have traveled a distance equal to the mean free path (0.066 μm under standard conditions) since the last collision with another gas molecule. Its diameter is much larger than this mean free path, and the particle behaves as if in a continuous medium [6,8]. Figure 1 shows a comparison between the particle size and the mean free path. As particles decrease in size, for the same air mean free path, they begin to escape contact with the gas molecules. Thus, the way the particle interacts with the gas molecules is different, presenting interactions with other chemical entities and random diffusion in all directions. When this occurs, extremely small particles behave differently and see the medium as something discontinuous [6,86]. This effect is demonstrated when observing the diffusion coefficient for particles of different sizes. At 20 °C, for a particle of 0.01 μm, the diffusion coefficient is 5.4 × 10−8 m2·s−1, and for a particle of 10 μm, it is 2.4 × 10−12 m2·s−1. That is, the diffusion transport is 20,000 times faster for particles of 0.01 μm. As the diffusion coefficient characterizes the intensity of Brownian motion, it has been observed that this phenomenon is well pronounced in smaller particles [6].



The behavior of a particle can also be evaluated by the Knudsen number, which relates the average free path of the gas molecules and the particle diameter (dp), provided by Equation (2). If Kn < 0.1 and dp > 1.3 μm, the particle is larger than the mean free path and behaves as if it were in a continuous medium. For Kn ≤ 0.3 and dp ≥ 0.04 μm, it is called slipstream. For Kn > 10 and dp < 0.01 μm, the particle has the same order of magnitude as the gas molecules and interacts as if it were a molecule before the gas molecules. With a Kn between 0.3 and 10 and 0.01 < dp < 0.4 μm, it is called the transition region, and when Kn ≈ 1, there is difficulty in determining the behavior, and the data are unreliable [6,101].


  K n =   2 λ    d p     



(2)







With these different properties, along with their small size and surface area, particles at the nanoscale have begun to be investigated to optimize their collection by emission control equipment. However, several difficulties have been observed in collecting particles at the nanometric scale. In this size range, the Brownian motion is intense, and it is the main mechanism for collecting used by most separation equipment [6]. As particles increase in size, the diffusion collection mechanisms have a much smaller contribution, which makes the process simpler and avoids the effect of this complex mechanism. Among the most used equipment in the collection of ultrafine particles are electrostatic precipitators and filters. The next sections explore the technologies used with this equipment and how the diffusion mechanisms affect this collection.





4. Use of Electrostatic Precipitators in the Collection of Nanoparticles


4.1. Electrostatic Precipitation Process


Electrostatic precipitation is a separation process widely used in the removal of particulate matter from gas flows, even for very small particle sizes [50,103,104]. Based on electrical forces, gases can be cleaned using high volumetric rates simultaneously with low-pressure drops. Electrostatic precipitators (ESPs) have been used industrially for almost a century for the collection of particulate matter and have a good service life of approximately 20 years [105,106]. Electrostatic precipitators stand out for their versatility, high efficiencies, possibility of being operated at high temperatures, low maintenance requirements, and, if operated dry, allowing for the direct recovery of materials [8,105,106]. Figure 2a shows a scheme of the electrostatic precipitation process.



The basic principle of operation for an ESP is the removal of particles by passing the aerosol through a previously ionized region. The ions will transfer charge to the particles, which migrate to the collecting plates and are deposited and removed from the gas [8,50]. Although there are several methods of gas ionization, such as triboelectric, ultraviolet, and radiation effects, for applications in industrial precipitators, corona discharge is universally used as the most efficient and economical approach [107,108,109,110,111]. To produce a large number of ions, it is necessary to apply a high voltage to the discharge electrodes to exceed the value of the critical electric field. When this value is exceeded, an electric current can be measured between the discharge and collection electrodes, indicating the beginning of the corona (corona onset voltage), as evidenced by the current–voltage curve provided in Figure 3. An additional increase in the applied voltage will lead to a progressive increase in the detectable electrical current to a limit when there is the formation of an electric arc, indicating the dielectric rupture of the gas (i.e., breakdown point) [106,107].



Usually, the gas contains a large number of neutral molecules per volume. Natural ionization of the gas is very low due to the fact of electron and ion recombination immediately after ionization. If an electric field is present during ionization, the electron will be accelerated and rapidly separated from the remaining positive ion. This ionization is produced by free electrons due to the fact of their great electrical mobility. If the kinetic energy of the electrons is sufficient, it will be able to form positive ions and additional electrons when it collides with another neutral gas molecule, producing an avalanche of electrons. The region where ionization processes occur is called an active zone, as shown in Figure 4a. It is usually present near the discharge electrodes and produces a luminescence effect, with a faint blue glow in addition to a crackling noise [106,107]. Electrons move to the maximum electric field region, away from the wire. When they enter the lower intensity region of the electric field, called the passive zone, they are not able to ionize other molecules but bind to a molecule of electronegative gas, thus forming negative gaseous ions. In this zone, the particles are charged by the gas ions and migrate toward the collecting plates under the influence of the electrical force [107].



Positive or negative polarization can be used to generate corona discharge [112]. In a negative corona, the electrons migrate toward the collection electrode and the positive ions toward the discharge electrode [113,114]. In a positive corona, the electrons are attracted to the discharge electrodes, while the positive ions migrate to the collecting electrode [115,116]. A negative corona requires larger electric fields to cause dielectric air disruption to occur and ends up requiring a higher energy expenditure [117]. However, this type of polarization is used more industrially because it is more stable and allows for working with higher voltages and currents [112]. In addition, a negative discharge requires gases with electronegative components, being quite common in industrial activity. However, this type of polarization produces a large amount of ozone, making positive polarization used more in indoor air ventilation systems [112,118,119].



When negative corona polarization is used, particle charging occurs in the area between the active zone and the passive surface of the electrode. In this area, a large number of neutral ions and negative ions and some free electrons move toward the passive electrode as a result of the electric field. The removal of particles depends on Coulomb’s law, being proportional to the intensity of the applied electric field and the magnitude of charge acquired by the particles [64,107,113,114]. Two charging mechanisms can occur, and they depend on the particle size range: field charging (for particles larger or approximately 1 μm) and diffusion charging (for particles smaller than 0.01 μm) [50,105,112].



In field charging, the ions formed in the corona discharge move in an orderly manner along the electric field lines formed between the discharge electrodes and collection electrodes. The discharged particles that enter the region that the electric field is present in distort it and cause a concentration of these field lines around them (Figure 4b). The degree of distortion depends on the dielectric constant of the material and the particle charge. The negative ions moving on these field lines collide with the particulate matter, transferring charge to them (Figure 4c). This charging occurs until eventually the particle reaches its saturation charge, where its charge is sufficient to generate a repulsion field, preventing the collision of other ions, as shown in Figure 4d [6,112,120,121].



Diffusion charging is based on the random movement of gas ions that arise by a temperature effect, following the kinetic theory of gases (that is, from Brownian motion), which intensifies with the decrease in particle size [7,106]. This diffuser transport depends on the density gradient on the particle surface and is independent of the external electric field. This predominant process in submicrometric particles (Figure 5b) also presents collisions of negative ions with particles in the aerosol, but, unlike field charging, these collisions occur by the thermal movement of the ions. With this, there is also the formation of an electric field of repulsion around the particle as it acquires charge, reducing the charging rate [6,107,122,123,124]. This complex mechanism depends on factors such as the distance between the particle and the electrode, possible additional interactions between particles, and other disturbances that also cause random collisions between these elements [123,125,126]. After charging, particles tend to follow the field lines and migrate to the collecting electrode [127,128]. The collection efficiency of an electrostatic precipitator can be calculated experimentally by relating the inlet and output concentrations.



The parameters of ESPs (such as velocity, voltage, particle resistivity, plate and wire spacing, and other geometries) affect the collection of nanoparticles by altering the electric field or fluid dynamics inside the equipment. It is important to note that there is difficulty in collecting small particles due to the small number of charges that these particles acquire (Figure 5a) [8,46,66]. Decreasing the airflow increases the residence time, which allows for a longer time for the particles to be charged and, thus, an increase in the collection efficiency. As for the shape of the particles to be collected, these must be known and previously evaluated in the project dimensioning. Generally, the irregularity of the particle shape does not affect the electric field strength [129]. The wire shapes they affect can affect the performance of the precipitators, as the wires can come together and cause a short circuit [50,106]. The parameters that increase air ionization and increase energy inside the equipment favor the collection of nanoparticles. For example, the decrease in electrostatic shielding increases the current inside the equipment, favoring ionization and increasing the likelihood of particles acquiring diffusion charges [7,46,47]. The presence of ionic wind favors diffusion charging due to the increased turbulence and consequent increase in randomness and particle energy [130,131].



Another highlight is the behavior of the grade efficiency in the collection of nanoparticles when using electrostatic precipitation, as shown in Figure 5c. Similar behavior has been seen in most of the articles mentioned in the next topic discussed, and it is directly linked to the effect of diffusion charging. These behaviors are caused by the influence of field and diffusion charging. Where a charging mechanism is predominant, the efficiency remains high, falling in the transition region between diffusion and field charging up to a minimum value [127,132,133,134,135]. This is due to the competition between the two types of charging that reduces the collection efficiency [50]. Analyzing only the nanometric range shown in Figure 5c, when the applied electric field is strong enough to ensure air ionization and allow particles to reach their saturation charge, the collection efficiency in the nanometric range presents high values [46,47,66]. However, low electric field values do not have enough force to ensure air ionization and particle charging and do not favor the balance between the maximum number of electrical charges that could be acquired by a particle and its electrical mobility (Figure 5) [46,66,67,136]. In these low electric fields, the influence of diffusion charging can be better verified. As seen from Figure 5c, it was found that most articles present a maximum efficiency point explained by the higher charge density required to collect particles smaller than 20 nm due to the fact of their high surface areas [133,135,137] in addition to the limitations imposed by their electrical mobility and charging inefficiency [67,136,138,139].



The fall In efficiency for particles smaller than 20 nm is due to the short lifetime they can remain charged due to the fact of their extremely small size. This is because electrons and ions can remain connected for only a few seconds, and this limits the ability of ESPs to intercept ultrafine particles [6,50,112]. In addition, by joining this charging limitation with its high electrical mobility, it makes collisions less likely and decreases the likelihood of them becoming charged [67,139]. The collection of particles at a nanometric scale is a problem that has been discussed for decades but which still presents itself as a challenge in several aspects. It is necessary to better understand the phenomena involved in the collection of particles so small and the influence of each operational and geometric parameter, as well as methods to favor diffusion charging.




4.2. Studies Involving the Use of Electrostatic Precipitators in Particle Collection


The presence of particles in the air can cause several health problems, mainly ultrafine particles or nanoparticles, as mentioned earlier. The use of electrostatic precipitators is well elucidated regarding the removal of micrometric particles. However, their application at the nanoscale range still requires research to optimize the collection efficiency. Several experimental studies on the use of ESPs are found in the literature. They are divided into three major strands: evaluation of operating conditions, use of wet precipitators and particle agglomeration, and evaluation of geometric conditions.



4.2.1. Evaluation of Operating Conditions


Most of the studies evaluate some operational conditions, be it velocity or residence time, voltage or electric field, concentration, humidity, or type of particulate matter. This is addressed in the works that focus mainly on the evaluation of such parameters. This was one of the first ways to investigate this process and determine the impact on the collection of nanoparticles. The main parameters and conditions used in the studies are shown in Table 1. It is important to mention that most of these studies used the particle size to calculate the efficiencies.



Some authors have proposed and evaluated electrostatic precipitation for particle removal of various types of real emissions, such as particles of gas treatment systems of a wide variety of medium- and large-scale industrial installations [140], in vitro collection of hygroscopic aerosols emitted from e-cigarette and heated tobacco products [161,162,163], ultrafine diesel particulate matter (DPM) generated from a nonroad diesel generator [160], nanoparticles emitted in semiconductor manufacturing [158], and nanoparticles emitted from a diesel engine [164]. Studies with electrostatic precipitation indicate that increased voltage causes an increase in the efficiency of nanoparticle collection. This is due to the fact of a larger electric field inside the equipment, which allows for greater ionization of the air, greater chances of collisions of nanoparticles with the ions, and, consequently, greater charging by diffusion. This was observed in studies by Miller et al. [143], Roux et al. [144] using a handheld ESP, and Oliveira and Guerra [141] using a lab-scale ESP. An interesting phenomenon called partial charging occurred in several studies with particles smaller than 30 nm [136,165,166,167,168,169,170], which caused a significant drop in efficiency.



However, studies in the literature with velocities below the typical rate (3 cm/s to 10 cm/s) indicate that low velocities increase the time of residence of particles in an ESP, allowing for a longer time for particle collision and favoring diffusion charging [7,66,67,106,107,171]. Vaddi, Guan, and Novosselov [145] verified that smaller particles have a lower transmission due to the increased particle charge resulting from their exposure to the electric field and ionic wind. In the rated velocity range, the increase in residence time increased the particle charge. In addition, there is favoritism of diffusion charging due to the fact of electrohydrodynamic flow. Of the few works that have managed to perform good removals at high velocities, Pirhadi, Mousavi, and Sioutas [172] achieved a high PM2.5 removal efficiency using an ESP with a high flow rate (i.e., 50–100 lpm), where the optimized condition was a flow rate of 75 lpm and applied voltage of +12 kV.



However, such situations can also cause the sputtering of the electrodes, as indicated by Oliveira and Guerra [94], causing particle release and increasing the concentration of particles in certain diameter ranges in the ESP’s output. Another point raised by Oliveira and Guerra [67] was that, usually, the evaluations of the residence time of several studies of the literature present a cross-influence of the particle concentration. A proportional variation in the particle feed flow rate with the gas flow rate, maintaining a constant concentration even in the evaluation of different velocities, is a better method to study the electrostatic precipitation phenomenon. In addition to the concentration and residence time, the relative humidity of the gas also affects the performance of electrostatic precipitators. Nouri et al. [146] verified that the collection efficiency increases with the increase in moisture, probably due to the increase in the conductivity of particles in the presence of water on its surface and, especially, due to the increase in the cohesiveness of particles in the collecting electrodes and the particle charge in the space between the electrodes.



The evaluation of the operational conditions in the collection of nanoparticles has already been widely investigated and consolidated in the literature. Thereby, it is encouraging to seek new ways to optimize the process of electrostatic precipitation for the removal of nanoparticles. Such optimization involves, in addition to operational parameters, changes in the characteristics and configurations of the equipment, evaluation of the influences of geometric parameters, and agglomeration of particles to facilitate collection by the electrostatic precipitator.




4.2.2. Use of Wet Precipitators and Particle Agglomeration


As demonstrated before, there is difficulty in collecting particles so small due to the complexity of the diffusion mechanism and the difficulty of charging. In an attempt to increase the collection efficiency with wet ESP, several authors have made modifications to the equipment, such as adding wet pore electrodes in the collection stage in addition to always maintaining the environment with high humidity [153,154], transferring the particles from the gas phase to the liquid [157], or using a continuous flow of liquid over the collection plate [159].



One way to increase the filtration efficiency is by particle agglomeration, that is, by increasing the diameter of the particles. In this way, field charging becomes preponderant and makes the process simpler. Several techniques can be used to perform this agglomeration, and Figure 6 demonstrates the main ones (chemical, turbulent, and electrostatic). Wet precipitators are generally used when agglomeration techniques are used, as in addition to favoring agglomeration, it also favors the removal of particles in the collecting plates. In the case of chemical agglomeration, the choice of the substances used is a key point, as they can affect the resistivity of the material and its chemical characteristics [8,147]. Techniques such as turbulent agglomeration and electrostatic agglomeration are still new technologies and have disadvantages in relation to the conventional process, such as the need to use substances, increasing the cost of operation, and the need for major changes in projects, which increase installation costs [8].



Several studies in the literature make use of a size range that varies from the nanometric to the micrometric scale when evaluating the agglomeration. However, the focus of agglomeration is on ultrafine particles due to the benefits mentioned earlier. A study developed by Liu et al. [147] used agglomerants solutions (xanthan gum 0.05% and pectin 0.05%) together with a humidifying agent and a pH controller. Using xanthan gum as an agglomerant agent, it was observed that there was an increase in the size of the particles of up to four times, while for pectin there was a reduction of 47.4% in the mass concentration of the fine output. Bin et al. [148] found that a sodium alginate solution increased the average particle diameter from 0.1 μm to 1 μm. In another study, Bin et al. [149] used a similar experimental device but with a pretreatment using chemical and turbulent agglomeration, with good performance, increasing the particle diameter from 0.07 to 0.76 μm. Along the same line, Zongkang Sun et al. [150] also suggested the combination of chemical and turbulent agglomeration. In another work, Zongkang Sun et al. [151] evaluated only the types of turbulent agglomerants for the removal of fine particles emitted in coal combustion. More information on increased efficiency can be seen in Table 1.



Another method was employed by Kim et al. [152], Sung et al. [155], and Tepper and Kessick [108], who used an electrospray system to charge or agglomerate the particles (similar to Figure 6c) by spraying water droplets charged into the system or via a precharger [173,174]. In addition to observing an increase in efficiency, the authors also noted the possibility of reducing ozone emissions, a common problem in electrostatic precipitation. Instead of using traditional water film and mechanically atomized spray, Teng, Fan, and Li [156] investigated particle removal with the atomization of a charged water drop. The efficiency of collection increased by up to 4%. The authors found that the atomization of the charged water drop resulted in significantly reduced water consumption while also maintaining removal efficiencies at a level comparable to traditional processes.



Table 1 presents a comparison of all studies evaluated so far, informing on the main conditions employed and the best collection efficiency. It can be verified that most articles with agglomeration obtained an increase between 10 and 40% in the collection efficiency. However, the efficiency continued to remain close to other works that only evaluated the operational conditions (as can also be seen in Table 1). In addition, chemical agglomeration may cause increased operating costs by the addition of polymers and other substances, as well as the generation of wastewater with polymers, stabilizing agents, and acids, which will require treatment processes for disposal. However, this process can be advantageous in the case of an already active plant that cannot make major changes.



Another approach is the evaluation of the best geometric conditions in the design of nanoparticle collection equipment. Studies in this area, in addition to helping to understand the real impact of such parameters on a nanometric process, also contribute to the development of new configurations for this equipment.




4.2.3. Evaluation of Geometric Conditions


Most studies focus on verifying the influence of operating conditions on the removal of nanoparticles. Thus, it is encouraging to look for new ways to optimize the process of electrostatic precipitation for the removal of nanoparticles. This optimization involves, in addition to operational parameters, the evaluation of the influences of geometric parameters on the collection of nanoparticles. The main strategies adopted by the authors were to change the layout of the elements of the equipment, such as in the work carried out by Li et al. [175] in which a new type of wet electrostatic precipitator was designed, where the discharge wires were connected directly to the surface of a dielectric plate to facilitate the installation of the wires, minimize the particle deposition, and reduce the emission of ozone while maintaining a high efficiency of particle collection (80–100%). In the evaluation of a double-stage ESP, one working as an ionizer/charger and one as a collector, Chen et al. [176], Dobrowolski et al. [37], and Huang and Chen [177] verified high removals in addition to concluding that it is economically feasible to use single-stage precipitators for particles smaller than 16 nm and double-stage for particles larger than 16 nm. Another aspect is to change the shape of the discharge electrode to increase the current emission and the electric field. In this respect, a study by Yang et al. [174] showed that the corona current and the maximum collection efficiency were classified in the order of pins, sawtooth, and rod type. It is important to note that these electrodes can be found in different shapes, from a simple round wire, square or barbed wire to so-called controlled emission electrodes for specific tasks [178,179]. The presence of pointed elements, called emitters, assists in the formation of corona discharge [106]. When evaluating the geometry of the plates, they can be found with different configurations, such as a flat plate, plate with chicanes [106,179], or barbed plate [180]. The location of these electrodes can also influence the process. In general, they are usually placed in the space between the collecting electrodes or above the collectors from an isolated structure [50].



Several authors have also evaluated the geometric conditions that inhibit some phenomena that can affect the collection efficiency of nanoparticles, such as electrostatic shielding and electro–hydrodynamic flow. Authors such as Ning et al. [131], El Dein and Usama [181], and Andrade and Guerra [47,182] showed that a greater number of wires favors particle collection due to the greater number of current emitters. When evaluating the diameter of the wires, they verified that the smallest diameter led to a lower voltage for the beginning of the corona and higher current values for all applied voltages. It is important to note that for the same applied voltage, the current in smaller diameter wires is more intense than the current emitted by larger diameter wires [47,183]. When increasing the wire spacing, there was an increase in the current and breakdown point, explaining this fact, again, by the effect of electrostatic shielding [46,47,131,181]. Lima and Guerra [46] evaluated the wire spacing and plate spacing in the collection of nanoparticles under the perspective of diffusion charging and electrostatic shielding. The authors determined that there was an increase in the current with the increase in the wire spacing and was associated with the decrease in electrostatic shielding. The larger plate spacings also had a greater influence on this phenomenon. It was also observed that the impact of this phenomenon on the collection of nanoparticles is greater before the particles reach their saturation charge by the diffusional mechanism.



It also has gaps concerning the understanding of electrostatic shielding and how other geometries can influence this process. In addition, it is necessary to conduct a mathematical evaluation and simulation of its effect and model its process exclusively with nanoparticles. However, developing a complete model presents great difficulties due to the complexity of the diffusive process. It is also important to keep in mind that these geometric changes are ways of allowing for an increase in the velocity used, since efficient collections of nanoparticles are usually obtained at low velocities. There are also limitations as to the diameter range collected, even in the nanometric range. As previously demonstrated, particles smaller than 20 nm tend to have a low collection efficiency due to the fact of their greater electrical mobility. When verifying the research, there is a scarcity of studies evaluating these topics.



Electrostatic precipitation was not initially suggested for submicrometric particles due to the fact of its low efficiency [50,105]. Although the above studies showed high efficiency (up to 99%), most focused on the laboratory scale. Scale ups should be very well studied to ensure that these efficiencies will occur in an industrial plant. Until then, the largest focus was on indoor rooms, such as cleaning small environments and cleanrooms [8,46]. Other equipment, such as filters, usually has a greater prominence when it comes to this scale. As can be seen below, there are several studies at the laboratory and industrial scales, with reasonable efficiency, as well as optimizations involving the development of more efficient filter media with differentiated techniques that allow for a better collection of nanoparticles.






5. Use of Filters in the Collection of Nanoparticles


5.1. Filtration Process


Filtration is one of the most common methods for removing particulate matter from the air, capturing particles from the synergistic effect between physical barriers of the fiber and the forces of adhering to particles [6,184]. Fibrous filters are simple and economical materials capable of efficiently removing aerosol particles with high efficiency in different media, from industrial equipment to indoor environments and automotive cabins [43,185]. Although the process of filtering aerosol particles in fibrous filters is very complicated, its theory is quite consolidated and based on the assumption of basic single-fiber filtration efficiency [43,184,185,186,187,188].



Usually, three stages of filtration can be observed in the collection of particulate matter. In stage 1, there is internal filtration with effects on the structure of fibers and particles. The fiber is clean and there have been no changes due to the particles being captured in the filter. In stage 2, there is also internal filtration but with great retention capacity. Particles are effectively captured by adhesion forces and the properties of the filter media, such as the efficiency and pressure drop, change over time. In stage 3, surface filtration occurs with the particles filtering themselves. The formation of the cake causes particles to be collected almost perfectly by cohesive forces, and there is a linear increase in the pressure drop [184,189,190]. Several filtration mechanisms govern the interactions between the fibers of the filter media and the particles. These mechanisms are generally affected by the fluid flow, fiber diameter, and particle size. Taking into account these characteristics, the main mechanisms of particle collection involved in filtration are Brownian diffusion, interception, impaction, and gravitational or electrostatic attraction [184,186], as shown in Figure 7.



The diffusional mechanism is the result of Brownian motion, since the particles move from their initial trajectory randomly, which allows for the shock with the fiber and, thus, its capture. This type of mechanism primarily captures particles with sizes below 0.1 μm under low gas velocities. The interception mechanism is given when the particle is captured by simply approaching the fiber, attracted by the forces of Van der Walls. This mechanism occurs when the particle radius is equal to or greater than the particle/fiber distance. The interception mechanism occurs with particles from 0.1 to 1 μm, and the interception capture efficiency increases with an increased particle size [186,191]. When a sudden change in air velocity occurs, particles larger than 1 μm cannot maintain the same direction as the airflow current lines. Thus, these particles are part of the current line and deposit in the fibers along their original trajectory. Passing through the filter becomes more difficult for particles at high velocities [186,191]. When the filters are electrostatically charged or when there is an external electric field, it is possible to attract the particles by the particle/fiber electrostatic attraction mechanism [188,192]. This mechanism can retain submicrometric particles without increasing the pressure drop. However, filtration conditions change to nanoscale filters, which would change the aerodynamic behavior of airflow. The efficiency of the filter media can increase in this case without changing the air resistance of the filters [186,191], also called permeability. In high-efficiency air filters, the action of gravity becomes negligible, since when it comes to ultrafine particles (less than 0.5 μm) gravity has no contribution to their removal [191].



The combined effect of these capture mechanisms results in mechanical filtering efficiency. The filter collection efficiency for various particle sizes under different face velocities (correlated to particle velocities) combined with the collection mechanisms can be seen in Figure 8. The equations and conditions used in the figure can be found in the book by Hinds [6]. In Figure 8a, it is noted that the increase in the collection of particles by Brownian motion occurs with a decreasing particle size. An increased interception filtration, inertial impaction, and gravitational sedimentation occur with an increasing particle size. The effect of face velocities on the filter efficiency as a function of the particle size is shown in the graph in Figure 8b. The maximum efficiencies are observed at lower face velocities [6,193].



For decades, it was considered that the mechanism of collecting nanoparticles on the filter surface was due to the fact of its Brownian motion [187]. However, due to the extremely small size and the possibility of nanoparticles behaving like a gas molecule, a phenomenon called thermal rebound can occur [43,187,194]. This occurs when the nanoparticle has a kinetic energy greater than the fiber adhesion energy or when energy loss occurs during impact [43]. This causes the particle to ricochet and not be captured, so it is believed that the filtration efficiency decreases for these small particles [187]. If you consider that particles follow a Maxwell–Boltzmann distribution, this phenomenon depends on the thermal velocity of the particles, their diameter, fiber characteristics, and other molecular-level interactions [43,187,194].



After the collection of particles by filters and the formation of the cake, air pulses are usually used to clean the filter media [189,190]. However, this procedure causes large emissions of particles in the clean area [189]. But it is important to note that the operation with submicrometric aerosols or nanoparticles is usually performed at low velocities, mainly to favor the diffusion mechanism that is predominant in this range. Thus, it is expected that the time of variation for the pressure drop is long enough and takes time to occur in the formation of the cake [184].



To obtain the best specification for a given application, it is essential to know the physical, chemical, and thermal properties of the filter media, which must be compatible with the gas and powder to be collected. Among the properties that should be analyzed are air permeability, tensile strength, abrasion resistance, chemical resistance, operating temperatures, textures, and physical finishes [195,196]. In addition to these, fiber diameter and porosity also exert a direct influence on the filtration [197]. To characterize the performance of a fibrous media, two parameters are used: filtration efficiency and pressure drop. These two parameters are related to the geometric characteristics of the medium, particle characteristics, and operating conditions [188]. Another parameter usually analyzed is the most penetrating particle size, which is defined as the particle size for which the filters have the lowest collection efficiency [6,43]. An ideal filter should have a high collection efficiency with a low-pressure drop.



The particle shape can also affect the collection efficiency. Particles with spherical shapes tend to penetrate the filter media more than particles with irregular shapes. Thus, the filtration efficiency for spherical particles is higher than for irregular particles with the same equivalent diameter [198]. The reason for this fact is associated with the movement of particles on the surface of the fibers. Spherical particles slide or roll, and irregular shapes slide or fall when they collide with the fiber. In this way, the probability of the retention of irregular particles is lower, as the contact surface between the fiber and the particle is smaller [43]. Another parameter that influences the particle collection efficiency is the airflow. Increased airflow causes a decrease in the collection efficiency, since the residence time for high airflow values is lower, making collection difficult with the predominance of the interception mechanism. For lower airflow values, that is, a longer residence time, diffusion and electrostatic mechanisms predominate [198].



The probability of collision between particles and fibers in a streamline is increased due to the abnormal motion of the particles. The diffusion rate becomes more perceptible as the particle size or face velocity decreases. Thus, the diffusion mechanism is more effective in ultrafine particles and nanoparticle filtration than interception [198]. However, the efficiency of collecting particles with diameters of approximately 0.3 µm is generally minimal, and this particle size limits many filtration test methods. Face velocity and fiber size influence the most penetrating particle size range [193]. Therefore, the development of filters and technologies capable of capturing particles with diameters smaller than 0.3 μm is the objective of some studies.




5.2. Studies Involving the Use of Filters and Membranes in the Collection of Particles


The growing demand for air filters with a high filtration efficiency and low-pressure drops has led several authors to look for ways to achieve this goal in an economically viable way. In addition, the evaluation of nanoparticles has several different characteristics because of the collection mechanisms, and it is important to evaluate the behavior of efficiency and permeability in different filter media. Within this scenario, microfibers and nanofibers are also interesting in the diameters compatible with the size of the nanoparticles. In addition, the introduction of substances and/or nanoparticles can functionalize the fibers and provide different properties, such as microbial, virucide, catalytic, and electrical activity. Several studies on the use of filters and filter media are found in the literature. They are divided into four major topics: evaluation of different filter media and operating conditions; development of filter media with nanofibers; coating, precoating, and other surface treatments; and hybrid filters and electrostatic filtration.



5.2.1. Evaluations of Different Filter Media and Operating Conditions


Several filter media with microfibers can be used to collect nanoparticles with reasonable efficiencies, such as fiberglass filters, fibrous filters, quartz, and high-efficiency particulate air (HEPA) [199,200,201,202,203]. The most diverse types of membranes can be applied in the collection of nanoparticles, such as recycled polyethylene terephthalate (PET) produced by electrospinning [204], membranes manufactured by dry stretching of hollow fibers of polypropylene [205], fluidized bed filter [206], and all metallic stainless-steel screen mesh filters [207]. Research with fiberglass filters is also common in the literature due to the fact of its advantages, such as being low cost, catching larger debris, and not impeding airflow [208,209,210]. In addition to glass fibers, some authors also evaluated the collection of NaCl nanoparticles by polytetrafluoroethylene [208] and polypropylene filters [208], and cellulose [210]. Kim et al. [209] verified that, for particles smaller than 2 nm, the penetrations of these particles increased with a decrease in the particle size, in addition to a possible phenomenon of thermal rebound.



The above studies used systems that simulated the contamination of nanoparticles in an airflow. Other studies evaluated the collection of real emissions, such as emissions during 3D printing [211], waste incinerators [212], chassis dynamometers and on a road [213], heavy-duty diesel engines operating with fuels with sulfur levels relevant to marine operation [214], and hygroscopic aerosols emitted from e-cigarette and heated tobacco products [215,216,217,218,219,220]. Emissions of biological materials, such as viruses and bacteria, are also the focus of several studies that verified the efficiency of filter media used in personal protective equipment [221,222,223,224]. Numerical research was carried out in several studies, but the focus on the development of models and theoretical investigations occurred only in some studies [225,226,227,228,229]. Several authors have developed and suggested methodologies for filtration tests involving the collection of nanoparticles [230,231,232,233].



Table 2 summarizes several works related to the study of filters for collecting nanoparticles. Some of these studies are described with more information. Different types of filters were evaluated with low surface velocities (<1.5 m/s). Particles were collected in size ranges that include nanoparticles. It can be observed that most of the evaluated filters, within the described conditions, presented collection efficiency above 95%.



There has been progress in research, and the results show that it is possible to obtain high efficiencies for fine particles. To efficiently remove particles from the air, filters must be able to intercept particles with a wide range of possible diameters. Therefore, fine fibers, compact stacking structures, and sufficient thickness are characteristics that increase particle capture efficiency [234]. The demand for these properties has been increasing in recent years and with it the development of filter media produced by nanofibers.




5.2.2. Coating, Precoating, and Other Surface Treatments


One of the easiest ways to add new properties and improve a filter’s efficiency is by adding coatings to the surface of fibers. These coatings are added to the surface of membrane fibers, allowing them to have a greater affinity with certain substances. Therefore, it is possible to increase the filtration efficiency of filter nanoparticles that previously had low efficiency at this scale. In a study by Liu, Pui, and Wang [235], three filters (one of nonwoven nylon and two of nonwoven polyester) were coated with a polytetrafluoroethylene membrane. Chen, Ji, and Qi [236] modified the surface of glass microfiber filters using low-pressure plasma technology. Modifications were also made for the filters to acquire oleophilic or oleophobic characteristics. Innocentini et al. [237] used commercial filters of α-SiC foams coated with Si2N2O nanowires through an in situ process of catalyst-assisted pyrolysis. The efficiency of the nanoparticle collection was greater than 99% and similar to groups of EPA (E12) and HEPA (H13) filters. Cho et al. [238] used a cellulose substrate to electrospun polyacrylonitrile nanofibers with and without TiO2 nanoparticles. The evaluation of coatings with catalytic capacity and focused on VOC removal was performed by Zhang et al. [239] and Dai et al. [240], using a metal–organic framework (MOFs) and MnO2 nanocrystals, respectively.



The use of coatings for the introduction of biocides characteristics has been widely investigated in the literature, for example, by employing coatings with AgNO3 [241], Sophora flavescens [242], carbon nanotubes [243], silver nanocluster/silica composite [244], Ag nanoparticles [245], imidazole nanoparticles (IMI) and Ag [246], Cu nanoparticles [247], Ag, Zn, and Fe [248]. With the global COVID-19 pandemic, several studies have focused on removing this virus from the air and the use of coating was highly evaluated, such as coatings of Ag/TiO2 [249], CuO nanoparticles [250], and Ag nanoparticles [251]. Evaluations of other viruses, such as MS2 bacteriophage, were performed in the work of Park et al. [252], with SiO2/Ag nanoparticles coating, and the work of Joe et al. [253], with SiO2 nanoparticles coated with Ag nanoparticles.



A different approach was carried out in the work of Andrade, Sartim, and Aguiar [254] with polyester filters. The authors used the technique of precoating with hydrated lime and dolomite limestone to evaluate the effects on the collection of powder from the steel industry and nanoparticles. The results were compared with a polyester filter with polytetrafluoroethylene membrane (PTFE). The results showed that precoated polyester had a longer cycle duration and lower pressure drop than polyester with a PTFE membrane. The efficiency was higher with precoating with dolomitic limestone than with hydrated lime. However, the polyester filter media with PTFE membrane presented the best results when only nanoparticles were evaluated, presenting a collection efficiency greater than 90%.




5.2.3. Development of Filter Media with Nanofibers


In recent years, thanks to the emergence of nanotechnology, new devices have been developed with high performance for air purification using nanofibers. Nanofiber membranes have a large specific surface area, controllable morphology in the process, porosity, and structure with interconnected pores, characteristics of the interest in the field of filtration, as it allows for the development of filtering media with a low-pressure drop, high filtration efficiency, dust holding capacity, and high productivity. With the development of nanotechnology and the possibility of producing nanofibers at an industrial scale, several companies started to use this type of filter media in their products, such as fiberglass, PTFE, and fluororesinone [255]. Another approach was carried out by Tang et al. [256] who introduced nanofibers into fibrous filter media and developed an appropriate method for applying these nanofibers.



The above studies focused mainly on the evaluation of commercial filters in the collection of nanoparticles. However, the development of new materials is important for improving the efficiency of collection and adding new characteristics to the filter media for applications in various areas. Furthermore, the filtration process using nanofibers can be improved by changing the fiber diameter or through new designs, such as a spider-net structure [257], inducing electrostatic force in nanofibers, multistructured electrospun nanofibers, as well as through the functionalization of nanofibers in order to improve properties, such as antiviral and antibacterial activity [2]. To exemplify, Li et al. [258], developed bead-shaped PAN nanofiber membranes with graphene oxide and evaluated their performance as an air filter. During electrospinning, the continuous jet of polymeric solution can be interrupted and, due to the instability, there is the formation of bead structures in the nanofibers [259]. The membrane developed by Li and coworkers was compared with other commercial filters and PAN fibers, and due to the fact of its high porosity, the pressure drop was 8 Pa and the collection efficiency was 99.97%. In another example, Kim et al. [260] modified the surface of PAN nanofibers using an oxygen plasma treatment. The results showed a decrease in the diameter of the nanofibers and an increase in the surface roughness, generating electrostatic attraction, which was reflected in the increase in the filtration efficiency.



The electrospinning technique is widely used in the production of nanofibers, since the fibers produced have a uniform appearance, in addition to allowing for the use of various polymeric solutions, such as polyurethane [261], cellulose acetate [262], poly(vinyl alcohol) [263], and even polymeric waste, such as PET [264], with a very wide range of applications [265,266,267]. This technique has also been evaluated numerically allowing to relate the electrospinning control parameters (such as the flow, electric field, concentration, and electrospinning time) with the morphology of nanofibers, permeability, and collection efficiency for particles [268,269].



Another way to functionalize the fibers and introduce new properties is by adding nanoparticles to the polymeric solution used in the electrospinning process, such as coaxial fibers of poly(m-phenylene isophthalamide) (PMIA) as the core and polyacrylonitrile (PAN)/Ag nanoparticles as the shell [270], polyvinyl alcohol solutions containing TiO2 nanoparticles and activated carbon [271], doped with Ag nanoparticles [272], or coated with Ag, TiO2, and Ag/TiO2 [273], improving the mechanical properties and introducing a biocide characteristic. Fibers at a nanometric scale have diameters compatible with several molecules, as well as the size of viruses and bacteria, making them attractive for application in filters with catalyzed and biocidal action, making possible the retention of these pathogens. They also have an improved service life and great particulate material retention capacity [191].



Furthermore, the introduction of nanoparticles can also allow for the introduction of an electrostatic characteristic, producing electret filters. Some particles that can be used are SiO2 nanoparticles [274,275], boehmite nanoparticles [276], SiO2 nanoparticles modified by γ-glycidoxypropyltrimethoxysilane as a charge enhancer [277], and polytetrafluoroethylene nanoparticles as charge enhancers [278]. Another way is to produce fully polymeric electret fibers, as suggested by Li et al. [279]. The authors did not add charge intensifier nanoparticles and were able to prepare hybrid electret fibers by studying the complementarity of the electrical responses between electrolyte polymers. The coupling of electrical polarization behaviors of polystyrene, with a low dielectric constant, and polyvinylidfluoride fluoride, with a high dielectric constant, allowed the hybrid fibers to present an improved electret effect and high porosity. Charges injected into the matrix of polystyrene fibers generated local electric fields showing the same direction as the external electric field; however, the orientation of the polyvinylidfluoride fluoride dipoles generated local electric fields in the opposite direction to the external direction. An interesting point of the work was that the property of the electrode was obtained without relying on toxic nanoparticles as charge intensifiers, which was never previously reported in electrospun electret fibers and melt electret fibers.



Other studies also used the electrospinning technique and obtained nanofibers of poly(vinylidene fluoride)/polystyrene [280], soy protein isolate/polymide-6/silver nitrate [281], chitosan/polymide-6 [282], polyester/cyclodextrin [283], polyvinyl alcohol/co/polyethylene/TiO2 [284], polyvinyl alcohol/co/polyethylene [285], polysulfone/polyacrylonitrile/polyamide-6 [286], polydopamine/coated halloysite nanotubes [287], polyimide/SiO2 [288], polyacrylonitrile/SiO2 [289], polysulfone/titania [290], polylactic acid [291], polylactic acid/chitosan [292], polyacrylonitrile/MOF [293,294], polyacrylonitrile/TiO2/Ag [295], polyacrylonitrile-MgO [296,297], polyethersulfone/BaTiO3 [298], poly-3-hydroxybutyrate/TiO2 [299], curly wool-like polyvinylidene fluoride nanofibers [300], and polylactic acid/polycaprolactone/Ag/Zn [301].



Some authors suggest a modification of the electrospinning technique for application without needles [302,303], allowing to obtain fibers smaller than 100 nm, a high efficiency, and bacterial activity. Other methods employed were meltblowing [304], forcespinning [305], and a cold-pressing method, including paste extrusion, stretching, and heating [306]. The mixture of different techniques for the production of nanofibers was evaluated by Zhang et al. [307] (electrospinning techniques with physical bonding processes) and Xu et al. [308] (meltblowing with electrospinning).



A summary of these studies is shown in Table 3. It is important to mention that most of these studies used the particle size to calculate the efficiencies. The use of filter media with nanofibers allowed for increases in the collection efficiency of nanoparticles and air permeability. In addition, the various processes of making these materials also proposed significant advances in the filtration of bioaerosols and the addition of nanoparticles with different properties. It is important to note that this area has great development potential, and some processes still need to be optimized to make their use economically viable.



The use of nanofibers in the filtration process has been considered as a new generation of materials capable of efficiently removing pollutant particles due to the fact of their characteristics such as high specific surface area, high porosity, and the possibility of building new designs. Despite the great potential of using nanofibers in filtration processes, there are still many challenges to be solved: (i) the use of different supports for the deposition of nanofibers shows that there is a need to improve the mechanical properties of nanofibers, enabling their use in more severe conditions; (ii) one of the challenges that must be faced is the use of toxic solvents for the production of nanofibers, which has led some research groups to explore less toxic solvents or so-called “green solvents”; (iii) many of the nanofibers production processes are still at the laboratory scale, and this shows the need to both improve the electrospinning process as well as to develop new products and technology capable of increasing the scale of production; (iv) with the development of new structures employing nanofibers, new models could be developed that would be able to describe the filtration efficiency and the pressure drop for different nanofiber structures; (v) for nanofibers functionalized with 0D, 1D, or 2D structures, care must be taken to ensure that these nanostructures do not become detached during use, and this adhesion strength of nanoparticles reflects on the reuse of filters and also on the safety of those who use them by preventing the detachment of, for example, nanoparticles; (vi) the use of recycled polymers which, together with green solvents, would make the electrospinning process more ecofriendly; (vii) the use of nanofiber membranes under real conditions and with real samples would lead to approaches for the use of more realistic nanofibers.



As a recommendation for new researchers and new works, it is important to ensure the production of nanofibers with a more environmentally friendly process by exploring recycled polymers and nontoxic solvents and providing conditions for nanofibers to go beyond laboratory limits.




5.2.4. Hybrid Filters and Electrostatic Filtration


The use of processes that provide an electrostatic characteristic to the filtration process can strongly increase the efficiency of nanoparticle collection. As demonstrated earlier, they are particularly sensitive to the electrostatic collection mechanism. Several ways to add charges to fibers or particles have been evaluated in the literature. One of the most advantageous processes is the union of electrostatic precipitators and bag filters, called hybrid filters, as shown in Figure 9. This equipment is not commonly evaluated in the nanometric range; however, Castro et al. [51] used it in the collection of NaCl nanoparticles with a diameter between 10 and 300 nm. In place of the collecting plate, Tian, Mo, and Li [322] proposed the use of a metal foam filter placed with 16 cm pins attached to a high-voltage source with negative polarity. The authors mention that, unlike electrostatic precipitators, in this system, the charged particles pass parallel to the collecting electrodes and, therefore, are more likely to be removed from the airflow.



Similar to hybrid filters, Feng, Long, and Mo [323] proposed the use of a filter media in the middle between pins connected to a high-voltage source and a grounded conductive plate. An electric field has been created in the space between the pin, the filter media, and the conductive plate. Another way was suggested by Shi and Ekberg [324], who used air ionizers to charge the particles before their collection in polypropylene, glass fiber filters, and modacrylic/polyester fibers with high efficiency.



In line with conductive material filters, Tian et al. [325] added MnO2, activated carbon, ZnO, CuO, and BaTiO3 in polyurethane foams by a quick roll-to-roll gel compression method. The agglomerates of these materials in the filters allowed large electrostatic polarization after the particles previously passed through an ionized region with voltages of up to 10 kV. An efficiency of up to 90% was obtained with a pressure drop of only 3.8 Pa at a velocity of 1.1 m/s. Choi et al. [326] manufactured bifunctional polyester/Al filters where particles also passed through a previously ionized region. The authors performed an evaluation of bioaerosols of Staphylococcus epidermidis and Escherichia coli with an efficiency of up to 96.9%. Choi et al. [327] manufactured conductive filters by the direct decomposition of Al precursor ink on the surfaces of a polyester air filter through a solution immersion process. An efficiency of up to 99.99% and a pressure drop of up to 4.9 Pa were obtained.



From another aspect, Kim et al. [328] used monolithic aerogels of syndiotactic polystyrene and polyvinylidene fluoride. Polyvinylidene fluoride chains allowed for obtaining a surface potential of up to 1.40 and filtration by electrostatic force. Efficiencies higher than 99.99% with a permeability of 10−10 m2 were obtained for these hybrid materials. Along the same line, Zhai and Jana [329] synthesized polyimide monolithic aerogels as filter media. These gels presented a high surface area and high porosity. The filtration tests were similar to the previous study, and an efficiency above 99.95% could be obtained with similar permeabilities.



Several authors have evaluated filters with electret fibers. Tien et al. [330] produced electret filters for the collection of NaCl nanoparticles. They evaluated commercial HVAC media (MERV13) and three others produced by them: a coarse fiber (CF) layer, a melt-blown (MB) layer, and a bead-on-string (BS) layer. The experimental results revealed that the charges of the electret increased the retention capacity and the collection efficiency in the order of CF > MERV13 > BS > MB. By combining different filter layers, the CF + MERV13 + BS composite electret achieved the highest efficiency with the lowest pressure drop. Ardkapan et al. [331] evaluated the relationship between the concentration of particles and electrostatic fibers, indicating that with an increase in the efficiency of electrostatic fibers, the longer the particles are exposed. They mention that this occurs for a longer time such that the particles have to have static charging action and an electrostatic collection mechanism. Wang et al. [332] used the extrusion technique to produce polytetrafluoroethylene and polifenilen triboelectric air filters with silica nanoparticles and polyphenylene sulfide fibers. The authors mentioned that these fibers have a high charging capacity, with surface charge values greater than 9 kV when 2% of the silica nanoparticles are used. An Efficiency between 89.4 and 99.7% was obtained with a pressure drop ranging between 18.4 and 55.4 Pa. Zhang et al. [333] used the meltblown spinning technique to produce polypropylene electret filters charged with corona and used magnesium stearate powders as charge additives. The filters were needle-punched to reduce the resistance to the air passage. The pressure drop reached 13.93 Pa, with a high efficiency of 99.2%. In addition, the use of magnesium particles allowed the filters to have only a 0.6% loss in efficiency and a pressure drop with heat treatments. The microfibers of electret as filter media were also evaluated in other studies [334,335]. Other studies already mentioned used the electrospinning technique to produce electret filters with nanofibers [274,275,276,277,278,279].



Using glass ball filters, Givehchi, Li, and Tan [336] evaluated the impact of electrostatic forces on the collection of NaCl particles with diameters between 10 and 100 nm. The authors report that usually glass balls contain a large number of negative ions. Electrostatic forces had an impact of up to 30% on the collection efficiency, and the authors concluded that this mechanism played a large role in the filtration of nanoaerosols. Golshahi, Tan, and Abedi [337] used a 2 mm, 4 mm, and 6 mm glass ball filter. The filtration efficiencies were greater than 90% for particles with diameters between 10 and 100 nm. The authors reported that diffusion was the main collection mechanism.



Different approaches have been used with the electrostatic mechanism in the collection of nanoparticles, and most of them presented high collection efficiencies. These particles are particularly sensitive to this mechanism, and studies in this area are very promising. Most studies are still at the laboratory scale, especially when it comes to developments in new materials and approaches. For example, in the case of electret filters, there is the question of how long it is possible to store such charges in the fibers. It is more common industrially to use hybrid filters or prechargers, but this increases the operational costs of the processes by the need for high voltage. However, there are still some gaps in some technologies, and it is important to work in this area to further optimize processes and create different ways of using electrostatic processes in an economically viable and sustainable way.






6. Final Considerations


This review covers various aspects of nanoparticle filtration and electrostatic precipitation, including recent technologies used to increase particle collection efficiency. Particles with diameters of approximately 0.3 µm or less have a low collection efficiency and this fact is limiting for some processes. Therefore, the study of new techniques and new filter media that are efficient for nanoparticles is important. Thus, this review helps other researchers to further develop these technologies that enable the efficient collection of particles in the range of 1 to 300 nm. This will allow the reduction of nanoparticle emissions into the atmosphere, also protecting against the health problems that nanoparticles cause.



When using electrostatic precipitators, it was found that the greatest difficulty is to make these extremely small particles acquire charges. The diffusion mechanism makes it difficult to collect when using this method. However, at low velocities, a high efficiency can be obtained. Studies with different arrangements and configurations were also observed, but most focus on the analysis of the operating conditions. The use of wet precipitators provides high efficiency, but the formation of a new liquid effluent and the difficulty of recovering particles with added value encourages the search for alternatives. Particle agglomeration, on the other hand, did not show significant gains, with efficiency values close to the other studies. Changes in geometry seem to have a large impact on the collection efficiency and help to avoid some phenomena such as electrostatic shielding.



For filters, even though different commercial filtering media are used, the research is focused on the development of new filters with different characteristics. A highly evaluated form was to use functionalized fibers using coating or a process such as electrospinning. These filter media have been successfully used to filter ultrafine particles and bioaerosols (such as bacteria and SARS-CoV-2). Based on new structures and designs, filtering media with nanofibers can be developed with a high collection efficiency and interesting properties, which can also contribute to pre-existing filters. Multistructures of nanofibers and microfibers have been used to achieve high filtration efficiency, lower pressure drops, and the removal of particulates and volatile compounds. Greater efforts must be devoted to the production of reusable fibers that maintain their properties even after long periods of use and to ensure an ecofriendlier production process by using recycled polymers. Electret filters have shown promise by introducing electrostatic mechanisms and highly increasing the collection efficiency. Hybrid filters are promising for the collection of particulate matter. However, most studies focused on the collection of microparticles, and still, few covered the collection of nanoparticles.
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Figure 1. Representation of the particle size in relation to the mean free path of the gas where the (a) particle diameter (dp) is much larger than the mean free path of the gas molecules and (b) the particle has a diameter (dp) approximately equal to the mean free path of the gas molecules. Black color refers to particles and gray color refers to air molecules. 
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Figure 2. (a) Representation of the electrostatic precipitation process and (b) the main dimensions and elements of a wire-plate electrostatic precipitator, where 2s is the plate spacing, 2r is the diameter of the wires, and 2c is the wire spacing. 
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Figure 3. Representation of a current–voltage curve under typical conditions of a velocity of 4 cm/s and a small scale. 
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Figure 4. (a) Principle of the corona effect and development of the electron avalanche. Representation of the electric field lines to a conductive particle in a uniform electric field considering a wire discharge electrode and the plate collector electrodes: (b) uncharged particle; (c) partially charged particle; (d) particle with saturation charge. Black color refers to particles and gray color refers to air molecules. 
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Figure 5. (a) Number of charges per particle, (b) electrical mobility, and (c) grade efficiency for different charging mechanisms by electrostatic precipitation. Typical behavior of electrostatic precipitation at low velocities (<5 cm/s), as given in Lima and Guerra [46] and Parker [50]. The values were 4 cm/s for the velocity and 4 kV/cm for the electric field in addition to particles of NaCl were used in (a,b). Values above 4 kV/cm were considered for high electric fields and values below 3 kV/cm for low electric fields at low velocities. 
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Figure 6. Schematic representation of (a) chemical agglomeration; (b) turbulent agglomeration; (c) electrospray. 
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Figure 7. Particle collection by Brownian diffusion, interception, impaction, gravitational, and electrostatic mechanisms. 
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Figure 8. (a) Collection efficiency curves from the combined effects of particle capture mechanisms and total efficiency; (b) total efficiency for two different face velocities. Values of u0 = 1 cm/s, u1 = 10 cm/s, and mean fiber diameter of 2 µm were used. Adapted from Hinds [6]. 
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Figure 9. Schematic representation of a hybrid filter. 
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Table 1. Summary of studies with an evaluation of the operating conditions, agglomerants, and precharging/ionization.
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	Study
	Type
	Equipment Changes
	Type of Agglomeration
	Particle Material
	Particle Size (nm)
	Dimensions
	Velocity or Flow
	Voltage
	Efficiency





	Mertens et al. [140]
	Dry, Wire-Tube
	No
	No
	Diesel engine
	5−200
	L: 80 mm

D: 58 mm
	2.4 m/s
	−10 kV
	96%



	Oliveira and Guerra [141]
	Dry, Wire-Plate
	No
	No
	NiO
	<200
	L: 300 mm

H: 100 mm

W: 40 mm
	9.7 cm/s
	−9 kV
	99.9%



	Oliveira and Guerra [142]
	Dry, Wire-Plate
	No
	No
	NiO
	<200
	L: 300 mm

H: 100 mm

W: 40 mm
	3.3−9.9 cm/s
	−8 to −10 kV
	99.9%



	Miller et al. [143]
	Dry, Wire-Triangular Tube
	Yes;

- Portable; triangular cross-section
	No
	NaCl
	30−400
	W: 3 mm
	55 cm3/min
	−6.4 kV
	86%



	Roux et al. [144]
	Dry, Wire-Tube
	Yes;

- Portable
	No
	Ambient
	10−3000
	L: 170 mm

D: 10 mm
	5 L/min
	−8.5 to −9.9 kV
	98%



	Oliveira and Guerra [67]
	Dry, Wire-Plate
	No
	No
	NaCl
	<200
	L: 300 mm

H: 100 mm

W: 40 mm
	3.3 cm/s
	−8.0 kV
	99%



	Oliveira and Guerra [66]
	Dry, Wire-Plate
	No
	No
	NaCl
	<200
	L: 300 mm

H: 100 mm

W: 40 mm
	6.6 cm/s
	−7.9 to −8.2 kV
	88.82%



	Vaddi, Guan, and Novosselov [145]
	Dry, Wire-Tube
	Yes;

Two stages: charging and collection

- Corona needle

- Grounded, rounded edge electrode
	No
	Ambient
	10−150
	L: 25 + 3 mm

D: 3 + 3.5 mm
	0.2−5 m/s
	−3 to −5 kV
	<85%



	Yoo et al. [136]
	Dry, Wire-Plate
	Yes;

- Two stages: charging and collection
	No
	NaCl
	30−300
	L: 60 + 197 mm

W: 45 + 5.9 mm
	1.9−4.1 m/s
	−6 kV
	93–98%



	Nouri et al. [146]
	Dry, Wire-Plate
	No
	No
	Exhaust
	200–1000
	L: 200 mm

H: 100 mm

W: 100 mm
	0.5 m/s
	+32 kV
	<90%



	Liu et al. [147]
	Wet, Wire-Plate
	No
	Yes;

Chemical agglomeration
	Flue gas
	2.3−9314
	W: 0.15−0.45 m
	350 Nm3/h
	−30 kV
	<85%

Up to 45% fewer ultrafine particles when using agglomerants



	Bin et al. [148]
	Wet, Wire-Plate
	No
	Yes;

Chemical
	Flue gas and anthracite ash
	2.3−9314
	W: 300 mm
	350 Nm3/h
	−40 kV
	<85%

Increase of up to 20% with ultrafine agglomeration particles



	Bin et al. [149]
	Wet, Wire-Plate
	No
	Yes;

Chemical and turbulent
	Flue gas and ash
	7−760
	L: 1300 mm

W: 100 mm
	15 L/h
	−40 kV
	<85%

Increase of up to 15% with ultrafine agglomeration particles



	Zongkang Sun et al. [150]
	Wet, Wire-Plate
	No
	Yes;

Chemical and turbulent
	Coal ash
	3−10,000
	L: 3000 mm

W: 100 mm
	300 Nm3/h
	−40 kV
	<90%

Increase of up to 11.5% with ultrafine agglomeration particles



	Zongkang Sun et al. [151]
	Wet, Wire-Plate
	No
	Yes;

Turbulent
	Coal ash
	3−10,000
	L: 3000 mm

W: 100 mm
	300 Nm3/h
	−40 kV
	<90%

Increase of up to 11% with ultrafine agglomeration particles



	Kim et al. [152]
	Dry, Wire-Plate
	Yes;

- Addition of an electrospray
	No
	SiO2
	Mean diameter of 180 nm
	L: 150 mm

H: 100 mm

W: 25 mm
	0.8 m/s
	−9.5 kV
	<80%



	Kim et al. [153]
	Wet, Wire-Plate
	- Two stages: ionization and collection

- Added wet pore electrodes in the collection stage
	No
	KCl
	Mean diameter of 72 nm
	- Ionization part:

W: 40 mm

- Collecting part:

W: 120 mm

D: 10 mm

H: 120 mm

- Carbon brush bundles:

D: 7 mm, L:3 mm
	6.8 cm/s
	- Ionization part: −3 kV

- Collection part: −6.66 kV/cm
	99.2%



	Son et al. [154]
	Wet, Wire-Plate
	Yes;

- Two stages: ionization and collection

- Added wet pore electrodes in the collection stage
	No
	KCl
	Mean diameter of 84.3 nm
	- Ionization part:

W: 40 mm

- Collecting part:

W: 120 mm

D: 10 mm

H: 120 mm

- Carbon brush bundles:

D: 7 mm, L:3 mm
	>0.4
	13.3 kV/cm
	99.5%



	Sung et al. [155]
	Wet, Wire-Plate
	Yes;

- Addition of an ion spray
	Yes;

Electrostatic
	Ambient
	250−230
	- Ion spray:

H: 85 mm

L: 120 mm

W: 180 mm
	2 m3/min
	−5 kV
	<40%



	Tepper and Kessick [108]
	Wet, Wire-Plate
	Yes;

- Used electrospray to assist in aerosol ionization
	No
	
	300, 500, and 5000
	- Ionization part:

W: 26 mm

- Collection part:

L: 300 mm

W: 20 mm
	6 cm/s
	+ 6.8 kV
	90−99.9%



	Teng, Fan, and Li [156]
	Wet, Wire-Plate
	Yes;

- Atomization of charged water drop
	No
	Talc
	<3000 nm

More than 90% were nanoparticles
	L: 400 mm

W: 200 mm

H: 200 mm
	0.1−0.19 m/s
	−2 to −5 kV/cm
	<99%



	Anderlohr and Schaber [157]
	Wet, Wire-Plate
	Yes;

- Direct transfer of particles into liquid suspensions
	No
	SiO2
	Mean diameter of 75 nm
	L: 370 mm

D: 54 mm
	3.7 Nm3/h
	−30 kV
	99.99%



	Chen et al. [158]
	Wet, Tube-Plate
	No
	No
	SiO2
	30−10,000
	W: 192 mm

A: 0.034 m2
	0.062 m/s
	−15 kV
	99.2−99.7%



	Dey and Venkataraman [159]
	Wet, Tube-Plate
	Yes;

- Three sections: ion generation section, charging, and collection
	No
	Polystyrene latex
	91 and 150 nm
	- Ion generation section:

D: 12,7

- Charging section:

D: 32 mm

- Collection section:

D: 42 mm
	50 cm3/s
	- Ion generation section: 0−10 kV

- Charging section:

D: +4.2 kV

- Collection section:

D: −3.5 kV
	<90%



	Saiyasitpanich et al. [160]
	Wet, Tube-Plate
	No
	No
	DPM
	10−10,000
	L: 914 mm

D: 178 mm
	1.38−5.61 m/s
	75 kV
	<97.5%







L: length; W: width; H: height; D: diameter; A: area.
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Table 2. Summary of parameters used in nanoparticle filtration studies.
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	Filters
	Diameter Nanoparticle (nm)
	Surface Velocity (m/s)
	Emission Source
	Main Results
	Study





	MERV 8;

MERV 14;

HEPA
	300
	0.25–1.50
	Airflow
	The most penetrating particle size was 0.3 μm
	Brochot et al. [199]



	HEPA + fiberglass;

HEPA + micro quartz
	7.4–289
	0.05
	Airflow
	Efficiency of up to 99% and quality factors of 0.01
	Bortolassi, Guerra and Aguiar [201]



	HEPA + fiberglass;

HEPA + micro quartz
	7.4–289
	0.05
	Airflow
	Efficiencies higher than 99.9% for up to 1 h
	Bortolassi, Guerra and Aguiar [202]



	PET nanofibers
	7–300
	0.05
	Airflow
	Efficiencies higher than 99.99%
	Bonfim et al. [204]



	Polypropylene fibers
	18.1–100
	0.05–0.15
	Burning incense sticks
	Efficiencies higher than 99% (>60 nm) and between 69 and 86% (<60 nm)
	Bulejko et al. [205]



	Respirator filters;

Granular activated carbon
	1.5–30
	0.033–0.16
	Airflow
	Fibrous filters: 100% efficiency (>0.3 nm)

Activated carbon: efficiencies of 90 to 99.5% (>0.3 nm)
	Kim, Kang and Pui [203]



	Fluidized bed filter with carbon nanotubes
	50–300
	0.016–0.017
	Airflow
	Efficiencies above 99.70%, and the larger the bed the greater the efficiency
	Wang et al. [206]



	Stainless-steel screen mesh filters
	3–20
	0.095
	Airflow
	Evaluate the behavior of the collection, thermal recovery, and thermal rebound
	Shin et al. [207]



	Fiberglass;

Polytetrafluoroethylene;

Polypropylene filters
	13.6–532.8
	0.03–0.21
	Airflow
	The efficiency was 99.07% for polytetrafluoroethylene, 98.23% for fiberglass, and 95.84–98.73% for polypropylene
	Zhou et al. [208]



	Fiberglass filters
	2–100
	0.025
	Airflow
	The penetrations of the particles increased with the decrease in particle size (for particles < 2 nm)
	Kim et al. [209]



	Cellulose and glass fibers (HEPA and ULPA)
	10–100
	0.053–0.096
	Airflow
	Best efficiency: HEPA H14, and ULPA U15 filters
	Golanski et al. [210]



	Activated carbon filter;

Electret and antibacterial filter;

Polyethylene filter;

Nanomembrane filter;

HEPA filter
	10–420
	0.042
	3D printing
	Efficiency: HEPA filter (99.95%), nanomembrane filter (95.66%), activated carbon filter (94.34%), polyethylene filter (92.89%), and electret filter (70%)
	Kwon et al. [211]



	Polytetrafluoroethylene fibers;

Polyimide fibers
	15
	0.015–0.10
	Waste incinerators in commercial needlefelt
	Efficiency above 90%
	Förster et al. [212]



	-
	>23
	-
	Heavy diesel vehicles, vehicles with port fuel injection engines, and gasoline direct injection passenger cars
	The highest emissions were measured for heavy vehicles and vehicles with port fuel injection engines.
	Giechaskiel et al. [213]



	Glass fiber;

Polytetrafluoroethylene membrane;

Tissuquartz membrane
	14–600
	-
	Heavy-duty diesel engines
	None of the filters were more effective
	Ushakov et al. [214]



	Certified masks;

Noncertified masks
	50–300
	0.37
	Airflow
	Certified masks efficiency above 90%, noncertified masks below 80%
	Lee et al. [221]



	Face masks
	40 (median)
	0.465
	Airflow
	N95 2 layers, KN95, 3M 8511, and FTR467 ULPA: efficiencies higher than 95%
	Hill, Hull, and MacCuspie [222]



	N95 respirators
	20–800
	-
	Airflow
	The most penetrating particle size is ~45 nm
	Rengasamy and Eimer [223]
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Table 3. Summary of various nanofibers for air filtration.
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	Technique
	Materials
	Diameter (nm)
	Basis Weight (g/m2)
	PMs

(µm)
	Air Flow Rate

(L/min)
	Efficiency

(%)
	Pressure Drop

(Pa)
	QF

(Pa-1)
	Mechanical Strength

(MPa)
	Study





	Electrospinning
	PAN/GO
	90
	0.35
	2.5
	5.3
	99.97
	8
	1.033
	-
	[258]



	Electro-blow spinning
	Polysulfone (PSU)
	105
	5.5
	0.3
	95
	63.26
	55
	0.18
	1.18
	[309]



	Electrospinning
	Poly(aryl sulfide sulfone/GO@silver
	403
	-
	2.5
	32
	99.63
	79.17
	
	2.39
	[310]



	Electrospinning
	Poly(vinyl alcohol)
	150
	-
	1
	22
	89.07
	220
	0.01
	-
	[311]



	Supersonic solution blowing (electrospinning and supersonic gas blowing)
	Waste cigarette butts nanofibers between two spunbond polyester membranes
	92.4
	1.55
	2
	90
	99.99
	50.4
	0.06
	-
	[312]



	Electrospinning
	PAN/cooper chloride (CuCl2)
	117–522
	-
	2.5
	2–7
	93–99.9
	20–80
	0.04–1.2
	-
	[313]



	Electrospinning
	PAN/polydopamine-coated halloysite
	200–250
	-
	Bioaerosol (S. aureus)
	0.5
	99.97
	60
	0.14
	-
	[287]



	Electrospinning
	Polyvinylidene fluoride (PVDF)/TiO2
	286
	-
	Bioaerosol (S. aureus)
	27.3
	99.88
	68
	
	-
	[314]



	Electrospinning
	Polyamide 6 (PA6), poly(vinyl pyrrolidone) (PVP), chitosan (CS), and curcumin

(Cur)
	297
	-
	0.3
	32
	99.83
	54
	0.118
	-
	[315]



	Electrospinning
	PAN/ZnO
	200–300
	0.4
	0.1–4
	160
	99.86
	486
	-
	-
	[316]



	Solution blow spinning
	Nylon/silver nanoparticles
	173
	1
	0.3
	32
	98.63
	110
	0.04
	1.7
	[317]



	Electrospinning
	PAN
	404
	-
	0.3
	5.5
	99.60
	62
	0.09
	-
	[318]



	Electrospinning
	Polyamide-imide
	1000
	16.3
	0.1–10
	20
	84.24
	46.35
	0.04
	2
	[319]



	Electrospinning
	PAN
	70
	1.77
	0.3
	20
	96.5
	14.3
	0.19
	2.7
	[320]



	Electrospinning
	Polyethylene terephthalate (PET) wastes
	1290
	-
	2.5
	1.5
	98.3
	212
	-
	3.5
	[204]



	Electrospinning
	Zein
	200–500
	6.7
	0.3
	-
	99
	109
	0.026
	-
	[321]
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